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ASSESSMENT OF HEAVY METAL LEACHING RATES FROM TOPSOILS ON REGIONAL
SCALE (PART I)

J. Schmidt, A. Steinz, M. Schindewolf (Technical University Freiberg, Germany)

ABSTRACT: The leaching rate of heavy metals with drainage water is a significant criterion for
assessing heavy metal concentrations of soils and associated risks of ground water pollution. However,
the transport rates of heavy metals in soils are difficult to quantify. First of all monitoring is limited to
small lysimeter plots and results are hardly transferable. Secondly the solid-liquid-transfer conditions in
soils are highly variable, primarily due to the fluctuating retention time of percolating soil water.

This paper aims to introduce a new method that allows to estimate the leaching rate of heavy
metals from contaminated top soils for standardised transfer conditions. The method should provide an
effective and easy to use tool for the assessment of contaminated soils on regional scale. The developed
method is based on metal specific transfer functions which have to be determined experimentally. For
laboratory tests 16 undisturbed soil columns were taken at different highly contaminated sites in the
German States of Saxony and Baden-Wuerttemberg. Parallel to the column tests the mobilizable metal
contents of each of the tested soils were determined using different standardised extraction methods (DIN
38414, 19730, 19735). Measured metal concentrations of percolating soil water at unsaturated, steady-
state flow conditions were plotted as a function of corresponding mobilizable metal contents of the tested
soils. This comparison results in a set of empirical functions - one for each extraction method respectively
metal species. Best fit was obtained using the NH;NOj-extraction (DIN 19730), where correlation
coefficients range between r=0,62 and r=0,85. Since NH,NO; mobilizable metal contents are available on
regional scale in Germany the empirical transfer functions allow to calculate metal concentration of
percolating soil water based on mobilizable metal contents as determined by simple extraction methods.
As a first example heavy metal concentrations were calculated for the State of Saxony based on available
NH4NO; monitoring data of about 4600 topsoil samples. Leaching rates were calculated by multiplying
the resulting metal concentrations with local groundwater recharge rates. In order to assess subsurface
retention the calculated topsoil losses for Zn and Pb were compared with measured metal discharge rates
of a selected river catchment resulting in a much greater retention of Pb than Zn.

INTRODUCTION

On the background of soil and groundwater conservation particular attention has been focused on
the leaching of heavy metals from contaminated topsoils for many years. There are various reports
referring to laboratory methods (e.g. Davidson et al. 2006), field experiments (e.g. Beesley et al. 2010)
and modelling approaches (e.g. Dijkstra et al. 2004) in order to assess the mobility of heavy metals in
soils. However, only a few attempts have been made to evaluate the fate of heavy metals in soils on
regional scale (e.g. Bontena et al. 2008).

Since total concentrations of heavy metals in soils are poor indicators for the risk of ground water
pollution leaching rates are significant criterions for the assessment of contaminated soils. The mobility of
heavy metals in soils is usually tested by standardized leaching experiments. Legal regulations in many
countries (e.g. BBodSchV 1999) are based on this kind of extraction procedures. Generally accepted are
batch tests using a 24 h elution procedure at a liquid/solid ratio of 10 : 1. This kind of experiments
represents a worst case (Hirner et al. 1998), which means that each soil particle is circulated by the
leaching agent. However, under natural conditions the liquid/solid ratio is usually less than 1 : 1 and soil
water percolates most commonly along preferential flow paths (Beven and Germann 1982, Camobreco et
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al. 1996). Consequently certain parts of the soil matrix won’t get in contact with percolating water under
unsaturated and even under saturated conditions. Accordingly standard batch tests are not capable to
estimate natural leaching rates. Instead of that these tests might be an adequate method in order to
quantify the pool of mobilizable metals under standardized conditions. Quantifying this pool is helpful in
terms of an overall risk assessment but provides no answer regarding actual leaching rates.

Alternatively soil water concentrations (and fluxes) of heavy metals could be measured in the
field using lysimeters or suction cups in order to sample the percolating pore water directly (e.g. Tiensing
et al. 2001). However, this kind of field based techniques have only a minor potential for risk assessment
because the various parameters influencing the leaching processes are highly variable under natural
weather conditions. Furthermore field based monitoring is very laborious and thus limited to a few
number of small plots. As a consequence results are hardly transferable. This is especially true for the
retention time of the percolating soil water, which is one of the most sensitive parameters affecting the
solid-liquid transfer. Hence metal concentrations of in situ soil water samples will be highly variable as
Fig. 1 shows. In order to assess mean leaching rates long term monitoring is essential.

The aim of the present study is to assess the leaching rates of heavy metals from contaminated top
soils on regional scale. The newly developed method is based on metal specific transfer functions which
are derived from undisturbed soil column leaching experiments under controlled water transport
conditions. The transfer functions allow to calculate metal concentrations in soil water depending on
mobilizable metal fractions under standardised transfer conditions. The method should provide an
effective and easy to use GIS-tool for the assessment of contaminated soils.
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Fig. 1: Temporal variation of zink concentration of in situ water samples taken at Hilbersdorf monitoring
station in a depth of 0,4m (Source: Sichsisches Landesamt fiir Umwelt und Geologie)

MATERIALS AND METHODS

Sampling sites. For laboratory tests 16 undisturbed soil columns were taken at different highly
contaminated sites in the German Federal States of Sachsen and Baden-Wuerttemberg (see Fig. 2). The
experimental data selected for presentation in this paper refer to an agricultural site located south of the
village Hilbersdorf close to the city of Freiberg/Saxony (50° 55’ N, 13° 21" E, 425 m above sea level).
Besides the high geologic content of heavy metals the pollution of top soils with metals and metalloids at
this site results from emissions of local lead and silver mines and smelter plants over more than eight
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centuries culminating in the first half of the last century. The mining complex “Muldenhuetten” was the
main source for pollution in that area with high levels of zinc, cadmium, arsenic, and lead emissions. In
1991 the Saxonian Environmental Report stated an immission of lead in the Hilbersdorf area of
40mg/(m2*30d). Referring to cadmium an immission of 0.8mg/(m?*30d) was reported. The Saxonian
agency for Environment and Geology (Saechsisches Landesamt fiir Umwelt und Geologie) is using this
site as a long-term soil monitoring station. These investigations include the sampling of soil solution in
the time period between April and November. The sampling is performed by using ceramic suction cells
at a constant vacuum of 200hPa. Some results from these samples are presented in Fig. 1.

Wiirttemberg
Hilbersdorf exp.
site

Mulde river basin

Fig. 2: Study areas

Experimental results are used for the assessment of heavy metal leaching on regional scale
referring to the State of Sachsen (18400 km?) with special respect to the Mulde river basin (7400km?).
Topsoils of the Mulde catchment (Cambisols, Luvisols, Stagnosols and Fluvisols) have arisen
predominantly from loess deposits except the upper mountain range where weathered rock soils are
distributed. Mean yearly precipitation varies between 500mm/a in the northern lowlands up to1200mm/a
in the southern mountain range.

Intensive mining activities and metal processing during the last centuries cause severely
contaminated topsoils in some parts of the saxonian mountain range. Most important contaminants are
Zn, Cu, Pb, Cd, Ni, Cr, Hg, and As.

Soil sampling. Undisturbed soil columns (length: 50cm; diameter: 12.5cm) were taken using stainless
steel tubes which were pressed carefully into the soil and excavated manually. In order to press the tubes
strongly vertical into the soils a specially designed duct was applied. To avoid any damages at the front of
the tubes during penetration a removable cutting ring was positioned at the lower end of the tubes.
Additionally, bulk soil samples were taken from each site.
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Soil properties. The properties of the soils were determined referring to the following parameters:
particle size distribution (determination with pipette by KOEHN), soil moisture suction curve, pH of the
soil solution, content of organic carbon (burning with oxygen, STROEHLEIN Cmat 550). The results are
compiled in Table 1. The pH of the soil was determined for CaCl2 (0,01M), KCI (0,1M) and deionized
water as solvents. A 10g sample of air-dried soil has been mixed with 25ml of the solvent at room
temperature. The pH was measured twice, once after 4 hours and again after 24 hours.

Table 1: Particle size fractions, organic matter content, bulk density, pH for CaCl, (0,01M), KCI (0,1M)
and H,O after 4 hours and after 24 hours

fine soil particles mg pH after 4 hours pH after 24 hours
(yields 100 M. %) = 5 §2L7°C) (22.2°C)
E Z | g3
S, | Stone £ E = o g . g o - g . g o
g 2 S Sand | Silt | Clay % §0 % s g < 53 T & g 2 3|3 =
2 ° |M% M% {M% (M% | & & o ~ ~
0-25 340 (435 |43.1 (144 |1.18 (249 [471 401 |5.00 |5.02 |5.08 |5.48
25-40 |56.3 |55.6 |359 (9.0 |1.6 |0.51 [480 (448 |529 (492 |4.66 |5.54

Extraction of heavy metals. Different batch tests (DEV-S4/DIN 38414, DIN 19730) have been used in
order to quantify the pool of mobilizable metals under standardized conditions. The DEV-S4/DIN 38414-
4 method uses 50g of air-dried soil which is mixed with 500ml deionised water. The mixture is shaken in
an over-head-mixer for 24 hours. The extract is obtained by centrifugation at 2500rpm or vacuum
filtration (filter pore size 0.45um). The soil equilibrium extract according to DIN V19735 is obtained
using 200g air-dried soil. The sample (<2mm) is mixed with deionised water added drop by drop under
constant kneading until field capacity is reached. Avoiding evaporation the sample is kept at 5°C for 24
hours. The extract can be obtained by vacuum filtration (filter pore size 0.45um). The NH4NO3
extraction method as described by DIN 19730 uses 50 ml of 1M NH4NQO3 solution which is added to 20g
of soil material (<2mm). The suspension is shaken in an over-head-mixer for 2 hours. Similar to the
above mentioned methods the extract is obtained by centrifugation or filtration. The mass-related
extractable concentration [pg/kg] can be calculated by multiplication of the resulting dissolved element
concentration with the soil/extraction solution ratio.

Column leaching experiments. The laboratory setup consists of 4 vacuum-controlled workstations

comprising the following components:

- stainless steel cylinders coated inside with Teflon (length: 50cm; diameter: 12.5cm) each housing an
undisturbed soil column with a porous plate/membrane closures at the bottom

- an electronically controlled rainfall simulator

- two separate sample cells for each soil column; the lower cell is coupled with a balance in order to
measure the volume rate of percolating soil water

- an electronically controlled vacuum in order to adjust flow rates and retention times of percolating soil
water

- micro-tensiometers and TDR sensors for the measurement of capillary water tension (pressure head)
and soil moisture

- a data logging system.
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The experimental set-up is similar to the design described by Rambow and Lennartz (1993) which allows
to study the leaching of heavy metals in undisturbed soil columns under vadose zone conditions.

7

1
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10

11

Legend:

Stainless steel cylinders coated inside
with Teflon

Micro-tensiometers
TDR-sensors

Rainfall simulator
Peristaltic pump
Reservaoir (1,5l)

Water level sensor
Porous glas plate
Column mounting

Filter foil (Nylon, 0,1um)

Bearing plate (Polyester)

Fig. 3: Schematic view of the experimental setup (Schmidt & Kaltschmidt 2001)

Soil water tension and volume rate respectively retention time of percolating water could be
varied according to natural water flow conditions (Fig.4). Soil water tension, soil water content, applied
vacuum, and the amount of precipitation are controlled continuously over the entire experiment which can
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last up to several months. By using two separate sample cells for each soil column a constant vacuum at
the bottom end of the soil column can be maintained during the sampling of the percolate (for details see
Fig. 3). Sample cells are placed on a balance to register the volume rate of percolating water continuously.
The experimental setup was placed in an air conditioned room with a constant temperature of 20 °C.

10000

—

o

o

o
1

100 ¢

Retention time [h]

10 1

1 L L L S II L L L 11
1.0E-08 1.0E-06 1.0E-04

Volume rate of flow [m3/(m2*s)]

Fig. 4: Retention time of percolating soil water as a function of volume rate of flow

A “synthetic rain water” is used in order to simulate natural rainfall conditions (Table 2). After
adjusting the predefined flow rate of percolating soil water by means of the vacuum at the column bottom
water samples were taken for unsaturated (pF=1.4) and saturated steady-state flow conditions. Simulated
rainfall intensity was set to 1ml/h in case of unsaturated flow respectively 100 ml/h in case of saturated
flow. Sampling was continued until heavy metal concentrations in the percolates are constant, which
requires up to 3 months of continuous percolation depending on retention time and volume rate of flow
(Fig. 4). Water conductivity was used as an indicating sum parameter. The heavy metal concentrations in
the percolates have been determined for the following elements: As, Cd, Cr, Cu, Hg, Ni, Pb, Sb and Zn
using an ICP-MS analyser. In addition, pH and redox potential are measured.

Table 2: Ionic concentrations of synthetic rain water [pg/1]
Na* K* Mg™ Ca™ Cr N S
219,1 121,7 83,1 548,0 459,0 43,6 137,7

The soil column tests have been performed according to the following procedure:

1. Drainage of field moisture from the soil columns at a vacuum of 630hPa in order to remove
remaining soil water that has not been exchanged since the samples were taken.

2. Watering of the columns from the bottom in order to avoid trapped air in the columns

3. Adjustment of the precipitation rate to 1ml/h (1st step)

4. Optimising of the vacuum for the adjusted precipitation rate up to the establishment of the desired soil
moisture tension (pF=1.4) as an average of the three tensiometers in each soil column.

5. The sampling of percolating water starts as soon as the desired soil moisture tension is established
within the soil column.
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6. Continual sampling until the heavy metal concentrations in the percolates are constant. The
conductivity of the percolate is used as a sum parameter. Also, pH and redox potential are measured.
Samples were stored at 4 °C until metal concentrations are analysed.

7. The heavy metal concentrations in the percolates has been determined for the following elements:
As, Cd, Cr, Cu, Hg, Ni, Pb, Sb and, Zn.

This procedure assures comparable results over all test runs.
RESULTS AND DISCUSSION

Experimental results. As example for all investigated heavy metals Fig. 5 shows the topsoil zinc
concentrations for the Hilbersdorf experimental site as obtained by the different extraction methods.
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Fig. 5: Topsoil zinc concentrations for the Hilbersdorf experimental site as obtained by the
different extraction methods

The by far highest concentrations are gained using the NH4NO3 extraction method because
ammonium nitrate is a much more aggressive extraction agent than water. The difference in concentration
amounts to more than one order of magnitude compared to the water based methods. The equilibrium
extract yields somewhat higher concentrations because of the closer liquid/solid ratio.

Zinc concentrations determined in the percolates of the column tests vary over time until initial
soil water is entirely substituted by continuous supplied rainwater. Theoretically concentrations should
reach an approximately constant value when the ratio of the volume of percolated water and the watered
pore volume is greater than 1. Actually concentrations approach the constant level at a ration of 1.2 as
Fig. 6 shows. Precautionally only concentrations measured for rations >1.5 are taken into account for
further analyses.

In Fig. 7 zinc concentrations in the percolates of undisturbed soil columns are compared to in-situ
pore water samples with respect to water content (unsaturated versus saturated) and volume rate of flow
(respectively rainfall intensity). Taking the mean in-situ pore water concentration as reference the best
correlation can be determined for the unsaturated column tests at a rainfall intensity of 1ml/h which
equals 713 mm/a. Therefore only the unsaturated test variant is evaluated for further analysis.
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In Fig. 8 measured zinc concentrations of percolating soil water at unsaturated, steady-state flow
conditions were plotted as a function of corresponding mobilizable metal contents. This comparison
results in a set of curves respectively empirical functions - one for each extraction method. Taking
account of all investigated metal species the respective functions are compiled in Table 3. This set of
transfer functions allow to calculate metal concentrations of percolating soil water based on mobilizable
metal contents as determined by simple extraction methods. Best fit was obtained using the NH4NOs3-
extraction (DIN 19730), where correlation coefficients range between r=0,62 and r=0,85.
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Fig. 6: Variability of zinc concentrations during percolation of a undisturbed soil
column under unsaturated conditions

- 1000 g
§ o0&
) ¥
£ T \
: 10 =
3 T
& T
N
1 -
A
(“0 00
&GS
o 6’”6
boa K
0(‘ &9
\&ﬁ oo
& & &
) A 9
& R34 <
0
R &

Fig. 7. Comparison of zinc concentrations of percolates from soil column tests
with in-situ samples (all data related to Hilbersdorf test site)
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Tab. 3: Regression equations for the conversion of mobilizable metal contents into leachate

concentrations
based on DIN 38414 (DEV S4) extraction:

Element equation correlation coefficient r
Cd y =0,487 x 0,49
As y=0,017 x 0,48
Cu y =0,048 x 0,78
Pb y =0,021 x 0,54
Zn y=0,584 x 0,60

based on DIN V 19735 extraction:
Cd - -
As - -
Cu y =0,558 x 0,50
Pb - -
Zn y=2,219x 0,70
based on DIN 19730 (NH,;NOs-) extraction:
Cd y=0,018 x 0,64
As y=0,181 x 0,62
Cu y=0,177x 0,77
Pb y = 0,006 x 0,85
Zn y =0,032 x 0,74
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] O elution test | (DIN V 19735)
1 O elution test Il (DEV S4/DIN 38 414)
—=100003 | A elution test Ill (NH,NO/DIN 19730)
c? 5 =
c' ]
O © ey e’
-§ = 1000 § 4
£3 ] o
(Ol ] AA
O & o o o oA ﬁ
S o 1004
O £ ] H A oo A A
q® ] O 4
g 3 1 (i o )
Ng 103
o ]
1 10 100 1000 10000 100000

Mobilizable Zn-content [ug/kg]

Fig. 8: Zinc concentrations of percolating soil water at unsaturated, steady-state flow
conditions as a function of corresponding mobilizable metal contents.
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Transfer on regional scale. The Saxonian agency for Environment and Geology (Saechsisches
Landesamt fiir Umwelt und Geologie) conducted a comprehensive measuring program in the years 1993-
2004 in order to evaluate the heavy metal load of saxonian soils. Based on a 4x4km grid total as well as
NH4NO; mobilizable metal contents were determined for topsoil and subsoil samples. Altogether 2584
samples were taken at 1164 locations (Sichsisches Landesamt fiir Umwelt und Geologie 2000). By
adding further monitoring data available at the agency a total of 4600 topsoil samples are available
referring to topsoil NH4;NO; mobilizable metal contents.

Zn Concentration
Hg/L
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Fig. 9: Calculated concentration of Zinc in topsoil percolating water

Applying the regression equations as compiled in table 2 to the bulk of topsoil NH4NO;
mobilizable contents the resulting soil water concentrations are aggregated to a set of maps showing the
topsoil metal concentrations for the entire state of Saxony. As an example Fig. 9 plots the calculated zinc
concentrations which vary between 0.4pg/l and 4450 pg/l. Mean concentration accounts for 63.6 pg/l.
Due to the former lead and silver mines and smelter plants highest zinc concentrations are found around
the city of Freiberg and along the downstream section of the Freiberger Mulde river where eroded soils
including particle bound metals are deposited within the flood plane. According to the respective German
legislation (BBodSchV 1999) a zinc concentration of >500 pg/l is associated to a considerable risk of
groundwater pollution. Taking the calculated topsoil zinc concentrations as reference this threshold might
be exceeded around the city of Freiberg and the downstream Mulde flood plain.

In a subsequent step leaching rates were calculated by multiplying the calculated metal
concentrations with spatially distrubuted groundwater recharge rates which are also provided by the
Saxonian state agency (Sichsisches Landesamt fiir Umwelt und Geologie 2007). Fig. 10 presents the
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resulting map for the leaching of zinc. Calculated losses of zinc approach a maximum of 10000 g/(ha -a).
However, mean loss amounts to 95 g/(ha -a). As expected highest losses occur in the area of Freiberg and
the downstream flood plane of the Mulde river.

With regard to the calculated topsoil losses the question arises to which extent the leached metals
enters the surface water system by subsurface respectively groundwater transport. To answer that question
the topsoil losses were added up for the Mulde river basin and compared to the long-term mean metal
discharges measured at the catchment outlet. Some results are compiled in Fig. 11. Total mass rates
(output) of Zn and Pb are provided by the Elbe River Council (Flussgebietsgemeinschaft Elbe). Although
anthropogenic contaminants in surface waters (point sources) have been reduced by more than 90%
during the past decades the total output from the Mulde basin has to be reduced by the population related
inputs which amount to less than 6 t/a Zn and less than 1 t/a Pb. Comparing the resulting geogenic output
with the calculated sum of topsoil losses reveals that subsoil retention amounts to 27% of topsoil losses
for Zn respectively 84% for Pb. Actually the expected subsoil retention for Pb should be much higher
than for Zn because the mobility of Zn in soils is substantially higher than those of Pb as commonly
known (Li & Shuman 1996). Therefore received results seem to be plausible with respect to subsurface
retention.
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Fig. 10: Loss of Zinc by leaching of topsoils

CONCLUSIONS
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In contrast to in-situ soil water sampling laboratory tests of heavy metal mobility are only an
incomplete reproduction of natural conditions. Their advantage, however, is the reduction of the various
natural impacts (e.g. weather conditions) to a small number of parameters that can be controlled and
varied systematically. Simple standard methods such as the NH4NO3 - extraction cover the pool of
mobile element fractions of a soil. Those methods are very well adapted for surveying heavy metals on
regional scale.

Unsaturated steady-state column tests using undisturbed samples are capable to reproduce mean
long term heavy metal concentrations in percolating soil water adequately. These tests provide the best
representation of natural conditions under laboratory conditions, but they are time consuming and
expensive. Using both - standard extraction methods and soil column tests - this study derives a set of
empirical relationships that are successfully used to estimate top soil heavy metal concentrations and
leaching losses on regional scale. The transport of heavy metals to ground respectively surface waters was
assessed by comparing the calculated top soil metal losses with the metal discharge at the outlet of an

exemplary river catchment. Results prove different retention losses dependent on metal species. Retention
of Pb is much higher than that for Zn.

120 W/‘
oo
wl—
-

40 -

Mass rate [t/a]

20

Zn
anthropogenic i"%ﬁ soil loss

total output

geogenic output
sub soil retention

Fig. 11: Mass rates of Zn and Pb related to the Mulde river basin assign to different sources
(Source: Flussgebietsgemeinschaft Elbe 2012)
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FATE OF ARSENATE ADSORBED ON NANO-TiO2 WITH SULFATE REDUCING BACTERIA

Chuanyong Jing, Ting Luo and Suqin Liu
(Chinese Academy of Sciences, Beijing, China)

ABSTRACT : Arsenic (As) removal using nanomaterials has attracted increasing attention worldwide,
whereas the potential release of As from spent nanomaterials to groundwater in reducing environments is
presently underappreciated. To investigate the fate of As(V) adsorbed on nano-TiO2 in the presence of
sulfate reducing bacteria (SRB) Desulfovibrio vulgaris (ATCC 7757) and Desulfovibrio vulgaris DP4,
multiple complimentary techniques were employed including batch incubation tests, synchrotron-based
X-ray scanning transmission X-ray microscopy (STXM) and X-ray absorption near edge structure
(XANEYS) spectroscopy. The incubation results demonstrated that As(V) was desorbed from nano TiO2,
and subsequently reduced to As(IIl) in aqueous solution. Reduction of As(V) to As(Ill) was coupled to
the conversion of sulfate to sulfide and lactate to acetate. STXM results revealed that As(V) reduction
also occurred on the TiO2 surface. The release of adsorbed As(V) was promoted substantially by SRB
relative to abiotic controls. XANES analysis at the end of 98 d incubation indicated that As(V) was the
predominant species for As loads of 150-300 mg/g, while 15~28% As precipitated as orpiment for a high
As load of 5700 mg/g. The insight gained from this study furthers our understanding of the key role of
SRB in the fate of As adsorbed at the mineral-water interface.

INTRODUCTION

Naturally-occurring and anthropogenic arsenic (As) pollution poses a severe threat to public
health worldwide. Recently, metal oxide nanomaterials such as nano-TiO,, zero valent iron, and iron oxy-
hydroxides, have been successfully applied in As removal from groundwater and industrial wastewater.
As a result, As-laden nanomaterials may accumulate and have a potential to release As and re-
contaminate surface and groundwater if not safely disposed of. Moreover, the high mobility of
nanoparticles may exacerbate the transport and fate of the adsorbed As compared with bulk adsorbents.
Quantifying the relative influence of microbial activities and the spatial distribution of As species
represents a major challenge in the biogeochemical cycling of As.

The fate and transport of As are mainly controlled by microorganisms, redox potential, and pH, as
well as adsorption, desorption, and coprecipitation reactions on a variety of natural and engineered
nanoparticles in the environment. Sulfate-reducing bacteria (SRB) play a dominant role in determining
whether dissolved As could accumulate to hazardous levels in anaerobic conditions. Previous laboratory
studies explored the correlation between sulfate reduction and As mobilization in reducing conditions.
The sulfide produced during microbial sulfate reduction can form As-sulfide minerals, such as orpiment
(As,S3) and realgar (AsS), which sequester As from the water. Under conditions where sulfide is stable,
the concentration of dissolved As at equilibrium is controlled by the solubility of sulfide phases and
therefore depends on the rate of microbially mediated sulfate reduction. However, there is a paucity of
data regarding biogeochemical processes leading to As release from spent nano TiO, in anoxic
surroundings, and the relevant mechanisms remain unresolved.

ISBN 9780976885344
©2012 American Science Press

15



Environmental Science and Technology 2012 (1l)

Recently, synchrotron-based techniques such as soft X-ray scanning transmission X-ray
microscopy (STXM) have been developed for imaging and spectroscopic characterization of metal-
microbe-mineral interfaces. STXM combines high spatial resolution (<50 nm) with the chemical
sensitivity of near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, and enables
characterization of the elemental composition of the adsorbent and speciation of adsorbed metals.

In this study, we combined synchrotron-based techniques including STXM and XANES and
incubation experiments to explore the redox transformation and mobility of adsorbed As(V) on nano TiO,
in association with SRB. The objectives of our study were therefore to (1) evaluate the desorption and
reduction of adsorbed As(V) on nano TiO,, and (2) quantify the contribution of SRB to As release in
reducing conditions

MATERIALS AND METHODS

Incubation Experiments: Nano-TiO, was synthesized via the hydrolysis of titanium sulfate. The details
of the synthesis and basic properties of TiO, were described in our previous work (Luo et al., 2010). The
adsorption experiment of As(V) on TiO, was performed in a glovebox (100% N;). The loads of As(V) on
TiO, were approximately 150 mg/g, 300 mg/g, and 5700 mg/g by mass balance calculation with the
soluble As concentrations, and the samples were denoted as As-150, As-300, and As-5700, respectively.

The artificial groundwater at pH 7.8 was composed of 0.02 mM NH4Cl, 0.07 mM KCl, 9 mM Na-
lactate, 4.5 mM MgSO,, 0.5 mM NaHCO;, 1.5 mM CaCOs;, and 0.1 mL/L. Wolfe’s Minerals. An electron
acceptor was added as sulfate (MgSQO,), and the electron donor was lactate (Na-lactate). The artificial
groundwater was autoclaved prior to addition of pre-sterilized NaHCO; solution, and was maintained in
anoxic condition in the glovebox.

Incubation experiments were conducted in serum bottles in the glovebox. Abiotic control
experiments were also conducted for TiO,-As(V) solids in artificial groundwater without an electron
donor. Cell counts using microscopy were conducted at the beginning (initial cell density 8x107 cells/L
for As-150, As-300, and As-5700) and during the period of incubation by extracting suspension samples
of As-5700.

Eh and pH were monitored with an interval of 1-2 d for about 10 days, then at 7 d intervals over a
period of 97 d. At the same time, homogenized samples were extracted using a pre-sterilized syringe and
passed through a 0.22 pm filter in the glovebox.

Sulfate Reducing Bacteria: Two SRB, one isolated from soil and the other obtained from ATCC, were
used in the incubation experiments. A bacterium was isolated from a soil sample collected at a naturally-
occurring As-contaminated site in China, and was identified as Desulfovibrio vulgaris DP4 (99%
similarity, GeneBank accession number: CP000527). To compare with the SRB isolated from the
environment, Desulfovibrio vulgaris strain 7757 was purchased from ATCC. The two SRB were grown to
the late-exponential phase under anaerobic conditions in modified Baar’s medium at 37°C. Cells were
harvested by centrifugation (6000 g, 8 min, 25°C), then the bacteria were rinsed with artificial
groundwater before being added to the TiO,-As(V) suspension.

STXM Study: Approximately 1 pL. suspension sample containing As, bacteria, and TiO, (1 g/L) was
taken after 4 d incubation. The sample was sandwiched between two 100 nm thick Si;N, windows, and
then sealed with high vacuum adhesive to prevent water evaporation during the STXM analysis. STXM
experiments were performed at the soft X-ray beamline (BLO8U) at the Shanghai Synchrotron Radiation
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Facility (SSRF), China. The STXM images were taken by scanning in the x-y direction of selected
sample areas about 20x20 um over the energy range of interest (1334-1360 eV). The dual-energy ratio-
contrast image method was used to analyze the STXM data.

Analysis: The concentrations of total dissolved As were determined using a furnace atomic absorption
spectrometer (AAS-800, Perkin Elmer, US). The As speciation determination was performed by high
performance liquid chromatography atomic fluorescence spectrometry (HPLC-AFS, Jitian, China).
Sulfate, lactate, and acetate concentrations were determined using a DX-1100 ion chromatograph (Dionex,
US) with an AS11-HC Ion Pac column. Sulfide concentrations were measured using the methylene blue
method immediately following the sample collection.

Arsenic XANES Analysis: The TiO, solid samples were sealed between two layers of Kapton tape. The
As k-edge XANES spectra were collected at beamline 01C1 at the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. Spectra were acquired from -150 to 300 eV relative to the As K-edge
of 11,867 eV at cryogenic temperature (77 K) using a cryostat to prevent the oxidation of As(IIl) by X-
rays. The fluorescence signals were collected using a Lytle detector. The spectra were analyzed with the
Athena program in the IFEFFIT computer package for energy calibration, averaging of multiple scans,
background subtraction, normalization, and linear combination fit. No energy shifts was allowed during
fitting. The weighting of single species was constrained between O and 1, and the sum of species was
constrained to be 1.

RESULT AND DISCUSSION

Changes of SRB Substrates: The sulfate concentrations decreased over time driven by SRB, and sulfide
accumulated accordingly due to the reduction of sulfate (Figure 1). For all three As load levels (150, 300,
and 5700 mg/g), sulfide was detected in the aqueous phase in the presence of strain 7757 and DP4 and its
concentrations increased to about 70 mg/L. Sulfate levels fell from about 160 mg/L to 10~13 mg/L for
strain 7757 compared with 11~12 mg/L for strain DP4 for the three As loads during 97 d incubation. The
sulfate decrease was delayed in As-5700 sample compared with As-150 and As-300. In line with our
observations, Kocar et al. (2010) reported that sulfate reduction occurred more slowly at high As load on
ferrihydrite (50% of maximum As adsorption) than at low As load (10% of maximum As adsorption)
with Desulfovibrio vulgaris (Hildenborough).

Desorption and Reduction of As(V) with SRB: The adsorbed As(V) on nano TiO, was reduced to
As(II) in the presence of strain 7757 and DP4, while As(III) was not observed in abiotic controls. As(III)
was detected with soluble concentrations ranging from 0.03 to 7 mg/L, accounting for 0.1-3.3% of total
adsorbed As for the three As loads on TiO,. The desorption of As(V) from nano TiO, was promoted by
SRB relative to abiotic controls, as evidenced by the two to three times greater As(V) concentrations
observed . Among biotic samples, dissolved As(III) concentrations were 40% and 26% higher in As-5700
than in As-150 and As-300 samples, respectively, and As(V), 46% and 26% higher.

Desulfovibrio vulgaris used in this study cannot directly metabolize As(V), whereas the biogenic
sulfide can reduce As(V) to As(IIT). However, where the reduction of As(V) to As(IIT) occurs, whether in
the aqueous or solid phase, is a controversial issue. A previous study found that the As(V) adsorbed on
iron oxyhydroxides was reduced to As(III) on solid surfaces (Masscheleyn et al., 1991). To the contrary,
Huang et al. (2011) demonstrated that As(V) desorbed from iron oxides before its reduction by
Shewanella putrefaciens strain CN-32. The authors concluded that the reduction of adsorbed As(V) is
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insignificant or at least much slower than that of dissolved As(V). These studies concentrated on the As-
Fe oxides-bacteria system. To the best of our knowledge, no investigation of As fate and transformation
has been reported in the presence of redox insensitive TiO, nanoparticles and SRB.
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FIGURE 1. Dissolved sulfate and sulfide concentrations as a function of incubation time for As-150, As-
300, As-5700 samples. Two sulfate reducing bacteria strains: Desulfovibrio vulgaris (strain 7757)
obtained from ATCC, and Desulfovibrio vulgaris (strain DP4) isolated from an As contaminated soil.

As speciation and mobility largely depends on sulfide concentrations. The sharp drop of As(III)
concentrations in As-5700 in the initial incubation stage might be ascribed to the As sulfide precipitation
coincident with biogenic sulfide production. Due to the presence of sulfide, the formation of As sulfide
precipitates such as orpiment is readily possible and should control the transport and fate of As under
sulfate-reducing conditions. For example, at high ratios of As:S, As,S; precipitates were observed in
Desulfotomaculum auripigmentum cultures by Newman et al. (1997). The authors not only reported the
formation of As,S; but emphasized that the As,S; precipitation occurred only at high ratios of As(III):S.
Therefore, the As-S precipitate was observed in high As(IIl) concentration with As-5700 only, and not in
low As(IIT) with As-150 and As-300.

STXM Image Analysis of As(V) on TiO, Solids: STXM is a recent addition to the third generation
synchrotron-based techniques in studying interactions of As at mineral-water interfaces. Our study shows
that the As Ls-edge provides clear information on As oxidation state in the samples of As-containing TiO,
with SRB. In such complex assemblages, simultaneous observation of As speciation and distribution on
minerals accompanied by microbes on the submicron scale may provide insightful knowledge about As
behavior on mineral interfaces.

As Speciation in the Solid Phase: The As speciation on TiO, solids at the end of the incubation
experiments was determined with XANES analysis. XANES results reveal that As(V) was the
predominant species on TiO; solids for As-150 and As-300 samples. The XANES spectra of the high As
load sample (As-5700) demonstrated the formation of orpiment in the presence of strain 7757 and DP4.
According to the linear combination fitting of the XANES spectra, the As-5700 sample contained 67%
As(V), 4% As(Ill), and 29% orpiment for strain 7757, and included 80% As(V), 5% As(Ill), and 15%
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orpiment for strain DP4. Mass balance results show that the total dissolved As released from TiO, was
higher than that in abiotic controls, though over 83% As remained in the TiO2 solid phase.

CONCLISIONS

With the increasing application of nanomaterials in the removal of As from contaminated waters,
the amount of spent nanomaterials with elevated As content has increased. However, the release of pre-
adsorbed As from nanomaterials is underappreciated. In stark contrast to previous findings that
dissimilatory sulfate reduction alone would not lead to As contamination in the presence of ferrihydrite,
our results reveal that milligram levels of As may be released to aqueous solution from spent nano TiO,
adsorbent. With the high mobility of nanomaterials, the fate and transport of associated pollutants would
be greatly changed compared with bulk minerals and adsorbents. The potential risks associated with
engineered nanomaterials experiencing redox changes should be considered before their environmental
application.

Our results demonstrate that SRB could facilitate desorption, as well as reduction of As(V) under
reducing conditions. The anoxic environment in groundwater aquifers can be caused by microbial activity
and reduction of dissolved oxygen by biogenic sulfide. Under such reducing conditions, in situ
characterization of As speciation and its spatial distribution at the mineral-water interface presents a
major challenge in As biogeochemistry. The results highlight the key role of SRB in the fate of As in the
presence of nanomaterials and the need for further exploration on interactions of anaerobic bacteria and
As at the mineral-water interface.
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EXPERIMENTAL STUDY ON DENSE GAS TRANSPORT IN POROUS MEDIA

Chiu-Shia Fen and Yuen Cheng
(Feng Chia University, Taichung, Taiwan, ROC)

ABSTRACT: This paper presents an experimental study on density-driven and gravity-induced gas
phase transport in a soil column. A substantial pressure variation responding to the migration of dense
gas mixture along the column was observed. Based on various flux components computed from the
pressure and density measurements, the slip and gravity-induced diffusions given in the dusty gas model
(DGM) equation may account for more than 10% of the total diffusive flux component. The diffusive
flux, if in terms of component mass fraction gradient for the Fickian-type diffusion, is in magnitude
smaller than those with other gradient expressions, which may predict total flux two times in magnitude
greater than the DGM result.

INTRODUCTION

Gas phase chemical contaminants in soils possess a threat to human health once they
continuously evaporate from industrial solvents, gasoline or agricultural chemicals residing in soils or
dissolved in groundwater. As the popularity of monitoring natural attenuation as a subsurface
remediation strategy increases, a complete understanding of gas phase transport under natural conditions
is needed. It is recognized that gas phase transport in porous systems is driven by concentration
difference, pressure variation and gravity. Fick’s law is usually employed for gas phase diffusion. As
one knows, chemical vapors mixed with soil gases may greatly alter total density of the gas mixture from
the air density, so as to induce additional transport component, which is not considered in the Fickian-
type diffusion. Besides, gravitational force may induce not only advection but also diffusion as included
in the dusty gas model (DGM) equations, which may more comprehensively describe multicomponent
gas diffusion in porous systems than the Fickian-type diffusion. Altevogt et al. (2003) conducted
experiments for dense gas transport in a soil column. They observed pressure variation along the soil
column when a dense gas mixture enters into the column and addressed it as slip. Then, they introduced a
slip-induced flux component according to Jackson (1977) in the standard advective-diffusive transport
equation as density-driven diffusion. Hamamoto et al. (2008) also investigated dense gas transport in two
different soils with considering only Fickian-type diffusion in their modeling work.

This paper presents an experimental study on density-driven and gravity-induced transport of
dense gas mixture along a soil column. Pressure and density variations along the column were measured
in the experiment and used to determine various flux components with using the DGM equations and the
Fickian-type diffusion, respectively.

MATERIALS AND METHODS

An experimental setup for investigating dense gas transport in a porous system was constructed
according to the setting presented in Altevogt et al. (2003). The transport system is a soil column packed
with sea sand and connected at each end with a chamber, hereafter called inlet chamber (IC) and outlet
chamber (OC), respectively. These components are all filled with nitrogen gas firstly and an amount of
SFe was then injected into the IC to form a dense gas mixture in the chamber with a plunger cover the
entrance to the soil column. Pressure transmitters are responsible for recording pressure differences
between the outside and inside of the chambers and between sampling ports at the soil column and the
inside of the OC. Before the plunger is pulled for allowing the gas mixture to enter the soil column, the
whole system is maintained at atmospheric pressure by vent tubing on the IC and OC. Once the plunger
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is pulled, pressure differences were recorded every half an hour and gas samples were taken every one
hour from the ports at the IC and OC and four sampling ports along the soil column (5, 15, 25, 35 cm
from the column entrance) for 4.5 to 5 hours. Concentration of SF of each sample was measured using a
gas chromatograph (GC-17A, Shimadzu Corp., Kyoto, Japan) equipped with an electron-capture
detector (ECD) with a molecular sieve SA GC PLOT capillary column (Supelco). The
experiment was conducted with different initial SF¢ densities in the IC ranging from 0.8 to 1.55
Kg/m3. The transport system has three different configurations: horizontally, vertically with the IC on
the ground (transport in the vertically upward direction) or with the OC on the ground (transport in the
vertically downward direction) to investigate gravitational effect on the migration of the gas mixture.

Before the transport experiment, batch study was carried out to assess sorptive effect of
SFs onto sea sand. Result shows that the amount of SFe sorption onto sea sand is negligibly small.
Effective diffusion coefficient and air permeability for gas phase transport in a soil column were also
measured separately to assess diffusive and advective flux components of gas transport. These
coefficients were determined from gas flow and diffusion experiments in which the setups and
methodologies can be referred to Fen et al. (2009) and (2011). Soil columns used in different
experiments were all packed with sea sand with a porosity of 0.3676.

TABLE 1 Expressions of various flux components with different formulation bases

Flux component Molar basis Mass basis
Total diffusive flux of | two-component DGM*:
species i b DD'C ax, D(Dj+DYX, oC
" D+Df(-aX) % Di+D(1-aX) %
D (DjM, + D'M)X, Cg 1
D +D(1-aX, RT @
Fickian-type diffusion”: Fick’s:
aC, 0P,
D _ _pne i D _ _pe i
NP =-Dj ) GP =-Dj %,
(2¢)
N7 =—cp; 2 (2b) S
aZ D __ e Wi
Gi =—p ij
(2d) oz
Viscous flux of
S , k 0 ) k, oP
species i * N/ =——¢ X,.(RTC—C —C*Mg) (3a) | G/ =——= p,(——pg)
M, 0z (3b)  Hn 0z

%X, is mole fraction of species i; C(=C;+C>) is total molar concentration (mol/Lj); R is the universal gas
constant (MLZ/tszol); T is the absolute temperature (°K); g is the gravitational constant (l/tz); D; and
D l.K are the "effective" binary molecular diffusion coefficient (L2/t) and the Knudsen diffusion coefficient
@rya, =1—(M,IM,)"* ;M =X M, +X,M,.
“ p=p, + pP,; w is mass fraction of species i
s k. is effective air permeability of the medium (L?); M, is dynamic viscosity of the gas mixture (M / L
£)’P(=RTC ) is total gas pressure (M/Ltz);

One-dimensional gas phase transport equation is generally applied to describe gas transport in a

soil column. Two kinds of formulation basis are usually applied: molar and mass basis. Total flux of gas
transport is divided into two components: total diffusive and viscous flux components. Expressions for
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the total diffusive flux given in the dusty gas model (DGM) equations and in the Fickian-type diffusion
are different as shown in Table 1 in which the DGM equation is expressed for gas diffusion system
comprised of two gases. Various flux components for different formulation bases are also presented in the
table. The Fickian-type diffusion expressions can be one of equation (2a)- (2d).

RESULTS AND DISCUSSION

One set of the experimental results is presented in Figure 1 for transport in the vertically
downward direction at an initial SF¢ density (p,) of 0.8 kg/m3 in the IC (about 0.13 mole fraction of SFg).
The pressure difference presented in the figure is a pressure value relative to the outside pressure of the
system. It shows a negative pressure difference with the highest (-0.7 Pa) at beginning for the IC and a
negligible difference for the OC throughout the measurement period. The four sampling ports at the soil
column, however, respond with positive pressure differences quickly in half an hour once the transport
starts. Specifically, the highest difference (1.3Pa) is located at 5 cm from the entrance and lasts for the
rest measurement period. The results for transport in the horizontal direction are similar to those
presented in the figure, but with lower pressure differences in the IC and in the column. For transport in
the vertically upward direction, a reversed trend in pressure difference was observed, i.e., positive
pressure differences measured from the IC and negative ones from the soil column. These pressure
responses in the IC in our experiment are opposite to the result presented in Altevogt et al. (2003).
Moreover, they observed a gradually increased pressure difference in the column.

TABLE 2 Various flux components of SF¢ determined from the DGM equation and the Fickian-type
diffusion using the experimental measurements

Flux unit in mol/m’sec | Flux between the IC and 5cm port Flux between the 5cm and 15 cm ports
H* vU*® VD* H* vU® VD*
DGM First term in 5.5903E-05 | 2.1544E-04 | 1.4383E-04 | 7.0585E-05 | 8.6899E-05 | 1.0931E-05
Eq. (D*
Second term in | -6.2446E-06| 1.8266E-05 | -1.0930E-05| 4.2232E-07 | 2.2000E-08 | 3.9067E-07
Eq. (D*
Third tern in 0.0000E+00 | -1.0450E-05| 7.1427E-06 | 0.0000E+00 | -3.5217E-06| 3.4586E-06
Eq. (1)*
ND! 4.9659E-05 | 2.2326E-04 | 1.4004E-04 | 7.1008E-05 | 8.3500E-05 | 1.4781E-05
1
First term in -1.0114E-04| 3.0123E-04 | -1.7107E-04| 9.5523E-06 | 4.8512E-07 | 8.6004E-06
Eq. (32)
Second term in | 0.0000E+00 | -1.7220E-04| 1.1169E-04 | 0.0000E+00 | -7.7538E-05| 7.6021E-05
Eq. (32)¢
N % -1.0114E-04 | 1.2903E-04 | -5.9384E-05| 9.5523E-06 | -7.7052E-05| 8.4621E-05
1
NTs -5.1486E-05| 3.5229E-04 | 8.0660E-05 | 8.0560E-05 | 6.3475E-06 | 9.9402E-05
1
Fick’s NP | Eq.(2a) | 6.7777E-05 | 2.6581E-04 | 1.6854E-04 | 8.1959E-05 | 9.8290E-05 | 1.2343E-05
e
Eq.(2d) | 4.0032E-05 | 1.6231E-04 | 1.1429E-04 | 5.4086E-05 | 6.5325E-05 | 8.6959E-06
NT | Eq.(2a) | -3.3368E-05| 3.9485E-04 | 1.0916E-04 | 9.1511E-05| 2.1237E-05| 9.6964E-05
5 - (20
Eq.(2d) | -6.1112E-05| 2.9134E-04 | 5.4904E-05 | 6.3639E-05 | -1.1727E-05| 9.3317E-05

& H=transport in the horizontal direction ( 0 , =1.14 kg/m’); VU=transport in the vertically upward

direction ( 0 , =1.26 kg/m’); VD=transport in the vertically downward direction ( p , =0.8 kg/m’)

' NP =Eq.(1); “ N} =Eq. (3a); "N/ =N+ N/ ;
* First term=mole fraction gradient term; Second term=total concentration gradient term; Third

term=gravity-induced diffusion term in Eq. (1)
@First term=total concentration gradient term; Second term=gravity-induced advection term in Eq. (3a)
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Variation of the SFg¢ density in the system corresponding to the pressure variation shown in
Figure 1 is also presented in the same figure. It shows that the SF; density at the Scm port is almost half
of that in the IC in half an hour once the transport starts. Similar trends are also observed for transport in
other directions. However, the density variation at the 35cm port and in the OC is almost negligibly small
for transport in all directions in the 4.5-hr measurement period.

Various flux components of SF¢ for different transport configurations were determined according
to the measurements obtained from our experiment. They are assessed between the IC and the S5cm port
and between the Scm and 15cm ports at a transport time of 4.5 hours. Gas permeability (k,) and effective

molecular diffusion coefficient of the N,/SFq gas pair (D; ) were determined to be 2.1x10™"" m® and 3.53x

10° m%/sec, respectively. The Knudsen diffusion coefficient of SFq (Df) is consequently computed to
be in the range of 2.67-3.89x10” m%sec from the method presented in Fen et al. (2011). The transport
system is therefore addressed to be dominated by molecular diffusion as D; << Df. The parameters

determined above were then used for assessing different flux components as shown in Table 2 in which
the DGM equation, i.e., Eq. (1), and the Fickian-type diffusion expressions, i.e., Egs. (2a)-(2d), were used
for determining the total diffusive flux component and Eq. (3a) for the viscous flux component of SFg.
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FIGURE 1 (a) Pressure difference and (b)SF¢ density measured at sampling ports for dense gas transport
in the vertically downward direction at p ,= 0.8 kg/m’ in the IC

For the two-component DGM equation, three terms are shown in the total diffusive flux
expression, as in Eq. (1), including mole fraction gradient, total concentration gradient and gravity-
induced diffusion terms in which the last two terms are not included in any Fickian-type diffusion
expression. Note that slip is included in the total concentration gradient term with a sum of the effective
molecular and Knudsen diffusion coefficients in the numerator. As a result, the diffusive flux component
determined from the mole fraction gradient term is generally more than one order of magnitude greater
than those from the other terms. As shown in the table, the gravity-induced diffusion term may account
for 23% of the total diffusive flux component for vertical transport between the Scm and 15cm ports; the
total concentration gradient term (include slip) may account for 13% of the total diffusive flux component
for transport between the IC and Scm port. The same diffusive flux values were obtained with the
component molar concentration, mole fraction and mass concentration gradient expressions for the
Fickian-type diffusion, i.e., Egs. (2a)-(2c), and are greater than those obtained with the component mass
fraction gradient expression, i.e., Eq. (2d). Overall, the total diffusive flux value of SF¢ obtained with the
DGM lies between the results with the Fickian-type diffusion, except for the VD result between the Scm
and 15cm ports.

The table further shows that the gravity-induced advection, i.e., the second term in Eq. (3a), is
generally more than one order of magnitude greater than the advection induced by total concentration
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variation (density-driven flow) for the vertical transport systems between the Scm and 15cm ports.
However, between the IC and the 5cm port, these advective components are of the same order of
magnitude. Note that for the horizontal transport system the direction of advection is opposite to that of
total diffusive flux component between the IC and the Scm port, resulting in a total flux at the entrance of
the dense gas mixture to the soil column in direction opposite to that in the soil column. Finally, it is
found that the total flux of SF¢ assessed by the Fickian-type diffusion may be two times in magnitude
greater than the DGM result for transport in the vertically upward direction.

CONCLUSIONS

The experimental measurements show that pressure variation for dense gas transport along a soil
column is substantial. Based on various flux components computed according to the pressure and SFe
density measurements along the column, the slip and gravity-induced diffusions determined from the
DGM may account for 13% and 23% of the total diffusive flux component, respectively. Different
expressions for the Fickian-type diffusion are consistent in assessing the diffusive flux component, except
for the expression in terms of component mass fraction gradient. The total diffusive flux and total flux
obtained with the DGM generally lie between those given from different Fickian-type diffusion
expressions, which, however, may result in total flux prediction two times greater than the DGM result.
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POLYCYCLIC AROMATIC HYDROCARBONS DEGRADATION MODEL
IN THE MARSH WETLAND SEDIMENT

Doorce S. Batubara, Ronald F. Malone, and Donald D. Adrian
(Louisiana State University, Baton Rouge, LA, USA)

Oil spilled in the U.S. Gulf of Mexico will accumulate over time while mobility, biological uptake, and
degradation processes take place. Crude oil contains a significant amount of polycyclic aromatic
hydrocarbons (PAHs) which can damage coastal areas and also can be toxic to many marine species, such
as: marine diatoms, mussels, crustaceans, and fish. The degree to which those habitats and their species
are impacted by the oil depends on a number of factors such as: amount of oil; degree of weathering
before it reaches the coast; inundation rate onto the coastal area including marsh wetland; frequency of
inundation; and rate of degradation or cleanup of the oil within these habitats. Some of the PAHs do not
reach coastal areas or have been degraded significantly after undergoing some weathering processes such
as: evaporation and dilution. The PAHs of concern that reach marsh wetland after being weathered are
phenanthrene, pyrene, and benzo(e)pyrene. Knowing the level of these PAHs concentration in marsh
wetland over a long time helps predict how much the aquatic species are exposed to PAHs contaminant.

Mathematical models are developed to show the degradation of PAHs, particularly phenanthrene,
pyrene, and benzo(e)pyrene in a marsh wetland sediment over time. Numerical modeling using Stella
Modeling Software is developed from mass balance equations for two levels of sediment: the top is for
aerobic sediment and the bottom one is for the anaerobic sediment.

The long term impact of PAHs in crude oil to some aquatic species is relatively difficult to
evaluate since exposure rates of the oil are largely unknown. Gulf coast habitats have experienced a wide
range of inundation and exposure rates of the released oil making it difficult to assess the overall impacts
to the coast and its fauna. Mesocosms allow replicated looks at different scenarios of long-term exposure
and study of the biodegradation of contaminants of concern in crude oil (phenanthrene, pyrene, and
benzo(e)pyrene), especially by mimicking important features related to their degradation in a marsh
wetland sediment system. The designed recirculating mesocosm for the marsh wetland consists of two
mud oil modules (MOMs) with different elevation to enable evaluation of sediment that is intermittently
emerged by tidal movement or constantly submerged. The top or the emerged MOM is facultative since it
is intermittently exposed to the air and the submerged MOM is anaerobic. The MOMs are put in a tank
above an air chamber filled with water. The water level (tidal movement) is controlled by filling the air
chamber with air (the water level goes up) and letting the water back to the air chamber (the water level
goes down) periodically.

The modeling effort and ongoing mesocosm work is expected to show that degradation of PAHs
is higher in the intermittently emerged sediment (subject to facultative degradation reactions and physical
exchange processes) than the submerged sediments.
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GEOTECHNICAL PROPERTIES OF SOILS AFFECTED BY ACID MINE DRAINAGE FROM
THE GOLDFIELDS OF SOUTH AFRICA

Stephen O. Ekolu (University of the Witwatersrand, Johannesburg, South Africa)
Firehiwot Azene (Council for Geoscience, Pretoria, South Africa)
Vivek Madhav (University of the Witwatersrand, Johannesburg, South Africa)

The acid mine drainage (AMD) flowing from abandoned mines may adversely affect soil characteristics
both at the surface and underground. This paper is based on an investigation undertaken following field
observation of soils contamination by acid mine drainage. Experiments were conducted using AMD water
taken from field sources of the goldfields of South Africa. Two sets of experimental studies were done by:
(a) testing of AMD-contaminated and non-contaminated soils obtained from field sources, (b) laboratory
treatment involving soaking of two types of non-contaminated soils (taken from abandoned mines) in acid
mine water, followed by testing of soil properties. Three types of AMD water from field sources, one
synthetic AMD solution, and sulphuric acid to pH 1 were used in the experiments. The tests conducted
include grain size analyses, physico-chemical properties, consistency, and strength. Also, microstructural
analysis of the sheared soil samples was done by scanning electron microscopy. It was found that,
generally, alteration (deterioration) of soil quality occurs when exposed to the acidic water. The
characteristics of deterioration are associated with reduction of the pH of the soils, change of grain sizes
to fine fractions,