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Microbial Analysis

Real-time PCR assays were developed and optimiaedhe quantification of total
bacteria, and methanogens from microcosms. Real-B@R quantification of bacteria and
methanogen from Anacostia sediment microcosmsharers in Table 4.6. Total bacteria ranged
from 1.1x 10° to 3.8x 10° and methanogen ranges from ¥.80° to 2.1x 10° cells per gram
soil.

Table 4.6 Real time PCR quantification of bactaridAnacostia microcosms

Treatments / Target cells Eubacteria cells/g Metlgan cells/g
Sediment 1.1x 10 9.1x 10°
BionSoil 3.8x 10° 2.1x10°

Control (Sediment only) 7.7%x 10° 1.8x 10°

20 % of BionSoil added 7.9x10° 5.6x 10°

40 % of BionSoil added 1.0x 10° 7.6x10°

60 % of BionSoil added 1.7x 10 1.7x 10

The values were the greater in eubacteria and metfesm as the fraction of BionSoil was
increased. BionSoil may enhance the soil microbes [@oost soil organic matter. Microbial
degradation is the major mechanism for decreassonfaminant. Recently, many researchers
explain the biodegradation potential of contamindegrading bacteria. Potin et al. (2004)
demonstrated the ability of PAH degradation usifdge tspecific strain,Cladosporium
sphaerospermum, and they presented that PAH decline was stromgligted to this fungus.
Kassenga et al. (2004) supported anaerobic degvadat identifying the microbial community.

Guo et al. (2005) found that mixed culture or stniglolate could facilitate PAH bioremediation.
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They isolated three bacterial consorti§ohingomonas, Rhodococcus, and Paracoccus) to
investigate bacterial composition and its degraaaibility.

PCR amplification products were tested for presarfdeacteria and the concentration of
amplified PCR products prior to DGGE analysis. DE#guences of the cloned DNA fragments
were edited using Chromas software downloaded from
http://www.mb.mahidol.ac.th/pub/chromas/chromas.hemd was compared using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/) maintained byhe National Center of Biotechnology
Information (NCBI). Desulfotomaculum sp. and Pelobacter sp. were dominant bacteria with
98 % of homology from BionSoil treatment microcodaentified sequences are listed in Table
4.7. They are preventative sulfate-reducing baateriChang et al., 2001; Rios-Hernandez et al.,
2003; Londry et al., 2004). They participate in ralwal manganese and sulfate reduction also in
degradation processes (Rios-Hernandez et al., 2002h and Voytek, 2004; Matsui et al.,
2004). Theses microbial communities were produced waere able to biodegrade PAH in
control and BionSoil treatment microcosms. The obal communities may participate in

biodegrading the PAH components.

Table 4.7 Identification of bacteria from Anacosti&crocosms

Treatments Bacteria species Similarity (%)
BionSoil Desulfotomaculum sp. 98
Pelobacter sp.
Control (Sediment only) Clostridium sp. 92
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The SRB specific PCR primer for the 16S rDNA waplega to detect SRB DNA from
sediment microcosms. The 16S rDNA-targeted PCR a@risequence, DSV230 and DSV838
(Daly et al., 2000), was used as expected produgl® (bp). Daly et al., 2000 designed the six
groups of PCR primers to detect SRB DNA and evaltizd PCR amplication of SRB 16s rDNA
from landfill leachate. DSV230 and DSV838 were stld in this study as@esulfovibrio group.
PCR amplication of DNA extracted from sediment amdrocosms was conducted with specific
primers. Desulfovibrio-like amplication products obtained from all sangplere shown in
Figure 4.10. Sulfate reducers are possibly importactors in process of PAH biodegradation.
Some bacteria specigdgsulfovibrio, can ferment such as lactate and hydrogen in tbgepce
of sulfate (Raskin et al., 1996; Richardson et2402).

A phylogenetic tree is a graphical representatibthe evolutionary relationship among
taxonomic groups. Taxonomy is the system of clgsgjf plants and animals by grouping them
into categories according to their similaritiesyPlyenetic tree of microcosm treatments using
Quantity One® 1-D analysis software was shown iguF@ 4.11. It presents that how much
similar in appearance and related patterns amoagnibrocosms. It shows higher similarity of
61 % relationship between 40 % BionSoil treatmertt 20 % BionSoil treatment microcosms.
These two treatments also have 55 % of similarith W0 % BionSoil treatment microcosms. It
indicated that BionSoil treatment microcosms weffected by adding the BionSoil. It is
important to understand that the phylogenetic ¢feeerated by bioinformatics tools is primarily
based on sequence data alone. Hence, the sequedatsximess can be one of very powerful

methods as a predictor of the relatedness of specie
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1,000 bp

750bp —>
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1 2 3 4 5 6 7

Figure 4.10 PCR amplications of SRB 16S rDNA wiRBSspecific primers
1: 1Kb DNA ladder, 2: Anacostia sediment 3: BiorlSoi
4: Control microcosm (sediment only), 5: 20 % obB$oil added,
6: 40 % of BionSoil added, and 7: 60 % of Bion@amitled microcosm
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Anacostia sediment

0.3 Control (Sediment only)

0.32 BionSaoil

0.48

60 % BionSoil added

0.55
20 % BionSoil added

0.61

40 % BionSoil added

Figure 4.11 Phylogenetic tree using Quantity One® dnalysis software
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Conclusions

This kinetic study observed the important removabcpss of PAHs in anaerobic
biodegradation. Biodegradation processes were exmihe comparable effectiveness in the
mixtures of BionSoil and Anascotia River sedimeSihce BionSoienhances soil microbes and
contains high sediment total organic carbon (TQI,correlation between degradation rate and
sediment total organic carbon (TOC) are importanfAHs in Anacostia sediment.

Biodegradation of PAHs was strongly linked to stdfaeduction in BionSoil mixtures.
Though sulfate and carbon dioxide both are elecaooceptor in biodegradation processes,
sulfate reduction is the more energetic process thethanogenesis condition. Concentration of
hydrogen decreased and maintained low level of eatnation, it means, hydrogen was used as
an electron donor during the degradation.

Fast degradation of PAHs was possibly mediated Iyralial communities such as
Desulfotomaculum sp., Pelobacter sp., and Desulfuromonas sp. The microbial consortia may
have a relation with the degradation potential. SEhsulfate-reducing bacteria potentially use
hydrocarbon substrates as an electron donors alfigtesus used as an electron acceptor.

BionSoil could support the population of sulfatelreing bacteria.
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CHAPTER 5
THE EFFECT OF BIONSOIL ON HCB BIODEGRADATION

Introduction

Hexachlorobenzene (HCB) has been used as bothktigide and an industrial chemical.
While HCB has not been produced commercially sit@@2, HCB is also still produced as a by
product during the manufacture of several chlogdathemicals. HCB has been detected in the
flue gas and the fly ash of municipal incineratarsl other thermal processes (ATSDR, 1996).
HCB is a chlorinated hydrocarbon that is very hytmbic in nature with a low aqueous
solubility (0.005 mg/L). The U.S. EPA has classifidCB as a probable human carcinogen and
has established a national primary drinking watandard (maximum contaminant level) of
0.001 mg/L (ATSDR, 1996). HCB is a hydrophobic angachemical that has shown a lack of
toxicity in water at concentrations up to and exiveg the solubility limit (Fuchsman et al.,
1998). A potential risk is present in the contartedasediment. HCB is rather persistent and
binds to particular matter and easily bioaccumslatéo the organism and food chain (Boese et
al., 1996; Nakashima et al., 1997; Fuchsman e1898).

Many studies have shown that anaerobic reductaahldrination of HCB yields lower
chlorinated benzenes (Sims et al., 1991; Beurske985; Middeldorp et al., 1997; Pavlostathis
and Prytula, 2000). The most cited predominant wath of the microbial reductive
dechlorination of HCB is as follows: HCB- pentachlorobenzene (PeCB)» 1,2,3,5-
tetrachlorobenzene (1,2,3,5-TeCB) 1,3,5-trichlorobenzene (1,3,5-TrCB). 1,3,5-TrCRialty
accumulates, although it can be further reduced Jja-dichlorobenzene (1,3-DCB) to
monochlorobenzene or even benzene (Beurskens, I88m et al., 1997; Middeldorp et al.,
1997; Pavlostathis and Prytula, 2000). Other pésdibtrachlorobenzene (1,2,3,4-TeCB and

1,2,4,5-TeCB), trichlorobenzene (1,2,3-TrCB and,4:,2rCB), and dichlorobenzene (1,4-DCB
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and 1,2-DCB) isomers have been observed eitherflegaently or at low levels as compared
with the above-discussed predominant HCB sequetiethlorination pathway (Pavlostathis and
Prytula, 2000). Reductive dechlorination appeareddcur in a stepwise fashion until lower
chlorinated compounds accumulate. These lattetiogsctend to occur much more slowly and
result in trace levels of dechlorination products.

Reductive dechlorination of polychlorinated benzeargeners and accumulation of less
chlorinated benzene congeners (CBs) has been dotedhéor reduced environments such as
soils rich in organic matter and sediments (Simalgt1991;Pavlostathis et al., 2000). Since
chlorinated compounds are used as electron acsepiming reductive dechlorination, there
must be an appropriate source of carbon for miatolgrowth in order for reductive
dehalogenation to occur. Organic matter is onehef gotential carbon sources of energy for
anaerobic microorganisms. A number of studies traonstrated that dechlorination kinetics
is faster in organic carbon rich soils than in sqgdoor in organic carbon content because
microbial activity depends on the availability afyanic carbon (Lorah et al., 1997, Kassenga et
al., 2003). Therefore, HCB dechlorination would éeected to accelerate in organic carbon
soil.

Redox conditions in soils and sediments can imp#CB dechlorination. Beurskens
(1995) reported concomitant dechlorination of HCBhwsulfate reduction. The degadation of
HCB under sulfidogenesis and methanogenesis isntiiynamically possible since reactions
involving HCB conversion to benzene offer more gyefl717.6 kJ/mol) to anaerobic bacteria
than the reduction of compounds available natunallgnaerobic environments, such as sulfate
to sulfur (551.84 kJ/mol) and carbon dioxide to nagie (400.46 kJ/mol) (Sims et al., 1991;

Dolfing et al., 1992). Chen et al. (2002) investigghthe reductive chlorination of HCB under
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various redox conditions. Results indicated thatcrobial activity caused an effect on
dechlorination (Chen et al., 2002). Researchersemted that reductive chlorination of HCB
under methanogenic condition (Beurskens et al, 199%hng et al., 1997). Beurskens et al.
(1994) showed anaerobic dechlorination by detemgirdechlorination rates and Chang et al.
(1997) proved reductive dechlorination of HCB byaarobic mixed culture using methane
producing bacteria. Some researchers reportedtifate reducers can outcompete methanogens
for hydrogen and substrate (Lovely and Klug, 19&2vley and Phillips, 1987). The
chlororespiring anaerobBehaloccoides sp. strain CBDB1 can degrade chlorinated benzene
(CB) compounds. Strain CBDBL1 is capable of coupgngwth to dechlorination of CBs (Adrian

et al., 2000; Jayachandran et al., 2003; Jayachanelr al., 2004)Dehaloccoides sp. is most
important on HCB dechlorination.

The study investigated the effect of a compost pcod@ionSoil on HCB degradation in
Anacostia sediment. BionSoil was selected as aanicgrich material for construction of a
reactive sediment cap. The reactive caps are axtuhe degradation of contaminants as the
contaminated water passes through. The destrud¢debnologies such as biodegradation,
sorption, and sequestration take place in perme&hletive caps. The effectiveness of reactive
cap using BionSoil was evaluated with HCB dechlation in this study.

Materials and Methods
Sediments

Sediments were obtained from the Anacostia Riverchvtilows from the Maryland
suburbs of Washington, DC to its mouth at the PaimmRiver near downtown Washington.
Anacostia River is one of America's most endangetigdrs, with sediments containing

significant concentrations of heavy metals, polgcinlated biphenyls (PCBs), hydrocarbons, and
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chlordane. The sources of these contaminants agetéym military and industrial activity in the
Anacostia and Potomac Rivers. Figure 5.1 showsstwdy sites on the Anacostia adjacent to the
Navy Yard. Sediment samples were collected frone Sitcontaminated with PAHs up to 210
ppm. Site 1, near the old combined sewer overflowshe south end of the Navy Yard has 6-12
ppm of polychlorinated biphenyls (PCBs), 30 ppmP#Hs, and significant level of several
metals such as cadmium, chromium, copper, leadsungrand zinc.

BionSoil is essentially peat material and a tradénrsame for a type of processed
mixture of animal manure. It facilitates sorptiohamntaminants and can provide a source of
carbon for bacteria in waste treatment systemsBamiSoil has high organic matter and nutrient
content (www.biontech.com). BionSoil encouragesraegtion of organic contaminants through
enhancement of reductive dechlorination and anaerategradation of polyaromatic
hydrocarbon (PAH) compounds. The geotechnical dbaratics of BionSoil are follows:
saturated density 34.6 (pcf), TOC of 57.1 (%), gH .4, and saturated moisture content of 125.4
(%) (Kassenga et al., 2000).

Chemicals

The test chemicals selected for this study wepsattdorobenzene (HCB) and daughter
compounds, pentachlorobenzene (QCB), tetrachlomdyen (TeCB), trichlorobenzene (TCB),
dichlorobenzene (DCB), monochlorobenzene (MCB), laenizene. HCB was selected as the test
chemical because it together with its daughter petsl can be used a surrogate for
polychlorinated biphenyls (PCBs) in reductive decimation study. The properties of these

chemicals are listed in Table 5.1.
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Washmgton DC

T iial Baci

Figure 5.1 Anacostia study sites (From http://wwawchssw.org/anacostia/)
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Table 5.1 Physical and chemical properties of HG8 @egradation products
(www.inchem.org/pagesl/icsc.html)

Property HCB PCB TeCB TCB DCB MCB

Molecular weight 284.8 250.3 215.9 181.5 147.0 a12.

Aqueous solubility  0.005 none none 499
(mg/L @ 25°C)
Vapor pressure 0.001 2 0.7 17.3 286 1170
(Pa @ 25°C)
Log Kow 55-6.2 51-56 4.9 4.05 353 22-28
Density 1.21 1.8 1.83 1.45 1.29 1.11
(g/lcn? @ 20°C)

Microcosm Experiments

Anaerobic microcosms were constructed inside agjloag (Cole Parmer Instrument
Company, Cheltenham, PA) under an oxygen-free geimoatmosphere. Microcosms were
prepared using mixtures of Anacostia River sedinagrtt BionSoil, which were then packed in
125 mL Wheaton serum bottles with 20 mL head sp&ger to addition of the selected
compost, 50 ppm of HCB was dissolved in diethyleetadded to the serum bottles, and then
solvent was flushed away with nitrogen in bottl&ése sediments from Anacostia River and
sediment with BionSoil were slurried (1:1.5 w/w 3)th deionized water. All bottles were
sealed with Teflon-lined rubber septa and alumirarimp seals. Anaerobic microcosms were
prepared from Anacostia River sediment and BionB8aied with four different volumes (0 %,
20 %, 40 %, and 60 % (w/w) of BionSoil). Microcosmere incubated in an inverted position at
25 °C under static conditions in the dark. To aotdor abiotic losses, killed controls were

prepared with mercuric chloride (3.89% wt/vol) wtignhibits microbial activities. Two
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identical sets of bottles were set up for each exmnt, one set of bottles for analysis of

indicators of redox status by sulfate, hydrogen aradhane and another set for analysis of the
test chemicals. The concentrations of chlorinatechmounds were monitored at regular time

intervals using analytical techniques describe@dWwellemporal monitoring of concentrations of

the parent compound and degradation daughter pi®duere done for each spike until the

concentration of the parent compound drops bel@nd#tection limit of the analytical methods.

Sediment Extraction

Five mL of sediment mixture slurry was subsampledmf the serum bottles and
transferred into 60 mL Teflon centrifuge tubes eamnhg the same volume of hexane/acetone
mixture (50/50, v/v, %). Each centrifuge tube wasibled 24 hours to extract the chlorinated
compounds from the slurry then, each tube was ifegéd for 20 minutes at 3000 rpm in
Avanti™ J-20 XP!I high-performance centrifuge (Beckman @sulFullerton, CA). One mL of
hexane/acetone extract was transferred to gas chognaphy mass spectrometry (GC/MS)

autosampler vials and refrigerated until GC/MS gsial

Chemical Analysis

The chlorinated extracts were analyzed followinBAEMethod 8270. TeruL of
semivolatile internal standards mix (Supelco, Beliée, PA) was injected into the extract. The
sample was analyzed using a Hewlett Packard 58%®Acgromatograph (GC) coupled with a
HP 5971 mass selective (MS) detector. The GC wagppgd with a 30 m x 250m x 0.25um
film thickness capillary column. OngL of the sample was injected automatically onto the

column. GC temperature program conditions wer&5%amped at 1/min to 200C, then at
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4°C/min to 300C and held for 10 minutes. The mass spectrometeroparated in the selected
ion monitoring mode and the ion source temperatia® 280C.

Analysis of chlorobenzene and benzene were peddroy EPA Method 8260B using a
purge and trap apparatus attached to HP 5890A Gipmed with a HP 5971 MS detector. A
thermal desorption trap (VOCARB 3000; Supelco, &elhte, PA) was employed in the purge
and trap apparatus. The extracts along withulL®f internal standard and 28 of surrogate
(Supelco, Bellefonte, PA) were manually injectetbithe purge and trap autosampler (Tekmar
2016; Tekmar Dohrmann, Mason, OH) and purged fomild then, desorbed for 0.5 min and
baked for 13 min at 22€.

Sulfate and Gas Measurements

A Hach DR 2010 spectrophotometer (Hach Co., Lowkl&0) was used to determine
sulfate concentrations. Water from each microcosas diluted with deoxygenated water to 25
mL in order to measure the concentrations usingpieetrophotometer. The Hach DR 2010 was
capable of analyzing for sulfate concentrationshinita range of 0 to 70 mg/L $& Sulfate
concentrations were read directly by adding theH&ulfaVer 4 Sulfate Reagent “powder
pillow” and inserting the samples into the spedimpmeter. Sulfate ions in the sample react
with barium in the SulfaVer 4 Sulfate Reagent “pewgillow”, forming insoluble barium
sulfate turbidity. A standard calibration was penied for each lot of SulfaVer 4 Reagent
Powder Pillows. Standards of 0, 10, 20, 30, 4Q, &t 60 mg/L sulfate were prepared by
diluting 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mL bé tcontents of a Sulfate Voluette Ampule
standard.

Hydrogen was analyzed using a reduction gas chemgregbh (Trace Analytical, Menlo

Park, CA). Headspace samples were injected intd_Igas sampling loop and were separated
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with a molecular sieve analytical column (Trace Kheal, Menlo Park, CA) at an oven
temperature of 40°C. Ultrahigh purity nitrogen (B@ases, Baton Rouge, LA) was used as a
carrier gas after it was passed through a catalyt@mbustion converter to removes traces of H
The detection limit for KHunder these conditions was 1 ppb. Aqueoduséhcentrations were

calculated as Loffler et al. (1999).

H, (dissolved) =LP/

where H, (dissolved) is the agqueous concentration of ¢h moles/L), L is the Oswald
coefficient for H solubility (0.01913 @ 25°C)R is the universal gas constant (0.0821 L - atm -
K. mol'), P is the atmospheric pressure, afdis temperature in Kelvin.

Methane was measured using a gas chromatographg flanization detector (GC/FID).

One mL of gas was collected from the headspacdefobttle using a gas tight syringe and
injected into GC/FID (HP 5890 series Il) equippeithva 2.4 m x 0.32 mm i.d. column packed
with Carbopack b/l % SP-1000 (Supelco, BellefoRt&). The injector and detector temperatures
were 375°C and 325°C, respectively. The column é&atpre was held constant 50°C for 6.50
min. Ultrahigh purity nitrogen (Grade 5.0) was useda carrier gas. Methane data were reported
as agueous phase concentrations. Headspace methrarentrations were converted to aqueous
phase concentrations by Henry’s Law constant d@®@tm/mol/m for methane.

Microbial Analysis

Microbial populations were characterized using deraing gradient gel electrophoresis
(DGGE) and real time polymerase chain reaction BR). The protocol of Mo Bio Ultraclean
Soil DNA Isolation Kit (Mo Bio Laboratories, IncGarlsbad, CA) was followed to extract DNA

from 0.25 g of wet sediment slurry samples colledi®m the microcosms. Sediment samples
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were washed twice with 0.12 M of sodium phosphaiieb to remove extracellular DNA (Lee
et al.,, 1996). Extracted DNA was amplified usingRPGsing a 2QuL reaction volume. Each
reaction contained DNA Polymerase (1 U), 1x Tagf@&uf3 mM of MgC}, 1 uM of each primer,
0.2 mM of each deoxynucleoside triphosphate (dN(PIP9mega Corporation, Madison, WI) and
1 uL of extracted DNA. The conditions PCR amplificatiprogram consisted of an initial 5 min
denaturation step at 94°C followed by 30 cycle®94%C for 1 min, 57°C for 1 min, 72°C for 1
min, and a final 10 min extension step at 72°C (&eal., 2002).

For real-time PCR, thd?CR mixture consisted of 12.pl of 2xiQ SYBR Green
Supermix, 250 nM of each primer and 1ubof DNA templates. Distilled water was used to
bring the volume to 2ul. PCR conditions were as reported by Hendrickgoa.g2002) for the
bacteria: initial denaturation at 95°C for 2 miolldwed by 30 cycles consisting of denaturation
at 94°C for 1 min, annealing at 55°C for 1 min, artension at 72°C for 1 min. For the archaea
group (i.e., methanogens), PCR conditions werenatigation at 94°C for 2 min, followed by 30
cycles consisting of denaturation at 94°C for 3@rsealing at 60°C for 45 s, and extension at
72°C for 2 min (Loffler et al., 1997). PCR amplicatwas performed using a RT-PCR Detection
System iCycler iQ (Bio-Rad Laboratories, Inc., Hées, CA). The PCR products were purified
with MoBio PCR Clean-Up Kit (Mo Bio Laboratoriesnd., Carlsbad, CA). The molecular
weight of products was determined dgctrophoresing portions of extracts on 1.0 % e@gm@r
gels witha 1-kb ladder ((Promega Corporation, Madison, \Blaa&ize marker. The bacterial 16S
rDNA real-time PCR assay was log-linear over 5 osdd magnitude with DNA standards. The
linear range of detection for real-time PCR assaybhcterial 16S rDNA was from 8.5 to &5
10° copies per PCR. The regression coefficient vatmesfandard curves for PCR was 0.99. The

numbers of bacteria, methanogérehalococcoides cells per gram soil were calculated from
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copies per gram soil. The gene copy number perveai used 3.6 for bacterial 16S rDNA
(Harms et al., 2003). The oligonucleotide primaslested in Table 5.2. All these primers were

obtained from AlphaDNA (Montreal, Quebec, Canada).

Table 5.2 Oligonucleotide primers used in this gtud

Primer Sequence (5")- 3 References
Universal Primers for 16s rDNA Lane (1991
27f 5-AGAGTTTGATCGIGCTCAG-3'
1492r 5-GGTTACCTTGTTSACTT-3'
Archaea Primers for RT- PCR Loffler&l. (1997)
340f 5 - CCTACGGGGCGOBSGGSGC - 3
915r 5 - GTGCTCCCCCGXITCCT - 3
Universal Primers for DGGE (GC clamp) Schafer and Muyzer (2001)
341f 5GCCCGCCGCGCLCCLCGLaGLeeeaTeceae
CGCCCCCGCCCGCCTACGGGAGGCAGCAB
907r 5 - CCGTCAATMITTRAGTTT - 3
Universal Primers for clone (non GC) Schafer and Muyzer (2001)
341f 5 - CCTAGGAGGCAGCAG - 3
907r 5 - CCGTCAACMTTTRAGTTT - 37
Dehalococcoides sp. Primers for RT- PCR Hendrickson et al. (2002)
DHC 1f GATGAACABGCGGCG
DHC 1212r GGATTAGCTCCAGTTCACTG
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DGGE was performed using a D-ColeUniversal Mutation Detection System (Bio-Rad,
Hercules, CA). The denaturing gradient gel (6 %ywacrylamide solution) was selected for a
particular size range between 300 and 1000 bass. gdie acrylamide gels were made with a
gradient ranging from 40 % to 70 %, where 100 %atierant contained 42 % (wt/v) urea and
40 % (v/v) formamide. Polymerization was catalybydadding 0.057 % of TEMED (v/v) and
0.85 % of the 10 % ammonium persulfate (v/v) tohbdenaturant solutions. Gels were cast
using a Bio-Rad Model 475 gradient delivery syst&tectrophoresis was performed in 1x TAE
buffer at 60°C for 16 hours with an applied curref.15 A at 65 V. After electrophoresis, the
gel was stained with ethidium bromide (EtBr) forrh. then, destained in distilled water for 10
min. The gel was imaged with a UV transilluminatming the Chemidoc XRS system using
Quantity Oné& 1-D Analysis Software (Bio-Rad, Hercules, CA).

DNA was also amplified using PCR with non GC prigjé41F and 907R, for cloning. A
ligation reaction was performed using pGE-vector and transformation was accomplished with
E.coli competent cells (Promega Coporation, Madison Wugh the protocol provided by the
manufacturer. LB (Luria-Bertanplates with ampicillin/IPTG/X-Gal and liquid LB medwith
ampicillin were prepared to platé.coli competent cells. The growing white colonies were
selected, and transferred into liquid LB mediumhwampicillin, and incubated overnight at
37°C. The plasmid with inserts was extracted fraquitl LB medium using the plasmid
preparation kit (Mo Bio Laboratories, Inc., Carldb&A). To verify the clone plasmid products,
restriction enzyme reactions were conducted ancckelte with gel electrophoresis. DNA
products were purified using the MoBio PCR Clean-Kip Finally, samples were sent to
BioMMED (Biotechnology and Molecular Medicine) imé School of Veterinary Medicine

(Louisiana State University) for sequencing.
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Data Analysis

First-order reaction rate constants were calcul&teah the first-order kinetic equation.
Rate constants for the degradation of HCB compoundse determined using non-linear
regression of a first-order exponential decay eqnatThe degradation rate constak} (vas

calculated using the following equation:

whereC is the substrate concentration, (mM/kg dry s@})js the initial concentrationk
is thepseudo first-order degradation rate constant, taandt is the time, (days). Kinetic data
were modeled using SigmaPlot 9.0. A two samplesttseas used to compare the differences in
rate constants from different treatments usingaicant level of 0.05. The characteristic half-

life period (t}/ ) was calculated from the first-order reaction ratenstant k) using the
2

following equation:

__(In2)_0693

t%‘ K k

Wherety is the half-life time (days) an#l is the pseudo first-order degradation rate
2

constant, (day).
Results and Discussion

HCB Dechlorination

HCB dechlorination was monitored from the mixtucdsBionSoil and Anascotia River
sediment at a regular interval. Reductive dechédiram of HCB and daughter product profiles

from the different treatments is shown in Figur2 through Figure 5.6.
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Parent component HCB was totally degraded afté d&ys. Then, daughter products
were produced from 30 days in control microcosm&BHvas not degraded and no daughter
products detected in the killed control treatmdiite inhibition of degradation after addition of
mercuric chloride in the killed control treatmerittosgly suggests that microorganisms in
sediment are responsible for degradation since abial activity is inhibited by mercuric
chloride. Faster degradation of HCB was observedhicrocosms with the compost mixture
rather than in microcosms with sediment alone. HEGB biodegraded at different kinetic rates
in the treatments.

HCB was completely removed in all microcosms exdégt killed control. HCB was
reductively dechlorinated to QCB, 1,2,4,5-TeCB dn#,3,5-TeCB, which was converted to
1,3,5-TCB, 1,2,4-TCB, 1,3-DCB and 1,4-DCB. The fiead products of HCB dechlorination
were MCB and benzene. QCB was detected in trac&iatm@and formation of 1,2,3,4-TeCB was
not detected. The observed transformation pathW&B(— QCB — 1,2,3,5-TeCB and 1,2,4,5-
TeCB— 1,3,5-TCB) was very similar to that reported bya@¢ et al. (1997), Pavlostathis et al.
(2002) and Jayachandran et al. (2003). Moreovg;34-TeCB component was not formed at all
in Jayachandran et al., (2003). The final prodo€tdCB were 1,3-DCB and 1,4-DCB, or 1,3,5-
TCB in previous studies cited. In the current studNCB and even benzene were formed and
dechlorinated and degraded completely in this studye benzene has been mineralized in
sediment and was converted to £&hd CQ (Lovley et al., 1994; Weiner and Lovley, 1998b).
Benzene was degraded with steady production of G¥&r time under anaerobic condition

(Weiner and Lovley, 1998a).
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1,4 - Dichlorobenzene
Monochlorobenzene
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Figure 5.2 HCB dechlorination in control microcosm
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Figure 5.3 HCB dechlorination in killed control nacosm
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Figure 5.4 HCB dechlorination in 20 % BionSoil addeicrocosm
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Figure 5.5 HCB dechlorination in 40 % BionSoil addricrocosm
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Figure 5.6 HCB dechlorination in 60 % BionSoil addeicrocosm
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The kinetic rate constants and half-life times @Bidechlorination are listed in Table
5.3. The first-order kinetic model is able to ddserdegradation kinetics in most microcosms
reasonably well as coefficient of determination’)(Ralues shown in Table 3.3. The rate
constants of different treatment microcosms ar@%80(day), 0.0068 (day), 0.0085 (day),
and 0.0138 (da$) in control microcosms, 20 %, 40 % and 60 % of rioil treatments,
respectively. The value of the rate constant irsdaas fraction of BionSoil increased in
microcosms. The rate constant in 60 % of BionSe#timent is 2.5 times greater than sediment

control treatment. Corresponding half-lives vagnfir50 days to 119 days.

Table 5.3 First-order rate constants (4egf HCB

Treatment degradation rate constdgt ( t ¥ R?
2
Control 0.0058 119 0.98
20 % Biosaoil 0.0068 102 0.97
40 % Bionsaoill 0.0085 82 0.97
60 % Bionsaoll 0.0138 50 0.98

Mass balances were calculated to verify the disagpee of parent compound due to
biodegradation. Mass balance for HCB was founddd6 - 103 %. The dechlorination was
completely occurred in parent compound and interatedlaughter products in microcosms. The
observations further imply that it is feasible tpply in-situ or ex-situ bioremediation for
cleaning up chlorinated compound contaminated stese no accumulation of intermediate

daughter products, TeCB, TCB, and DCB is anticigiate
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Redox Studies

Sulfate concentration change is shown in Figure B.The 60 % of Bionsolil treatment,
95 % of sulfate was removed over 225 days whileas not consumed in the killed control
treatment. Sulfate concentrations significantlyrdased until 120 days which corresponds with
the HCB dechlorination period. This indicated thH&B dechlorination occurred when the redox
status was sulfate-reducing. Sulfate was compledelyleted at 200 days followed by rapid
increases in methane concentration. Sulfate reduconditions changed to methanogenesis
condition at this point. After 200 days, the dawgihiroducts, MCB and benzene, produced and
these compounds degraded under methanogenic amdFigure 5.8). Methanogenesis was
limited during the dechlorination periods of parantl intermediate compounds (0 to 200 days)
and methane concentration increased after the pa@mpound and intermediate daughter
products were completely dechlorinated. Sulfateucedy bacteria was the predominant
population over methanogens when the electron daagrsufficient for dechlorination of HCB
(Channg et al.,, 1996 and Chen et al., 2002). Howetle studies have reported that
methanogenesis was the dominant redox status whestactive dechlorinative occurred
(Middeldorp et al., 1997; Pavlostathis and Pryt@200).

Methane and hydrogen concentration trends in @iffetreatment microcosms are shown
in Figure 5.8 and Figure 5.9. Methane concentratianreased slightly from 0 to 150 days when
HCB were dechlorinated completely. The methane yectdn rates were lowest when
dechlorination rates were highest (Brahushi et 2004). Methane concentrations increased
tremendously after 170 days in accordance withagailfiepletion. Dechlorination of daughter
products (TCB, DCB, and CB) were found to correlath methane production in microcosms

after 170 days.
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Figure 5.7 Sulfate monitoring with time in Anacassiediment
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Figure 5.8 Methane productions with time in Ana@osediment
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Hydrogen concentrations (nM)
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Figure 5.9 Hydrogen monitoring with time in Anadasgediment
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Hydrogen concentration decreased initially whiletmaae slightly increased. During the
dechlorination period, hydrogen concentration desed and sustained at low concentration.
Hydrogen was used initially then fluctuated andtangd approximately 4 nM. These results
indicated that hydrogen was probably used as actrefe donor during methanogenesis for
driving dechlorination reactions (Middeldrop et, d997; Loffler et al., 1997; Adrian et al.,
2000). Hydrogen concentration decreased when decatmn started and remained constant in
microcosms. Methane and hydrogen concentrations significantly related with the fraction of
BionSoil. Methane production and hydrogen activitgre accelerated in the larger fraction of
BionSoil added treatment.

Microbial Analysis

Soil slurry samples from microcosms were colleckedl analyzed to compare the
diversities of microbial communities in sedimendao investigate the effect of BionSoil on
microbial consortia. Soil slurry samples were takemDNA extraction and amplification. Real-
time PCR assays were developed and optimized ferdimantification of total eubacteria,
methanogen, anBehalococcoides from microcosms. The targets for the real-time P&3Rays
were the 16S rDNA for bacteria, methanogen, dbehalococcoides. Real-time PCR
guantification of bacteria, methanogen, aikhalococcoides from Anacostia sediment
microcosms are shown in Table 5.4. Eubacteria @hifigen 9.1x 10° to 4.7x 10°, Methanogen
ranges from 2.& 10° to 1.3x 10’, andDehalococcoides ranged from 2.4« 10° to 3.4x 10° cells
per gram soil. Methanogens in the 60 % of Bion8e&tment is five times greater than sediment
control treatment based on the real time PCR gligation. Dehal ococcoides populations were

not much different between the treatments.
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Table 5.4 Real-time PCR quantification of bactem&thanogen, andehal ococcoides

Eubacteria Methanogen Dehal ococcoides

(cells/g) (cells/g) (cells/g)

Sediment 9.1x 10° 2.6x 10° 3.4x 10°
BionSoil 4.7x 10 4.2x10° 2.8x 10°
Control 1.9x% 1 2.8x 10° 2.4%10°

20 % of BionSoil 1.5x 10° 3.4x10° 3.2x 10°
40 % of BionSoil 2.2x10° 9.1x 10° 2.3x10°
60 % of BionSoil 2.5x 1¢f 1.3x 10’ 2.8x 10°

DGGE band profiles of the PCR amplification produektracted from microcosms and
Anacostia sediment are shown in Figure 5.10. Coimgahe banding patterns, BionSoil only,
BionSoil treatment microcosm, control microcosmd afinacostia sediment show different
microbial compositions. The band (a) was signiftgawisible in the control microcosm and
BionSoil treatment microcosnthe band (d) was prominent in the control treatmmritnot in
any other microcosms. The band (e) was very intensi BionSoil treatment microcosm and
little in in the control treatment but not in anyther microcosms. Different microbial
communities were able to dechlorinate HCB and dgargproducts in control and BionSoil
treatment microcosmaJicrobial degradation could be occurred by diffdremcrobial consortia
since HCB and daughter products dechlorinated ith lmontrol microcosms and BionSoil

treatment.
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(b)

(€)

1 2 3 4

Figure 5.10 DGGE band — 1: BionSoil, 2: BionSagla@tment microcosm
3: Control microcosm (sediment only), and 4: Andieosediment
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DNA sequences of the cloned DNA fragments werdeddusing Chromas software
(http://'www.mb.mahidol.ac.th/pub/chromas/chromas)htand was compared using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/) maintained byhe National Center of Biotechnology
Information (NCBI) database. Table 5.5 shows thaly cone or two HCB dechlorinating

bacterial strains was identified from sediment amdrocosms.

Table 5.5 Bacterial identification by DNA sequergsin

Starins (DGGE band) Bacterial species (% homology)
(@) Actinomycete, Actinobacteria
(b) Lactobacillus sp. (100 %)
(c) Bacteroidetes bacterium, Pseudomonas synxantha
(d) Desulfotomaculum sp., Clostridia bacterium
(e) Pelobacter sp., Desulfuromonas sp. (98 %)
) Clostridium sp. (96 %)

The result of the microbial identification and D&@rofile indicated that microcosms
closely related to bands (d) and (e) were presentBionSoil treatment microcosms.
Desulfotomaculum sp. is representative of sulfate-reducing bacteri@hang et al., 2001; Rios-
Hernandez et al., 2003; Londry et al., 2004) tredsua plenty of substrates as electron donors
from simple organic compounds to aromatic compouB8d#ate, thiosulfate and sulfite are used
as an electron acceptor. (Kuever et al., 1999).chagacterization of both straiRe&l obacter sp.

and Desulfuromonas sp. are very similar. They participate in microbial ganese and sulfate
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reduction also in dechlorination processes (Lomadh doytek, 2004; Matsui et al., 2004). Bands
(d) and (e) were may contributed the faster HCBhttemation as BionSoil treatment
microcosms in this study.

A phylogenetic tree is a graphical representatibtne evolutionary relationship between
taxonomic groups according to their similaritieshyl®genetic tree between microcosm
treatments using Quantity One® 1-D analysis soféwaas shown in Figure 5.9. It presents that
how much similar in appearance and relatednessrpatbetween the microcosms. The higher
similarity is 85 % of relationship between 60 % BSwil treatment and 20 % BionSoil treatment
microcosms. These two treatments also have 82 8tnuofarity with BionSoil. It indicated that
BionSoil treatment microcosms were affected by magdihe BionSoil. It is important to
understand the phylogenetic tree generated by foionatics tools. And it is also true that
sequence relatedness can be very powerful as efareof the relatedness of species.

Implication of BionSaoil

BionSoil causes an effect on dechlorination in thlisdy since it boosts soil organic
matter and enhances soil microbes that facilita@BBHlegrdation. These observations suggest
that BionSoil has a capability to accelerate deggiad by providing microbial source.
Therefore, BionSoil ingredient probably changesrob@l community. Many researches have
been added nutrients or microbes to enhance thielate@mtion ability. They presented that
dechlorinating microbes, electron suppliers, salfaéducers and denitrifying bacteria, all
possibly caused a great effect on dechlorinationa(@ et al., 1997; Chen et al., 2002). The
microbial communities were important to dechlorenBtCB. And it is likely that other organisms

were also involved, either directly or indirectly,declining the HCB.
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Control (sediment only)

0.31
Anacostia sediment

0.43
40 % BionSoil added

0.76
BionSoil

0.82
60 % BionSoil added

0.85

20 % BionSoil added

Figure 5.11 Phylogenetic tree using Quantity One® dnalysis software
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Conclusions

The transformation of HCB in Anacostia was mainlgdo reductive dechlorination. The
complete dechlorination of the parent compound dadghter products were observed and
proceeded faster as the percentage of the compastased. The first order rate constants of
parent compound in the sediment ranged 0.00580tt88.day". The dominant pathway of HCB
was: QCB— 1,2,4,5-TeCB + 1,2,3,5-TeCB> 1,3,5-TCB + 1,2,4-TCB-~ 1,3-DCB + 1,4-DCB
— MCB and benzene. Degradation of parent and inteéiate compounds (HCB, PCB, TeCB,
TCB, and DCB) were observed faster under sulfatdugimg conditions followed by
methanogenic conditions while end product (MCB badzene) degradation was occurred under
methanogenesis. Hydrogen concentration trendssaiggested that hydrogen was probably used
as an electron donor during both sulfate reductiosh methanogenesis to drive dechlorination.

The results of microbial analysis showed that déifé microbial composition and
diversities were able to dechlorinate HCB undereapisic condition. Highly organic rich soil,
BionSoil, probably changed the microbial commuratyd facilitated dechlorination. HCB was
able to dechlorinate completely in BionSoil treatmmicrocosms. These observations provide
strong evidence for the application of bioremedmtiin addition, BionSoil was found to be a

very promising material foex-situ bioremediation of chlorinated solvents contamidagies.
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CHAPTER 6

SORPTIVE REACTIVE CAPPING OF PHENANTHRENE IN ANACOS TIA
SEDIMENTS
Introduction

Polycyclic aromatic hydrocarbons (PAHs) have beerdely distributed in the
environment as a product of incomplete combusticiogsil fuels, vehicular emissions, coal and
oil burning, wood combustion, coke plants, aluminplants, iron and steel works, foundries,
municipal incinerators, and oil shale plants andl Ib@en identified in ambient air, surface water,
tap water, wastewater, drinking water, and drié@ Isediments. The pollution of PAHs causes a
serious risk to environment, and to human health wudirect exposure or through the food
chain (U.S. EPA, 1987; Gao and Zhu 2004, 2005;d0Bats al., 2004). Understanding of the fate
of organic contaminants such as phenanthrene iircgmuent is important to remediation
strategies for contamination.

Reactive capping techniques, both containment aeatment, are very effective of
managing the sediments that risk the health obnatiwaterways (Reible et al, 2004; Reible and
Lowry, 2005). Reactive capping designed to allowtaminants to pass through. The sediment-
water interface provides opportunities for econorpiacement of a treatment barrier to
encourage contaminant degradation, sorption orestration prior to release to the overlying
water (Reible and Lowry, 2005). The contaminantshwalternative materials, such as
AquaBlook, Zero-valent iron, Apatite, and BionSai&n degrade or control more efficiently than
sand. Capping with sand are not considered in na@aegs subject to groundwater upwelling or
tidal pumping due to the potential for contaminanability and flux to the overlying water. Sand
caps are used to retard migration of contaminardm fsediments by physically separating

contaminants from organisms and the water columale(fmo et al., 1998). Reactive caps
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encourage the fate processes such as degradatseyoestration of the contaminants beneath
cap and discourage recontamination of cap. Thdiveacapping can be extremely effective at

reducing the exposure and risk of contaminatedhsextis. Such a cap is to ensure elimination of
migration through a cap or sorption, chemical fator degradation of any contaminants that
may migrate.

The effectiveness of reactive cap using BionSoibmavailability of phenanthrene in the
Anacostia River sediment was investigated in thigly BionSoil has potential for nutrient
release and is effective primarily against chlaeaaorganics and hydrocarbons so, contaminants
subject to anaerobic degradation. BionSoil fad#éisasorption of contaminants and can provide a
source of carbon for bacteria in waste treatmestesys and it has high organic matter and
nutrient content. BionSoil encourages degradatfasrganic contaminants through enhancement
of reductive dechlorination and anaerobic degradadif PAH compounds.

Adsorption isotherms were determined for phenantihia mixtures of different ratios of
BionSoil and Anacostia River sediment in order valeate the effect of BionSoil as a sorbent.
The objective of these experiments was to deterthagartiotion coefficient of phenanathrene
in the target sediment and water. In addition, éenof phenanthrene from Anacostia River
sediment were measured to evaluate the bioavaijabflthe contaminants.

Materials and Methods

Sediments and Chemicals

The Anacostia River in Washington, DC is a freslanatidal river draining an urban
watershed encompassing 176 square miles in Marydauddthe District of Columbia. The site
sampled is the location of a field reactive cappexgeriment conducted through the EPA-

fended Hazardous Substance Research Center-Sdatiutawest (http://www.hsrc-ssw.org/ana-
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index.html). The site is near the combined sewerftasw at the western end of the Washington
Navy Yard. The Anacostia River watershed has histly included unacceptable industrial,

municipal, and military activities, which have résd in levels of PAHs, polychlorinated

biphenyls (PCBs), metals, and other contaminante 3ediments used in this study were
collected from the Anacostia River and deliveredht® laboratory in sealed five gallon buckets.
Sediment preparation was described in detail inp@had.

The total PAH concentrations raging from 1366 t&Q@3ug/Kg) were detected in the
Anacostia sediment. The major components, 209KQg) of phenanthrene, 36Qud/Kg) of
pyrene, 280 (g/Kg) of chrysene, 220 u¢/Kg) of fluoranthene, and 36ug/Kg) of
benzo@)pyrene were measured from Anacostia sites (PheB¥)?2). Significant PAH
contamination appeared widespread in the Anaca#iigs. Phenanthrene was selected as test
chemical of representative PAH in this reactiveptag study. Phenanthrene (CAS No. 85-01-8)
is a polycyclic aromatic hydrocarbon (PAH) withdgbraromatic rings. It has a chemical formula
of C14H10, @ molecular weight of 178.22, and exists as artads crystalline solid (U.S. EPA,
1987). It has a density of 1.179 (gAnand a vapor pressure of 6810% mmHg at 25°C.
Phenanthrene is almost insoluble in water (1-1.@&mdut is soluble in glacial acetic acid and a
number of organic solvents including ethanol, beezecarbon disulfide, carbon tetrachloride,
diethyl ether, and toluene. Phenanthrene has adtamol/water partition coefficient of 4.45-4.57
(U.S. EPA, 1987).

Sorption and Desorption Experiments

Batch experiments were conducted to determine ptierene sorption in slurries
prepared by mixing various concentrations of sedimend the proposed capping material,

BionSoil. Varied volumes of BionSoil were addedbtmL Teflon tubes to measure the sorption
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potential of this product. Approximately 5 g (dreight) of Anacostia sediment was placed in a
Teflon test tube followed by a 100 ppm of phenaskrspiked electrolyte solution (0.01 M
CaCh), 10 mM of sodium azide, and 5 mM of sodium molgted inhibitor to prevent
phenanthrene biodegrading through sulfate reduciiefion centrifuge tubes were sealed with
Teflon caps to minimize headspace and tumbled 8ancurs. Following that, the test tubes were
centrifuged and the supernatant was extracted nwove the water and analyzed with gas
chromatography mass spectroscopy (GC/MS) to deterrntie phenanthrene concentrations.
Four phenanthrene concentrations were used to a@evble isotherm. Concentrations were
generated by diluting phenanthrene solutions withdlectrolyte solution described above to the
following ratios 1:1, 1:2, 1:5, and 1:10. Threeliegie vials were used for each isotherm point.
The amount of PAH sorbed in the sediment was estanby subtracting the measured final
PAH concentration of the aqueous-phase from th@iftAH aqueous-phase concentration.
Sorption experiments were conducted in solutiongibial concentrations which were
well below the limit of solubility at 2TC, obtained by dilution of stock solutions. Theaeia for
selection of the concentrations was that the higbescentration was at least 20 times greater
than the lowest concentration, and that the higbestentration did not exceed two third of the
solubility of the test chemical. The aqueous sditybof phenanthrene is 114@y/L. (Maad et al.
1998). Because phenanthrene has a low solubilityests were used to prepare initial stock
solutions. Methanol was used in this study. To mine the effects of solvents on the sorption of
the test chemicals, minimum amounts of solvent wesed in preparing solutions. Total
methanol or methylene chloride solvent in each rdege tube was below 0.02 % of total
solution volume (Zhao et al., 2002). The measurénoénpartitioning of phenanthrene was

performed. Mass of the chemical adsorbed was Gdkxlila using mass balance equation:
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:(Co _Ci)v

q W

whereq, is the mass of chemical sorbed per unit massibfSg is the initial aqueous-
phase concentration of the chemidal,is the equilibrium aqueous-phase concentratiothef

chemical,W is dry weight of the sediment; and is the volume of solution. A plot of the

concentration of contaminant sorbeg], versus dissolved equilibrium concentraton was

made using the data for each reaction vial. Thithé&ms were used to describe the data; a linear

isotherm and the Freundlich isotherm. The sorptilistribution coefficientK, in a linear

sorption model can be described by

whereq, is the mass of chemical sorbed per unit massibgad C, is the equilibrium
concentration. Nonlinear isotherms can be desciiydtie Freundlich equation.
9. =K¢C¢
where K, is the Freundlich sorption constant aNds the Freundlich exponent.

The retardation coefficierR is calculated as follows

R:(1+&KdJ
n

where p, is the bulk density of the mediumm is the porosity,K, is the linear

distribution coefficient.
Desorption of the phenanthrene from Anacostia sedimand BionSoil mixture was

determined with various phenanthrene concentratissiag the same batch technique. The
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concentrations of phenanthrene desorbed from tigtnaly PAH-contaminated river sediment
were monitored over time. After adsorption was clatgal, the tube was centrifuged and the
electrolyte solution was replaced every 24 houedloh tubes were sealed with Teflon caps and
tumbled for 24 hours. The analytical proceduresplognanthrene are as described above for the
sorption experiments.

Flux Measurements

Laboratory scale flux chambers illustrated in Fegus.1 were used to evaluate the
potential fluxes of PAHs with BionSadls a capping material under continuous flow. The tw
flux chambers; one for uncapped Anacostia Riveringedt and one for BionSoil-capped
Anacostia River sediments were set up based oredgos design (Qaisi et al., 1996). The
dimensions of the flux chamber (Figure 6.1) wem@bdepth, 5 cm width, and 50 cm in length.
The chambers were first packed as sediment bea;d.6f contaminated sediment layer and the
followed by 1.5 cm of BionSoias a cap layer. The control uncapped bed chamtepacked as
3 cm of contaminated sediment layer. As the watewdd over and through the bed,
contaminants leached from the sediment into themwslVater was pumped onto the chamber at a
flow rate of 3.0 £ 0.15 mL/min. An outlet was loedtat the end of the bed for sampling.
Experiments were continued until parameters reasteatly state for 160 hours.

The experimental flux rates (g7u') were calculated based on concentrations in the

overlying water using the following equation.
Flux(gmn™? @) =Q [p/A
where Q is the volumetric flow rate (L/hr)C is concentration (mg/L)A is area of the bed

surface (crf). The experimental flux rates were compared betwegcapped Anacostia River

sediment and sediments with BionSoil caps.
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Figure 6.1 Laboratory Flux Chamber
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Samples were taken from the overlying water, capfagyer, and sediment every 6 hours
to monitor the migration of contaminants and degtiah of contaminants in each layer.
Sediment samples were taken spoonful of soils fcam layer using the spatula and dug under
the cap and scooped out from sediment. Sampling eeaslucted from three positions for
triplicate analyses. Soil and sediment samples veesferred into scintillation vials and
analyzed for phenanthrene, pyrene and chryseneentations as described below. Effluent
samples were collected from the outlet of the tlamber to monitor the potential for fluxes of
nitrate, ferric iron, manganic manganese and suliategular intervals.

Analyses

Sediment samples were mixed with a hexane/acetaxtens (1:1 (v/v)) in 50 mL Teflon
centrifuge tubes. The mixture was tumbled to homagefor 24 hrs. After centrifugation, the
supernatant was passed through sodium sulfatentove the remaining water. Samples were
transferred into glass scintillation vials and cemicated for GC analyses. PAH extracts were
analyzed using a Hewlett Packard 5890A gas chrognapd (GC) coupled with a HP 5971 mass
selective (MS) detector equipped with a 30xn250 um x 0.25 um film thickness capillary
column. OneplL of the sample was injected automatically onto teéumn. GC temperature
program conditions were %6 and ramped at 2G/min to 200C then at 4C/min to 300C and
held for 10 minutes. The mass spectrometer wasatgzein the electron impact ionization mode
and the ion source temperature was°€8(PAH components were quantified in the seleabed i
monitoring mode with a semivolatile internal starttiéSupelco, Bellefonte, PA).

The concentrations of nitrate, ferric iron, mangamhanganese, and sulfate were
measured by colorimetric methods. The Hach 2010yaes for nitrate concentrations within

range of 0 to 45 mg/L N©ON. Concentrations of N&N were read directly by adding the Hach,
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NitroVer5 “powder pillow” to the samples and inseg them into the spectrophotometer. The
ferric iron concentrations are differences betwéatal iron concentrations and ferrous iron
concentrations. Total iron concentrations were miaectly by adding the Hach, FerroVer Iron
Reagent and ferrous iron concentrations were rgaddding the Hach, Ferrous Iron Reagent.
The manganic manganese concentrations are diffesenbetween total manganese
concentrations and manganous manganese concemdraliotal manganese concentrations were
measured by PAN method and soluble manganese dostoens were measured by periodate
oxidation method. The Hach 2010 analyzes for saltaincentrations within range of 0 to 70
mg/L SQ?-. Sulfate concentrations of were read directly dnjding the Hach, SulfaVer4
“powder pillow” to the samples and inserting thertoithe spectrophotometer.
Modeling

Contaminants in the sediment will dissolve and deso the water, migrate, and
contaminate surface or ground waters. The diffutii@asport processes of phenanthrene release
from sediment were examined using the laboratolesélux chamber and compared the
efficiency between sediment with BionSoil cap aedisient without cap. Here, RECOVERY
version 4.3.1 developed by U.S. army engineer rekeand development center (Vicksburg,
MS), mathematical model was used to predict thepteal response of surface water to
contaminated sediments. A modeling framework desigio assess the impact of contaminated
bottom sediment on surface waters. The analysisiited to cases where the overlying water is
well-mixed. In addition, the contaminant is assurtetle organic and to follow reversible linear
equilibrium sorption and first-order decay kinet{tsiiz and Terry, 2001). A list of assumptions

used in the development of this model is shownahld 6.1.
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Table 6.1 Assumptions used in the development @B¥ERY (Luiz and Terry, 2001)

Assumptions

Contaminant is of organic nature.

The water body is well-mixed.

The mixed layer is well-mixed.

In the deep sediments, contaminant concentratides/an the vertical direction only.
The initial concentration of the contaminant in tlegion below the contaminated
region is zero.

The contaminant follows a linear reversible equilim sorption mechanism.

The contaminant decays according to first-ordeeas.

There is no compaction in the sediments.

The system is isothermal.

The water body is at 25 °C.

Flowthrough is constant.

Only single-component mass transfer is describé@. Movement of the contaminant
is independent of the presence of other contamsnant

The contaminant mass balance in the water can ikervas

U, ALCH + Vo A (Fip G = FauCu )+ W
whereV, = volume of water body (M c,andc,_ = concentrations of contaminant in
water and mixed sediments, respectivelg/(°), ¢, = inflow concentration g/m®), t= times
(years),Q = flow rate (ni/yr), k, = decay rate constant of contaminant in Watefl)(ykvz

volatilization rate of contaminant (yy, v, = settling velocity of particulate matter (m/ym,, and

A, = surface areas of water and mixed sediment, r&spbc (m?), F. = fraction of

181



contaminant in particulate form in the water~= resuspension velocity of sediments (m/yr),
v, = diffusion mass-transfer coefficient at the seditagater (m/yr),F, = ratio of contaminant
concentration in the sediment pore water to comanti concentration in total sedimef,, =

fraction of contaminant in dissolved form in theteraW = external loadsug/yr).

A mass balance for the mixed-sediment layer canriieen as

VW d(;:tm = kamCm +VSANFDWCW _Vr Aﬂcm _VbA\nCm

+ Vd A'n (Fdwcw - de Cm ) + Vd A\n (decs (O) - decm)

whereV, = volume of mixed layer (i, k,,= decay rate constant of contaminant in the
mixed layer (yi), v, = settling velocity (m/yr).c, (O) = the contaminant concentration at the top

of the deep contaminated layeud(m®).
The contaminated sediment can be modeled with onergional advection-diffusion-

decay equations of the form

ac d%c oC
Lo gr, D, 2y, T ke
ot #FepDs 9z2  ° oz 5

where c, = the contaminant concentrations in the sedimeptgnt), ¢ = sediment
porosity, D= diffusion rate in the sediment pore water/m), z = depth into the sediment,
k.= decay rate constant of contaminant in the sedisn@gn’).

The differential equations are solved numericaRgcovery version 4.3.1 is written in
Fortran 77. The calibrated models to experimenditd dould estimate contaminant release rates
in similar system and Anacostia River conditioneTparameters used in model in laboratory
scale flux chamber, Anacostia reactive caps, amacéstia sand caps are listed in Table 6.2, 6.3,

and 6.4, respectively.
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Table 6.2 Input parameters for phenanthrene trahspathematical model (Lab scale)

Parameters Value
Water layer suspended solid concentrations (mg/L) .00@m
weight fraction carbon 0.0001
water surface area €in 0.026
water depth (m) 0.002
flow (m%yr) 1.58
residence time (yr) 3.2%e
Mixed (cap) layer contaminated sediment depth (m) .030
mixed sediment depth (m) 0.015
surface area (h 0.026
carbon fraction 0.4
porosity 0.5
specific gravity 1.2
Contaminated sediment  porosity 0.3
specific gravity 2.04
System properties wind (m/s) 0.0001
resuspension velocity (m/yr) 0.0002
burial velocity (m/yr) 0.00064
settling velocity 5040000
phenanthrene initial concentration 0
initial concentration in mixed 0
initial concentration in contaminated (mg/Kg) 17
diffusion coefficient 5 E-6
Henry’'s 2.3 E-5
molecular weight 178
octanol water partition 28800
Model simulation (yrs) 1
time steps 100
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Table 6.3 Input for phenanthrene transport mathealanodel (Anacostia reactive caps)

Parameters Value
Water layer suspended solid concentrations (mg/L) 0 3
weight fraction carbon 0.05
water surface area €in 10000
water depth (m) 3
flow (m3yr) 0.001
residence time (yr) 30000000
Mixed (cap) BionSoil contaminated sediment depth (m 1
layer mixed sediment depth (m) 0.01, 0.05,0.2,
surface area (h 10000
carbon fraction 0.4
porosity 0.5
specific gravity 1.2
Contaminated sediment porosity 0.3
specific gravity 2.04
System properties wind (m/s) 1
resuspension velocity (m/yr) 0.0002
burial velocity (m/yr) 0.00064
settling velocity 16.8
phenanthrene initial concentration 0
initial concentration in mixed 0
initial concentration in contaminated (mg/Kg) 100
diffusion coefficient 5 E-6
Henry’'s 2.3 E-5
molecular weight 178
octanol water partition 28800
Model simulation (yrs) 200
time steps 100
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Table 6.4 Input for phenanthrene transport mathiealanodel (Anacostia sand caps)

Parameters Value
Water layer suspended solid concentrations (mg/L) 0 3
weight fraction carbon 0.05
water surface area €in 10000
water depth (m) 3
flow (m3yr) 0.001
residence time (yr) recalculate
Mixed (cap) layer contaminated sediment depth (m) 1
mixed sediment depth (m) 0.01,0.1
surface area (h 10000
carbon fraction 0
porosity 0.5
specific gravity 2.65
Contaminated sediment porosity 0.3
specific gravity 2.04
System properties wind (m/s) 1
resuspension velocity (m/yr) 0.0002
burial velocity (m/yr) 0.00064
settling velocity 37.1
phenanthrene initial concentration 0
initial concentration in mixed 0
initial concentration in contaminated (mg/Kg) 100
diffusion coefficient 5 E-6
Henry’'s 2.3 E-5
molecular weight 178
octanol water partition 28800
Model simulation (yrs) 200
time steps 100
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Results and Discussion

Sorption and Desorption Potential

Sorptive potential of the sediment and BionSoil w@estermined using the batch
technique. Batch testing involved adding soil towumber of vials, adding solutions prepared
using various concentrations (0.1, 0.2, 0.5, apgrh) of phenanthrene to produce varying solute
concentrations, sealing the vial and shaking itl @ouilibrium is reached, analyzing the solute
concentration remaining in solution, and calculatine amount of contaminant sorbed to the soil
matrix using mass balance equations. A plot of ¢bacentration sorbed versus dissolved
equilibrium concentration was made using the dataebch reaction vial (Wiedemeier et al.
1996). The slope of the line (linear model) formieg linear regression was the sorption
distribution coefficient. Alternatively, the Freumah sorption model was used when non-linear
relationships between sorbed and aqueous condensadf the contaminant of interest were
encountered. Sorption data was modeled using dittear or Freundlich sorption models.

Results of the lineaK, values (sediment:water partition coefficients) pdrenanthrene

from different BionSoil and Anacostia sediment ranels are presented in Table 6.5. The

K, value of BionSoil (127.4 L/Kg) exceeded tKe, of Anacostia sediment alone by a factor of

~6. This is due to the presence of much high omaarbon content in the BionSoil matrix
resulting in much higher sorption potential forstimaterial.

Retardation coefficient of contaminant for phenastie in the sediment mixtures ranges
from 139.72 to 351.78. Computed retardation coeffits of sediment for phenanthrene are
similar to those reported by Dohse and Lion (198én low-carbon sand. Hydrophobic
compounds tends to have high sorption coefficignheans, have high retardation coefficients

(PAH and PCB: greater than 100) rather than théselable compounds (TCE: 1-5 and PCE: 1-
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3.78). It was observed that higher ratios of BiahSmve significantly higher retardation
coefficients than lower ratios of BionSoil.

Table 6.5K value for phenanthrene among different treatmesitsguinear model

Treatments Sediment 20 % BionSoil 40 % BionSoil %®ionSoil  BionSoil only

K,(L/Kg)  20.4 52.7 88.9 112 127.4
R? 0.88 0.98 0.92 0.95 0.89
R 139.72 199.36 307.53 351.78 318.99

Table 6.6K value for phenanthrene among different treatmesitsgunonlinear
Freundlich model

Treatments  Sediment 20 % BionSoil 40 % BionSoil %@®ionSoil  BionSoil only

K.(L/Kg)  11.37 33.41 96.20 97.81 152.9
N 0.74 0.85 0.86 0.75 0.64
R? 0.93 0.97 0.95 0.98 0.99

The nonlinear Freundlich sorption models are preseim Table 6.6 and nonlinear model

of BionSoil is shown in Figure 6.2. Both the lineard nonlinear Freundlich models fit well
(R*>0.88). TheK, value for BionSoil is taken from Figure 6.6 asldals: 152.9 oK, 0.64
of N, and 0.99 ofR*. Again, the behavior is similar with highekt, value in BionSoil

treatment and Anacostia sediment having the lowéss. is attributed to the effect of the organic

BionSoil. The organic matter plays a significarierim sorptive behaviors of sediments.
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Additional experimentaK , values using th&'C-phenanthrene are presented in Table 6.7.
The K, value for Anacostia sediment is shown as 34.6 ldkd BionSoil had a 51.9 L/Kg using

the linear model whilK_ values were 12.5 L/Kg of Anacostia sediment and.102Kg of

BionSoil using the nonlinear Freundlich model usithg “C-phenanthrene. The nonlinear
Freundlich sorption fit is better for BionSoil stign. The nonlinear Freundlich sorption model

using the"*C-phenanthrene is presented in Figure 6.3.

Table 6.7 Sediment and water partition coefficiesing ‘C-phenanthrene

Treatments Linear model Nonlinear Freundlich model
K4 (L/Kg) R? K: (L/Kg) N R?
Sediment 34.55 0.97 12.46 1.42 0.99
BionSoil 51.87 0.90 102.70 0.70 0.98

Studies of sorption and desorption of phenanthefrosved that an apparent steady state
was reached within 3 days in Figures 6.4 and 6. §ediment and water partition coefficients
were examined between Anacostia sediment and Bibre&odifferent concentration of
phenanthrene in Figure 6.4. The comparison of tighen concentration to the lower
concentration for phenanthrene component indicatesigher K, value for the higher

concentration of chemicals. In other words, moréewper mass was required to move the same

amount of contaminants.
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Desorption behavior for phenanthrene among diftereratments was shown in Figure
6.5. At the apparent steady state, approximateBo ®df phenanthrene was desorbed from
Anacostia sediment while only 3 % of phenanthre@s desorbed from the 60 % of BionSaoll
and sediment mixture treatment. As shown, as then®pil percentage in the treatment
decreased, greater desorption occurred. Releapbesfanthrene from the Anacostia sediment
was faster than the release of phenanthrene frerBitmSoil and sediment mixture treatments.

Flux Measurements

As previously mentioned, the experimental flux sateere compared between Anacostia
River sediment and sediments with BionSoil cap®e @&bueous samples and sediment samples
were analyzed for the phenanthrene, pyrene andsehey concentrations. The release of
contaminants was quantified by computing flux ratBise goal of study was to quantify the
diffusion flux rates of nitrate, nitrite, manganggaric iron, and sulfate from a bed of Anacostia
sediment and sediment with BionSoil cap. The agsesamples were analyzed for nitrate,
manganic manganese, ferric iron, and sulfate cdrateans and fluxes.

The PAH concentrations were observed both loweceotnations in BionSoitap layer
and higher concentrations in sediment layer in Fd6 and 6.7 respectively. The concentration
plots follow a similar pattern which PAH componeate degraded efficiently. Around 75 % of
PAHs were removed in sediment layer in the bed as®p of sediment with BionSoil cap. In
addition, around 85-100 % of PAHs were removecha BionSoilcap layer. The degradation
occurred not only in the sediment layer but als®ionSoil cap layer. The BionSoil cap layer
was expected clean initially but, there are PAHthm cap layer. The BionSoil appeared to sorb
the contaminant initially during the sediment arap cbed were settled down. Based on

biodegradation microcosms (Chapter 4), PAH conegintr decreased in sediment mixing with
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BionSoil because the PAH contaminant transferréd BionSoil matrix by its high sorption
potential and degradation capability. While PAH m@elation occurred significantly in the
sediment with BionSoilcap layer, PAHs were not changed in the sedimelyt without cap
(Figure 6.9). In addition, trace of PAH was detdcte the water column in the BionSoil cap
shown in Figure 6.8.

The spikes in the concentrations of the PAHS, aafpephenanthrene (Figures 6.8) of
the experiment are contrary to what was expecthd.cbncentrations were expected to decrease
with time until they reached non-detectable lev€lgnsidering that within the cap and sediment
materials water was practically stationary durihg experiment, the main mechanism for the
transfer of the PAHs within these layers was diins which is concentration gradient-
controlled. On the other hand, within the wateuowh both diffusion and advection are likely to
have been effective (Charbeneau, 2000).

Therefore, the spikes in PAH concentrations canalbebuted to: 1) changes in
geotechnical and hydrodynamic properties of thearapsediment materials under the influence
of the column of flowing water; 2) scouring and chaling of the cap layer with resultant
preferential flows, which coupled with heterogeesitwithin the cap and sediment materials
would have resulted in a temporal variation in flaes of the PAHs; and 3) changes in water
flow rate due to blockage and wear and tear as aslmanufacturing defects of the water
conveyance tubing. The changes in the geotechanthhydrodynamic properties of the cap and
sediment materials would have affected, among sth&ater content, effective porosity, and

density.

194



10

—— Phenanthrene

S 8 4 —O— Pyrene
N4 —w— Chrysene
o
E
2 o
2
S
g
o 44
c
o
o
T
<
o 2

0 T T v ~

0 100 200 300

Time (Hours)

Figure 6.6 PAH concentrations of cap layer in théiment with BionSolil cap

30
—8— Phenanthrene
—O— Pyrene

25 —w— chrysene

PAH concentrations (mg/Kg)

0 T T T v T
0 100 200 300

Time (Hours)

Figure 6.7 PAH concentrations of sediment layeghaxsediment with BionSoil cap

195



2.0

—— Phenanathrene in water column

1.5 1
1.0 1

0.5 A
L

0.0 +o—o e o e/‘\.

0 50 100 150 200 250 300 350

Phenanthrene concentrations (mg/L)

Time (Hours)

Figure 6.8 PAH concentrations of water column & $kediment with BionSoil cap

30

2 '\S\e’\g\<~>
Y

20 A
L
15 _H\'\‘

10 A

PAH concentrations (mg/Kg)

51 —&— Phenanthrene
—O— Pyrene
—w— chrysene
0 T T T T T T T
0 20 40 60 80 100 120 140 16C

Time (Hours)

Figure 6.9 PAH concentrations in sediment only withcap

196



120
100 @ —&— Sediment with BionSoil cap
—6— Sediment only
80
B
g
~ 60 -
@)
o
'_
[ ]
40
20 A
-
S ° S —— © 2
O T T T T T T -T T =
0 20 40 60 80 100 120 140 160
Time (Hours)
Figure 6.10 Aqueous TOC concentrations
12
10
o— Y\
8 \e\e
® @ — @
I
o 6
4
2 -
—@— Sediment with Biosoil cap
—O©— Sediment only
0 T T T T T T T
0 20 40 60 80 100 120 140 160

Time (Hours)

Figure 6.11 pH value comparisons

197



Aqueous total organic carbon (TOC) concentratioth jgid values are compared between
Anacostia sediment with a BionSoil cap and Anaeoséidiment alone in Figures 6.9 and 6.10.
BionSoil is nutrient rich product and is sued asoaganic soil amendment and fertilizer. It
contains around 40-55 % of organic matter. AQUEDOE concentrations are high initially in
sediment with BionSoil cap treatment in comparigath the sediment only treatment. pH values
in the BionSoil capped system averaged 6.2. Bidri8wers the pH of the Anacostia sediment.

pH in BionSoil cap is slightly lower because of ang: acids from the biological processes.

The graphs are shown the nitrate flux, manganese féérric iron flux, and sulfate flux in
Anacostia sediment with BionSoil cap treatmentiguFe 6.12, 6.13, 6.14, and 6.15 respectively.
Figures show the typical shape of diffusion curwesh initially higher concentrations rapidly
decreases to a steady state. They look very sitnéads which decrease flux rate initially less
than 10 hours and reached steady state flux rdte.plot is described by the transient initial
desorption and advection removal of nitrate, maeganferric iron, and sulfate followed by
steady state desorption flux rate. The Anacostdinsent and BionSoil release sulfate more
rapidly as seen around 21 (¢fmi’) the initial flux rate in the Figure 6.15. The famé flux rate
value is high compared with manganese and iron. fitherate points in the graphs are the
average of three triplicates. The steady stateargnations of nitrite, manganese, and ferric iron
are non detectable after 120 hours, with the ffhad rates about 0.01 (g-frd®). In nitrate,
around 0.65 (g-itd?) of flux rate was observed. Nitrate flux, manganéax, ferric iron flux,
and sulfate flux in Anacostia sediment without Bdail cap treatment are shown in Figure 6.16
to 6.19. Initial flux rates are not changed to #md of monitoring time. The flux rate is

significantly different between sediment with cegatment and sediment without cap.
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Figure 6.13 Variation of manganese flux in sedinweith BionSoil cap
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Modeling

The flux of phenanthrene from sediment into thetewacolumn was modeled
mathematically using RECOVERY version 4.3.1. badbdratory scale and Anacostia River
conditions. These models are intended to descifhesidn in a finite layer with uniform initial
concentration, and zero flux at the base. The Eboy scale of flux model shown in Figure 6.20
was run in order to compare the experimental flaxad The flux of phenanthrene increased
linearly with time frame, it means, phenanthrenes wedeased into the water body from sediment
as time passes in direct proportion. The phenam¢hveas detected in the water column while
phenethrene concentration decreased from sedimaget in experimental data from Figures 6.7

and 6.8.
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Figure 6.20 Flux of phenanthrene from sediment wdter in laboratory scale
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Model scenarios are run in order to compare thecaffeness of reactive capping
material, BionSoil. The flux of phenanthrene inte tvater column from sediment was modeled
in different cap thickness with Anacostia River ditions. Sand caps provide the basis of
comparison. Results of the reactive cap and sandiosulations with different cap thickness are
shown from Figure 6.21 to 6.26, flux into waternfreediments without cap, 1 cm of BionSoill
cap, 5 cm of BionSoil cap, 10 cm of BionSoil capsrh of sand cap, and 10 cm of sand cap,
respectively.

For each case of cap has a time before phenanthi@Enhéransported through the cap
layer, followed by increasing flux through the aamil a maximum is reached, then decrease in
flux over time until the phenanthrene is depletethe underlying sediment layer. The trends are
shown to be intimately related to the sorption ahtaristics of the reactive cap. Sand caps show
a flux more than forty times that of reactive BioiSap. Sand has little sorptive capacity for
phenanthrene.

The results show that contaminant flux through squigkly approaches its maximum
value rather than that of reactive caps. Reactaas,c5 cm of BionSoil cap and 10 cm of
BionSoil cap, improved mitigation by increasing timae before phenanthrene has transported
through the cap layer by approximately 20-30 yeans, then reduced the phenanthrene release.
Ten centimeters of BionSoil cap (Figure 6.24) shawsghly effective ability to reduce flux and
phenanthrene release. The cap placement will inthibiflux of organic matter to contaminated
sediments and will biodegrade contaminant in tagian. The anaerobic metabolism of organic
contaminant is considered a first order processoasistent with nutrient flux models (Chapter

3).
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Figure 6.21 Flux of phenanthrene from sediment wditer without cap
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Figure 6.22 Flux of phenanthrene from sediment wditer with 1 cm BionSoil cap
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Figure 6.23 Flux of phenanthrene from sediment wditer with 5 cm BionSoil cap
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Figure 6.24 Flux of phenanthrene from sediment wdter with 10 cm BionSoil cap
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Figure 6.25 Flux of phenanthrene from sediment wditer with 1 cm sand cap
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Figure 6.26 Flux of phenanthrene from sediment water with 10 cm sand cap
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Settling Data from Previous Study

Simulation of the placement of the cap materialasnglater at the target site was done
using glass columns (diameter: 150 mm, effectivghte 500 mm). Two types of experiments
were done. The first was meant to simulate whatldvoacur when the cap material was placed
at the target remediation site for the first tiniee second experiment was meant to simulate the
situation when the cap material already placedhat target site was re-suspended due to
disturbance occurring within the cap or turbuleimcthe water column above it.

For both the placement and re-suspension expersneanitoring was done for: changes
in the clarity of the supernatant water in the omuin Figure 6.27; variation of total suspended
solids (TSS) with time in the supernatant watelFigure 6.28 and 6.29; and build up of the
settled cap material in the column in Figure 6.80 &.31. The variation of TSS was assessed by
taking samples of water from the columns throughang ports placed at different levels along
the height of the column. The build up of the cagsvassessed by measuring the depth of the
settled cap material, whereas the changes in dr@ycbf the supernatant water was assessed
visually and recorded by photography. TSS was aedlyas recommended in the Standard
Methods for the Examination of Water and Wastewg@d&HA et al., 1998). | acknowledge Dr.
Gabriel R. Kassenga and Mr. Stephen Mbuligwe peréal experiments and discussion for
simulation of the cap placements.

The photographs shown in Figures 6.27 show clgbdy, upon pouring the cap material
(T = 0), almost the whole of the water column wadeh with the cap material. Nonetheless,
there were signs of partial clearing of the capemal from the top most part of the water
column even at T = 0. The largest extent of thea$ of the clarification process in the

supernatant water took place immediately after epfaant of the cap material then, later,
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clarification proceeded much more slowly. For ins& the visual difference between the clarity
of the water at T = 0 minutes and T = 12 minutegety significant. This is in stark contrast with
the difference for between T = 12 minutes and B6& thinutes, which is hardly noticeable.

As intended, during pouring, the bulk of the captanial went straight to the bottom of
the column. As such, the suspended solids profiteBigures 6.28 a and b, formed from the
portion of the cap material that separated from réest. Consequently, the reduction in total
suspended solids (TSS) corresponds to the sedititentd the suspended solids. The settlement
profiles are in agreement with the sedimentatioofiles reported in the literature for similar
conditions (Metcalf and Eddy, 2003). It is evidé&mit effects of the cap material by way of TSS
formation after both the initial placement and vsfgension, are most serious within the initial
few (four) minutes. The highest recorded TSS lewstye about 3100 mg/L after initial
placement and 3500 mg/L after re-suspension. lh bue initial placement and re-suspension
experiments, TSS concentration was reduced toipaflgtthe same level (of about 200 mg/L) at
all depths within the water column after only 12notes. Furthermore, about 30 minutes after
placement or re-suspension of the cap material] 8 levels with the whole water column had
been reduced to almost zero. Drinking water guigsli specify 500 mg/L as the highest
desirable level of TSS in drinking water (Hammed atammer, 1996). It is apparent from
Figures 6.28 a and b that clarification of the watan be attained much faster after re-
suspension than after the initial placement of th@ material. This suggests that careful
placement of the cap material, as outlined eartian go a long way towards minimizing the

unintended effects of the operation in the watéuroo.
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T=15min

Figure 6.27 a Settling test of BionSoll
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T=4.0min

Figure 6.27 b Settling test of BionSoill
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T=12.0 min

T =180.0 min

Figure 6.27 c Settling test of BionSoil
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Figure 6.28 a Variation of TSS concentrations akesuspension of BionSoil
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Figure 6.28 b Variation of TSS concentrations gi@uring of BionSoil
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Figures 6.29 a and b show that the pattern of thiel lup of the cap material after the
initial placement corresponds to the one exhibftdlbwing re-suspension of the cap material.
This observation reinforces the predictability dfetcap material placement operation. As
observed with respect to the TSS removal prochsshulk of the cap thickness, both following
the initial placement and after re-suspension, ld@esl within a short time after commencement
of the process. Notably, more that 91 % of thel thiakness of the cap layer was built up within
the first 5 minutes (300 s). Within about 20 mirsu(@200 s) almost 100 % of the cap thickness
was already in place. With respect to the buildotithe cap material after re-suspension, more
than 92 % of the cap layer was in place after aBontinutes (300 s), whereas the whole cap
layer was built up in about 25 minutes (1500 s).

The fact that the cap layer was thicker after rgpsusion than after the initial placement
of the cap material can be attributed to two mhings. First, the cap material expanded due to
absorbing water, and thus the swelling resultethftibe net increase in water content within the
cap material (Sharma and Reddy, 2004). Secondplkdason of the cap material was slow, and
within the scope of the monitoring for this stuthe process was still incomplete. Consolidation,
which squeezes out the absorbed water under thghtvef the cap material, is a slow process,
and can proceed slowly for a long time dependinghentype of material under consideration
(Sharma and Reddy, 2004). It is also noteworthy tha correspondence of the cap material
settling patterns observed above parallels theespandence of TSS removal patterns. The
inverse correspondence between the build up ofdpbdayer and removal of TSS from the water
column (supernatant water) is due to the fact Itlodlh processes resulted from the same settling

process.
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Figure 6.29 a Build up of settled BionSoil layeteafre-suspension of previously settled
BionSoil
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Figure 6.29 b Build up of settled BionSolil layeteasfpouring fresh BionSoil
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Conclusions

Sorption and flux chamber studies indicate thatceatration of contaminants from the
sediment beds and flux of nitrate, manganic marggnierric iron, and sulfate from sediment
was investigated. Effect of capping was estimatgaddmparison between Anacostia sediment
with BionSoil cap and sediment without BionSoil cdgionSoil was selected as a capping
material.

Sediment and water partition coefficient of BionSail2 L/Kg) is six times greater than
that of Anacostia River sediment (20.4 L/Kg) usthg linear sorption model. BionSoil has high

sorption ability and acts a good sorbent. The meali modelK ; value of1“C-phenanthrene in

the Anacostia sediment has been found to be 12/4§ whereas that of BionSoil is 102.70
L/Kg. Studies of sorption and desorption of pheheenie showed that an apparent steady state
was effectively reached in 2-3 days. At the appamgeady state, approximately 9 % of
phenanthrene was desorbed from the soil phase acdstia sediment while only 3 % of
phenanthrene was desorbed from soil phase in 60Bi@onSoil and sediment mixture treatment.
This indicates that BionSoil is good capping maiefThis observation is reinforced by the fact
that the release of phenanthrene from the Anacast@diment was faster than release of
phenanthrene from the BionSoil and sediment mixing&ment.

In the flux chamber, PAH components degraded efiity. Around 75 % of PAHs were
removed in sediment layer in the bed composed dfment with the BionSoil cap. The
degradation occurred not only in the sediment ldydralso in the BionSoitap layer. TOC
concentration was high initially in the sedimentwBionSoil cap treatment but it was low in the
sediment without cap. The flux rates of nitrate hganese, ferric iron, and sulfate showed the

typical shape of diffusion curves, with initiallygmer concentrations which rapidly decreased to
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a steady state. The flux rates were significantiyexent between the sediment with cap
treatment and sediment without cap. This indictitas BionSoil improved the characteristics of
the sediment enhancing its sorption ability andilifaton of microbial activities. These

activities slowed down the release of contaminami$ nutrients. The model simulation shows
the inherent advantage of using the reactive cam®®il (10 cm) cap is shown to be the most

effective scenario for reducing the flux mitigation
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CHAPTER 7
OVERALL CONCLUSIONS

“C—Phenanthrene study obserté@—Phenanthrene mineralization under various redox
conditions in Anacostia river sediments with prongd TEAs. Mineralization was examined to
demonstrate the comparable effectiveness using nitrate-reducing, ferric iron-reducing,
manganese-reducing, sulfate-reducing, and methamdugtion conditionsMineralization of
phenanthrene component was strongly linked to wutleduction since 34 % of mineralization
was occurred when sulfate was provided as TEA. mheralization of phenanthrene was less
than 10 % in other treatments entire study peribde sulfate was electron acceptor in
biodegradation processes. Sulfate reduction wasntbee energetic process than any other
condition in Anacostia sediments. Sulfate treatmiesd more microbial ability to degrade
phenanthrene than other treatments. Faster degmaddtphenanthrene was possibly mediated
by microbial communities such aBelobacter sp. and Desulfuromonas sp. in the sulfate
treatment microcosmsThe microbial consortia may have a relation witle ttlegradation
potential and these organisms can possibly heliitéée PAH mineralizationPelobacter sp.
and Desulfuromonas sp. are members of th&eobacteraceae family which have an important
role in the anaerobic degradation of PAHs. The#fateureducers use hydrocarbon substrates as
an electron donors and sulfate is used as an @teatrceptor. Mineralization monitoring data
suggested that the population of sulfate-reducexgdsia were involved with PAH degradation.
Therefore, sulfate is a more promising TEA for imdic degradation in Anacostia River and
other PAH contaminated sites.

A model simulating nutrient flux through sedimevdas developed the model framework

of simulation and for the future use in the fiefoeavironmental remediation. The model can be
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used to predict the response of the primary nusiand overall sediment redox state after step
changes in boundary conditions on the sediment.

The kinetic study observed the important removalcpss of PAH components in
anaerobic biodegradation. Biodegradation processgge examined to show the comparable
effectiveness in the mixtures of BionSoil and Armdsc River sediment. A Biodegradation of
PAH compound was strongly linked to sulfate redurctin BionSoil mixtures. Though sulfate
and carbon dioxide both are electron acceptor aaldgradation processes, sulfate reduction is
the more energetic process than methanogenesigioantore fraction of BionSoil made these
reactions or mechanisms vigorous in sediments. ddgradation of PAHs was most likely
mediated by microbial communities such Besulfotomaculum sp., Pelobacter sp. and
Desulfuromonas sp. The microbial consortia may have a relation witd tregradation potential
and they possibly help facilitating PAH decline.eBk sulfate-reducing bacteria use substrate as
electron donors from hydrocarbons.

The transformation of HCB in Anacostia was mainlgdo reductive dechlorination. The
complete dechlorination of the parent compound dadghter products were observed and
proceeded faster as the percentage of the compasiased. The first order rate constants of
parent compound in the sediment ranged 0.00580t88.day. The dominant pathway of HCB
was: QCB— 1,2,4,5-TeCB + 1,2,3,5-TeCB 1,3,5-TCB + 1,2,4-TCB- 1,3-DCB + 1,4-DCB
— MCB and benzene. Degradation of parent and inteiatees compounds (HCB, QCB, TeCB,
TCB, and DCB) were observed faster under sulfatduaeg conditions followed by
methanogenic conditions while end product (MCB badzene) degradation was occurred under
methanogenesis. Hydrogen concentration trendssaiggested that hydrogen was probably used

as an electron donor during both sulfate reductiod methanogenesis to drive dechlorination.
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The results of microbial analysis showed that d#ifé microbial composition and diversities
were able to dechlorinate HCB under anaerobic ¢mmdiHighly organic rich soil, BionSoil,
probably changed the microbial community and feetéid dechlorination. HCB was able to
dechlorinate completely in BionSoil treatment meowems. These observations provide strong
evidence for the application of bioremediation.aldition, BionSoil was found to be a very
promising material foex-situ bioremediation of chlorinated solvents contamidasiees.

Sorptive reactive capping studies indicate thatceatration of contaminants from the
sediment beds and flux of nitrate, manganic marggnierric iron, and sulfate from sediment
was investigated. Effect of capping was estimatgaddmparison between Anacostia sediment
with BionSoil cap and sediment without BionSoil c§adiment and water partition coefficient
of BionSoil (112 L/Kg) is six times greater tharattof Anacostia River sediment (20.4 L/KQg)
using the linear sorption model. BionSoil has hsginption ability and acts a good sorbent. The

nonlinear modekK , value of*“C-phenanthrene in the Anacostia sediment has lmerdfto be

12.46 L/Kg whereas that of BionSoil is 10.2.70 L/K$tudies of sorption and desorption of
phenanthrene showed that an apparent steady stateffectively reached in 2-3 days. At the
apparent steady state, approximately 9 % of phbrem¢ was desorbed from the soil phase in
Anacostia sediment while only 3 % of phenanthreas desorbed from soil phase in 60 % of
BionSoil and sediment mixture treatment. This ob&ton is reinforced by the fact that the
release of phenanthrene from the Anacostia sedimaatfaster than release of phenanthrene
from the BionSoil and sediment mixture treatmentthle flux chamber, PAH components were
removed efficiently. Around 75 % of PAHs were reradvin sediment layer in the bed
composed of sediment with the BionSoil cap. TOCcemtration was high initially in the

sediment with BionSoil cap treatment but it was lovthe sediment without cap. The flux rates
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of nitrate, manganese, ferric iron, and sulfateasdtbthe typical shape of diffusion curves, with

initially higher concentrations which rapidly deased to a steady state. The flux rates were
significantly different between the sediment witipdreatment and sediment without cap. This
indicates that BionSoil improved the charactersst€the sediment enhancing its sorption ability

and facilitation of microbial activities.
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