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Protocol for determining bioavailability and biokinetics of
organic pollutants in dispersed, compacted and intact soil
systems to enhance in situ bioremediation
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The development of effective  in situ and on-site bioremediation technologies can facilitate the cleanup of chemically-
contaminated soil sites. Knowledge of biodegradation kinetics and the bioavailability of organic pollutants can facili-
tate decisions on the efficacy of  in situ and on-site bioremediation of contaminated soils and determine the attainable
treatment end-points. Two kinds of compounds have been studied: (1) phenol and alkyl phenols, which represent
hydrophilic compounds, exhibiting high water solubility and moderate to low soil partitioning; and (2) polycyclic
aromatic hydrocarbons which are hydrophobic compounds with low water solubility and exhibit significant partition-

ing in soil organic carbon. Representative data are given for phenol and naphthalene. The results provide support
for a systematic multi-level protocol using soil slurry, wafer and porous tube or column reactors to determine the
biokinetic parameters for toxic organic pollutants. Insights into bioremediation rates of soil contaminants in compact

soil systems can be attained using the protocol.

Keywords: biodegradation kinetics; bioavailability; slurry, wafer, tube and column bioreactors; respirometry; bioremedi-
ation; soil

Introduction Two kinds of compounds were selected for this study:

henol and alkyl phenols, and polycyclic aromatic hydro-
%rbons (PAHS). Phenolic compounds constitute a signifi-
gant fraction of water-soluble organic compounds present in

physicochemical factors that control the rate of biodegrad/V2Stes from many industrial processes. Polycyclic aromatic
ation [2,4,5]. Knowledge of the kinetics of biodegradation ydrocarbons (PAHSs) exhibit low aqueous solubility and
is essential for evaluation of the persistence of most organifigh octanol-water partition coefficients. Hence, sorption of
pollutants in soil and can provide useful insights into thePAHS to soil organic matter is more significant than for
favorable range of important environmental parameters fopydrophilic compounds such as phenol and alkyl phenols.
improvement of the microbiological activity, enhancement Scowet al [19] reviewed biodegradation kinetics in soil
of the biodegradation rates of the contaminants in soil, sedi@nd discussed the effects of diffusion and adsorption. Kin-
ments and aquifers and consequently for enhancing thgtically, sorption is a two-phase process, with an initial fast
bioremediation of these environments [9,12]. stage €1 h) followed by a slower long phase (days), con-
This paper highlights biodegradation studies on phenoltl’O”ed by diffusion to internal adsorption sites [15,17]. It
several alkyl phenolsptcresol, 2,4-dimethyl phenol, cat- has been postulated that time-dependent sequestration reac-
echol, hydroquinone, and resorcinol) and selected polytions render contaminants in soil unavailable to microbial
cyclic aromatic hydrocarbons (PAHSs): naphthalene, phenattack [14,23]. However, the complex interactions between
anthrene, acenaphthene, and acenaphthylene. A multileville contaminant and various soil components is currently
experimental protocol is presented which incorporates thaot well understood, and results on contaminant seques-
use of soil microcosms for acclimation of soil microbiota,  tration are strongly dependent on types of soil and contami-
measurement of respirometric oxygen uptake in soil slurrynant used, methods for soil sterilization and even methods
wafer and porous tube or column reactors, and determiused for extraction of the soil [18]. Recently, studies were
nation of adsorption/desorption equilibria and kinetics.conducted on the reduced biodegradability of desorption-
Mathematical models for soil slurry, wafer, column or resistant fractions of polycyclic aromatic hydrocarbons in
porous tube reactors [6] are used to determine the contamépil and aquifer solids [7]. These studies suggested that the
nant diffusivities and biodegradation kinetics in soil slurry fraction of Compound resistant to desorption has to be
and compacted soil systems. evaluated before the compound’s environmental fate can be
esimated. It was further found that the soil organic matter

content influences the availability of the desorption-resist-
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Materials and methods Studies using soil microcosms s

The soil microcosm reactor, shown in Figure 1, consists of
Uncontaminated silt loam soil was obtained from a farm in2" airtight rectangular container (50 o8B0 cm x 30 cm)
constructed of glass and supported by stainless steel panels.

Florence, Kentucky. It had the following characteristics [6]:.rhe nutrients and aporopriate contaminants are spraved
soil moisture 17%, organic matter 0.415%, classification pprop pray

silt loam, cation exchange capacity 6.5, soil pH 6.1, bulkfrom the top using liquid atomizing sprays. The bottom of

density 1.06, nutrients in soil (ppm): phosphorus 17, potas}t_he reactor is equipped with ports to allow the drainage of

Soil characterization

ium 90, magnesium 80, calcium 1100 and sodium 17. Th eachates. A controlled flowrate of G@ree air is passed

Brunauer, Emmett and Teller (BET) specific surface ared’'rough the reactor and the exit gas is bubbled through pot-
was 20 2’7 @ gL, BET void volume was 0.029 cing™ assium hydroxide solution to quantify the average evolution

and the BET average pore diameter Was°5BL£8]. The raté thCQ. in the reactor. led si
soil was air dried and sieved to pass a group of sieves (2 -ach microcosm reactor represents a controlled site,
10, 20, 75, 150, 300, 600 and 1000 mm). The average so hlch .eventually .sele.cts out the acclimated IndllgteOUS
particle size obtained was 0.0334 cm. Soil porosity, porénlcrObIaI population in the soil for the contaminating

size distribution, pore volume and surface area wererganics. Samples of soil are then taken from the micro-

determined by nitrogen adsorption using MicrometricsCOSM reactors and used as the source of acclimated
ASAP 200 [3]. microbial inoculum for subsequent studies.

Some microcosm reactors were contaminated with a
Preparation of contaminated soil mixture of phenolic compounds dissolved in deionized dis-

In the case of phenols, the phenol stock solution was addetfled water so that the total chemical oxygen demand per
directly to soil while preparing the soil slurry, soil wafer, kg of soil in the microcosm reactor was 300 mg. Equal con-
porous tube or soil column reactors. In the case of PAHs¢entrations of phenol, resorcinol, catechol, 2,4-dimethyl
which exhibited low water solubilities, the PAH compound Phenol, cresol and hydroquinone were used in the mixture.
was dissolved in acetone and the acetone solution was uséd€ other microcosm reactors were contaminated with
to contaminate the soil. Specifically, 700 mg of naphthalene?> ppm each of the following polycyclic aromatic hydro-
was dissolved in 0.5 L acetone. The acetone was mixe§arbons: dibenzothiophene, naphthalene, anthracene, phen-
well to ensure complete dissolution of added naphthalenédnthrene, acenaphthene, acenaphthylene, chloronaph-
One kilogram of the uncontaminated sieved soil was spikedn@/€ne, fluorene, fluoranthene, chrysene, pyrene, and bezo-
with 500 ml of acetone solution. The soil was mixed thor_anthracene,_ Q|ssolved in a mixture of de|on|zed—d|st!IIed
oughly as the solution was added. The soil was then sprea@fater containing 0.5% (v/v) solution of a surfactant, Triton
on an inert surface as a thin layer and left open in the fume$-100- Control microcosm reactors contained uncontami-
hood for 24 h to allow the acetone to evaporate. Perioghated soil which was sprayed with an equal volume of
ically the soil was turned to expose fresh surface durin#e_lomzed-mstllled water a_nd so_ll cor_ltamlnated W!th 0.5%
the 24-h period. Four samples were taken from the soill"iton X-100. At appropriate time intervals during the
before and after the contaminant solution was added anficrocosm runs, soil core sampling was undertaken and the

the soil concentration of naphthalene was determined using@Mples were subjected to solvent extraction and GC/MS
standard EPA methods [10,22]. analysis to determine the residual levels of the parent phe-

nolic and PAH compounds and their metabolites [10,22].
Nutrient solution composition
The nutrient solution used in the respirometer was an
Organization for Economic Cooperation and Development
(OECD) synthetic medium [16] containing mineral salts
and vitamin solution [6]. The soil served as a source of

inoculum. Refrigerated
P’°Q'E‘T'_7;"'?ble Pressunzed
ime T e---—--_ Nutrient Tank

Measurement of soil-bacterial adsorption isotherm

The adsorption isotherm for the bacterial cells was deter N
mined by incubating soil microbiota with radiolabeled phe- B %‘V Solenod
nol in a respirometric reactor until an oxygen uptake pla- “‘Valve i LI
teau was obtained, indicating that phenol had biodegrade|  ,y qapie e
into “CO,, which was absorbed in the KOH solution, and Rotameter
into 14C biomass. The soil suspension was allowed to settli £ Ui CO , Absorption with KOH
for about 30 min. One milliliter of the supernatant phase|  §3fi%e 0 ; pimaey Sotte e
was sampled and th¥C activity was measured by liquid : ’ Vacuum
scintillation counting. Equilibrium amounts of th&C Pump
biomass adsorbed to the soil were determined by suk| , &
tracting the“C present in the biomass in suspension anc
the “C present as carbon dioxide absorbed in the KOF >

solution from the total*C added initially. The ratio of the rocarbon Free emporary Leachate Holding Tark
biomass adsorbed to the soil and the biomass present in t — A
suspension gave the biomass/soil adsorption isotherm, Kigigure 1 Schematic of soil microcosm reactor.
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Abiotic soil adsorption studies Resk Connected 10
Soil adsorption kinetics and equilibria were measured using

well-stirred bottles. The soil was initially air dried and then | OH Solutios
sieved to pass a 2-mm mesh size sieve. Ten grams of S(| soda Lime Trap
sample were placed in each bottle and mixed with 100 m | te Abserb CO2
of distilled deionized water containing a known amount of :
the compound and mercuric chloride to minimize bio-
degradation. The soil : solution ratio was expressed as th|  wen-Mixed
oven-dry equivalent mass of adsorbant in grams per volum|  Soil Stury
of solution.

The liquid was sampled at predefined time intervals.
Before the liquid sample was taken, the bottle contents
were centrifuged and the liquid sample was withdrawn Comventional Slurry Setup For Studies On
using a syringe connected to a 0.46% pore size porous onvent! ury ) For Studies
silvegr] mer¥1brgne filter (Poretics, Cﬁ, U%A) to pre?/ent soil | SoisUsingthe Electrolytic Respiromater
particles from entering the sample. The liquid samples wer:
analyzed using GC/MS analysis and liquid scintillation
analysis for radiolabeled compounds using standard EP,
methods [10,11,13,22]. or

From the initial amount of compound and analysis of the ?:;gr";'cg;’
liquid phase, the amount of compound absorbed in the so
was obtained by difference. Equilibrium is defined when
the liquid concentration reaches a stationary value, whicl
is usually attained in 24 h. Data taken at equilibrium are
used to obtain Freundlich isotherm parameters.

Contains Soil, Water,
Nutrients, and Phenot

Magnetic Stir Bar

Flask Connected to
Electrolytic Respirometer

KOH Solution

Contains Soil, Water,
1 Nutrients, and Phenol

. . Soil Wafer
Desorption studies
Desorption studies were conducted by first adsorbing thi
chemical ir] Fhe soil unFiI (_aquilib_riu.m was achieved. One Soil Water Setup For Studies On Soils
hundred milliliters of deionized distilled water were mixed Using the Electrolytic Respirometer

with 20 g of soil and a specified concentration of chemical
for adsorption. After adsorption equilibrium was attained,
the sample was diluted with an equal volume of deionizec
distilled water and with 20 g t* of mercuric chloride to
inhibit biodegradation. Twenty-milliliter samples were
withdrawn at 4, 8, 16, 24, 48, 72, 96 and 120 h. Each sam
ple was withdrawn from a separate adsorption bottle. The
sample was analyzed using extraction with methylene
chloride followed by GC/MS analysis [10,22].

Respirometric studies

The concentration of selected soil in the reactor flask varier

from 2 to 10% by weight, using dry weight of soil as the

basis. The total volume of the slurry in the flask was " Tube Setup For Studies on Co

250 ml. Three types of bioreactors were used to determin icroporous Tub P _ror Sud Compacted

the biokinetic pargmeters of the suspended and immobilize__ Sod s’.'.‘.'."" Using the Electrolytic Respirometer

microbiota and the transport parameters of contaminant an'giI . . .
. - ! gure 2 Schematic of soil slurry, wafer, porous tube and column biore-

oxygen in the soil matrix. These three types of reactors, s

shown in Figure 2, were [6]: (1) slurry bioreactor, where

soil at 5% slurry concentration was vigorously mixed with

the contaminant, dissolved in water with nutrients; (2)

wafer reactor, where a thin wafer of soil was spiked with biokinetic rate, microorganism concentration in the soil

contaminant and nutrients dissolved in water, to obtain anatrix and inherent diffusivity of the contaminant. In the

50% total soil moisture content; and (3) porous tube or col-  soil wafer reactor, oxygen diffused freely through the thin

umn reactor, where sieved soil with contaminent wassoil matrix, and hence the biodegradation rate was con-

packed in a porous glass tube or column with moisture con-  trolled by the water content in addition to the other intrinsic

tent identical to the wafer reactor. In the soil slurry reactor,parameters, as in the case of the soil slurry reactor. In the

there were no limitations of oxygen, which freely diffused  soil column or porous tube reactor, the biodegradation rate

into the well-stirred slurry and nutrients, which were was controlled by the water content and oxygen diffusivity

initially dissolved in the agueous phase. Hence, the biodeg-  and other intrinsic biokinetic parameters. The soil column

radation rate in soil slurry reactors depended on the intrinsior porous tube reactor provided a better estimate of biodeg-
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and soil slurry reactors. ing air. In this way, the glass tube did not affect the results
Ten shaker flasks, each with 100g of soil from the  of the oxygen uptake experiments and served only to sup-

acclimated microcosm reactor mixed with 1 L of double- port the soil during contamination and biodegradation.

distilled water containing 4 ml of secondary activated The soil column reactor is similar to the porous tube

sludge and OECD nutrients [16], were set up to serve aseactor since it allows determination of the effect of oxygen

the inoculum source for all soil reactor experiments. Inocu- profile on biodegradation rate in compacted soil systems.

lum was obtained by simply withdrawing a fixed volume Soil columns were used in studies of PAHs because porous

of the slurry mixture from the shaker flasks. tube systems can be used when small amounts of soil, typi-
Slurry reactor experiments were conducted to obtain beteally less than 30 g, have to be used. When compounds

ter insight into the slurry biotreatment process. The specific exhibiting low water solubility, such as PAHSs, are studied,

procedures for the soil slurry experiments were: (1) 25 gspiking with water saturated with the contaminant results

of spiked soil was mixed with 250 ml of double-distilled in low contaminant concentrations in the soil. Further, low

water and OECD nutrients [16] and 7 ml of inoculum from contaminant concentrations may have to be used to prevent

the shaker flask using a Teflon-coated stir bar (duplicate  inhibition effects. When the contaminant concentration in

experiments were conducted); (2) duplicate control reactorthe soil is low, more soil has to be used in the reactor to

were set up containing 25 g of uncontaminated soil with achieve significantly higher cumulative oxygen uptake than

250 ml of double-distilled water and OECD nutrients [16] in uncontaminated-soil controls. Hence, the soil column

and 7 ml of inoculum from the shaker flasks; (3) the flasks  reactor was developed, in which significantly greater

were connected to an aerobic respirometer (N-CON Sysamounts of soil (exceeding 30 g) can be tested compared

tems, Crawford, GA, USA). In the case of phenols, 20 g to the porous tube reactor.

of uncontaminated soil was mixed with 250 ml of double- Abiotic adsorption and desorption kinetics of the con-

distilled water, and 2.5-10.0 ml of experimental stock sol- taminant into the soil matrix and oxygen uptake data
ution to produce the desired phenol concentrations irobtained for the soil slurry, soil wafer and column reactors
each flask. were used in conjunction with detailed mathematical mod-

Specific procedures for the soil wafer reactor experi-els to derive the intrinsic biokinetic and transport para-
ments were: (1) 25 g of spiked soil was mixed with OECD meters. The mathematical models used for analyzing the
nutrients and 7 ml of inoculum from the shaker flasks andexperimental oxygen uptake data from soil slurry, wafer,
placed in each flask (experiments were conducted in porous tube and column models were presented earlier [6].
duplicate); (2) duplicate control experiments, each contain-
ing 259 of uncontaminated soil mixed with OECD nutri- Results and discussion

ents [16] and 7 ml of inoculum from the shaker flasks were

also conducted; (3) each flask was connected to an aerobjd'® Multi-level experimental protocol developed for ana-

respirometer (N-CON Systems). In the case of phenolslyzmg biodegradability of soil contaminants is shown in

20 g of uncontaminated soil mixed with 20-30 ml of dou- Figure 3. It incorporates measurement of abiotic adsorption
ble-distilled water were placed in the reaction flask and
mixed well to give uniform biomass concentration in the AEROBIC BIODEGRADATION IN SURFACE SOILS
soil matrix. Water from the reaction flask was evaporated |

at room temperature until the soil had attained the desired
water content. The soil wafer was contaminated with 2.5— DETERMINE SOIL CHARACTERISTICS
10.0 ml of experimental stock solution, depending on the (ORGANIC CARBON, PARTICLE SIZE, et2)
desired concentration, and the soil wafer was mixed with |

the syringe needle while the stock solution was injected. | |

Unlike the soil slurry system, the water present in the DETERMINE PRIMARY
y Sy p . ABIOTIC MECHANISMS D e
wafer reactor was significantly smaller and stationary, USING MICROCOSMS
which increased the contaminant concentration and I ‘
decreased mass transfer within the liquid phase. The oxy- KINETICS AND
i EQUILIBRIAFOR DETERMINE BIOKINETICS
gen uptake and CQevolution were greatly affected by ADSORPTION AND B
these differences. DESORPTION WAFER AND COLUMN
Specific procedures for the soil column experiments I REACTORS
. . . . . (RESPIROMETRY)
were: (1) 100 g of spiked soil mixed with OECD nutrients DERIVE DIFFUSIVITEES I
and 28 ml of inoculum from the shaker flasks were placed INSOIL - QUANTITATE
. . . BIOAVAILABILITY RADIOLABELED COMPOUND
in each column reactor (experiments were conducted in TO VERIFY BIO-MINERALIZATION
duplicate); (2) duplicate control reactors were set-up; each (RADIORESPIROMETRY)

contained 100 g of uncontaminated soil with OECD nutri- |
ents and 28 ml of inoculum from the shaker flasks; (3) all T

flasks were connected to an aerobic respirometer (N-CON OBTAIN BIOREMEDIATION RATES AND
Systems). In the case of phenols, porous glass tubes made TREATMENT END-POINTS

of vycor glass were l,'lsed’ with an average po_re dlamemf—tgures Overall protocol for determining biodegradation kinetics and
of 40 nm. The pore size was chosen because it was 1Eounéitainable end-points in soil slurry and compacted soil biotreatment sys-

to be best at holding all the soil and water within the porousems.




Bioavailability and biokinetics of organic pollutants
HH Tabak and R Govind

334

= minus the CQ evolved from the control reactor spiked only
MICROCOSM & 1 - with OECD nutrients. The figure shows that after spiking,
50 (Soil, pheaols, swtricats) . the net CQ evolution increased and approached the theor-
w0 SPIKE OF PHENOLS t .® ' etical CQ, limit of 7400 mg. It was concluded that after
WAS ADDED AT DAY 55 . W 250 days of microcosm operation, a reasonable degree of
PAH acclimation was achieved in the microcosm soll
%01 reactor.

Adsorption and desorption of phenols

Lines are fit through baseline The Freundlich isotherm adsorption parameters (Ka and
(pre-spike) data & extrapolated 1/n) and desorption parameters (Kd and 1/n) are listed in
Table 1. The phenol adsorption equilibrium isotherm was

highly non-linear compared to the desorption equilibrium

isotherm and the extent of adsorption was significantly
Figure 4 Cumulative carbon dioxide generation from the soil microcosm higher than the desorption extent. This suggested that sig-
reactor spiked with a mixture of phenols and the control reactor. nificant amounts of phenol remained irreversibly bound to

the soil matrix. Further, there was no hysteresis effect, ie,
fhe adsorption and desorption isotherms are nearly ident-

and desorption rates and equilibria and quantitation o L Thi hat th . f
cumulative oxygen uptake using soil slurry, wafer, poroug©@- This demonstrates that there was no degradation o
henol during the adsorption/desorption study.

tube and column reactors. The adsorption and desorptioh e > .
Freundlich isotherm parameters and the biokinetic par?‘—) The diffusion coefficients for all five compounds, calcu-

Cumulative carbon dioxide generation (mg x 10°)

0 20 40 6 8 100 120 140 160 180
Time (days)

meters, determined from the soil slurry, wafer, porous tubd2t€d from the adsorption data are also listed in Table 1.
and column bioreactor experiments, can be used to stim iffusivities in water, calcu!ateq .f.rom . corrglatlons, are
late bioremediation rates in bio-slurry aidsitu treatment  Included for comparison. Diffusivities in soil are much
of contaminated soil. It must be noted that these parametef@Wer (three orders of magnitude) than diffusivities in
are intrinsic for a specific soil and contaminant. Experi-Water’ indicating that diffusion in soil pores is retarded due

mental studies with aged soils are currently in progress, t&°_interaction with soil organic carbon. However, com-
determine the applicability of biokinetic parameters, POUnds which have high diffusivity in water also exhibit
determined with freshly spiked soils. high diffusivity in soil. Similar results were found for

desorption, as shown in Table 1. However, soil diffusivities
were lower for desorption when compared to adsorption.

Using the specially designed microcosm reactors, it was The liquid-phase mass transfer coefficient was calculated

possible to acclimate the indigenous microbiota to each!SINg the standard empirical correlation equation [6]. The
class of compounds. Figure 4 shows the cumulative, COMaSS transfer coefficient was also derived from the experi-

generated as a function of time for two microcosm reactorgnental adsorption and desorption data, using non-linear
before and after spiking microcosm 1 with a solution con-'€9réssion techniques. The experlmentally determme.d
taining six phenolic compounds and microcosm 4 withvalues are close to the theoretical values, as shown in
OECD nutrients. The cumulative G@roduction increased Table 1. This shows that the theoretical mass transfer coef-
after one microcosm was spiked with nutrients and six pheficiént equation can be used to estimate the liquid-phase

nolic compounds. Acclimation of the soil microbiota to the MaSS transfer coefficient in soil slurry systems.
six phenolic contaminants was achieved quickly, and biode- 1 he kinetics of adsorption/desorption strongly depend on

gradation of the contaminants resulted in increased carbofi€ isotherm parameters and soil diffusivity. The soil diffus-

dioxide evolution. ivities reported in this paper can be used to estimate the

In the case of the PAHs, Figure 5 shows the net cumulat2dsorption/desorption rates in soil slurry systems.

ive CG, evolution, ie actual C@evolution from microcosm

Studies using soil microcosms

Adsorption and desorption of PAHs

The extent of partitioning of PAHs tested depends on the

octanol-water partitioning coefficient for the compound and

......... Theoretical CO, generated from PAHs alone =742 ... ggmr- its diffusivity in water. Table 2 shows the diffusion adsorp-

. " tion parameters for several PAHs. Diffusivities in water,

ag o estimated for each compound, are also listed for compari-
son. Diffusivities in soil are three orders of magnitude
lower than diffusivity in water, indicating that diffusion in

l s ® soil pores is retarded due to interaction with soil organic
]

2

q

Q

]
PAH Spike

il

hr

. . .
8 carbon. Desorption rates are much slower than adsorption
T

— " Ba = T T T T T 1 rates, and equilibrium was attained in about 60 h. Table 2
30 60 9 120 150 180 210 240 270 300 330  glso lists the diffusion desorption parameters estimated

Time (days) from experimental data. Soil diffusivities for desorption are
Figure 5 Cumulative carbon dioxide generation from the soil microcosm lOWer than for adsorption. The experimentally determined
reactor spiked with a mixture of PAHSs. best-fit value of the mass transfer coefficient is close to

Cumulative CO, generated (g)
a

=]
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Table 1 Transport parameters for adsorption and desorption of phenols 335
Transport parameter Adsorption Desorption
Phenol 2,4 Dimethyl Catechol Resorcinolp-Cresol  Phenol 2,4 Dimethyl Catechol Resorcinop-Cresol
phenol phenol

Average soil diffusivity 4,75 3.01 3.66 4.17 3.52 4.14 2.07 3.26 3.04 2.84
x 10° (cm? h™)
(aqueous diffusivity) (3329) (2721) (3203) (3203) (2980)
Freundlich isotherm

K x 10 10.50 15.14 6.55 12.37 9.01 12.60 8.04 0.19 10.02 5.98

1/n 0.84 0.768 0.945 0.825 0.945 0.774 0.968 1.872 0.674 0.894
Experimental mass 10.25 7.55 10.11 9.89 9.93 11.55 6.41 10.92 10.88 7.62
transfer coeff (cm 1)
(calculated value [6]) (9.06) (7.93) (8.83) (8.83) (8.42)
Table 2 Transport parameters for adsorption and desorption of PAHs
Transport parameter Adsorption Desorption

Naphthalene Acenaphthene Fluorene  Phenanthrene Naphthalene Acenaphthene Fluorene  Phenanthrene

Average soil diffusivity 6.22 2.79 2.87 1.67 5.96 2.06 1.88 1.49
x 10° (cm? h™)
(aqueous diffusivity) (2576) (2398) (2289) (2113)
Freundlich isotherm

K x 16 4.6 10.1 141 24.9 4.6 10.2 8.9 154

1/n 0.90 1.01 0.92 0.97 0.84 1.01 0.82 0.67
Experimental mass 7.99 6.56 6.77 6.35 6.78 6.59 5.46 5.36
transfer coeff (cm H)
(calculated value [6]) (7.63) (7.28) (7.06) (6.70)
the calculated value [6]. This shows that the theoretically 70
calculated mass transfer coefficient is reasonable. 60

The liquid concentrations for all PAHs did not vary more
than 5% after 20 h, which indicated that equilibrium was ~

achieved. Since the concentration of the compound did nc%l)so i

change after 48 h even though the experiments were cot&
ducted for 96 h, there was no biological degradation of the & 40
compounds under the experimental conditions. e

Comparing the adsorption/desorption equilibrium time 2 30
(approximately 20 h) with biodegradation acclimation time $,
(42 h for 100 mg L?* initial concentration of naphthalene), g 20
it is clear that adsorption/desorption equilibrium was achi-
eved much before the onset of biodegradation in soi
slurry reactors.

10

Studies involving phenol respirometry
Figures 6 and 7 show the oxygen uptake data for the slurry

tem. Clearly, the oxygen uptake curve for the slurry reactoExperimental;

reaches a higher plateau than the curves for the soil wafer
and porous tube reactors, indicating that more phenol was
being degraded in the slurry reactor. Furthermore, the data

Time (h)
wafer and porous tube reactors when the actual amount q:figure 6 Cumulative oxygen uptake and model fits for slurry,
phenol was 25 mg and 12.5 mg phenol in each reactor sygprous tube reactors at 25 mg of phenol added to each reactar, 4,

wafer and

, model.

and biodegradation occurs both in the liquid phase by the

from the slurry reactor attain a plateau value faster than theuspended microorganisms and by biofilms immobilized on

wafer and porous tube oxygen uptake data. This shows that

soil particles. In the soil wafer reactor, there was no oxygen

biodegradation rates in soil slurry reactors are the highedimitation and the biodegradation rate was governed by

since there are no limitations of oxygen, nutrients or water

contaminant desorption and subsequent degradation in the
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35 of oxygen diffusivity in the soil matrix. The porous tube
....... reactor data were used to derive the oxygen diffusivity in
301 g the soil phase.
- Table 3 summarizes mean values for the transport, diffu-
520 gt T sivity and biokinetic parameters determined from the cumu-
£ J/slurry case lative oxygen uptake and GQevolution data of the soil
Q20 [ W'a'f'é'r' 'ciééé ''''''' slurry, soil wafer and soil porous tube reactor systems.
2 These parameters are intrinsic for a specific soil and con-
215 taminant, and will vary with soil type, contaminant and
o bioreactor conditions.
gm' The oxygen profile in the porous tube soil using the
model developed for tube reactor showed that the radial
5 oxygen concentration decreased rapidly, attaining a zero
o value at a radial distance of 0.25 R from the tube center,
where R is the radius of the porous tube. This confirmed
0 10 20 30 40 50 60 70 8 90 that there were oxygen limitations in the porous tube
Time (h) reactor.

Figure 7 Cumulative oxygen uptake and model fits for slurry, wafer and In the $O|l slurry reaCtor the.re Were no I|m|tat|ons of oxy-

porous tube reactors at 12.5 mg of phenol added to each reactot, gen, which freely diffused into the well-stirred slurry.

@, Experimental; , model. Hence, the biodegradation rate in soil slurry reactors
depended on the intrinsic biokinetic rate, microorganism
concentration in the soil matrix and inherent diffusivity of

free and bound water phase by microorganisms immobilthe contaminant. In the soil wafer reactor, oxygen diffused

ized in biofilms. Since the water content of the soil in the  freely through the thin soil matrix, and hence the biodegrad-

wafer reactor was significantly less than in the slurry reacation rate was controlled by the water content in addition

tor, the biodegradation rate was also lower than in the slurry  to other intrinsic parameters, as in the case of the soil slurry

reactor. In the porous tube reactor, in addition to the limitedreactor. In the porous tube reactor, the biodegradation rate

water content in the soil, as in the case of the soil wafer  was controlled by the water content in addition to other
reactor, oxygen diffusion in the soil matrix was also lim- intrinsic parameters, as in the case of the soil slurry reactor.
ited. Limited oxygen diffusion in the soil matrix caused In the porous tube reactor, the biodegradation rate was con-
little phenol biodegradation in the outer region of the tubetrolled by the water content and oxygen diffusivity and
while phenol present in the interior of the tube did not bio-  other intrinsic biokinetic parameters. The porous tube reac-
degrade due to unavailability of oxygen. tor provided a better estimate of biodegradation rates for

Data from the bioreactor demonstrate tivasitu biore-  in situ bioremediation than the soil wafer and soil slurry
mediation rates are significantly lower than biodegradatiomeactors.

rates achievable in soil slurry reactors due to limited water Oxygen uptake data for microporous tube experiments
content and oxygen diffusivity. Furthermore, nutrient limi- were run with the regular 46-pore diameter tubes, as well
tations may further limit bioremediation rates in contami-  as with similar tubes with pores 320@ameter. The

nated soils. While bioventing approaches may maximizeesults indicate that no appreciable difference was seen in
availability of oxygen, delivery of water and nutrients are  the data gained using the different tubes. This confirmed
still major limitations for maximizingin situ bioremedi- the earlier assumption that the 40p@re size tubes would

ation rates. not limit oxygen uptake and could be used for sub-
Detailed mathematical models were developed for anasequent experimentation.
lyzing oxygen uptake data from the soil slurry, wafer and Experiments with uniformly lab€@dphenol and

porous tube reactors [6]. In the soil slurry reactor, signifi-measurement of CQevolution [11] showed that the net

cant degradation of contaminant occurs in the aqueous  oxygen uptake (actual uptake minus the oxygen uptake in
phase by the suspended soil microorganisms rather than blye control flask) was solely due to phenol degradation.

the cells immobilized in biofilms. Biodegradation rates in  This verified the initial assumption that the net cumulative
soil wafer and porous tube reactors increase linearly wittoxygen uptake in each type of soil reactor could be used
contaminant concentrations and active microbiota concen-  to derive the biokinetic and transport parameters.

tration. Eighty-one per cent of the phenol added initially

was biodegraded in the soil wafer reactor and 64% wa®espirometry of PAHs

degraded in the porous tube reactor. As shown in Figures Bigure 8 shows the cumulative oxygen uptake curve for

and 7, the mathematical model fitted the experimental data  naphthalene in the soil slurry reactor with 25 g of contami-
quite well. The soil slurry reactor data were used to derivenated soil. The cumulative oxygen uptake curve attained a

the biokinetic parameters for the suspended and immobil- plateau after about 400 h. The corresponding curve,
ized microorganisms. These parameters when used with thabtained using uncontaminated soil, is also shown in this
appropriate amount of free water, were used to fit the wafer ~ figure. The acclimation time, not shown in the figure, was
reactor data. The wafer reactor data were used to obtais2 h. The model fits, obtained using the best-fit parameter
additional information with no oxygen limitations and the  values and the model equations [6] are also shown. The
porous tube reactor data provided quantitative estimatiosumulative oxygen uptake in the control reactor was mainly
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Table 3 Summary of biokinetic parameters for phenol in soil slurry, wafer and porous tube reactors 337
Biokinetic parameter/type of bioreactor Soil slurry Soil wafer Porous tube
Maximum specific growth rate in soil phase (E*h 0.294 same as slurry same as slurry
Half velocity constant for soil phase (mg) 2.12 44.8 same as wafer
Maximum specific growth rate in aqueous phase (L) h 0.228 same as slurry same as slurry
Half velocity constant for aqueous phase (mg)L 1.99 30.9 same as wafer
Biomass yield 0.342 same as slurry same as slurry
Maximum specific growth rate for oxygen in soil phase (mg)L - - 0.404
Half velocity constant for oxygen in soil phase (mgL - - 0.749
Maximum specific growth rate for oxygen in aqueous phase (mjy L - - 0.477
Half velocity constant for oxygen in aqueous phase (m§ L - - 0.473
Fractional amount of phenol biodegraded 1.0 0.81 0.64
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Figure 10 Cumulative oxygen uptake in napthalene-contaminated soil
Figure 8 Cumulative oxygen uptake in naphthalene-contaminated soilcolumn and control column reactoA, V¥, Experimental data; ,
slurry and control slurry reactoA, ¥, Experimental data; ,model. model.
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Figure 11 Net cumulative oxygen uptake for soil slurry, wafer and col-
Time (h) umn reactors.
Figure 9 Cumulative oxygen uptake in naphthalene-contaminated soil
wafer and control wafer reactoA, ¥, Experimental data; ———, model.

vides insight on organic matter degradation, which also
occurred in the actual reactors when naphthalene was
due to degradation of organic matter. Figure 9 shows th@resent. The best-fit parameter values for naphthalene in
cumulative oxygen uptake data and model fit for naphtha-  the soil slurry, wafer and column reactors are given in
lene in the soil wafer reactor. Figure 10 shows the cumulatTable 4. These values were used to fit the experimental
ive oxygen uptake and model fit for naphthalene in the soll oxygen uptake data. The final values are close to the initial
column reactor. The net cumulative oxygen uptake for theestimates. The best-fit biokinetic parameters can be used to
soil slurry, wafer and column reactors, are shown in predict the attainable end-points in soil slurry and com-
Figure 11. pacted soil treatment systems.
Cumulative oxygen uptake in the control reactors All three reactors produced comparable cumulative oxy-
occurred primarily due to biodegradation of soil organicgen uptakes. This was mainly due to the fact that naphtha-
matter. The experimental data from the control reactors pro- lene partitioned mainly in soil organic matter, being a
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Table 4 Summary of biokinetic parameters for naphthalene in soil slurry, wafer and column reactors

Biokinetic parameter/type of bioreactor Soil slurry Soil wafer Column
Maximum specific growth rate in soil phase (E*h 0.298 same as slurry same as slurry
Half velocity constant for soil phase (mgi) 12.53 13.7 same as wafer
Maximum specific growth rate in aqueous phase (b h 0.274 same as slurry same as slurry
Half velocity constant for aqueous phase (mg)L 23.9 155.7 same as wafer
Biomass yield 0.62 same as slurry same as slurry
Maximum specific growth rate for oxygen in soil phase (mg)L - - 0.923

Half velocity constant for oxygen in soil phase (mg‘L - - 41.1
Maximum specific growth rate for oxygen in aqueous phase (my L - - 0.746

Half velocity constant for oxygen in aqueous phase (MY L - - 45.4

strongly hydrophobic compound, and biodegradation o@ 120

naphthalene occurred mainly in the soil phase. The aqueot g
concentration of naphthalene was so small that the contr g
bution of biodegradation in the aqueous phase was neglé
gible. This was not true for phenolic compounds, in which £
case the three soil reactors exhibited varying amounts c& 60
oxygen uptake.

Analysis of the oxygen uptake data with
adsorption/desorption kinetics showed that both adsorptio
and desorption attained equilibrium in less than 20 h, while 8
biodegradation usually involved acclimation timesd8 . .
exceeding 20 h. Hence, incorporating adsorption/desorptio 0 200 400 600 800 1000 1200
kinetics with cumulative oxygen uptake was equivalent to Time (h)
assuming adsorption/desorption equilibria during the bioderigure 12 Change in soil concentration of naphthalene versus time dur-
gradation phase. ing biotreatment in soil slurry, wafer and column reactors, as calculated

Studies with uniformly labele#'C PAHs (concentration by computer simulation.

1 uCi per flask) showed that over 95% of the Cévolved

was produced due to PAH mineralization and less than 5%

of total CQ, was produced by mineralization of soil organic

matter [20]. This showed that measurement of,&Wol-

ution in spiked soil slurry reactors can be used to quantifyrate of biodegradation. This is mainly attributed to slower
the rate of contaminant mineralization. oxygen diffusion in the column reactor. After 1000 h of

Using the best-fit transport and kinetic parameters, théreatment in the soil column reactor, about 20% of the
model equations were used to simulate the degradation gfitial naphthalene had biodegraded and the eventual
naphthalene in soil slurry, wafer and column reactors. Thendpoint was about 80 mg g
objective of this simulation was to obtain the attainable These results clearly show that the attainable treatment
treatment endpoints. Soil slurry reactor represexssitu  engpoints depend strongly on the type of soil, contaminant
soil treatment in a biological slurry reactor. Soil wafer rep- 44 type of treatment. Treatment reactors which incorporate
resents soil treatment using land farming or bioventingeficient transport of contaminant and oxygen achieve lower

wherein oxygen diffusion in the soil matrix is sufficient [geatment endpoints than reactors wherein oxygen diffusion
and hence does not control the rate of bioremediation. Sojy 16 controlling. Further it should be emphasized that in

column gr‘f?‘?t?f r(;presente_ situ smlttreattwent, Wh”e[)e.'” our model simulations of soil slurry reactor, there was
o o rcomacp FEcent mbing and hence igh rancpor rtes of xygen
soil was assurﬁed 10 be 100 mg-kgFigure 12 shows the and contaminant were obtained. In actual soil slurry reac-
change n ol concenraton versus te for each type 1S S2PENEITG o the fte of mixng and design of mper
soil reactor. In the soil slurry reactor, the soil naphthalene_ ™ P q

concentration decreased rapidly and after 1000 h of ”eaﬁheaiii|mv3§/f:ref§£teo:hﬁ \r,?;z gggg&gg%hsﬁ%x In ér:]e d?]jafjge‘;f
ment time, a very low naphthalene concentration remaine ' Y9

ompletely through the thin soil layer. However, in land

in the soil. Hence, the final treatment endpoint attained i ) . -
the case of a soil slurry reactor was very small. In the cast?'Ming, soil particles form larger aggregates, and oxygen

of the soil wafer reactor, the soil naphthalene concentratiofiffusion through these larger aggregates may control the
decreased at a slower rate and after 1000 h of treatmef@t® Of bioremediation. Frequent turning of the soil as in
time, about 80% of naphthalene had degraded. In the soi@nd farming, may not break the soil aggregates into thin
column reactor, a typical ‘hockey-stick’ curve was 50|I Iayers_, as used in the soil waf(_ar reactor. Hence, thgre
obtained, wherein there was a rapid decrease in naphthaleffe N0 universal treatment endpoint, and the endpoint
concentration initially, followed by a significantly lower depends on the treatment reactor design.

100

ntration of

20
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Conclusions 7 Ghoshal S and R Luthy. Bioavailability of hydrophobic organic com- 339

pounds from nonaqueous-phase liquids: the biodegradation of naphtha-
A three-step experimental protocol for determining lene from coal tar. Environ Tox Chem 15: 1894-1900.
important kinetics parameters for thesitu biodegradation ~ 8 Govind R, C Gao L Lai, X Yan, S Pfanstiel and HH Tabak. 1993.
of toxic chemicals in soils was developed using phenol and DPevelopment of methodology for the determination of bioavailability

and biodegradation kinetics of toxic organic pollutant compounds in
naphthalene as the test cqmpounds. The prOtOCOI wa_s soil. Paper presented at the In-Situ and On-Site Bioreclamation, 2nd
developed so that the experimental schemes used grew in interational Symposium, San Diego, CA, April 5-8, 1993.
complexity toward the actuah situ case, but remained 9 Graves DA, CA Lang and ME Leavitt. 1991. Respirometric analysis
simple enough to allow them to be adequately modeled. ! the biodegradation of organic contaminants in soil and water. Appl

. . iochem Biotechno : —826.

Th_e data gained for each of the schemes agreed with expecs Huang T, Y Shan, M Kupferle, Q Zhao, H Zhu, GD Sayles and CM
tations. In the case of phenol, both the rate and extent of acheson. 1996. Extracting PAHs from soil using a simple, effective,
biodegradation decreased with the increase in the com- low cost shaking method. Draft paper obtained from CM Acheson,
plexity of the soil systems in the experimental schemes. NRMRL, US EPA Cincinnati, Cincinnati, OH 45268.

; ; 1 Kessler MJ. 1989. Liquid Scintillation Analysis. Science and Tech-
The amount of phenOI degraded in the wafer reaction Wa% nology. pp 3.25-3.33, Packard Instrument Company, Meridan, CT.

less than in the slurry reactor prlma}rlly due to Iower watery, khan KA, R Krishnan, TF O’'Gara, C Missilian, GD Runnells and PE
content and mass transfer rates, since phenol did not par- Flathman. 1990. Soil bioremediation treatability studies. Proceedings

tition significantly into the soil phase. In the case of the of 83rd Annual Air and Waste Management Association Meeting and
porous tube reactor, the amount of phenol degraded Wals3 E)e(zlr?rlltéoe?,\lzlf‘r,l Ilj\llg)slgls”gr:]d IP-|/:\ é?unt?er241_92892’ lSgtoelrmination of polar
even lower primarily due to oxygen diffusion limitations. organic solutes in oil-shale water. Environ Sci Technol 16: 714-723.
In the case of na_phthalene, all three reactors prOdUQEd COMz Madsen EL, CL Mann and SE Bilotta. 1996. Oxygen limitations and
parable cumulative oxygen uptakes. This was mainly due aging as explanations for the field-persistence of naphthalene in coal
to the fact that naphthalene partitioned mainly into soll tar-contaminated surface sediments. Environ Tox Chem 15: 1876—
i H P 882.

or%art])l.c dmatte(;‘ bemgf a strzn?ly hydl’OphOé)lC C.()Tppunﬁis McDonald JP, C Baldwin and LE Erickson. 1991. Rate limiting factors
an_ lodegraadation of napthalene QCCUI‘I’e mainly in the for in situ bioremediation of soils contaminated with hydrocarbons.
soil phase. The agueous concentration of naphthalene was paper presented at the Fourth International IGT Symposium on Gas,
so small that the contribution of biodegradation in the aque- Oil, and Environmental Biotechnology, Colorado Springs, CO.

ous phase was negligible. Modeling procedures applied té6 OECD. 1981. OECD Guidelines for Testing of Chemicals. Section 3,

; :~_ Degradation and Accumulation, Method 301C, Ready Biodegrad-
the three experimental schemes proved useful for determin ability: Modified MITI Test () adopted May 12, 1981 and Method

ing biokinetic parameters for degradation of phenol. Model  302¢ inherent Biodegradability: Modified MITI Test (11) adopted May
predictions agreed very well with experimental data. 12, 1981, Director of Information, Organization for Economic
Further, the model parameters were useful in simulating Cooperation and Development, Paris, France. o
treatment endpoints for these types of soil reactors. TheT TOe e L R ot o e Movement of Organ Chemicals n
application of this protocol to other chemicals is feasible ;¢ (RL Sawhney and K Brown, eds), pp 45—80,gSpec Publ No 22,
with only minor alterations in methodology. Soil Sci Soc Am, Madison, Wisconsin.

18 Qiu X and MJ McFarland. 1991. Bound residue formation in PAH
contaminated soil composting usiriRhanerochaete chrysosporium
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