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ABSTRACT
The focus of this research work is the unraveling of the microbial
dynamics of the bioﬁfégradation of a mixture of polycyclic aromatic
hydrocarbons (PAHs), naphthalene, anthracene and pyrene in an aqueous-
soil matrix. The soil used in these studies was characterized as highly
porous with a sandy-clay ratio of 85-14%. The microbial growth study
was characterized by an imtial lag phase, a rapid and an exponential
increase in cell biomass, a stationary phase and finally a death phase. The
growth and consumption rates estimated using the Monod kinetics
showed that all the microbes (bacteria and fungi isolated from the
indigenous soil and used in this study exhibited a high metabolic affinity

for naphthalene.

Respirometric studies conducted to measure the level of microbial
activity and PAH biodegradation rates in the soil microcosm reactor
indicated that a reasonable degree of PAH acclimation was achieved in
the reactor, with a net cumulati\-/e oxygen uptake and carbon (iv) oxide
evolution attaining their maximum limit within 60days of exposure.

Results on the batch adsorption/desorption kinetics and equilibria
depicted that the desorption rate was slower than the adsorption rate. The
cumulative extent of desorption for the three PAHs suggested that the

desorption step was rate limiting for biodegradation. The degree of

vil



partitioning was found to be dependent on their solubility and diffusivity
in the aqueous phase. A realistic adsorption-reaction-desorption
mechanism suggested\'a time dependent degradation of the PAHs

describing the adsorption of the solute on the soil particle surface.

The exponential nature of the experimeptal biodegradzition kinetics data
for naphthalene, anthracene and pyrene was fitted with a kinetic model
for both single and multisubstrate catalysis using the twin concepts of
rate-determining step (RDS) and steady state approximation (SSA). This
model predicted the experimental profile of the biodegradation behaviour:
an initial rapid decrease in the concentration of the PAHs followed by a
significantly sfower rate of degradation. The RDS model gave a better
prediction as its reaction rate constant (k) closely fitted the experimental
values. Prediction by the SSA model was not feasible as a comparative

analysis of both single and multisubstrate results show that the SSA

overestimates the biodegradation rates.

The method of temporal moment (MOM) and a nonlinear least square
curve-fitting program CXTFIT were used to estimate the transport
parameters and degradation rate constants. Estimation of the transport
parameters and the pore-water velocity, V for a non-reactive solute was

aided by the use of only the first normalized moment. The dispersion
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coefficient, ﬁ, first order degradation rafé constant (A) and the retardation
factor (R) were estimated using both first and second normalized
moments. The obsgr.v.é"d results suggest that naphthalene would elute first
before pyrene and anthracene, in the following order: naphthalene >

pyrene > anthracene.

The solution to these model equations was achieved by the use-of the
backward finite difference scheme. The estimated transport parameters
and diffusivities were used to reduce the di‘mensionali;y of the search
process. Results-obtained showed that nlatphthalene was rﬁore selectively
degraded than pjrene and anthracene. The residual concentration of these
PAHs in the axial and radial directions were: naphthalene (1.16E-5 and
1.48mg/l); pyrene (3.11E-4 and 1.58mg/l) and anthracene (7.67E-4 apd
1.61mg/l). The resultant effect is the occlusion of these compounds

within the fissures and cavities of the soil particles, which renders them

not readily bioavailable and thus inaccessible to microbial degradation.
The developed approach in this research work thus shows the practical

effects of intrinsic kinetics, rate-limited desorption and mass transfer

resistances on the outer surface and within the pores of the soil particle.

1X



nl’tl‘lulx

O < =2 @

E
~,

o 0

NOMENCLATURE
Enzyme |
Contaminant hydrocarbon
Reaction rate conétant
Flux of rate-limiting substrate intd.the biofilm {mol/m?.s)
Biofilm surface area (m?)
Specific decay or maintenance-respiration coefficient (hr'™)

Molecular diffusivity within biofilm (m’/day)

Concentration of rate-limiting substrate in the bulk hquid (mg/l)
Thickness of biofilm (L)

Bacterial density in biofilm (Mg/LS)

True yield of bacterial mass per unit of substrate mass utilized
(mg/mg)
Saturation constant

Concentration of substrate within the biofilm
Bioavailability Factor

First-order rate coefficient for biodegradation

Inhibition constant

Maximum specific growth rate

Standard biofilm time dimensi(')n T (2/Yk)

Standard biofilm dimension L (2K¢/D&Xp)”

Pore water velocity (m/day)

Dispersion Coefficient (m*/day)

Mass transfer coefficient for external film diffusien (m/day)
Initial concentration of contaminant i at t=0 .

Concentration of contaminant i in the external pellet surface i.e.

Opening of the Pores (mg/1)



M

¢, Concentration of contaminant i in the solid phase (mg/1)

Concentration of contaminant i in the fluid phase within the pore of

soil particle RN
Porosity of soil

£ Particle porosity (void fraction in particles)

T distance from the centre of the particle (cm)
R Radius of soil particle (cm)

Z Axial distance (cm)

t time (days)

A first order degradation rate (min™)

R Retardation factor

€ Coefficient of deviation

RRE Relative Error

zr  Length of soil column (cm)

T Total experimental time (days)

Dimensionless parameters

T =i/T dimensionless time
c= Cf/CO‘_ or ¢, /c,, dimensionless concentration
a, B,y constants defined by equation (4.15)
WV, n, O constants defined by equation (4.16)
Z=z./z dimensionless depth
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CHAPTER ONE

1.0 e INTRODUCTION

Large amounts of péf?&leum and petroleum products are discharged into
the environment as a result of exploration, production, transportation,
refining and utilization. Despite careful handling and containment, there
are possibilities that some may spill into the soil through blow-outs,
accidents, sabotage, corrosion, equipment malfunction,
operators/maintenance errors, rupture. of oil pipelines, operational
discharges and natural causes (rain, flood, soil erosion). It is estimated
that 1.7 to 8.8 million metric tons of petroleum are released annually into

the global environment (Leahy and Colwell, 1990).

Polycyclic aromatic hydrocarbons (PAHs) constitute a large group of
organic contaminants, which consist of two or more fused aromatic rings
in various structural configurations (Blumer, 1976). They are commonly
found as constituents of heavy fuel, tar and creosote, for which reason
they are often identifted at gas works and coal gasification sites and from
anthropogenic sources such as heat and power generation, coke
production, catalytic cracking, carbon-black production and use,
incineration, landfills/waste disposal, wood treatment and preservation,
refining and distillation of crude oil (Bos er al., 1984; Wilson and Jones,

1993). However, aside their presence in contaminated sites, it should be
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noted that they are found everywhere althéugh usually in low
concentration as a result of the incomp}ete combustion of fossils. The
background level of tiiése chemicals is expected to further increase in the
future because many of these PAHs are rather persistent in the
environment even.under aerobic conditions. Their high octanol-water
partitioning coefficient values also show that they are not very mobile
(Jones et al., 1989). The long-term effect of the presence of aromatic
hydrocarbons in the environment has become one of the major

environmental concerns of the petroleum and other process industries.

Since the 1970s, there has been a growing concern about the general state
of heaith of the environment by the Nigerian public as a result of the
widespread releases of PAHs, whether accidental or intentional, into soil
systems ranging from surface soils to deep aquifers. Consequently, both
engineers and ‘scientists have been mobilized nto a search for the
technology that-will effectively clean up contaminated soils at reasonable
cost. The development of -effecﬂve clean up technology to reduce the
levels of these hydrocarbon contaminants in order to meet environmental
regulation standards is therefore a continuing subject of research. Most of
the important chemical reactions encountered in bioremediation studies

are catalytic and in the majority of these processes, the catalysts are

. 1
enzymes from microorganisms.



In Nigeria, as a result of increasing daily activities within the petroleum
industry, polycyclic aromatic hydrocarbons input intc the environment
have similarly increa-s.c\:a greatly (Naagbanton, 1999, Asuquo et al., 2004).
Generally, the Nigerian environment has been subjected to a barage of
sustained and unmitigated pollution of its air, land and sea. Some of the
spills have been known to seep into the ground and contaminate ground
water. Many in the Delta region have complained that water from freshly
sunk boreholes showed evidence of oil contamination. This makes the
water undrinkable even after some treatment. The other problem with oil
spill is that aréas that have been known to be fertile for farming in the
past have suddenly become barren or are getting close to being so. The
mangrove forest is slowly withering away and the agricultural industry is
suffering. This is particularly sad because the natives, who used to make
their living through subsistent farming, have to look elsewhere (Akpofure
et al., 2007; Nwilo and Badejo, 2001; Kinigoma, 2001). The various
input sources of oil spills incll-,!de the following: pipeline (trunk, delivery,
gathering line), flowstation, tankl farm, drilling site, well head, pumping
stations, refinery, natural sources, offshore oil production marine
transport, municipal etc. There have also been instances, where vandals
have allegedly caused oil leaks. It was reported on November 27, 1998,
(This Day Newspaper), that one thousand five hundred (1,500) barrels of

oil leaked in the Santa Barbara River Crossing in Bayelsa State, where



Shell Petroleum Development Company, which is the largest oil company
in Nigeria accounting for about 50% of oil productioﬁ was conducting
operations. It has tﬁé;éfore become imperative and very desirable to
decontaminate quickly and safely locations that have had shock loading

of petroleum or petroleum products.

Consequent upon this, concerted efforts have been made to understand
the fate, transport and reactions of this group of compounds in aqueous-
sdlids/sedimf,;nts matrix. To this end, bi.;)remediation, which can best be
described as the optimization of biodegradation (Bluestone, 1986:
Nw;lchukwu, 2001_;_Ayotamuno, 2006; Ayotamuno; 2007), has become
successful over the years in harnessing the natural activity of
microorganisms for the performance of beneficial functions that haye
greatly enhanced our standard of living? This is not rémotcly far from the
fact that the process can be an effective option to reclaim PAH-
contaminated sites due to its r;]atively low cost and limr'.tf:‘d impact on the

environment.

The microorganisms exposed to these anthropogenic substances have
sometimes responded by acquiring new genes for degradation of these
compounds, either for detoxification or to enable the microbe use the

contaminant as a source of energy to meet metabolic needs (Gunnison et



al., 1997, Adenipekun et al., 2005). The use of the microbes as catalysts
in bioremediation, particularly in Nigeria has been to essentially increase
the rate of degradatioﬁ‘go as to eliminate as quickly as possible, both long
and short term effects of these contaminants that compromise the
integrity of the envirbnment (Odu, 1981; Layokun et al., 1987; Amadi

and Antai, 1991; Odokuma and Dickson, 2003; Oboh, 2006; Ojo, 2006).

The process of biodegradation of PAH impacted soils/sediment matrix is
complex and involves the diffusion of contaminants in the porous soil
matrix, adsorption to the soil surface, biodegradation in the biofilm
existing on the soil particle surface and in the large pores as well as in the
bound and frée water phase after desorﬁfion from the soil surface (Tabak
and Govind, 1997; Knightes, 2000). The type of reactor now forms the
basis of many new bioremediation techniques. To be commercially
viable, it has become imperative to obtain the best performance from the
reactor. Thus the emphasis.is on the need for more accurate design

parameters and methods.

Generally, the overwhelming reported literatures and articles have
specified clean-up techniques for PAH contaminated sites using bacterial
cultures, pure strains or strains in association (Boldrin et al., 1993;

Banerjee et al., 1995; Caldini et al., 1995; Bouchez et al., 1996; Ahn et



al., 1999; Reardon et al., 2002). The few available reports on the
modelling of PAH degradation (Tabak and Govind, 1997; Rogers and
Reardon, 2000) have; ﬂEWever, been unable to perform aptimally relative
to availability, mobility, toxicity and concentration of polycyclic aromatic
hydrocarbons in the soil system ranging from surface soils to deep

aquifers.

The development of the mathematical model carried out in this research
work is based on the fundamental principle of conservation of mass or
material balance: It takes into consideration the gas-liquid interface film
and the biofilm between liquid and solid interface. It also accounts for the
interparticle, intraparticle and interphase mass transport. The effects of
axial dispersion in the fluid phase and transport resistances are not
neglected. It responds to the pressing research needs for bioremediation
with the underlying task of determiﬁ'ing the factors, which govern
bioavailability. The technique for selecting efficient design methods and/
or parameters depends on the dévelopment of realistic} mode]s for the
mathematical desc-r‘iption of the process. Thus, this research work is
focused on the modeling of the biodegradation of polycyclic hydrocarbon
compounds with emphasis on:
i.  bioavailability

ii.  mobility (transport)



1. toxicity
iv. concentration with respect to both time and distance (axial and
radial directions) and

v. PAH disappearance

Solving these problems by obtaining the parameters implicated would
provide a comprehensive information and database on the rate and extent
of biodegradation with a view to averting considerably, the prolonged
effects of polycyclic aromatic hydrocarbon contamination on the
environment.

A computational scheme for the solution of the model equations for the
case of one-dimensional convective-diffusive mass transfer occurring in
the subsurface is presented here for macroporous and microporous
systems. The proposed m_ethodoloéy is sensitive to changes in the
concentration of contaminant with time as a function of the axial and

radial directions of flow.

1.1  Theoretical Framework of Study

This research work focuses on the development of suitable models for the
evaluation of bioavailability and biodegradation parameters in
contaminated aquéc;us~solids/sediments matrix, based on the following

theoretical concepts:



(a) The development of kinetic expressions following the methods used
in the derivation of rate equations for synthetic catalysts. This is hinged
on the twin _concep’_cs-;\éf rate-determining step (RDS) and steady state
approximation (SSA). These concepts are used in conjunction with mass
transport, where the rate of mass transfer by diffusion is assumed to be
governed by Fick’s Law (Treybal, 1981; Susu, 1997, Coulson and
Richardson, 2000; Bird et al., 2005; Fogler, 2006).

(b) The theory of convective and diffusive transfer of solutes in both
axial and radial directions of flow, Convective mass transport in swarms
of particles is a commonly encountered process in a wide range of
industrial and scientific applications such as fluidized beds, separation
processes, catalytic and non-catalytic fluid-solid reactions (Coutelieris ef
al., 2004). Convection is due to fluid flow while dispersion is due to
solute movement/transport.

(c) Equilibrium adsorption and desorption described using both the
Freundlich and Langmuir isotherm relationships (McCabe, ef al., 1993;
Susu, 2000).

(d) Application of the rﬁethod of temporal moments‘ (MOM) and a
computer software program CXTFIT version 2.0 to estimate solute
transport with equilibrium sorption and first order degradation (Toride et

al., 1995; Pang et al., 2003).

(e) Use of dimensional analysis in the conversion of a partial differential



equation modeling a physical system into a dimensionless equation and
resolution of the equation by the Finite Difference Scheme (Sun and

Levan, 1995).

The concept of RDS in a reacting system is one method of simplifying
the rate expression. It proposes that in a sequence of elementary steps,
one step is postulated to be rate-determining and that all the other steps in
the sequence of reaction are assumed to be in quasi-equilibrium.
Consequently, only that step is kinetically significant being the slowest,
as only its rate constant appears in the rate expression. The catalyst which
in this case is a homogenous enzyme is perceived to be present in two
forms either as free enzyrﬁe E or combined in an appreciable extent to

form intermediate enzyme-substrate complex (ES).

Two films are implicated: Interface film between dissolved oxygen and
the substrate, and the biofilm between the substrate phase and aggregates
of microorganisms attached to the soil particle.

Chemical reactions -occur through intermediates and these intermediates
(in the form of atoms and free radicals and other short-lived species) are
conceived to be adsorbed species with mobility to search for energetically
favourable sites for subsequent conversion into final state (products),

prior to desorption. The SSA allows a procedure where the intermediates



whose concentrations are low, are assumed to be negligible during the
course of the reaction since at steady state, their rate of production is

.

equal to their rate of consumption.

In assessing the concentration, availability and toxicity of the
contaminant in the subsurface soil, the theory of convective and diffusive
transfer of solutes in both axial and radial directions of flow is
incorporated in the development of mathematical models. Adsorption and
desorption are the primary processes in the evaluation of bicavailability
and mass transfer is the mechanism of n;ovement from the fluid phase to
the surface of the soil particle. The equilibrium adsorption and desorption
reactions were described by the basic correlations developed by
Freundlich and Langmuir. The correlations were used to describe the
surface adsorption of the solutes and their subsequent desorption from the
soil surface. Sorption of contaminant tends to separate the direct contact
between microorganisms and contaminants, which is necessary for
biodegradation to occur. The'practical effect of the adsorption and
desorption rate, is that it controls the oyerall reaction rate. The transport
(mobility) of contaminant solute thelrefore is signiﬁcanﬂy dependent on
two possible scenarios: fast sorption/desorption and slow sorption/

desorption.

The interplay between degradation and sorption is brought to focus, as
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issues such as the bioavailability of subsurface contaminants become the
subject of discouzsg. The method of temporal moments (MOM) solutions
and the nonlinear leé;?équare curve-fitting program CXTFIT which is
described as a parameter optimization méthod were other concepts, which
were uscful in the estimation of the transport parameters: (i) pore-water

velocity V, (ii) dispersion coefficient D, (iii) degradation parameters,

(1v) retardation factor R and (v) first order degradation rate.

The MOM solutions are based on the assumptions that local equilibrium
is established instantaneously during solute transport jn a homogenous
porous medium and that sorption could be linear and reversible. The
CXTFIT assumes convective-dispersion (or advective-dispersive)
transport, in E-l one-dimensional flow.

The transport model described using second order partial differential
equations involve functions of two real variables (x, y), where x, y
represent z, t and r, t respectively. By applying the backward finite
difference scheme, we can compute every domain point (x, y) selected at
random. This is achieved by laying a rectangular grid over the domain
and evaluating f (x, y) at the grid point- the points of intersection of the
lines parallel to the x-axis and the lines parallel to the y-axis.

The mathematical formulations for the macroporous and microporous

systems are based on constant coefficients of dispersion, diffusion,
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constant porosities, and that the microbes have uniform size and

homogenous structure.

1.2  Motivation of Resea.rch Work

The discharge of petroleum and petroleum products into the environment
as a result of exploration, production, transportation, refining and
utilization and the consequent pollution.has adverse ecological effect in
oil-producing areas of the world. In Nigeria, due to the daily increasing
activities of the petroleum industry, the petroleum hydrqcarbon input into
the environment has increased tremeﬁdous]y. Analysis of these spillages
shows that there is the possibility that some- may enter the soil
environment through blow-outs, accidents, sabotage, rupture of oil
pipelines, equipment failure, maintenance error, corrosjon and natural

causes.

There is a dearth of knowledge on the mechanisms of sequestration,
transport and fate of polycyclic aromatic hydrocarbons (PAHs) in soils,
This is hinged on the fact that the rate and extent of PAH removal are
dependent on the number of aromatic rings, molecule topology or pattemn
| of ring linkage, contaminant-soil (or sediment) contact time and to a large
extent on soil properties (Bpssct and Bartha, 1986; Guthrie and Pfaender

1988; Evans and Krug 2002; Spark 2003; Reddy and Angelo 2003;
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Oleszczuk and Baran 2003; Galinada -and Yoshida 2004; Shor et al.,

2004; de Lucas et al., 2005).

.

.,

The frequency of discharge of these 'groups of compounds into the
environment, particularly land, and their build-up compromises the
quality of the environment. This has resulted in a high level of awareness
of the potential negative effects on man. These effects apart from the
degradation of the ecosystem, also results in commodity loss, loss to the
communities that depend on such lands for their livelihood and economic
loss due to spill clean up cost.

The development of remedial techniques to deal with these contaminant
solutes and assess their behaviour over relatively long spatial and
temporal scales seém to be the only viable solution or management
strategy to maintaining the integrity of the environment. In the light of the
limitations arising from the expensive and cumbersome nature of
experimental studies over sufficiently long distances and /or time periods,
theoretical models are thus fequired to describe the process of
bioremediation. Data on availability, transport and degradation, which
are limited, will be generated and used for the design of the equipment for

the treatment process.
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1.3

Purpose of Study

The purpose of this research work is to assess the potential of ex-situ

i0Y

bioremediation in a microcosm reactor as a clean up technique for

contaminated soils using theoretical models. The research work shall

achieve the following objectives:

(1)

(i)

(iii)

(iv)

v)

Design and fabrication of a soil microcosm reactor for evaluating
bioavailability and biodegradation of PAHs 1in contaminated
aqueous-solid systems.

Application of the concept of rate-determining step and steady state
approximation usefﬁl for. describing the .kinetics of synthetic
catalysis in evolving a suitable biodegradation kinetics model at the
gas-liquid interface for both single and multisubstrate enzyme
catalysis.

Development of steady state biofilm kinetics mode! for interactions
between the substrate and aggregates of microorganisms attached
to the soil particle.

Development of mathematical models for macroporous and
microporous systems at non-steady state to ascertain bioavailability
and fate (toxicity) of the remaining contaminant PAHs.

Application of the methods of temporal moment solutions (MOM)
and a nonlinear least square curve-fitting program for estimating

the transport parameters involving equilibrium sorption and first
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1.4

order degradation of PAHs.

Research Questions

The following research queétions will guide this research work:

(i)

(i1)

(iii)

(iv)

)

What are the current bioremediation techniques and their
shortcomings in terms of concentration, availability and toxicity of
contaminants?

How does the present research work differ from works of previous
researchers?

Are there --enough data for relating bioavailability and
biodegradation of contaminant PAHs? Do the parameters-
availability, mobility (transport) .and toxicity- correlate with the
concentration of contéminants in the soil?

How well do the theoretical predictions from the model compare
with experimental measurements from the soil microcosm reactor
in terms of convenience and applicability in solving biodegradation
problems in real time and s_pace?

Would the developed models be universally applicable to all

bioremediation systems?
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1.5

Implications of Research Work

This research work has the following significance:

(1)

(i)

(iii)

(b)

(c)

The understancﬁ;i'g of the basic principles in the development of
theoretical models for substrate bioavailability and biodegradation
of contaminants in aqueous-solids/sediment matrix and the
development of applicable models.

Models for one-dimensional convective-diffusive mass transfer
occurring in the subsurface and kinetic-diffusive equations are
presented.

App]iqability of the developed models in predicting the level of
contaminants in the micropores of the soil matrix.

These following activities are essential in realizing the above
objectives:

The design and fabrication of a bench scale soil microcosm reactor
for the treatment of polycyclic aromatic hydrocarbon compounds,
which serves as a benchmark for bioremediation studies.

Prediction of the distribut-ion of contaminants in both axial and
radial directions with intraparticle, interparticle and interphase
mass transport.

The knowledge and understanding derived from this research work
bring to the fore, the mechanism of bioavailability, mobility,

toxicity and contaminant concenfration in  aqueous-
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solids/sediments matrix for detailed pilot and full-scale design of

soil microcosm reactors treating single and multisubstrate organic

T

contaminants.

1.6 Scope and Limitation of Research Work

This research work is limited to the development of a systematic protocol

for evaluating bioavailability and biodegradation of contaminant

polycyclic aromatic hydrocarbon in the soil matrix. The work is covered

within the scope presented below:

1.

Detailed literature review of polycyclic aromatic hydrocarbon
biodegradation in soils/sediments matrix.

Model d:evelopment for steady state biofilm kinetics and the non-
steady state macroporous and microporous systems.

Design and fabrication of a soil mi'crocosm reactor as a first step in
the kinetic protocol for evaluating substrate bioavailability and
biodegradation in contaminated aqueous-solids/sediments matrix.
Characterization of soil to i)rovide insight into the physicochemical
properties of the soil.

Studies on soil microcosm reactor to provide acc].ir_nated soils and
to determine primary biodegradation by providing average

biodegradation rates of soil contaminants.

Studies on abiotic sorption/desorption kinetics and equilibria of the
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contaminants using sotil slurry systems.

Numerical simulation for ~bioavailability and biodegradation

hR

parameters in contaminated aqueous-solids/sediments matrix.

Testing and validation of theoretical models with data from

experiments.

Significance of Research Work

This research work focused on the potenfial application of bioremediation

as a means of effective clean up of contaminated soils in the Niger-Delta

and other regions where there are oil and gas activities in Nigeria. The

significance of the research work includes:

1.

The development of a mass transfer-limited numerical model for the
restoration process occurring in the surface and subsurface soil
during bioremediation

Application of the developed model in the investigation of the
effects of sorption and bioavailability on the rates of
biodegrédation. This apprdach S]‘l.OWS the effecis of rate-limited
desorption on bioavailability and it does not over estimate the
biodegradation rate.

The quantitative parameters (measured, calculated and estimated)
represent a valuable pool of information to the Federal Ministry of

Environment through- its regulatory and control agencies in their
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functions and duties with a view to containing and remediating

contaminated sites.

The estimated &;ﬁspoﬂ and degradation parameters form the basis
for predicting the bioavailability, mobility and toxicity of the
contaminants in the soil.

The data for the biodegradable contaminants within the soil matrix
following treatment provide an insight into the degree of

bioaccumulation and immobilization of individual PAH within the

soil micropores.
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CHAPTER TWO

2.0 - LITERATURE REVIEW

Polycyclic aromaticu};)\/drocarbons (PAHs) originate from both natural
and anthropogenic sources such as terrestrial deposit of coals,
atmospheric input as a result of incomplete combustion (wood burning,
forest fire, fossil fuel, and coke oven), oi! seeps and spills, highway dust
associated with vehicle exhaust. They are also constituents of the exhaust
from lawn mowers ‘and charcoal grills. The pure PAHs usually exist as
colorless, white or pale yellow-green solids (Keith and Telliard, 1979:
Freeman and Cattell, 1990; Schwarzenbach ef al., 1993). The simplest
and commonest of this group of compounds is naphthalene, which
consists of two benzene rings fused together. Other PAHs include
anthracene, pyrene, phenanthrene, benzo[a]pyrene (BaP), to list but a
few. They are used in the manufacture of pthalic anhydride (used in dye
making), lubricants, vermicides, antiseptic and insecticide especially in
mothballs, wood preservative, coating for water storage tanks to prevent
rust and as a soil fumigant. The;,y are also used commercially to make

pesticides, pharmaceuticals and plastics (Xu and Obbard, 2003).

Generally, an increase in the size and angularity of a PAH molecule

results in a concomitant increase in hydrophobicity and electrochemical

stability (Blumer, 1976).
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Despite their widesl;read distributions, PAHs can :be ultimately deposited
and persisted in sediment (as sink) in the aquatic system. This is due
largely to the fact iﬁ‘zsu\t‘most PAHs sorb strongly to sediment organic
matter because of their high hydrophobfcity and are resistant to bacterial
degradation under anoxic environment. However, when environmental
conditions become favourable, PAHs will be released to the overlying
water as long—térm source and pose poténtial threat to water quality and

aquatic ecosystem via bioaccumulation in food chains (Jones er al.,

1989).

Interest in the biodegradation mechanisms and cnvil'qqmental fate of
polycyclic aromatic hydrocarbons (PAHs) is pro;npted by their
ubiquitous distribution and their potentially deleterious effects on human
health. They exhibit toxic properties at low concentrations and several
have been listed as priority pollutants to be monitored in industrial
effluents, natﬁral waters, soils and sedin;ents (Karthikeyan and Bhandari,
2001). On exposure at high levels (above 10ppm), headaches, fatigue, and
nausea occur while if ingested, they have the potential to cause hemolytic
anemia, a condition that involves the breakdown of ‘red blood cells
(Volkova, 1983). Chronic effects arising from long term exposure to
these compounds can lead to reproductive defects including foetal

damage and decreasing fertility, damage to the kidneys and liver. Higher
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incidences of cancer, lung and skin tumor have been reported for people
who have been occupationally exposed to these compounds (Day-Barker

et al., 1985; Sorsa, 199"2).

Biological treatment techniques for remediating soils contaminated with
hazardous organic compounds (polycyclic aromatic hydrocarbons) are
gaining public acceptance as increasing numbers of effective
bioremediation processes have been developed (Okerentugba and
Ezeronye, 2003; Ebuehi et al.,, 2005; Okoh, 2006). .The potential of
bioremediation is almost boundless. ’i‘reihendous studies have been made
over a relatively short time, both in the discovery of novel biochemical
mechanisms and the development and/or refinement of innovative reactor
designs (Heitkamp c;t al., 1987; Wilson and Jones, 19935. It is understood
that the initial step in the aerobic catabolism of a PAH molecule by
bacteria occurs via oxidation of the PAH to a dihydrodiol by a
multicomponent enzyme system. These dihydroxylated intermediates
may then be processed through either an ortho cleavage type or a meta
cleavage type of pathway, leading to central intermediates such as
protocatechuétes and cathechols, which are further converted to
tricarboxylic acid intermediates (van der Meer et al., 1992; Kanaly and

Harayama, 2000).
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A,

In many applications, bioremediation methods can be cost effective
compared to other;ﬁématives such as thermal or physical/chemical
treatment methods. Laboratory and field studies have been used to
demonstrate the effectiveness of bioremediation in cleaning up PAH
contaminated sites (Mahaffey ef al. 1988, Mueller et a’., 1989; Onig and
Bower, 1990). The method depends on the ability of indigenous microbes
to degrade organic contaminants in their vicinity, provided conditions
suitable for biodegradation can be created in the contaminated site. The
application of - microorganisms for remediation of environmental
problems has aroused considerable interest in recent years with the

growth of the biotechnology industry.

Various types of microorganisms capable of oxidizing petroleum
hydrocarbons and related compounds (directly or by co-oxidation) are
widespread in nature. Over two hundred species of bacteria, yeasts and
filamentous fungi have beenl shown to metabolize one or more
hydrocarbon compounds ranging in complexity from methane to
compounds of over forty carbon atoms (Zobell, 1973). Microbial
activities in hydrocarbon impacted sites are well docun;énted (Jabson et
al., 1972; Atlas, 1981; Bakers and Morita, 1983; Bewley ef al,, 1989;

Leahy and Colwell, 1990; Atlas, 1991;"Chunga and King 2001). In the
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process of utilizing these hydrocarbons as enérgy sources, they are
broken down to carbon (iv) oxide, water and a number of intermediates.
Independent researcﬂ‘\ﬂa‘sults by Hong-gyus (1990) and Boonchan et al.
(2000) have shown that micrqorgaﬁisms capable of mineralizing
petroleum hydrocarbons are present in almost any conceivable soil
environment. Microbial biodegradation of polycyclic aromatic
hydrocarbons (PAHs) during the process of bioremediation can be
constrained by lack of appropriate nutrients, low bioavailability of the
contaminants to the microbial bibmass, or scdrcity of PAH-biodegrading
microorganisms'- (Xu and Obbard, 2004). However, an accelerated
biodegradation can be achieved by manipulating the substrate
microenvironment, such as by adding nutrients (Oh et al, 2001)
enhancing aerobic status i.e. oxygen availability (Symons et al., 1995),
introducing microbial inoculum and/or exploiting the presence in the soil
of hydrocarbon degrading species of microorganisms (Rahman et al.,
2002; Tam et al., 2002), enhancing PAH availability (Barkay ef al., 1999;
Duke et al., 2000; Bogan et al., 2003), or by co—metabolis;xl, a term which
describes the process whereby a microorganism utilizes a readily
degradable substrate as the carbon (energy) source to dzgrade an organic
compound that it is unable to use as a sole carbon (energy) source (Zhang
et al., 1998). In addition, the degradation pathway is found to be

dependent on water, temperature, pH and inorganic nutrients.
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The fate of hydrocarbon spill in the soil/sediment environment is
determined by the apparently complex physical and chpmical alterations
occurring with tinlé.‘\.f.{EIiable predictions of the fate and transport of
PAHs in soils under various conditions are critical for proper prompt
remediation, risk assessment and influences the environmental
acceptability of treated soils.. The rates of these changes are influenced
by a variety of abiotic .environmental parameters, as well as the
physicochemical properties inherent to the PAH itself including
molecular structure which depend on the molecular volume, presence of
co-solutes (hydrocarbon mixtures), presence of active groups (Burwood
and Speers, 1974) and thermodynamic stability of the PAHs (Mueller et
al., 1989). Extensive studies have been conducted to evaluate sorption
and desorption kinetics of PAHs in soils and sedimcntg (Peters et al.,
1999; Rockne et al., 2002; Loor et al.,, 1996). These works, however,
failed to address solute transport based on convective-diffusive mass
transfer occurring in the subs;xrfacc. Sorption of contaminants to mineral
and organic suffaccs controls contaminant bioavailability and hence the
rate and extent of biodegradation. Hatzinger and Alexander (1995)
prescribed the phenomenon of aging in which it was found that the
biodegradation rates of organic compounds decreased with increasing age
in both high and low organic matter soils. They attributed; this to the fact

that a slow sorption following the initial rapid and reversible sorption was
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responsible for the chemical fraction that was very resistant to desorption.

Studies on contamin;fff sequestration and bioavailability as reported by

Alexander (1995) indicate:

(1)  That the aging process results in the movement of contaminant to
the interior of soil particles thereby becoming sequestered;

(i)  The availability of some contaminants decline with decreasing
periods of time because they become sequestered and

(i)  Concentration of contaminants as determined by solvent extraction

is not an appropriate predictor of availability and toxicity.

The availability, mobility and toxicity of contaminants in the soil is a
function of its measured concentration and the mechanism of distributing
the contaminants into surfaces and into pores of individual soil particles,
the chemical properties of the soil, the time of contact between
contaminants and soil (i.e. ag'ing) and the type and extent of treatment of
soil (Alexander, 2000). As a result of the very low water solubility and
high octanol-water partitioning coefficient (ko), they tend to sorb to the
organic matter in the soil instead of being solubilized in the infiltrating
water and through this be transported downward to the groundwater
reservoirs. The sorption process is thus counteractive to efficient

biodegradation because it decreases bioavailability since the compounds

26



a4

due to sorption \_Nill be located Iin microporous areas of the soil
inaccessible to the__ bacteria (Zhang et al., 1998). Walter et al., (1992)
further showed that éé}\ption of organic pollutants onto soil organic matter
significantly affects biodegradability as-well as biotoxicity. PAHs have
also been reported to be partitioned or incorporated more or less
reversibly into the humic substances of the soil after partial degradation
and thereby become even more immobilized in the soil (Kastner et al.,

1999; Ressler et al., 1999).

Development of the treatment process would therefore involve the
selection of appropriate pollutant-degrading microorganisms and suitable
reagents, optimization of the chemical supplements required to achieve
effective biodegradation in microcosm systems and finally, optimization
of the physical conditions most conducive to microbigl _lactivity in the

field (Bewley et al., 1989)

2.1 Adsorption-Reaction-Des.orption in Bioremediation Processes

Adsorption is a physical separation process in which certain compounds
of a fluid phase are transferred to the surface of a solid adsorbent
(McCabe ef al., 1993). The separation is dependent on one component in
a mixture being more readily adsorbed than the other components. The

adsorption process takes place in three steps: macrotransport,
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microtransport and sorption. Macrotransport involves the movement of
the organic rhaterial through the water to the liquid-solid interface by
advection and difft;s;{Sn. Microtransport involves the diffusion of the
organic material through the macropore system of the soil particle to the

adsorption sites in the micropores and submicropores of the soil particle.

The adsorption which results from the influence of Van der Waals forces
is essentially physical in nature. Due to the fact that the forces are not
strong, the adsbrption may be easily reversed. However, in some systems,
additional forces bind adsorbed molecules to the solid surface. These are
chemical in ﬁature involving the exchénge or sharing of electrons, or
possibly molecules forming atoms or radicals. In such cases, the term
chemisorption is used to describe the phenomenon (Coulson and
Richardson, 2006). This is less easily reversed than pl:ysical adsorption,

!
and regeneration may be a problem.

Adsorption equilibrium is a dynémic concept achieved when the rate at
which molecules adsorb unto a surface is equal to the rate at which they
desorb. The theoretical adsorption capacity of the soil tl"or a particular
contaminant .solLite can be determineé by calculating its adsorption

1sotherm.

Unlike absorption, in which solutes diffuse from the bulk of a gas to the
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bulk of a liquid phase, in adsorption, molecules diffuse from the bulk of a
fluid to the surface of a solid adsorbént, forming a distinct adsorbed phase
(Coulson and Ricﬁz;;dson, 2006). Solid surfaces tend to attract
components of gases and liquids surroﬁnding them. These components
often collect as monolayer or sometimes as multilayers on the surfaces. In
most, but not all cases, the adsorbent (the solid) bind the components
(adsorbates) reversibly so that the adsorbents can be reused. Most solids
(adsorbents) are ve'r.y porous and most of their surface area is the interior
of the adsorbent. Thus, the adsorption process consists of the sequence of
mass transfer operations whereby the solute is transported into the interior

of the adsorbent where it is adsorbed.

During bioremediation, the adsorption of the contaminant solutes is
followed by a chemical reaction, 1eadiné ultimately to the transformation
of the adsorbates and finally the release or desorption of lthc products of
the metabolic process (Lapinskas, 1989).

In this study, the sc-)iid adsorbenté are the spherical soil particles in which
indigenous microorganisms present are perceived to play the role of a
catalyst pellet in an irreversible reaction. Adsorption takes place primarily
on the walls of the pores or at specific sites inside the particle. The
overall reaction rate is influenced by the intrinsic kinetics, mass transfer

resistance within the pores of the soil particles and resistance to mass
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transfer of the solute (contaminant) to the outer surface of the particles
(Coulson and Richaidson, 2000).

In general, the concentration of the contaminant will decrease from C, in
the bulk of the fluid to C; at the surface of the particle, to give a
concentration driving force of (C, - C; ). Hence, within the pellet, the
concentration will fall progressively from C; with distance from the
surface. This-pl;esupposes that no distinct adsorbed phase is formed in the

pores.

The process lof adsorption has been described as one of the most
important chemical processes in soils (Brady and Weil, 1999, Spark,
2003). It determines the quz_intity of plant nutrients, metals, pesticides and
other organic chemicals retained on soil surfaces and 1s therefore one of
the primary processes that affects the transport of nutrients and
contaminants in soil. Both physical and chemical forces are involved in
the adsorption of solutes from solution. ‘The physical forces include van
der Waal forces and electrostatic interactions between ion or dipole and
surfaces (ion exchange), while the chemical forces include inner sphere
complexation that involved a ligand exchange mecﬁaﬁism, covalent
bonding and hydrogen bonding. The surface of a solid represents an

interface between the gas or solution phase and mineral crystal. It consists
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of discrete sitss and each one individually participates in a reaction
resulting in sorption (Sposito, 1994). Sorption can be affected by a
number of factors wh‘ihgh include surface area, mineral surface properties,
organic carbon and the organic carbon distribution coefficient (Koc),
solubility of solutes, temperature, pH and salinity (Weissenfels ef al.,
1992; Rockne et al., 2002; Kukkonen, 2003).
When a fluid containing sorbates flows through the soil/sediment matrix,
the sorbates are transferredl from the flowing stream to the pore fluid at
the outer surface of the particles by the mechanism of film diffusion
(Treybal, 1981).-Inside the particles, sorbates diffuse in the pore fluid by
the mechanism of pore diffusion and .are adsorbed onto the internal
surface through a transfer process of solid diffusion (McCabe et al., 1993;
Fogler, 2006). The mass transfer kinetics of a contamir.ant from the bulk
liquid phase to the dolid phase is influenced by the presence of the solute
and maybe the rate-limiting step in some instances. The mass transfer
steps during the adsorption process rﬁay be described as i:ollows:
* within the flowing ﬂuid‘ stream, the solute is transported by
diffusion in both axial and radial directions,
* the contaminant solute is transferred from the bulk Iicjuid phase to
the liquid film surrounding the surface of the adsorbent (in this
case soil particle),

* the contaminant flow via the liquid film to the interstitial voids,
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pore diffusion through the voids in the solid particle and finally

adsorption of the contaminant onto the soil particles.

-~

e after adsorption, ‘the contaminant solute may be transported along

the surface or through the solid phase by diffusion.

2.2 Equilibria: Adsorption Isotherms

An isotherm is the relationship that shows the distribution of an adsorbate
(material adsorbed) between the adsorbed phase (that adsorbed on surface
of adsorbent) and the solution phase at equilibrium keeping the
temperature constant (McCabe et al., 1993; Coulson and Richardson,
2006). The capacity of an 'adsorbent for a pérticular adsorbate involves
the interaction of three properties: the concentration, C, of the adsorbate
in the fluid phase, the concentration C, of the adsorbate in the solid phase
and the temperature of the system. In.the mathematical description of
adsorption and reaction processes in porous media, the choice of the

applicable adsorption isotherm is very crucial to system specification.

Linear isotherms are used for dilute systems where linearity prevails
while the Freundlich and Langmuir isotherms are applicable to adsorption
and reaction systems in wﬁich concentrated media are encountered and
hence they are described as non-linear adsorption isotherms. For gases,

the concentration is usually given in mole percent or as a partial pressure,
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while for liquids; the concentration is often expressed in mass units, such
as microgram, milligram or gram. The concentration of the adsorbate on

the solid is given as mass adsorbed per unit mass of original adsorbent.

For a typical isotherm shape, the ordinate-abscissa coordinate system is
applicable where the mass adsorbed/weight of solid (ordinate) is plotted
against the equilibrium concentration of adsorbate in solution after
adsorption (abscissa). The linear isotherm goes through the origin and the
amount adsorbed is proportional to the c;onccntration in the fluid. On the
one hand, isotherms that are convex upward are called favourable,
because a relatively high solid loading can be obtained at low
concentration in the fluid; while on the other hand, an isotherm that is
concave upward is called unfavourable because relatively low solid
loadings are obtained. Concave upward isotherms lead to long mass-
transfer zones! in the bed. However, if the adsorption isotherm is
favourable, mass transfer from the solid back to the fluid phase has
characteristic_s similar to those for adsorption with an unfavourable

1sotherm.

The limiting case of a very favourable isotherm is irreversible adsorption,
where the amount adsorbed is independent of concentration down to very

low values. All systems show a decrease in the amount adsorbed with an
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increase in temperature. The adsorbate can thus be removed by raising the
temperature. However, desorption requires a much higher temperature

when the adsorption ig'strongly favourable or irreversible than when the

isotherms are linear.

2.3 Model Isotherms

There are three generally recognized mathematical relationships that
were developed to describe the equilibrium distribution of a solute
between the dissolved (liquid) and adsorbed (solid) phases. These
relationships help interpret the adsorption data obtained during constant

temperature tests, referred to as adsorption isotherms. They include the

following:

2.3.1 Langmuir Isotherm

The Langmuirl adsorption isotherm equation was derived on the basis of

the following assumptions:

(1)  Fixed individual sites exist on the surface of the adsorbent

(ii) Each of these sites is capable of adsorbing one molecule, resulting
in a layer of one molecuie thick over the entire adsorbent surface

(iii) All sites adsorb the adsorbate equally

(iv) Adsorption is reversible. o

It is defined by the expression
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x ab(, ' (2.1)

m 1 +bC,

Where %1 — amount adsorbed per unit weight of adsorbent (soil).

a, b = empirical constants

C .= equilibrium concentration of adsorbate in solution after adsorption.

The constants in the Langmuir isotherm can be determined graphically

using the equation Ce/(%,)= %b + % C, .
Where C’/(x Jm) is the ordinate, C,, abscissa, %b and }; are the intercept

and slope respectively.

2.3.2 Freundlich Isotherm

The Freundlich isotherm eqﬁation assumes that:

(i) The adsorbent has a heterogenous surface composed of adsorption
sites with different adsorption potentials.

(ii) Each class of adsorption sites adsorbs molecules as in the Langmuir
equation.

This isotherm equation is the most widely used. Freundlich in 1926
(McCabe et al., 1993), showed that an adsorption study data could be

correlated using an equation of the form:

= _ych | 2.2)

m

where x is the amount of solute adsorbed, m (mg), mass of adsorbent

(mg) C, the concentration of adsorbate remaining in solution after
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adsorption is complete i.e. at equilibrium (mg/l). k, n are empirical

constants that must be determined experimentally for each solute type and

temperature. A plot of log = against log C, gives a straight line with
n

slope )/ and intercept k.

2.3.3 Brunauer, Emmett and Teller (BET) Equation

The third adsorption isotherm model is the BET equation. It assumes that

(1) Adsorbent surface is composed of fixed individual sites

(if) Molecules can be adsorbed more than one layer thick on the surface
of the adsorbent

(1i1) The energy required to adsorb the first particle layer is adequate to

hold the monolayer in place.

2.4 Useof Biosurfactant§ in Soil Remediation

Many organic contaminants of interest tend to sorb ont;) soil such that
only a small fraction of the compound may actually be in the bulk water
phase. Over long contact time, the sorbing pollutants slowly diffuse into
the organic and inorganic matrix and likely form bound residues (Bouwer

et al., 1997).

The accumulation of contaminants in fissures and cavities within
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subsurface soils renders them inaccessible to microorganisms and their
enzymes, thus, limiting the bioavailability of these contaminants for
microbial utilization.‘?he practical effect of the resulting slow diffusion
of contaminants within the soil aggreéates, coupled with other kinetic
limitations of desorption, results in a concomitant decreaISG in the rate of
removal of the contaminant. Sorption and transport processes which
ultimately determine the fate of PAHs can be affected by surfactants due
to admicellar sorption, which is the partitioning of components between
an aqueous phase and an adsorbed surfactant phase. Results from several
studies suggest that non-aqueous phase compound dissolution in saturated
porous media is positively dependent on the interstitial water velocity
(Imhoff et al., 1994; Seagren and Moore, 2003; Chrysikopoulos et al.,
2003). However, surfactants may also retard the transport of
contaminants due to the partitioning of the contaminants to an adsorbed
surfactant phase. Enhanced apparent solubility of contaminant PAHs was
found to be significantly dependent on the critical micelle concentration
(CMC). No enhanced solubility of PAH was detected at surfactant
concentrations below the CMC (Koeppel, 1997). The influence of
surfactant on the sorption of hydrophobic components by both
solubilization and admicellar sorption has also been documented by
Brown (2007). From the result of the liquid chromatography study, the

presence of surfactants in the mobile phase at submicellar concentrations

1
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was found to increase the retardation of certain solutes, but decreased

retardation when uscd at supramicellar concentrations.

jats

Facilitated bioavailability resulting froﬁl the use of surfactants refers to
the ability of an organism to have access to pools of non-labile chemical.
Mechanisms ~ proposed for this ability include the release of
biosurfactants, direct mining of adsorbed chemical and alteration of
interfacial chemistry and passive effects of attached biofilms on
molecular diffusion (Pignatello and Li, “2006). Results of their
investigation revealed that the ability of nutrients to accelerate
degradation of bioavailable PAHs by native cells indicated that the
persistence of PAHs for fnany decades at the site was likely due to
nutrient-limited natural attenuation. It was thus suggested that the
application of surfactants promotes facilitated bioavailability of PAHs in
the soil to indigenous microorganisms..Zhu ef al., (2004) examined the
sorption behaviour of PAHs (solutes) in soil-water systems containing
surfactants for better understand{ng of the fate of contaminants in natural
systems and the feasibility of using surfactants for remediation of
contaminated soils. Their report showed that the ratio of apparent

sorption coefficients to the intrinsic coefficients, varied from greater to

less than one depending on the system. .
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The prospects for the use of biosurfactants in soil remediation are
dependent on the capacity of these compounds to enhance the solubility
and thus promote t_h;é ‘Fn'ovement of non-aqueous phase solids and liquids
whose dissolution are very slow and mass-transfer limited (Vogler and
Chrysikopoulos, 2004). Literature findings have revealed that surfactants
are implicated in facilitating or enhancing the dissolution of PAHs in
aqueous phase liquids with the concomitant increase in biodegradation
rates, applied for stimulating the dissolution of non-aqueous phase liquids
initially present in soil, the dissolution of solid contaminants and the
desorption and transport of soil-sorbed contaminants (Pennel et al., 1993;
Mason and Kueper, 1996; Fortin et al., 1997; Brown ef al., 1999; Brown
and Jaffe, 2006).. A closely related aquifer remediation technology
involves the use of surfactants that can reduce the surface tension and
also enhance the dissolution and mobilization of dense nonaqueous phase
(DNAP) compounds. Addition of synthetic surfactant resulted in
increased mobility and solubility of PAHs, which is essential for effective
microbial degradation (Tiehm,‘ 1994). In recent times, Urum and
Pekdemir (2004) evaluated the ability of aqueous biosurfactants solutions
for possible applications in washing crude oil contaminated soil. They
reported that oil removal was due to mobilization caused 1by the reduction
of surface and interfacial tensions. The study suggested that knowledge of

surfactants behavior across different systems is paramount before their
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use in the practical application of oil removal.

2.5 Biodegradatiéﬁ\i{inetics

The process 6f the biodegradation of c-c.mtaminants in the soil/sediment
matrix is complex and involves the diffusion of contaminants in the
porous soil matrix, adsorption to the soil surface, biodegradation in the
biofilm existing on the soil surface and in the large pores as well as in the
bound and free water phase after desorption from the soil surface. The
availability, mobility and toxicity of contaminiant PAHs in the soil is not a
function of its measured concentration, but depends on the
physical/chemical mechanisms of distributing the chemicals onto surfaces
and into pores of individual soil particles, chemical properties of the soil,
molecular siz.e, i.e., the number of arom..atic rings, molecular topology or
the pattern of ring linkage, the time of contact between chemicals and soil
(i.e. aging), the type and extent of treatment of soil (Alexander, 1995;
Carmichael and Pfaender, 1997; Kanaly and Harayama, 2000; Gosh et

al., 2001; Oleszczuk and Baran, 2003; Shor et al., 2004).

Extensive work has been done on the kinetics of biodegradation. The
most celebrated is the Michaelis-Menten kinetics 1913 (Levenspiel, 1999;
Fogler, 2006) in which the rate of degradation was correlated with time.

The mechanism of biodegradation of PAHs is dependent on the structural
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configuration of the compounds, environmental conditions and the
microbial species (Guthrie and Pfaender 1988; Lamoureux et al., 1999;
QOleszczuk and Barai‘l\:‘2003). Effective bioremediation can thus reduce
contaminant concentration in soil to a level where they are postulated to
no longer pose an unacceptable risk to the environment. This represents
environmentally acceptable end points (EAEs); i.e. they no longer harm
ecological receptors or human health. The chemicals that remain in soil
thus exhibit reduced toxicity and leachability compared to chemicals

freshly added to soils.

The kinetics of research studies on effective biotreatment of PAHs in the
soil environment indicates that contaminants are biodegraded by
indigenous soil microbiota to a “plateau” concentration (Tabak and
Govind, 1997). Some of the interpretations of important experimental

results show that:

1. Only limited biological activities exist within the intraparticle
pores; ’
it. Many species of bacteria are known to bio-degrade only the more

soluble polycyclic aromatic hydrocarbons;
iii.  Many organic contaminants of interest tend to sorb onto soils so

that only a small fraction of the compound may actually be in the

water phase;
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iv.  Prolonged exposure of these contaminants in fissures and cavities
within. subsurface solids renders them inaccessible to
microorganisﬁis\' and their systems, and also decreases their
bioavailability; and

\Z The constituents of contaminant at the site are likely less available

for microbial utilization because they reside on the surface or in the

pores of the soil particle.

There is no systematic methodology in the open literature (as far as the
author knows) that quantitatively determine biodegradation kinetics of
PAHs in compacted soil systems. However, a systematic multilevel
protocol using soil slurry, wafer and column reactors has been developed
to determine the biokinetic parameters for toxic organic pollutants (Tabak
and Govind, 1997; Reardon et al., 2002). Chemicals, which become
transported to micropores of soil partic'les, are bounded to humic solids.
The longer the contaminant remains in soil, the less rapidly it is removed
by solvents. Sorption entails slovs} and continuing diffusion to remote sites
of solid particles and that desorption involves a very sloyy: diffusion from
remote sites to surface of soil pz;lrticles. More precisely, it can be
presupposed ‘that the solute is first adsorbed on the surface, where a
heterogeneous reaction takes place and its products, which are supposed

to be inactive and of very low concentration, are desorbed into the fluid.
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The adsorption is assumed to take place on vacant sites that are normally
distributed over the solid surface, whereas the overall rate of the process

is determined from basic thermodynamics (Coutelieris ez al., 2004).

Assessing the availability of the remaining contaminant is a critical issue
which influences the environmental acceptability of treated soil.
Therefore, information is still needed to correlate the effect of treatment
of soil contaminated with hydrocarbons on the concentration, mobility
and toxicity of these organics. The patterns of disappearance as indicated
by Tabak and Govind (1997) showed a rapid decline of concentration of
PAHs during the initial stage of bioremediation followed by a declining
rate of reduction of chemicals that ultimately approaches zero over time.
The extent of contaminant removal and final concentrations achieved,

differed among different soils.

Substrates interactions were observed in biodegradation kinetics of PAH
mixtures and the “best modelh to describe these interactions is a
multisubstrate model. Results from multi-substrate models (Guha et af.,
1999; Knightes, 2000) indicate that the biodegradation rates of the more
degradable and abundant compounds are reduced due to competitive
inhibition, but enhanced biodegradation of the more recalcitrant PAHs

occurs due to simultaneous biomass growth on multisubstrates.
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CHAPTER THREE
3.0 MODEL DEVELOPMENT FOR STEADY STATE BIOFILM
KINETICS

3.1 Kinetic and Molecular Diffusion in the Interface Film

Generally, the kinetics of an enzyme catalyzed reaction of a given
contaminant (substrate) such as petroleum hydrocarbons can be presented
along the twin concepts of rate-determining step and the steady state
approximation (Susu, 1997; Fogler, 200'6). Consider, for an example, the
following enzyme-catalyzed reaction scheme where a substrate, C, reacts
with an enzyme, E, to form an enzyme-substrate complex EC, to yield a
product, P; the enz;/me is recovered, like a true catalyst. Two reactive
schemes will be used in deriving the kinetics of this simple reaction. The
first uses the concept of rate-determining step and the second uses the

steady state approximation.

3.1.1 Intrinsic Kinetics using Rate-Determining Step

The kinetic sequence is given below:

f1~:1+[c,1%>'—[sc,]*—'-> [E]+[P] a1
[E]+[C,] = [EC,) —> [E]+[P)] 32)
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k

k »
[E]+[C,] ﬁ [EC,]—=>  [E]+[P] , . (3.3)

(E}+[C,] ﬁ [EC;]—> [E]+[P,] (3.4)

k

The mathematical formulations for both single and multisubstrate enzyme

catalyzed reactions are developed below.

3.1.2 Single Substrate Catalyzed Reaction

The rate of product formation depends on the dissociation of product
forming complgx, and by simple kinetic scheme, the rate of reaction is
given by:

=k, [EC] ) (3.5)

A material balance on the enzyme distribution in the reacting system

yields:

(E,]=[E}+[EC] (3.6)

Combining equations (3.5) and (3.6),

r K[EC) (3.7)
[E,] [E}+[EC] '

The dissociation constant ks can be expressed as the ratio of the rate

constant k; and k _;:

&[] )
T (3.8)
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C
[£C] = [ﬂ] ] | 3.9)

Substituting equation (3.9) into equation (3.7), yields:

k,[CIE]

T 1{s
[E] 5+ [C}]:[E] ) (3.10)

]

By appropriate mathematical approach, equation (3.10) becomes:

-l
r _ [cIE] . (3.12)

k(] [ENK +[C)

But the rate of formation of product will be maximal when the total

enzymes form a complex. Hence,

K[E1=t,., (3.13)
Therefore, substituting (3.13) into (3.12), we have:

r __1Ic
r k, +[C] (3.14)

max

For a single hydrocarbon, equation (3.14) becomes:

_ ZulC] (3.15)

But the rate of hydrocarbon degradation is:

_ac 3.16
- (3.16)
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Hence combining equation (3.15) and (3.16) and on rearrangement, we

have:

.

r dt = (k’ * [C]Jdc (3.17)

[c]

Equation (3.17) can be expressed as

rdi= i‘(l . —’éi}rc (3.18)

i=}

For a single substrate system,

r o dt= [‘é—u leq (3.19)
On integration, equation (3.19) yields:

t=k, mgl(co ) (3.20)

[1]

rll!lll

3.1.3 Multisubstrate Catalyzed Reaction

Multi-substrate feed (a mixture of hydrocarbons) has been found to be
present during petroleum spill. Consequently, the velocity at any given
time is the sum of the velocities contributed by degrading microbes.
Therefofe, from equation (3.19), the rate can be represented as:

E: rmuxl[cl] + rmnx![CZJ + +_r"E'..".££9_".l (3.21)

.........

dt kSI + [Cl] kSl + [Cl] kSn + [Cn]
Equation (3.21) can .be re-written as:
&z o Ll (322)

d
dt i=l1 kSi +[Ci]
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Let I'*max =T maxi

ac, .. & [C) }
E‘ =T maxi g_—ksl. \-!-[Cul] (3‘23)

» . -
and 1, iS given by:

ot = o (3.24)
3 [Ci]
io kg +[C;]
Integrating both sides of equation 3.24, we have

Fmat = 3 [kg; InC, + C [

Pt = D kg lnl:%]. -fc.-¢,]

0

(3.25)

For all values ofi=1----n

3.1.4 Coupling Kinetics and Molecular Diffusion

Recall Fick’s law of molecular diffusion,

D[] _dc] , | (3.26)
dx? dt

At steady state, dC/dt =0

Therefore,

Dd’[Cl_ . _, (3.27)

From equation (3.27):
D,d[C] = rdx? ) (3.28)

Integrating both sides of equation (3.28),
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Thes, 24C1_, (3.29)

Therefore, substituting equation (3.29) into equation (3.27), we have:

Dd’[c]_dc]_, (3.30)
dx? dx

Equation (3.30 ) can be resolved by the method of solution as applied by

Jenson and Jeffreys (1966); Coulson and Richardson (2000).

Thus,

[C]= A + Be" " (3.31)

Similarly, for a multisubstrate catalyzed reaction, equation (3.30) holds
and the same method of solution as in the single substrate catalyzed
reaction applies.

Therefore,

[C]= A +Be +g;—l)-1 (3.32)
For all values ofi=1...n
The constants A and B in equation (3.31) and (3.32), can be solved for by
using the following boundary conditions:
At x=0, C=GC

x=L, C=0

Thus
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L
Azé{c"e +c0} | . (3.33)
B=_ e ™ (3.34)

Substituting the values of A and B into equation (3.31), we have:

_1 C,e" | _Cee -
C—2[8L31+C0} [2«:"——1] (3.35)

Equation (3.33) describes the model equation for a single substrate

catalyzed reaction in the interface film.

In the same way, substituting A and B into equation (3.32)

C1fce ] [ cer ]t
C—zLL_1+C0} I:Z(eL——])}r X : (3.36)

nz0

Equation (3.36) above describes the model equation for a multisubstrate

catalyzed reaction in the interface.

3.1.5 Intrinsic Kinetics using Steady state approximation
Using the elementary steps for the biodegradation of the hydrocarbon

components and applying the steady state approximation technique for

deriving the rate expression,

] kF’
E+Cg—>k_ EC —™>. E+P
k. .
%1 =k, [EC] (3.37)
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Enzyme conservation Er=E + EC

4l - e e, B

-

By the steady state approximation,

e el

d[EC]
dt

(3.38)

(3.39)

The reactive intermediate concentration is so small and as such, it.can be

assumed that the rate of change is negligible and hence zero or its rate of

change is assumed to be at equilibrium with the reactants (Susu, 1997;

Levenspiel 1999; Bailey and Ollis, 1977).
Eliminating [E] in equation (3.38), we have:
k [C][E, ]~ [EC]= k., [EC]+ k, [EC]
k, [c][E; }- K, [C]{EC] =k, [EC]+ K, [EC]

k,[C)E, ] =k [C][EC]+k,[EC]+ K, [EC]

and

o

Putting equation (3.40) into equation (3.37), we have:

d[P]__ kpkl[C][ET]
dt ~ (k,+kpo)+k,|[C]

and
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alP]__#,[5;](c)

(B

kl

= rate of reaction for single substrate (3.41)

..

k,+k
Let

£ = constant M (usual form of Michaelis - Menten constant)
1

d[P] _k,[E.}C]
dt  M+[C]

Therefore, the rate of reaction is given by the rate of disappearance of the

reactant or the rate of production of the product of reaction:

_ -d[C] d[EC] _ d[p}
T T a : (3.42)

For multi-substrate reaction scheme, the rate of reaction is given by:

Sk, B JIC,]
re .. | (3.43)
k';]:_.ﬁ + ZC'
] i=1

3.1.6 Coupling Kinetics and Molecular Diffusion
Equations (3.41) and (3.43) when incorporated into the equation of Fick’s

law of molecular diffusion gives:

D,d;C __ K [ELIG] 0 (3.44)
dx k, +k,
( ” J+[Co]

Rearrangement yields:

D,d’C _k,[E-]IC,] _ 0 (3.45)
dx? M+[C,] '

Further,
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D.d’C- K,[E+)[C,] - (3.46)
x> M+[C,] ' '

Integration of equation (3.46) yields:

kB4 ]IC,)
D, [dC= MAC] fdx (3.47)

Solution of equation (3.47) yields:

K E{)IC)
D,C=—pt (348)

And rearrangement of equation (3.48) yields:

(K[ErNCY x .
C-[————-——-M+[CO] ]Dr (3.49)

Equation (3.49) represents the model equation for a single substrate

catalyzed reaction.

Similarly, for a multisubstrate catalyzed reaction,

oo (V.m[Ca]J_x_ (3.50)
wAM+{C.1/D;

Equation (3.50) is rearranged to yield:

vmax Z [Cl ] %

- S, (3.51)

C
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The selection of which relationship will be applicéble in any specific case

will be determined by how well the prediction of experimental data

.
mirrors the simulated prediction.

3.2 Kinetic Model of Biofilm af Steady State

A direct impact of sorption on biodegradation is the reduction of organic
contaminants in the bulk water phase. For a microorganism assumed
spherical, with a spherical shape and radius R, a relatively stagnant zone
of thickness L, is assumed to surround a microbial cell. At steady state,
the rate of substrate utilization within the cell must be equal to the rate of
substrate transport into the cell. We also utilize the concept of minimum

substrate concentration (Cy;,) introduced by Rittman and McCarty (1980).

This defines a critical cell concentration below which the biofilm will
have a negative growth rate and above which it will have a positive
growth rate; the biofilm can thus grow beyond the monolayer limit, until
it reaches its steady state thicknéss. A biofilm is described as a layer-like
aggregation of microorganisms attached to a solid surface. The rate of
substrate utilization is dependent on the mass of biofilm present. It is
intuitive that the mass of biofilm will be large when the substrate
concentration in the bulk liquid is high since the bacteria will be able to

capture chemical energy and convert same partially to cell mass at a fast

54



rate. Conversely, when the substrate concentration is low, the rate of
energy capture becomes low and at sufficiently low concentration, the
rate of energy captur;\may be less than the rate of energy expenditure
required to sustain the viability of the bacteria. The task therefore is to
define a minimum bulk contaminant concentration that will allow a
steady state monolayer to exist. This objective can be achieved by
establishing 'the relationship showing the interdependence between

contaminant utilization and the rate of contaminant transport.

Due to the specifi¢ sequence of elementary steps encountered during
diffusion of compounds, geometric. and mass transfer restrictions are
likely to occur. These cause most bacteria to be present in the external
surface of soil particles and in the bulk aqueous phase (Rittman and
McCarty, 1980). Since only limited biological activities exist within the
intraparticle pores, the influence of mass transfer on biodegradation
therefore becomes important and this has been characterized by a single

parameter, bioavailability as given by Bouwer et al., 1997.

The contaminant and oxygen consumption rates are considered important
parameters characterizing a biological reaction. This is because they have
been proposed as a means of adaptive control of biodegradation process

taking place in a perfectly ﬁ]ixed bioreactor (Babary, 1999). However, it
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is not adequate to simply transfer sufficient oxygen to the bulk liquid
medium in cé]l systems. Oxygen must glso be transferred from the bulk
liquid to the cells. Fc;r\instance, the transfer of oxygen must be achieved
from a gas bubble through the liquid medium to the micropores of the
cells. The resistance to oxygen transfer as well as the oxygen transfer rate
from the gas phase to the inside of the micropores has been reported
(Coosen, 2002). In order to ensure the survival of the cells in the
micropores, the oxygen transfer rate must be greater than (or at least

equal to) the oxygen consumption rate of cells inside the pores.

At steady state, the rate of contaminant utilization within the biofilm must
be equal to the rate of contaminant transport into the biofilm, (Wami and
Ogoni, 1997) , yielding the equation:

dC

4 RJl Aumaxci =47TR2DS"'—'_ (352)
T

370 YK, +C, 7R
This balance assumes that the Monod specific growth rate with constant
yield factor and contaminant diffusion through the stagnant region
(biofilm) is presumed to be governed by Fick’s law (Bailey and Ollis,

1977). A mass balance on biofilm surrounding the cell is shown in

Figure 3.1 below,
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Fig. 3.1: Schematic of a cell surrounded by a biofilm

Steady state mass balance between r and r + dr gives,

df.dC)_
dr[r dr)_o (3.53)

Since no reaction occurs in this biofilm, equation (3.53) implies that:

r? %(-:— = constant = ¢, within the film. ~ (3.54)

r

Integrating equation (3.54), we have:
-C
_._.1.+02:C .. (355)
r .

The constants ¢, and ¢, are evaluated by use of the boundary conditions:

At r=R,C=( (3.56)
At r=R+L,C=C,[ '

Where C, = concentration of substrate in the bulk medium surrounding

the biofilm, and
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C; = concentration of contaminant in the biofilm

Substituting the known values of r into equation (3.55), we have
~
C=(Co-CYR+L)R] - (3.57)

Recalling equation (3.54), we have:

2
I
(3.58)
R+L
RL

=(Co 'Ci)

into equation (3.52), gives:

ref

Therefore, putting the value of gﬁ
) s

b B47E D R4L) ), -c) (3.59)

k. +C, RL

Equation (3.59) is then evaluated to get C; in terms of C,,.

But the rate of substrate utilization is given by Atkinson (1974) and

Fogler (2006) as:
_5 (R+L)
=D [c,-c,(c,)] (3.60)

Therefore, expressing C; in terms of C,i.e. C/(C,),

C

| Dy (® +L)Cy{ttm, R4 ¥ )xk, (D, (R +1))+ RL{., R/ )]

i=(;xmn‘%Y)D,(R+L) RL(ft B4 ) -D (R +L)C,

(3.61)
Thus, C; in equation (3.61) when substituted into equation (3.60) gives

the rate of substrate utilization (r;) as:

58



DF(R+L){C —p[QXk‘(Dr(R+L))+RL.(”M%Y)]] (3.62)

° RL{ 40 R4Y)-D, (R +L)C,

N
Equation (3.62) describées the model equation for the steady state biofilm
kinetics.

C, is assumed to be C,;, and P and Q are given by:

1

P= .
(:umnx }% Y)Df (R + L)

(3.63)

Q=D, (R+L)C, (4. B47) (3.64)
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33 Development of Mathematical Model for IMacroporous and
Microporqus Systems

A reactant once adég;Bed onto a surface, is capable of reacting in a
number of ways to form the reaction product (Fogler, 2006);

1. That the surface reaction may be a single-site mechanism in which
only the site upon which the reactant is adsorbed is involved in the
reaction. For example, an adsorbed molecule of A may isomerize
(or perhaps decompose) diréctly upon the site to which it is
attached:

AS—>B.S

2. That the surface reaction may be a dual-site mechanism in which
the adsorbed reactant interacts with another site (either unoccupied
or occupied) to form the product. For example, adsorbed A may
react with an adjacent vacant site to yield a vacant site and a site on
which the product is édsorbed:

AS+S — BS+S

Another example of a dual site -mechanism is the reaction between two

adsorbed species:

AS+BS—CS+D.S

Adsorption and desorption are primary processes in the evaluation of

bioavailability, and mass transfer is the mechanism of solute movement
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from the fluid phase to the surface of the soil particlz. The removal of

contaminants by adsorption/desorption is an important step in

S

\“ . . - a - .
biodegradation processes occurring in soil/sediment matrix. The design

and analysis of treatment systems for the process thus require
considerations for multicomponent, non-linear reaction rate expression,
non-linear adsorption/desorption phenomena and the contributions of

intraparticle and interparticle mass transport in the flow system.

Generally, in the discussion of rate laws and catalytic reaction steps, the
effects of diffusion (mass transfer) limitations or resistan'ce on the overall
rate of processes involving both chemical reactions and mass transfer
have been neglected. Two types of diffusion resistances that are
applicable: (i) external resistance which is the diffusion of the reactants or
products between the bulk fluid and the external surface of the soil
particle, and (ii} internal resistance whiqh is the diffusion of the reactants
or products between external surface of soil particle (pore mouth) and the
interior of the soil particle. The iﬁtraparticle diffusion becomes important
depending on the relative values of the chemical reaction rate term and
the rate of diffusion or mass transfer step (Fogler, 2006). The
development of the mathematical models used in this research work,
recognized the limitations highlighted above and in addition, did not fail

to account for axial dispersion effects, and convective and diffusive
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transfer (Bird et al., 2005). Convective mass transport in swarms of

particles is a commonly encountered process in a wide range of industrial

e,

and scientific applica\t\i\dns such as fluidized beds, separation processes,
filters, catalytic and non-catalytic ﬂuid-éolid reactions (Coutelieris e al.,
2004). The model incorporates the contributions of radial transport (pore
and surface diffusion), and film resisténce. The important assumptions
made in the formulation of the model are: (i) constant coefficients of
dispersion and diffusion, (ii) constant porosities, (iii) that the spherical
soil particles have uniform size and homogeneous structure, (iv) that the
intraparticle diffusion takes place in tlll.e fluid within the pores of the
particles, (v) radial variations, (vi) mass transfer from the fluid stream to
the ends of the soilv particles is taken to be negligible in order to avoid the
difficulty of treating two-dimensional diffusion within the soil particles,
(vii) pore diffusion is assumed to occur in the radial direction (i.e.

direction perpendicular to the direction of flow).

A material balance applied to the’ contaminant carried by the flowing fluid
stream (macroporous system) was carried out. The mass balance of
adsorbate in the pore fluid and on the soii particle surface was also carried
out. A resultant differential equation defining the pore and surface
concentrations inside the pa'rticles (microporous system) as a function of

the radius of the soil particle and time was similarly derived. The
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unsteady state model for macroporous and microporous systems thus
helps to predict the concentration of contaminant in the axial and radial
directions, given the concentration-time data from experiment. The model
accounts for contaminant transport through a homogenous, porous media
in a one-dimensional uniform ﬂow by considering convection, dispersion,
linear equilibrium sorption and first order degradation. The equations are
intended for the ﬁ't;rpose of simulating results from two fundamental
processes that characterize environmental phenomena, convection due to

fluid flow and dispersion/diffusion due to solute movement/transport in

the subsurface, -

3.4 Model Development for Macroﬁorous and Microporous Systems
The essential.assumptions made are:

1. Constant coefficient of diffusion

2. Constant porosities

3. Radial variations

4. That the microorganisms have uniform size and homogenous

structure

5. That the intraparticle diffusion takes place in the fluid within the

pores of the particles.
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& 3.4.1 Macroporous System
The following assumptions were made:
. |
1. The rate of mass transfer of the contaminant in the direction of flow

of the flowing fluid stream is assumed to occur by diffusion

governed by Fick’s law:
J,=-D — (3.65)

2. The rate of mass transfer from t.he bulk conditions of thé fluid
stream to the external pellet surface (the opening of the pores) is
given by:

. =K,a(C - X)), 4 (3.66)

3. A material balance on contaminant i over the time period from t to t
+ At over the element of volume of the adsorption bed, from z to
z+ 3z .1s represented thus:

(Input at z) — {output at z + 8z) + (Generation-due to chemical
reaction) — (Rate of transfer into solid phase) =Accumulation over

time period : (3.67)

The input and output are defined by the sum of the convective and

diffusive mass transfer at z and z + 0z respectively:
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Input at z= VAC)|, + &,4J,,

Convective Diffusive

e

\\

Transfer Transfer

dc,

=VAC|, + (- abAD-5z— ) : ' (3.68)

z

Output at z+8z =VAC,|,,,, +£,47,

4oz

(s, 4Dt

FEY: ]

=VAC, (3.69)

2+

l'

o : 3(1= 35)
Mass transfer rate into the particle= R o

J Adz
r=R

(3.70)

Accumulation in the fluid phase in the elemental' volume can be

expressed as

aC,
-gbAaz( = ) . (3.71)

since there 1s no reaction in the bulk fluid, i.e. all reactions take place on

the catalyst surface, the reaction term is therefore equal to zero.

Incorporating equation (3.68) through equation (3.71) into equation

(3.67), we have:
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. . 31-¢g,)D Aoz ox,
SRR R IPPE R . TR (S
z & z 2482 az 74 R al‘ r=R
=5,,Aaz[§§i) (3.72)
ot

Collecting terms in equation (3.72) yie]ds;

= sbAaz[%“'—]
d r=R at

ac ac, . I1-¢,)D, A0 ( ox
o) (%) (e, -c)- e 2

I

(3.73)
Applying the mean value theorem of differential calculus to the first two

terms on the LHS of equation (3.73) and taking the limits as dz = 0,

we have:
&rC ac, 3(1-¢,)D Aaz[ax.] (ac)
AD___".az_VA_Laz_._.__,_b_ﬁ__.__‘_ =g Aoz| ==
g (aﬁ) [azj R o). o a) &

Dividing equation (3.74) by ™, Adz, we have:

Dazc,._zdc‘._(l—aj[;_)]) [gx_,. _oc; 375
oz € dz e \Rj "\ or)., o (3-75)

Equation (3.75) thus gives a generalized model expression for a

macroporous sysiem.

However, if a linear (film diffusion) model for interphase mass transfer is

assumed, we would have

Df(?é-) = K, (C)hus (3.76)
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Substituting equation (3.76) into (3.75), we obtain:

a'c, voc (l-g {3 ac
D 21 b=k (C =—L . (3.77
- azz Eb az_\\‘( Eb ](R] ﬂ( I)r:R at ( )

Equation (3.77) represents the model equation for a macroporous system
using a film diffusion model. The LHS of the equation expresses the
physical process while the RHS expresses the intrinsic raté which can not
be accurately predicted and as such must be measured experimentally.

The initial and boundary conditions are:

1. C,=C,at t<0, zy>z>0 , (3.78)
il. Inlet condition (z=0, t <0):
ocC
o+ D= .
C, + 5 C, (3.79)

iil.  Qutlet condition (z = zr, t > 0):

CAS/T B (3.80)
Oz

zegp

3.4.2 Microporous System

In the analysis for microporous systems, the following assumptions are

made:
1. The rate of mass.transfer of the contaminant in the direction of flow of

the aqueous phase by diffusion occurs by Fick’s law.

J=-p% (3.81)
‘ ax
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2. The rate of mass transfer from the bulk conditions of the aqueous
phase to the external surface of solid/soil sediment is given by ;

T

r=KA(C,~C,) ‘ (3.82)

A material balance on the contaminant over the time period from t to t +
At is taken to be

Input at x — output at x +'generatioln due to chemical reaction- rate of
transfer into solid phase

=Accumulation over the time period At .' , (3.83)

Let x = r = radial distance

Input atr = 47zr2(f:,,Jp, + Js,.) (3.84)
Output at r +Ar = 477* (epJp,- +Js; )Ha, (3.85)
Generation due to chemical reaction =477 29rR (3.86)
Rate of transfer into solid phase =k(C,,,, - C,,)4nr26r (3.87)
Accumu].ation = 4mrie Or % + 47ror %C;-"— . (3.88)

Pore diffusion is faster than a parallel mechanism of solid diffusion,

therefore,

S>> Jg, as J, tends fo zero
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Physical adsorption is assumed to be exceedingly fast, such that a state of

equilibrium exists between the pore-fluid concentration,X,, and the

T
-~

adsorbed phase concentration, C,. Thus C, can be replaced byC;,, where

Ca

is the amount of contaminant i adsorbed per unit volume of the
particle at equilibrium with a fluid phase concentration, X,, in a solution

containing n contaminants.
Therefore, two material balance equations can be written:
(i)  for the fluid phase in the pore of the particle, and

(i)  for the solid phase.

For the pore fluid inside the particle, a modified form of the material
balance equation of equation (3.83) applies. On the one hand, there is no
reaction term as no chemical reaction takes place in the pore fluid. All
reactions take place on the catalyst surface. On the other hand, there is
transfer of material from the pore-fluid to the solid surface. The rate of
this mass transfer is dependent on the concentration difference between
the fluid phaée and solid phase.

A modified form of equation (3.83) can be written thus:

(Input at r) — (Qutput at r + r) + (Rate of transfer from the pore-fluid to

the solid phase) = Accumulation in the pore-fluid over time period, At)

(3.89)
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Thus, substituting the known terms in equation (3.84) through (3.88) into

equation (3.89), w_é imve

-
-~
e

ox; O o
4m’(e,D, —67) —(-4m’e,D, —aT) -4ar*ork (C,, —C,) = 4mr’dre, —étl

(3.90)
In equation (3.90), the accumulation term on the solid phase is not
included in the material balance since the solid phase is not within the
system boundary.
Applying the mean value theorem of differential calcu}us to the first two
terms on the LHS of equation (3.90) and‘taking limits as &rtends to zero,

we have

0 Ox ox
5(43‘1?‘2&‘_013,0” a—r‘)ar - 4m*ork,(Cp, - C,) = 471r2£p6r5’~ (3.91)

Dividing equation (3.91) by 4m’dr yields:

£, a 2 o, ox,
L —\rDp,—L|-kCp, -C,)=¢,— 3.92
rz ar (?" pn 51‘ C( psr sl‘) n 51‘ ( )

Equation (3.92) describes the model equation for pore-fluid diffusion in a

microporous system.

For the solid phase material balance, another modification of equation
(3.83) applies:

(Input at r) — (Output at r + 8r) — (Rate of transfer from the pore fluid to
the solid phase) + (Generation due to chemical reaction) = (Accumulation

on the solid surface over time period At) (3.93)
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oo T (C,,,,. -C, )471?261' + 47 9rR

-

acsr' acs
(— 47:7-25!,1)1)“. 3 ]l: - [— 4m~2ngpu_ arrj

oc, - K
= dprior—= - 3.94
mer at ‘.‘\\‘ ( )

Applying the mean value theorem of differential calculus to the LHS of

equation (3.94) taking limits as &r — 0, and dividing by 4z*2r, we have:

g, f , oc,, ac,,

L |\ rDp, —=|+k \C  —-C )]+ R=—= .

r2 ar(r Pn a" f( psi .n) 6t (3 95)
But, C, =C, atequilibrium

Equation (3.95) represents the model equation for solid phase diffusion in
a microporous system.
The initial and boundary conditions are:

()  Csi(r,t)=Csi(r)att<0, GSrSR (3.96)

(i) %Cul Z¢ 0<r<R, t>0 (3.97)
61‘ r=R

There is no inlet condition for equation (3.95). The film mass transfer

coefficient (k,), pore-water velocity () and dispersion coefficient (D)
must be determined independently for the solution of the equations for

macroporous and microporous systems.

The successful predictions of the fate and transport of solutes in the
subsurface is hinged on the availability of accurate transport parameters.

These significantly help in assessing the behaviour of solutes over
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relatively long spatial and temporal scales, since the feasibility of

experimental measurcments can be cumbersome and not cost effective.
. | \-‘\“ - - . . *

The use of numerical models in predicting solute concentrations prior to

the application of management strategies is rapidly generating

considerable . interest because of the concerns for the quality of the

subsurface environment.
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CHAPTER FOUR
4.0 . -.MATERIALS AND METHODS .
The experimental a1;£3\1‘3acl1 involved the use of soil microcosm as a first
step in the kinetic protocol for evaluating substrate bioavailability and

biodegradation in contaminated aqueons-soil/sediment matrix.

Data on oxygen uptake and carbon dioxide evolution were collected from
the microcosm reactor. These data served as a means of assessing the
microbial activities in the soil. The abiotic sorption and desorption
kinetics and equilibria of the contaminants were determined using soil
slurry systems. Soil-core samples were taken at appropriate time intervals
and analyzed using standard solvent extraction and gas chromatography
methods to determine the concentration of the contaminants in the soil.
Microbial analysis was also-carried out to determine the population count,
types of colonies, maximum specific growth rate and true yield of

bacterial mass per unit of substrate mass utilized.

4.1 Materials

The polycyclic aromatic hydrocarbons used (naphthalene, anthracene and
pyrene) were purchased from Harrison and Harrison Laboratories Co. Ltd
in Lagos, Nigeria. The culture media used were Potzto Dextrose Agar

(for fungi enumeration) and Nutrient Agar (for bacteria enumeration).
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The Minimal salts medium consisted of the following KoHPO4, KH,PO,,
MgSO,, NaCl, CaCl, and NH4NO;. Trace elements solution was prepared
using MgO, CaCO;, Fesol,.mzo," ZnS0,.7H,0, MgSO4.4H;0,
CuS0,.5H,0, H;BO;, and HCI. Other chemicals used were: potassium
hydroxide, calcium hydroxide, pyrogallol, and mercuric chloride. All
reagents used were of analytical grade. Distilled water was used for

solution, sample preparation and dilution.

4,2 Instruments

The oxygen uptake was determined using a reagent bottle connected to a
Uv/iv spectrpphotometer. The carbon dioxide evolution was measured
using a GC-120 orsat gas analyzer. Solvent extraction‘ was carried out
using n-hexane and dichloromethane (HPLC grade). A Hewlett Packard
gas chromatography, (HP 5890 series 11) was used for the determination
of the concentration of the polycyclic aromatic hydrocarbons. The gas
chromatography is cquipped" with flame ionization detector (FID) and
nitrogen was used as carrier gaé at a pressure of 60-65psi. The injector
and detector temperatures were 250°C and 320°C, respectively. The
column temperature was 40-300°C programmed a: 10°C/min with

computer inte_rphése and a chem. station
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4.3 Soil

Soil sample (2000i{£)\' collected from unimpacted zones at field 17
(uncultivated) in the Nigerian Institute .for Qil Palm Research (NIFOR}),
near Benin City; Edo State, Nigeria was used. The sampling was done in
the dry seasén around a sampling poin-t' to a depth of 0-15cm.The bulk
composite soil sample was first analyzed for the presence of polycyclic
aromatic hydrocarbons and thereafter put in a sterile black polyethylene

bag sealed and stored in a refrigerator prior to analysis.

4.4 Experimental Set-Up

The experimental set-up (see Figure 4.1) consisted of a microcosm
reactor, oxygen cylinder fitted with high pressure valves, leachate holding
tank, high pressure refrigerated nutrient tank, a control system made up of
programmablle timer and a solenoid val\.f.e, an oxygen analyzer bottle and
an Orsat Gas Analyzer. The microcosm reactor was 60.96cm height by
30.48¢cm width by ‘2_5.4crn lengtil, with a holding capacity of 30litres. It
was constructed using a 20mm thick plastic glass (transparent) material.
Medical grade oxygen from an oxygen bottle flowed through a rotameter
(Arm field Technical Education Co. Ltd., CEM-RG 3675) to the reactor.

The leachate tank with dimensions of 30.48cm height by 30.48cm width
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by 30.48cm length was made with same material as the microcosm
reactor.

The refrigerated tﬁhi‘(\hWas constructed from a stainless steel material
(20.32cm depth by 30.48cm height by 30.48cm width). It had a holding
capacity of 15litres. The experimental set up and was equipped with a
control system, which comprised solenoid valve (3/8 diameter tube,
temperature between 40°C to 105°C, pressure of 46 bar. Also fitted to the
reactor, were a pressure gauge, a digital multimeter (8900 series, model;
AVD890C4) and a 400watts centriﬁlgalv‘pump' (Stuart Turner Ltd., model
no 34973/18, RPM 2800, 800watts). An air conditioner type of foam
filter enclosed in a stainless steel material with dimensions (22.86cm

height by 7.62cm depth by 7.62cm width) was used.

A 100m! oxygen absorption bottle and an Orsat (GC-120) gas analyzer

containing a carbon dioxide absorption bottle were connected to the soil

microcosm reactor.

76



A

13

16 17 18

©lo/m

&

|
-
N

05555555%
!
< 0

0

I TITT00

N/ ]

Fig 4.1: Schematic representation of experimental setup

Key: (1) Rotameter, (2) Regulator, (3) Oxygen bottle, (4) Microcosm reactor, (5) Leachate holding tank, (6) Oxygen
absorption bottle, (7) Orsat gas analyzer, (8) Pump, (9) Filter, (10) Compressor, (11) Condenser, (12) Refrigerated nutrient
tank, (13) Solencid valve, (14) Pressure gauge, (15) Digital multimeter, (16) Delay timer, (17) Programmable timer, (18)

Electrical switch.
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The following precautions were taken to reduce to the barest minimum

any incidence of possible microbial contamination and other inhibitory

RS

.
substances:

(1)  The entire system was effectively sterilized.

(1) Medical grade oxygen was used instead of air, which contains
some amount of carbon dioxide.

(111) Distilled water was used.

(iv) Samples for microbial and contaminant hydrocarbons analysis
were st‘0r6d at a temperature belox;\./ 4°C until the commencement of

analysis. -

4.5 Methods

(a)  Soil Microcosm

The contaminant hydrocarbons used for the study included naphthalene,
anthracene and pyrene. 1kg unimpacted surface and subsurface soils were
excavated and placed inside éhe microcosm. The soil was spiked with a
mixture of the contaminant hydfocarbons (200mg each) dispersed in 2
litres of water containing a 0.02% surfacltant sodium hexametaphosphate,
SHMP (Koeppel et al., 1997) and nutrients (straw, sawdust, and poultry
dung). Another reap'tor was also set up and used as a control. A constant

flow rate of oxygen was then sent into the two reactors. The temperature
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and pressure of the microcosm reactors were monitored throughout the

period of experimentaticn using a digital multimeter and pressure gauge.

b

\.

Thereafter, samples were taken on a weekly basis and analyzed using
solvent extraction and gas chromatography methods to determine the
concentration of contaminants. The oxygen uptake and carbon (iv) oxide

evolution measurements were also carried out.

(b) Oxygen Uptake Determination

The absorbent (100ml) in the absorption bottle consisted of one volume
of a 1% (w/v) aqueous solution of pyrogallol with three volumes of a
30% (wiv) 5queous solution of potéésium hydroxide. Opening the
stopcock connecting the absorption bottle to the microcosm reactor
absorbed oxygen. Sample gas was drawn into the absorbent solution and
the amount of oxy'r'gen not consumed was determined colorimetrically
using a UV/V spectrophotometer (Spectronic 21D), at a wavelength of

605nm. Sampling was done every Sdays.

(c¢) Determination of Carbon dioxide
The determination of carbon dioxide evolved was carried out using Orsat
Gas Analyzer. The absorption vessel was charged with 100ml calcium

hydroxide as the absorbent. The leveling bottle was filled with a
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confining liquid (5% sulphuric acid solution coﬁtaining a few drops of
methyl orange indicator. The levelling bottle was raised to the top of the
analyzer, with the ?;;;v\ay cock at the end of the manifold opened. The
burette was filled with water up to the capillary tube and air was removed
from the connecting tube using a rubber bellows pump. With the 3-way
cock suitably set, sample gas was drawn into the burette by lowering the
levelling bottle until the water meniscus reaches the lowest graduation
mark of the burette. The stopcock connecting the burette to the absorption
vessel containing calcium hydroxide was opened and the level bottle
raised. The level bottle was lowered again and the gas brought into the
burette until the absorbent in the vessel reaches the mark just above the

top of the vessel.

The operation was repeated until absorption was complete as was
evidenced when the meniscus in the level bottle was at the same level
with that in the burette. The burette reading was recorded. Sampling was

done every 10 days.

4.6 Kinetic Experiments
(i) Sorption
The sorption study was done in a soil sturry system. The soil sample was

Initially air dried and soil aggregates broken by a wooden mallet before
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sieving. The experiment was conducted using the soil fraction, which
passed a sieve up to 2.00 mm. 50g of the soil sample was placed in the
reaction chamber arls\ﬁﬁxed with 250 ml of distilled water containing
10mg of the contaminant (naphthalené) and Iml of mercuric chloride
saturated solution to minimize biodegradation. A magnetic stirrer
(Gallenkamp, England) regulated at a speed of 1300 rev/min was used to
ensure adequate mixing of the soil suspension in the reaction chamber,
which contains a magnetic follower encased in polypropylene. The
stirring speed was maintained at a minimum to reduce abrasion of the
soil. The slurry suspension was sampled after 0, 2, 4, 6, '8, 10, 12, 14, 16,
20 and 36 hours (Tabak and Govind, 1997). After the predefined period
had elapsed, the suspension was centrifuged (Polite 350) and withdrawn

using a 10ml syringe connected to a filter membrane, which prevents soil

particles from entering the sample.

(it) Desorption

Desorption studies were conducted by first adsorbing naphthalene in the
soil until equilibrium was attained. This was achieved by mixing 250ml
distilled water with 50g of air dried soil and 10mg of naphthalene. After
adsorption equilibrium was attained, the sample was diluted with an equal
volume of water and with 1ml of mercuric chloride saturated solution to

inhibit biodegradation. The slurry suspension was sampled after 0, 4, 8,
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16, 24, 48, 72, 96 and 120 hours (Tabak and Govind, 1997). After the
predefined time had elapsed, the slurry was centrifuged and withdrawn by

.

means of a syringe.

The samples from the adsorption and desorption experiments were stored

in a freezer prior to solvent extraction using n-hexane and

dichloromethane (HPLC grade) and GC analysis.

The processes in 4.6 (i) and (i1} were repeated for anthracene and pyrene.

4.7 Microbial Analysis

a. Sterilization: All the glasswares, were sterilized using the hot air- oven
(Phoenix; Harrow Scientific Ltd, model 53L, serial no 526-05) at 160°C
for 2 hours. The media were also sterilized using an autoclave (Portable
Universal Electricity model, working pressure 1.05kg.cm’ and

temperature 121°C) at 120°C for 15 minutes.

b. Enumeration of Bacteria and Fungi Colonies (Using the Pour

Plate Method)

The most probable number of the bacteria and fungi colonies was

determined using the Pour Plate Method described by Gerhardt e al.,

1994,
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From the 100ml stock sample, Im! was taken and serially diluted to
obtain a 10 dilution as shown in Figure 4.2. 1ml of the 1% test tube (10"
was pipetted into tﬁé\borrésponding 1* plate to obtain a 10" dilution.
Using fresh pipettes, same amount was taken from the 2™, 3% 4" and 5%
test tubes respectively to obtain the desired dilutions (107, 107 , 10* and
10°).The procedure above was repeatgd for the enumeration of fungi

colonies.

Molten NA (containing 0.Sml fulcin) and PDA (containing 0.5ml
streptomycin and penicillin) were poured into the plates and rotated for
even distribution. Thereafter, the plates were allowed to set or solidify.
Upon this, the NA plates were incubated for 24 hours, inverted (using
Sanyo Incubator MIR-252) to avoid water of condensation at 37°C while

PDA plates were incubated at 28°C for 72 hours.

Afier 24 hours of incubation for NA plates, the emergent colonies were
counted and only counts of 30-300 colonies were considered as
significant colonies.- The uninoculated plates served as control.

Similarly, the fungi plates were counted after 72 hours and the colonies

recorded.

83



iml ml m Iml g

<3

g

Tt
‘Ill:l'l 'l',I
ey
[
I
iy 'l

0
il
;]

T
1
W

!
1
iy

10mls of 1 g
] -5
stock 10 10 0 tml 10 i
sample R N S S §
0t W 0! g

Figure 4.2: Schematic representation of serial dilution

4.8 Characterization
Sub culturing of isolates was based on their cultural and morphological

characteristics.
4.8.1 Morphological Characteristics

The morphological- characteristics were determined Sy using staining

reactions — the gram stain.
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4.8.2 Gram’s Stain

A smear of the bact';rTzi culture was prepared on a clean slide. This was
arr-dried and heat fixed. The heat fixed cultures were then stained using
the gram staining technique and observed under the oil immersion
objective of a light microscope. Crystal violet solution was used to stain
the smear for 1 minute after which the stain was washed off with water
and immersed in Lugol’s iodine solution for 1 minute. The slide was
again washed in water, decolorized for 30seconds with alcohol-acetone.
These again were washed off with water and finally counter stained with
Safranin dye for 30seconds, washed with water and air-dried. The slide

was observed under a microscope.

4.9  Cultural Characteristics
The characterization of the culture was determined for each organism by
culturing isolate on nutrient agar and visually observing their cultural

characteristics.

4.9.1 Biochemical Characteristics

(i) Methyl Red Test
5ml of glucose phosphate peptone water medium was inoculated with the

organism and incubated at 37°C for 48hours. 5 drops of 0.5% methy!l red
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(v)  Catalase Test

A light inoculum of the organism was added to about 3 drops of 3%
hydrogen peroxide on a slide. The production of gas or bubbles indicated

positive results,

(vi) Motility Test

10ml of a semi-solid agar was dispersed in test tubes and left to set in a
vertical position. The tubes were inoculated with the test organisrﬁs with
a straight wire, making a single stab down the center of the tube to about
half the depth of the medium. The tubes were incubated at 37°C and
examined at intérva]s of 6hours, 2 and 6 days. Motile bacteria swarm and
gave a diffuse hazy growth that spread fhroughout the medium rendering
it slightly opaque. Non motile bacteria generally gave growth that was

confined to the stab line and the surrounding medium remaining

transparent.

(vi) Oxidase Test

The oxidase test depends on the presence in bacteria of certain oxidases
that will catalyze the transport of electrons between electron donors in the
bacteria and a redox dye, tetraethyl-p-phenylene-diamine hydrochloride.
A 1% solutio-n of this dye prepared and. stored in a dark bottle (shelf life

is 2 weeks at 4°C. Few drops of the 1% dye solution were added to a
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piece of Whatman filter paper in a Petri dish, usingl a glass rod or
platinum loop. A smear of the test organism was made on the
impregnated filter pa};ér. A purple coloration was produced within 5-10

seconds by oxidases organisms.

(viii) Sugar Fermentation

15g of peptone water powder was dissolved in 1000ml of water to
prepare peptone water solution.lg of lactose, glucose, sucrose; ﬁannito]
was added to 100ml of peptone water. A, suitable irlldicator, 2m! of
bromothymol blue was also added. 5ml of each sugar medium was
inoculated with ‘the test organism using a sterile loop. The cultures were
incubated at 37°C for up to one week. The utilization of the sugars by an
organism was indicated by the presence of acid and gas. Acid production
was indicated by the change of color from purple to yellow, while gas

production was indicated by the presence of gas bubbles collected in

inverted Durham tubes.

(ix) Coagulase Test

Nutrient broth was used to cultivate the test organisms for 24 hours.
0.2ml of oxalate plasma was pipetted into a fresh test sube and 0.8ml of
the broth culture containing the organism was added to it. The culture

was mixed gently and incubated at 37°C for 24 hours and observed for
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clotting by tilting the tube. Clotting of the tube contents or fibrin clot in

the tube gave a positive coagulase test.

L)
.__‘\

(x) Citrate Utilization Test

3ml of Kosar’s citrate medium was inoculated with organism and
incubated at 37°C for up to 4 days, checking daily for turbidity and/or
blue color, which indicated positive test.

The results of the investigations on the microbial enumeration are

presented in Tables D.1 to D.4 in Appendix D.

4.10 Microbial Growth Study

Microbial degradgfion of naphthalene by soil microbial isolates

The growth rate of the microbes and their utilization of substrates were
studied using a minimal salt medium. The bacteria and fungi isolated
from the soil were used as test microbes and naphthalene as the test
substrate. The experiment was performed in a 500ml shake flasks
containing 100ml minimal salt medium and incubated on a rotatory
shaker 200 rpm at 30°C. Sarhples were periodically taken (2hours
interval) and the growth rate was detérmincd turbidometrically at an
optical density (OD) of 436nm, with a UV/V spectrophotometer
{Spectronic 21D).‘_Porti0ns of the samples were centrifuged and the
supernatant were analyzed for the mineralization of naphthalene by gas

chromatography.
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4.11 Soil Characterization
The soil Was.chéra'ctcgized to determine soil moisture content, clay, sand
and silt content, percent organic matter, soil pH, cation exchange

capacity, bulk density, and nutrients in soil.

1. Soil Moisture b;termination

This was determined by gravimetric method. A weighed soil moisture can
(container) was filled with the sample submitted to the laboratory and
weighed to obtain the wet weight. The can filled with soil was put into
the oven and dried at 105°C to constant weight. The dried soil and can
were reweighed and the moisture content calculated as below:

Wtofemptycan = 4.6768g

Wt of empty can + wet soil =0.6762g
Wt of wet soil =1.9994g
’-\7;ft of can + dry soil = 6.5805g
Wt of dry soil = 1.9037g
Wt of moistufe = 0.0957g
%Moisture = 5.027g

2. Bulk Density_ Determination

This expresses the ratio of the mass of dried soil to its total volume

(solids and pores together) and is given as
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M.I‘
V

Pb=M:/(V:+Ka +Vw):

‘mass of soil

]

Where\Ms
V. = volume of solids

volume of air

e
4

V, = volume of gravimetric water
20g of soil was transferred into a measuring cylinder and the cylinder
tapped several times to compact the soil. The volume was read and the

bulk density calculated as

2
20 _12s
16

3. Total Poresity

To determine the total porosity, it was necessary to determine the particle

density (P,) as described by Hilliel (1982).

" Wt of empty pycnometer W, .= 24.6g
Wt of pycnometer + soil W = 34.6g
Wt of pycnometer; + soil + water (Wsy,) = 8l.1g
Wt of pycnometer filled with water (W) = 75.2g
Density of water in g/cc at
Observed temperature {(d,,) = (988

d,W,-W)
(Ws - Wa) - ({' sw “Ww)

L

Particle density D, =
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Therefore,

.. Porosity = 1- M
B Particle density

s

= —* -0481

Jo|oo

4. Particle Size Distributiqn

Mechanical analysis of the soil was carried out by the hydrometer method
after the destruction of organic matter with hydrogen peroxide (Day,
1965).

50g of the air dried soil was weighed into a 600m! beaker. 50ml of
distilled water was added followed by 10ml of 30ml volume H,OQ,. The
suspension was heated on a hot plate until frothing stopped and the liquid
almost dried. The soil was then transferred into a milk shake cup with
baffles. 100ml of water and 20ml of 20% sodium hexametaphosphate
solution (algon) was added to the cup and the suspension stirred for
30minutes. The suspension was then transferred into a 1 litre measuring
cylinder with a jet of water from wash bottle and the volume brought to
mark with distilled water. |

The suspension was agitated vigorously to ensure thorough mixing and
exactly 40seconds from when agitation stopped, a hydrometer reading
was taken and the temperature of the suspension was also recorded. The

suspension was left undisturbed on the bench. At the end of 24hours,
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Y another hydrometer and temperature readings were taken, The various

particle sizes were calculated as below:

~

- % Sand = 100- Corrected 40sec hydrometer reading x %)09

% Clay = Corrected 2hours hydrometer reading x %%9

% Silt = 100-(% Sand + % Clay)

5. pH(1:1) H,O

The hydrogen ion concentration of the soil was determined using a

Corning (model 260T) glass electrode pH meter.

30g of 2Zmm alii' dried sample was weighed into a 100ml beaker and 30ml
of distilled of distilled water was added. The suspension was stirred
inter:mittently for 30minutes and the f)H was measured using a glass
electrode pH meter after the meter had been standardized with pH buffer

4.0 and 7.0 solutions.
6. Organic Carbon (Org C %)

Organic carbon content of the soil was determined by the chromic acid

wet oxidation procedure as described by Black, 1965.
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7. Organic Matter

This was determined by multiplying the % organic carbon value by a

s

factor of 1.724.

8. Total Nitrogen
The total N content of the soil was extracted by the micro Kjeldahl
procedure and the ammonium in the extract assayed by the alkaline-

phenate colorimetric method (Fiore and O’Brien, 1968).

9. Available phosphorous

This was extracted from Sg air dried soil using 35ml of Bray and Kurtz,
1945, (0.03N NH4F + 0.025N HCI) solution and the P in the extract was

determined by the ascorbic acid blue colour procedure of Murphey and

Riley (1962).

10. Cation Exchange Capacity (CEC)

The CEC of the soil was detenﬁined by extracting the cations with IN
NH,OAc (ammoﬁium acetate pH 7) and then determining Ca and Mg by
the EDTA volumetric procedure and K and Na by flame photometry.
Exchangeable acidity was extracted with 1N KC] solution and an aliquot
titrated with 0.1N NaOH solution using phenolphthalein indicator. CEC

was calculated as the sum of Ca + Mg + K+ Na + EA in cmol/kg. |
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4.12 Parameters from Experimental Investigation .

s

The parameters obtaiI;Ed from the experimental investi zation included the

following:

(a)  Breakthrough (concentration-time) data for both the non-reactive
solute (biosurfactants) and the contaminant PAHs.

(b) Adsorption/Desorption Isotherms: The batch adsorption and
desorption kinetics and equilibria data on the contaminants were
fitted to Freundlich and Langmuir isotherm equations. The
diffusivities, isotherm exponents. and mass transfer coefficients
were obtained.

(c)  Six microbial isolates were identified in the study. Four were of the
bacteria group while two belonged to the fungi group. The
maximum growth rates and the corresponding specific decay
coefficients were determined to help ascertain the metabolic

response 1.e. the level of toxicity of the PAHs on the microbes or

the suitability of the PAH:s for the microbes.

4.13 Parameters needed for simulation
The modeling equations of an unsteady state system for the soil
microcosm reactor contain a number of parameters, which must be

estimated for a reasonable solution of the equations. The constant
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transport parametersD,,, ¥, k,and D, needed for the simulation, of the

biodegradation process, were estimated independently in order to reduce
I

the dimensionality of the search process. TheD,, and ¥ for the non
reactive solu%e (surfactant) were obtain;:d using the MOM of Das and
Kluitenberg (1996), also reported by Pang ef al., (2003) and the CXTFIT
software, version 2, as described by Toride et al., (1995). The film mass
transfer coefficient was determined from the experimental data on
adsorption/desorption, using the following relationship (Tabak and

Govind, 1997):

Y (4.1)

% B -7
v o2 . ul DS
¥ DT dp

The pore diffusivities D, may also be estimated from literature (Perry and

Green, 1998):

¥ R
_EN3 am Y2 1
Do ?{4?[,239‘) +57J (42)

While the diffusivity of the fluid phase D, may be obtained from the

correlation of Wilke Chang, reported by Bird et al. (2005):

i
D, =74x10 VW My T (4.3)

uyye
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4,14 Software

A computer software iJrogram CXTFIT version 2.0 described by Toride
et al. (1995) was a.p;fied. The Program assumes one-dimensional flow
and estimates parameters by fitting the pﬁrameters to observed laboratory/
experimental or field solute transport data. In this study, the program was
used to solve direct problems where it predicted solute distribution
against time. In addition, it can also be used to solve the inverse

problems by minimizing an objective function, which consists of the sum

of the squared differences between observed and fitted concentrations.

The governing equation to which the software had been applied may be

described by the following partial differential equations (Toride e al.

1995):

de a° 3]
REpZ__yl_4¢ 4.4
ot ox? x (4.4)

The initial and boundary conditions were given as

cX,0)=0 0<x<wm . (4.5)
c(0,t)=¢, O<t<t, (4.6)
c(0,)=0 -t <t<ow 4.7)
c(o,)=0 0O<t<ow (4.8)

The solutions of the degradation rate constant (A) and retardation factor

(R) were obtained using the expressions (Pang et al., 2003):

97



R= (}J!—O.SIO)\}V2+4DE N (49)

and

y? 2D -.\M :
2 =_H _2D,, J _1J (4.10)
4D xV, Cut,

The nth temporal moment of a concentration distribution at a location x

was defined by Kucera, (1965) and Valocchi, (1985) and described by

Pang et al., (2003) as:

M, = [l i) @.11)

n
0

and the nth normalized moment of the distribution was defined as:

" ;j't"c(x,:)dt “.12)
#’3 = = L]
f’. IC(x,t)dt

0

Equations (4.11) and (4.12) may be used to obtain experimental temporal
moments from concentration breakthrough curves.
The pore water velocity (¥ ) and dispersion coefficient (D) are estimated

in order to calculate R and X from equations (4.9) and (4.10).

= _’; = (4.13)
1 i 1
and
V3 2
D= -2—;(;:2 -~ %J (4.14)
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4.15 Numerical Solution ﬁnd Analysis

The numerical Amethold adopted for the solution of the second—order
partial differe;ntial éﬁﬂations in equations (3.75) and (3.95) is the
Backward Finite Difference Scheme also called Fully Implicit Method.
This method is preferred to the central or forward difference methods
because its truncation error is of the second order, and it often involves
implicit method of“solution, which is stable and valid for any chosen
interval. Both terms on the R.H.S and L.H.S of the equations have the
unit of concentration. The scheme involves the discretization of both
depth (z) and time (t) simultaneously into mesh or grid points with
constant intervals. The z-t plane is subdivided into equal time steps, Ar =
k, and depth step, Az = h. The domain of the function is overlaid by a grid
whose mesh size is of h units, in the z direction and k units in the
direction. The value of the function (z, ) at the i, j" grid point is
denoted as f;j =f (ih, jk). The values of the expression are required to be

found at the grid points as:

. f'—l.j+! ff.j+l fm._m

fl.. i fm. J o

- ff—!.f—l f:-:.; f:+|,;-| i

The value of the first derivative with respect to x at the point (x,, y ;)on

the grid overlaying the function domain is found
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v 00 00 0 00 00
000 0 00 00
0000 00 00
000 0 00 00
Ar=Fk, Az =h
The representative mesh point p (i,j) is

z=ihand r=5k

C,=C(h,j)=C,,
The backward finite difference scheme is valid and converges for all
values of % . Le %2 > 0. This is known as the stability criterion. To

allow for more flexibility of the result to the equations, the following

dimensionless variables are used:

7=2 (4.15)

Zr
Z =dimensionless depth

r=— ) (4.16)

r = dimensionless time
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G
C

ol

C =

C = dimensionless concentration

a=D, p=-", Y:(l'ab]?-kr

€, g, JR
k 1 R+iC,
77:—’ w:—’ qp:
(4 o
subject to

C=C, 152>0,1=0

(_L'(z, 0)=1, _'c=0

C=Cy 1>r>0,t=0

clr0)=1, =0

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

Therefore, non dimensionalizing equations (3.75) and (3.95), yields:

8C  3*C _,oC (=
—= -F—-—yC, =1
or “ 2t d oz }’( ')
aC 8*C aC =
L 2L, % Trp=1
ac ot o 7

Discretizing equations (3.75),

C=C

iJ

_BE _ C:,j+1 _C.l,j
oz h

d*C _ Ciyn —2C,, +C, )
ozt Bt
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(4.25)

(4.26)

(4.27)

(4.28)



ocC _ C.‘.jﬂ ‘C.r._,v‘ |
% GGy | (4.29)
h=0.015k=7

Combining these computational molecules, substituting equations (4.26)

through 4.29 and the values of a, B, ¥, C, r,, into equation (4.24) result

in composite molecule that represent the differential equations.

-2C ... +C

=l i+t I.j+l 141, 5+1

C =-249x107C,, +1.49x107°C,,, (4.30)

The composite computational molecule is applied to the grid points. This
will convert the system of partial differential equations to a system of
linear simultaneous equations. These conditions are represented in Table

H.1 shown in Appendix H. In the table, C,,,C,,,C;,,Cs,» are all unknown

to be computed. For every time step, nine unknowns need to be solved
simultaneously from the resulting nine equations. That is, to solve for the
various concentration values in j=1 row, nine equations result.

Substituting the initial and boundary values into equation (4.30) will give

the following:
Forj=0

i=1, j=0, Gy, —2C,, +C,, =(-2.49C,, +1.49C, ;) x107
but C,,=0, Cp,=0, C,, =997
—2C,, +C,, =—99.7 ) 4.31)

i=2, j=0
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C,,—-2C,,+C;, =0 (4.32)

i=3, j=0
C,, ~2C;, +Cyy =0 - (4.33)
i=4, j=0

C,,-2C,+C5, =0 ) (4.34)
=5, j=0

Cay=2C, +C, =0 (4.'3 5)
=6, j=0

C,, —2C, +C;, =0 (4.36)
i=7, j=0

Co, =2C,,+Cy, =0 (4.37)
i=8, j=0

C,,~2Cy, +Cy, =0 (4.38)
i=9, j=0 |

Cey —2C,, +Cp =0

but C,, =0

C,, —2C,, =0 (4.39)

These nine simultaneous equations were solved to obtain concentration
values in the next time step, i.e.,, j=1. These linear simultaneous

equations are solved using the inverse matrix methed. The matrix method
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-

involves the arrangement of the system of equations to the form having
the matrix variables X, coefficients A and right hand side constant matrix
(r.h.s). This is simp.l.y stated as

AX=R

X=A'R

A = Coefficient matrix,

R =R.H.S constant matrix and

X = Solution matrix |
This resultiﬁg coefficient matrix is -.a tridiagonal matrix. To ease
computation of* the resultant sets of algebraic equation, the Microsoft
Excel template is used. The inverse of the coefficient matrix is computed

and then multiplied with the constant matrix. The procedure is shown

below:
21 0 0o o0 o o o 0}{Cu] [-997]
1 -2 i 0 0 0 0 0 01]Ca 0
0 1 -2 1 0 0 0 0 ol1Cs, 0
0 0 1 -2 ] 0 0 0 0/|C,, 0
0 0 0 1 -2 1 0 0 0{{Cs, |=| ©
0 0 0 0 1 -2 1 0 olfc,, 0
0 0 0 0 0 1 -2 1 0llc,, 0
0 0 0 0 0 0 1 -2 1lc 0
0 0 1 2| 0
0 0 0 0 -
. 0 J_Cud | |
Solving:
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Cul -2 1 0 0 0 0 0 0 o7 [-99.7]
Cal 11 -2 1 0 0 0 0 0 0 0
G| |0 1 -2 1 0 0 0 0 0 0
Cal 10 -0 -2 1 0 0 0 0 0
Col=lo o o 1 -2 i 0o 0 0 0
Call0 0 0 0o 1 -2 1 0 0 0
c,|]fo o o 0o o 1 -2 1 o 0
7.1
cllo o o o o o 1 -2 0
g1
c, ] o 0o 0 0 0 0o 0o 1 -2 | 0|
The solution obtained for the first time step is as shown below.
Cu [89.73]
Can| 179.76
Cu 69.79
c4‘| 59.82
C,, |=|49.85
c,, | [39.88
c,.| {2991
C., 199.\94
_Cg_._ 19.97 |
Other time steps i.e. j=1, 2, 3 -=----- 9 are solved using similar procedure.
Similarly, discretizing equation (3.95),
C=C, (4.40)
_'?E - CHI.] _Cl.j (4 41)
or A .
62C C:_U - 2CU + CHlj
= — : : 4.42
or? h* ( )
% _Cwms=Cy (4.43)
ot k
h=0.001, k=7
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Substituting equations 4.40 through 4.43 and the values of y, 5, ¢ into

equation 4.25=-

oyt =34C, 1, +Cin, :; -1.18C,, =0.2C,,,, ~0.74 (4.44)
Applying same principle as in equation (4.30) and substituting initial and
boundary conditions, we have

For /=0

i=1, j=0 Cy, —34C,, +C,, =-1.18C,, —0.2C,, ~0.74

but C,, =0, C,, =0, C,, =99.7

~3.4C,, +C,, =-100.44 (4.45)
i=2, j=0

C,, ~34C,, + c;‘, =074 (4.46)
i=3, /=0

C,, -34C,, +C,, =—0.74 (4.47)
i=4, j=0

C;, —34C,, +C,, =—0.74 (4.48)
=5, j=0

C,, =34C,, +C,, —~0.74 (4.49)
=6, j=0

Cs, -34C,, +C,, =074 (4.50)
i=7,7=0
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C,, ~3.4C,, +Cy, =—0.74 | (4.51)
i=8, j=0

C, —34C,, +Cy, = ‘—0.;4 (4.52)
i=9, j=0

C,, —34C,, +C,,, = —0.74

but C,,, =0

Ce, —3.4C,, =—0.74 (4.53)

These set of simultaneous equations are also resolved by applying the
same procedure described for the macroporous system. Therefore, we

have,

Fe¥

[-100.44]
-0.74
-0.74
-0.74
-0.74
-0.74
-0.74
-0.74
-0.74

[l
- o o O
oo O
O00No0

>

-34

o o o o o

- o o0 oc o o
O
R
I

oY
. 1
cc'—'i—‘coco
=]

o = W
1
-

o 0O CcC O o o o - W
]
19
(R T < o S T =S N
o0 o O 0 = W e e
= T S S
OO S e W
£
W oo 0 o

0000

»x
L

Solving:
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e} [34 1 0 0 o o o o o7 '[10044]
c, /134 1 0o o o o o o -0.74
c,/lo 1t =34 1 0o o o o of [-074
C., 0 0 1™ 234 0 0 0 0 -0.74
C, = 6 "0 0 1 -34 1 0 0 0 -0.74
c.flo o o o 1 34 1 o of [-07
e /|0 o o o o 1 34 1 o |07
C,, 0 0 0 0 0 0 ; -34 1 -0.74
c,flLo o o 0o 0o 0o 0o 1 -34f 074 |

The solution obtained for the first time step is as shown below:

rcl.l- 32.782]
G| [11.018
G, 3.9399
C,,| 116375/
Coil 0.8875
Ce. 0.64
C,, 0.5485
Gy 0.4849
G, | 0.3603;

The results showing the numerical solutions to the non-steady state model
(axial and radial diﬁactions) for the contaminant PAHs used in this study
are given in Tables I.1 to 1.3 and 1.4 to 1.6 in Appendix I. A 3-

dimensional plot showing the detailed distribution and variation in
composition of the contaminant solutes in time and space (position) are

presented in Chapter Five.
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CHAPTER FIVE

5.0 - RESULTS

The results of the experimentation and computation analysis of the
modelling equations of the bioremediation of PAH contaminated surface
and subsurface soils are now presented. A case study of ex-situ technique
in a soil microcosm reactor is used. The potential for the indigenous
microbes to mineralize the PAHs have been exploited. The l;evel of
microbial activities in the soil was asses;ed by measuring the net
cumulative oxygen uptake and carbon (iv) oxide evolution. The
information oﬁ ‘the aqueous-phase concentration alone on the PAHs was
inadequate to predict risk likely to occur from exposure to PAHs. This is
because it ignores the bioavailability of the contaminants. The mass
transfer-limited numerical model developed was therefore used to explore
the possible effects of sorption and bioavailability on biodegradation
rates. A comparative analysis of the theoretical predictions from the
model with data from laboratory experiments provided the basis for the
choice éf the applicable and suitable parameters for correlating
bioavailability and'iaiodegradation. Some of the properties of the PAHs
under investigation in this research work are listed in. Table 5.1 below.
These properties are relevant in the study of the behaviour of these

chemicals.
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Table 5.1 Some properties of im."esﬁgated PAHs*

Properties Naphthalene Anthracene | Pyrene
Molecular formula ) CioHg CuHo CisHip
Molecular weight (g/r;lol) 128 178 202
Density (g/cm”) 1.14 1.099 1.271
Melting point (°C) 80.5 217.5 145-148
Boiling point (°C) 218 340 404
Aqueous solubility (g/m”) 0.93 0.07 0.14

*Adapted from Zander et al., (1993), Perry’s Handbook of Chemical
Engineers’ (1998) and Oleszczuk and Baran, (2003).

The details of the results of the studies carried out for tl:ne mineralization
of the mixture of polycyclic aromatic hydrocarbons in this research work

are presented and discussed below.

5.1 Soil Characterization

Soil structure controls the effective delivery of air, water and nutrients
and as such is an important factor primarily considered for a successful
bioremediation process. The result of the soil analysis for the level of
PAH-contamination prior to the spiking of the soil with naphthalene,
anthraceﬁe and pyrene, showed that there was no PAH present in the soil.
Consequent upon this, the soil used for'this study was characterized and

the results of its physicochemical properties are as shown in Table 5.2.
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The soil was characterized as sandy-clay in the ratio 85:14%. The most
dominant particle s;;E ‘was between 0.35-2.00 mm with fewer than 5%
greater than 2.00mm. The pH value of the soil was 3.98 as it was
characterized by a high level of exchangeable acidity (AI’* + H"). The
organic content in the soil was 2.44% (carbon) and 4.19% (organic
matter). The total ézlition exchange capacity of the soil was 3.65 cmol/kg
while the nitrogen and available phosphorus content were 0.114% and
6.65mg/kg, respectively. The values of ammonium acetate-exchangeable
Ca, Mg, K and-Na were 0.65 cmol/kg, 0.14 cmol/kg, 0.12 cmol/kg and
0.08 cmel/kg, respectively. The standard interpretation generally adopted
for tropic and subtropical soils are given in Appendix E (Soil Survey

Manual, 1975).

Table 5.2: Soil Characteristics

Soil moisture (%) 5.027
Bulk density 1.25
Total porosity 0.481
Particle size (%)
Sand 85
Silt . 1
Clay 14
pH (1:1) H,O 3.98
Organic Carbon (%) 2.44
Qrganic Matter (%) 4.19 T
Total Nitrogen (%) 0.114
Available Phosphorus (mg/Kg) 6.65
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Exchangeable Bases (cmol/kg)
Ca™ . 10.65
_ Mg" 0.14
™~ K* 0.12
Na® 0.08
Exchangeable Acidity (A" +H') | 2.66
CEC (cmol/kg) 3.65

5.2 Microbial analysis

Mineralization of a solution of crystalline naphthalene resulted in
increased biomass concentration as indicated by the batch growth curve
of a microbial culture shown in Figures 5.1, 5.2, 5.3, 5.4, 5.5 and 5.6. All
the microbes; used for the study shcl).wcd the same growth pattern
characterized by an initial lag or induction period (region 1), followed by
a rapid and an exponential increase in biomass growth (region 2), a

stationary/static period (region 3) and finally, the decay phase (region 4).
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Fig. 5.1: Mineralization of Naphthalene by Fusarium spp
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Fig. 5.3: Mineralization of Naphthalene by Bacillus luteus
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Fig. 5.4: Mineralization of Naphthalene by Bacillus sphericus
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Fig. 5.5: Mineraiization of Naphthalene by Klebsiella pneumonia
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The microbial growth and substrate consumption rates were determined
from the results of the batch experiments on substrate limiting microbial
degradation using the\'perfonnance equation described by Monod and

reported by Levenspiel (1999). These are shown in Table 5.3.

Table 5.3: Kinetics of substrate utilization

Microorganism Maximum Biomass Saturation
specific growth | yield Y (kg) | constant k,
rate u_ (hr?) (kgm™)

Bacillus luteus 0.095 0.349 0.028

Bacillus sphaericus 0.165 0.272 10.0343

Micrococcus luteus 0.177 0.222 0.046

Klebsiella pneumonia | 0.88 . 0.271 0.034

Fusarium sp_ 0.108 “T0.139 0.195

Aspergillus niger 0.126 0.243 0.061

The maximum specific growth rate and biomass yield are dependent on
the saturation constant. The saturation constant (k) measures the
metabolic ability of the organism to utilize naphthalene as carbon and

energy sources. A high k; is indicative of a low affinity for the substrate

by the microbe.
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5.3 Analysis of Oxygen Uptake and Carbon (iv) Oxide

Evolution Data

Respirometric smdieé‘\{#ere conducted to measure the level of microbial
activity and for quantitating PAH biodegradation rates in the soil
microcosm reactor. Figures 5.7, 5.8 and 5.9 show the net cumulative
oxygen consumed and carbon (iv) oxide generated with time. The
cumulative oxygen uptake in the control reactor was due mainly to the
degradation of soil organic matter result.ing from normal soil respiration.
It provides an insight on organic matter degradation, which also occurs in

the experimental reactor when the PAHs are present.
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Fig.5.7: Net Cumulative carbon (iv) oxide evolution from the reactor spiked with a mixture of
Naphthalene, Anthracene and Pyrene
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Fig.5.8: Oxygen uptake in Microcosm reactor
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5.4 Analysis of Adsorption and Desorption Data

The batch adsorption/desorption kinetics. using the test contaminants were
characterized by a Bi}hasic pattern, a fast step followed by a slow,
diffusive near constant step. Analysis of the experimental results shown
in Figures 5.10, 5.11, 5.12, and 5.13, 5.14, 5.15 showed that equilibrium
was attained in about 20 hours (naphthalene), 24hours (pyrene), 28hours
(anthracene) and 60hours (naphthalene), 120hours (pyrene), 144hours
(anthracene) for adsorption and desorption, respectively. The observed
slowly desorbing fraction maybe attributed to the effect of intraorganic

matter and hindered pore diffusion mechanisms.
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A summary of the result obtained from the application of the linearized

Freundlich and Langmuir isotherms on the experimental data from the

soil slurry reactor is Eiven in Table 5.4,

Table 5.4 Isotherm constants for adsorption and desox"ption for the

contaminant PAHs

Constants Naphthalene Anthracene Pyrene .
Freundlich

isotherm .

1/n (adsorption) | 0.984 0.9;286 0.9998
1/m’ 0.9695 0.9890 0.9932
(desorption)

K, 0.010819 0.006549 0.010423
K4 0.008913 0.0101719 0.010233
Langmuir

isotherm

1/a (adsorption) | -0.0011 -0.308 0.0005

1/a’ -1.4499 -0.0026 -0.0011
(desorption)

Ka 9.84E+99 [.349E+99 9.572E+99
Ka 22583.95501 9.984E+99 1.096E+100

An acceptable and reasonable straight-line correlation was achieved with

the Freundlich model as shown in Figures 5.16, 5.17, 5.18, 5.22, 5.23 and

5.24 for adsorption and desorption respectively.
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5.5 Biodegradation Study
The result of the experimental study on the mineralization of naphthalene,

.
anthracene and pyrene as functions of time using indigenous microbes in

a soil microcosm reactor, are shown in Figures 5.28.

The biokinetic parameters for each of the three PAHs were estimated
using the celebrated Michaelis-Menten kinetic equation via the
Lineweaver-Burk plot for rate against concentration of contaminant. The

results are shown in Table 5.5.

Table 5.5: Biokinetic constants for contaminant PAHs

Constants Naphthalene Anthracene Pyrene
Vimax (moles/l.min) 0.0028 0.015 0.0023
Kn M) - 0.00314 «0.0468 0.0035

These parameters Vpax and Ky, were estimated using the celebrated
Michaelis-Menten kinetics via the Lineweaver Burk reciprocal plots. The
Lineweaver-Burk reciprocal plot is simply a linear transformation of the
basic velocity of the Michaelis-Menten kinetic equation. The K, which is
Michaelis constant is a pseudo-equilibrium constant expressing the

relationship between the actual steady state concentration rather than the
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equilibrium concentrations. It measures the stréngth of the ES complex.
Low K, indicates strong binding while a high K, indicates weak binding.
Viax 1S not a conéﬁﬁt of the enzyme in the reaction, but defines the
maximal velocity that would be observed when the entire enzyme is
present as an intermediate ES. Both parameters provide a means of
comparing enzyme activity from different microorganisms during
degradation. They actually help to characterize the enzymes by
determining whether enzyme A is identical to enzyme B or whether they

are different,

5.6 Kinetic models

The experimen.tal -c.lata from the soil microcosm reactor was used to
simulate the change in PAH concentration in contaminated soil as a
function of time, for both single and multisubstrate catalysis. The detailed
procedure for calculating the concentration profile using the kinetic
models for both sing]t_a and multisubstrate catalyzes biodegradation
process are presented in Appendix G. Figures 5.29 and 5.30 show the
simulated cor.l.centration plots using botﬁ-rate-detennining step and steady
state approximation methods,

The rate constant k for the degradation of the experimental PAHs with”

model fits is as shown in Table 5.6.
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Table 5.6: Kinetic constants for contaminant PAHs

with model fits

— k (min™)
Naphthalene \ 0.029
Anthracene 0.014
Pyrene ' 0.019
Single Substrate RDS Model 0.06
Multi Substrate RDS Model 0.069
Single Substrate Steady State 51.487

Approximation Model | |
Multi Substrate Steady State 12.05
Approximation Model |

The reaction rate constant k approximates the ﬁaction of the substrate
present that is converted to product pt;r small increment of time. The
results imply that approximately 2.9%, 1.9% and 1.4% of naphthalene,
pyrene and anthracene present in the microcosm reactor at zero time
would be utilized in a minute if the velocity of the reaction remained

constant for the period.
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5.7 Estimation of Transport and Degradation Parameters

The method' of temporal moments (MOM) described by Das and
Kluitenberg, 199l.6‘\which interprets  solute transbort with linear
equilibrium sorption and first order degradation and the analytical
solutions of a transport mode! CXTFIT version 2.0 described by Toride ef
al., (1995) were comparatively used to analyze the experimental data
from the soil microcosm with a view to estimating the transport
parameters (pore-water velocity, V and dispersion coefficient, D) using
non-reactive solute and the degradation parameters (retardation factor R
and first order degradation rate X) of the contaminant PAHs. The results

are shown in Tables 5.7 and 5.8.

Table 5.7 Comparison of the Pore-water velocity and Dispersion
coefficient obtained from Methods of temporal Moments and

CXTFIT curve fitting program.

Experimental data of the study (sandy soil microcosm reactor)

Tracer |V (m/day) . D (m‘/day)
MOM | CXTFIT ¢ MOM [CXTFIT |E
COo,  |2.15 2.24 -0.04 2.79 2.47 0.11
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Table 5.8: Comparison of the Degradation and Transport

parameters for the Contaminant PAHs

PAHs R A (per day)

MOM [CXTFIT ] & MOM | CXTFIT |E
Naphthalene |25.77 12023 [021  |354 1422 1019
Anthracene (41.62 |28.43 0.32 1.21 2.05 -0.69
Pyrone 3566 |2580 027 1225 1326 043

Where € = MOM,.. - CXTFIT,00e
MOMvalue

The solution took into consideration the interplay of degradation and
sorption. By using a coefﬁcient of deviation &, the similarity and disparity
of the results obtained from MQM and CXTFIT curve-fitting for each
parameter could be compared. The difference can be attributed to the fact
that the CXTFIT curve-fitting results that are based on minimizing the
sum of square deviations are dominated by high-data points (as all the
data points are assigned an equal weight by CXTFIT); while the MOM-
estimated value is-a function_ of the difference between the second

moment and first moment squared.

5.8 PAHs Breakthrough Curves

The variation of the relative concentration with time obtained for the
experimental PAHs and non-reactive solute (tracer) using the MOM and

non-linear least square curve-fitting program CXTFIT are illustrated in

L]
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Figures 5.31 t0 5.34.

The breakthrough p;aﬁles were characterized by an initial low level of

normalized concentration% , naphthalene was zero throughout the 40hr

period, tracer was zero for lhour, pyrene was zeéro for 3hours and
anthracene was zero for Shours. The experiments were carried out in a
water medium at a flow rate of 8.06 ml/min"'. This low profile was
followed by .a sharp but rather steep a‘s;cent to the exhaustion point as

depicted by the smooth and sigmoid shape and a subsequent decline in

%a values.,
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5.9 Simulation Plots for the Non-Steady State Model
The differential equations modelling the non- steady state macroporous

. . . . .
and microporous systems of the soil matrix contain many parameters

which must be estimated to achieve a reasonable solution of the
equations. The constant transport parameters %,, D, andD, are
independently estimated to reduce the dimensionality of the search
process. The_summary of the estimatet_i values of these parameters are

shown in Table 5.9.

Table 5.9: Estimated values of the parameters for the solution of the

modelling equations

Parameters Naphthalene Anthracene Pyrene
k, (m/day) 1.924E-3 1.72E-3 1.689E-3
D, (m*/day) 8.61E-6 8.59E-6 8.567E-6
D, (m*/day) 7.28E-5 6.10E-5 6.08E-5

Generally, the estimated diffusivities in soil, D,, were found to be much

slower than diffusivities in water for th-e contaminant PAHs used. The
film mass transfer coefficient was determined from the experimental data
on adsorption/desorption and the resistance to transfer was significantly
high for the three PAHs compared to the diffusivities. The results

showing the numerical solutions to the non-steady state model for .-

macroporous system (axial direction of flow) and microporous system
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(radial direction of flow) for the contaminant PAHs used in this study are
given in Tabl-es‘l._l to 1.6 in Appendix L. ’

These results are depicted using 3-diﬁensional plots shown in Figures
5.35 to 5.40. The p'r‘oﬁles which are similar for the tested PAHs show the
detailed distribution and variation in composition of the contaminants in
time and position (i.e. both axial and radial directions of flow). Typically,
it was charactérized by an initial rapid drop in concentration which was
followed by a slower rate of decrease in the concentration of the
contaminant PAHs. ]

Given the iniﬁal and boundary conditior;s, the model predicted a residual
concentration shown in Table 5.10 for the tested PAHs present in the soil
microcosm reactor. Results depicted that for macroporous and

microporous systems with C, z, r as dependent variables, the residual

concentrations were in the order naphthalene < pyrene < anthracene.

Table 5.10: Residual concentration of contaminant PAHs in both

axial and radial directions

PAHs Axial (mg/1} Radial (mg/1)
Naphthalene 1.1159E-5 1.4782
Anthracene | 7.67E-4 | 1.6086
Pyrene 3.11E-4 1.5771
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5.10 Model Validation

The kinetic and mass transfer-limited lnumen'cal models formulated mn
this research work- Q:e\fe validated using data from experiment. These data
were obtained from the bench-scale soil microcosm reactor designed and
fabricated for this study. The investigated reaction was the degradation of
a mixture of naphthalene, anthracene and pyrene using enzymes from the
indigenous microorganisms as catalyst. The developed models have been
run for the same experimental conditions and the simulated and

experimental results and profiles have been compared.

In the validation of the kinetic model, two sets of model simulation were
carried out. The simulated effectiveness factor of the rgtc-detennining
step and steady state approximation model was depicted using a relative
error (RRE) method.to show the goodness of fit between the experimental

data and the model. The result is presented in Table 5.11.

Table 5.11: Relative Erfor between the two Models and

Experimental data

Rate Determing Step Steady State Approximation
Single substrate | Multi substrate Single substrate | Multi substrate
0.0651 0.065 0.133 0.1364
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i [mod (¢)-Exp (4, )]2

RRE= 1= .
mExp(t,)

\\

where:

Mod (¢,) = value determined from the model at time ¢,

Exp (1,) = experimental value at time 7 -

m = number of experimental points

The RRE show the deviation of the simulated results ffom the

experimental data.

The non—steady; state model developed for macroporous and microporous
systems which had a number of variables whose numerical values were
independently estimated was validated to assess the variation of the
simulated composition of naphthalene, anthracene and pyrene with
exposure fim’e within the soil matrix. A comparison of the experimental

and simulated results for both systems is shown in Figures 5.41 and 5.42.
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CHAPTER SIX'

6.0 "~ DISCUSSIONS

The experiments conducted in this study provide a deep understanding of
the insight on the degradation kinetics of a mixturé of naphthalene,
anthracene and pyrene as model poil'ycyclic aromatic hydrocarbons
(PAHs) in aqueous-soil matrix. The salient characteristics of the
uncontaminated soil used showed that the soil was highly porous with a
particle size distribl;tion in the ratio 85%: 14%: 1% for sand, clay and silt
respectively. The microbial activities which would have been impeded as
a result of the low moisture content (5%) of the sc-)il were enhanced by the
addition of water which provided an aqueous environment suitable for the
degradation process. The cation exchange capacity of the soil was within
the recommended value of 5 cmol/kg for sandy soil low in orgénic
matter. This .is especially significant Eécause decaying organic matter
shrinks and swells and encourages micro fauna which create or widen
openings in the soil thus improving infiltration and aeration. The level of
exchangeable acidi.t;( as reflected by the pH implied that the soil was very
acidic. This, therefore, portends a reducing environment. The redox
condition necessary to enhance microbial activity and hence the
degradation of the PAUs in the soil was achieved through the use of

oxygen which functioned as electron donor. The low nitrogen and low-to-
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moderate available phosphorus in the soil accounted for the low nutrient
level which was however, supplemented with straw, sawdust and poultry
dung as prescribed.ﬁy the organization for economic cooperation and

development (OECD).

In order to demonstrate the remarkable insight on the mineralization of
PAHs by a group of microorganisms under aerobic conditions,
naphthalene was used as a model PAH. The observed lag/induction phase
is more or less a warming up stage and it was as a result of the shock to
the microbes of finding themselves in a new sx_lbstrate environment. A
rapid and an exponential increase in biomass growth (cell multiplication)
followed this. Durif;g this phase, the microbes had become adapted to the
new conditions. The stationary/static phase was unpronounced probably
due to limiting substrate, increase in temperature as a result of increased
cell yield, or the presence of electron acceptor (due to the presence of co-
metabolites) which limits the cell growth rate. The eventual dying of the
cells characterized the decay phase. This was predicated on the incidence
of substrate exhaustion/depletion due to increase in cell crowding. In
addition, the accumulation of toxic materials/by-products of metabolism
(product poxsonmg) may also have been responsible for the drop in cell
growth. From Table 5.3, the microbial growth and consumptlon rates

estimated using the Monod kinetics showed that all the microbes used in
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this study exhil‘aited a high metabolic afﬁnity_ for naphthglene.

As a means of asscssing the level of microbial activities in relation to
biodegradation kiﬁ‘t;‘t?cs in the soil, the.soil samples in the microcosm
reactor was used as a source of acclimated microbiéta for measuring
oxygen uptake respirometrically to determine biodegradation kinetics and
carbon (iv) oxidé® evolution kinetics. Figure 5.7 showed the net
cumulative carbon (iv) oxide evolution, i.e., actual carbon (iv) oxide
evolution from microcosm minus the carbon (iv) oxide evolution from the
control reactor spiked with only the OECD nutrients. The results showed
that after impacting the soil with a mixture of PAHs, the net cumulative
carbon (iv) oxide evolution depicted in Figure 5.7, increased and attained
a plateau concentration with a carbon (iv) oxide limit of 6.925x10™* moles
(30.47x107g) within 60 days of contact time. Similarly, the net
cumulative oxygen uptake curve (Figure 5.9) also showed an equilibrium
time of 60 days. This suggested that a reasonable degree of PAH

acclimation was achieved in the soil microcosm within the exposure time.

Analysis of the results on the batch adsorption/dcsorptipn kinetics and
equilibria indicated that the desorption rate was slower than the
adsorption rate (Figures 5.10 to 5.15). The cumulative extent of
desorption for the three PAHs tested suggested that the desorption step

was the rate limiting for biodegradation as diffusion in the pores may
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have been retarded by surface adsorption effects on soil organic carbon.

The overall effect was therefore the lowering of the aqueous phase

-
~.

concentration of the contaminant PAHs thereby rendering them not
readily bioavailable to the microorganisms. The biodegradation will thus
in the long run be controlled by the slow desorptive and diffusive mass
transfer  into  biologically active areas. Comparing  the
adsorption/desorption equilibration time with the biodegradation
acclimation time as given by the net carbon (iv) oxide evolution and
oxygen uptake data shown in Figures '5.7 and 5.9, affirms that
adsorption/desorption equilibrium was achieved prior to the onset of
biodegradation in soil. From these experimental results, a realistic
adsorption-reaction-desorption mechanism can be adduced and this
would suggest that a time dependent degradation of the PAHs describes
the adsorption of solute on the particle surface instead of an assumption

of instantaneous adsorption. . ‘

By using the linearized Freundlich and Langmuir isotherm equations to
describe equilibriunt adsorption and desorption at the external surface and
the internal pore of the soil particle, an acceptable and reasonable
straight-line correlation was achieved with the Freundlich model as
shown in Figures 5.16, 5.17, 5.18, 5.22, 5.23 and 5.24. The magnitude of

its adsorption capacity (n), an indication of system suitability as given n
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Table 5.4 was found to be positive, greater than 1 and within the limit
defined by Treybal (1981), as representing favourable adsorption
conditions. The é_;i?mated coefficients of adsorption and desorption
suggest that both processes are in equilibrium. In contrast, the Langmuir
isotherm was found to be inappropriate being characterized by negative
adsorption/desorption intensities, curvilinear and irreversible plots. The
ambiguous coefficient of adsorption and desorption obtained further

confirmed the unsuitability of the isotherm.

Representative.  experimental ‘biodegradation kinetics data for
naphthalene, anthracene and pyrene is shown in Figure 5.28. The
exponential nature of the curves strongly indicates thalt the disappearance
of the PAHs was not linear with time. Using the best-fit kinetic
parameters obtained from the cumulative oxygen uptake experimental
data for the microcosm reaétor; equations 1 to 4 were used to simulate the
change in PAHs concentration in a contaminated soil as a function of

time.

The results for both single and multisubstrate catalysis using the twin
concepts of rate-determining step and steady state approximation are as
shown in Figures-5.29 and 5.30. The typical hockey-stick curves

obtained is an indication of an initial, rapid decrease in the concentration
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of the PAHs, folloWed by a significantly slower rate of degradation. This
may be attributed to oxygen diffusion limitatién in the microcosm. At the
onset, oxygen diffuééé\i‘apidly in the upper section of the microcosm and
thereafter, a ;lower rate in the lower sec'tlion. In addition, the incidence of
refraction of the contaminants may also have be responsible for the
observed exponential decay pattern. Approximately 98.4% of the
naphthalene, 82.98% anthracene and 89.67% pyrene contained in the

microcosm had been degraded within 33 days of exposure.

The extent of degradation of the PAHs tested was found to be dependent
on the molecular weight, solubility and diffusiviéy in ‘water as given in
Tables 5.1 aqd 5.9. The increasing orde; of molecular weight would have
suggested a progressive decrease in the degradation rate but their
diffusivity/transfer rate and solubility in water present some degree of
variation, which explains the observed preferential decay of one PAH
over the other. Anthracene exhibits a lower solubility in water and hence
it was not readily available for utilization by the indigenous microbes
present in the soil. The effects of these limitations are reflected in the
estimated biokinetic and kinetic parameters calculated based on all
measured quantities as shown in Tables 5.5 and 5.6. From the results,

using the numerical values of Vinax and Ko, the following observations

were adduced: that the enzyme showed sigpiﬁcant‘ly high catalytic
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potential on the substrates, given the estimafcd rate constant of the
degradation process, the enzymes catalyzing the breakdown of
naphfhalene and é;éne had very close attributes and that there was a
weak binding between anthracene and the enzymes catalyzing its
breakdown as indicated by the K,, value. The K. indicates the relative

suitability of alternate substrate of a particular enzyme.

The estimated reaction rate constant k of the experimental PAHs with the
simulated results ig shown in Table 5.6. The objective of the simulation
was to obtain the attainable reaction r'ate_ constant (k) of the
biodegradation process. The RDS model gave a better fit as its k value
closely fitted the experimental values. Prediction by th;e SSA model was
not feasible as its k values for both single and multisubstrate catalysis
deviated widely from experimental data. Comparing the simulated and
experimental results show that the SSA overcstimates‘the biodegradation
rates. This observation can be attributed ‘to the existence of intermediates
at steady state usually present at such small concentrations that its rate of
change in the mixture can be assumed to be zero or negligible. The RDS

model was thérefore chosen because the differences in the model fits

were small and its prediction of mixture experiments were more

enhanced.
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As part of this research work, the method of temporal moments which

s

interprets soluic transl‘a.ort with linear equilibrium sorption and first order
degradation WE‘IS af)inlied to analyze the experimental data from the soil
microcosm. The solution took "into consideration, the interplay of
degradation and sorption. In addition, the experimental data were also
fitted to the analytical solutions of a transport model CXTFIT curve-
fitting pfogram described by Toride et al., (1995). The two methods were
comparatively used to estimate the transport parameters: the pore-water
velocity and dispersion coefficient usi"ng the non-reactive solute, the
retardation factor and the degradation rate constant of the contaminant
solutes. In the results shown in Table 5.7 and 5.8, the lower order of
magnitude (one or.c;er) observed for the coefficient of deviation of V
when compared with those for D, R and 2, was attributed to the fact that

only the first normalized moment is required to estimate V for a non-

reactive solute.

Conversely, estimation of D, R and 4 required both the first and second
moments, hence the marked deviation for those parameters. This
observation was found to be consistent with the reported values of Leij

and Dane, (1992) and Pang et al., (1998) where it was noted that the

higher the order of the moments, the less stable the calculation. The
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higher values of D obtained using MOM when compared with the least
squares curve-fitting showed that the first moment calculation is
positively inﬂuenceé‘%\f calculation in the BTC tail. This is predicated on
the fact that the MOM estimated valués is a function of the difference
between the second moment and the first moment squared. R is a
dimensionless parameter which describes the bioavailability (the
accessibility of a chemical for assimilation and possible toxicity) of one
PAH relative to another and it increases with increasing solute
hydrophobicity. The results in Table 5.8 showed thet naphthalene had
lowest retardation factor with a corresponding higher degradation rate
constant. The observed trend is similar to the estimates from the
Michaelis-Menten kinetics. The implication of this result is significant as
it affirms that the biodegradation of the contaminant PAHs is a function
of their bioavailability. In agreement with Qleszczuk and Baran (2063),
the finding can be attributed to the aqueous solubility, diffusivity and

mobility of each PAH.

The comparative analysis of the concentration breakthrough curves in the
contaminant transport studies for non-reactive solute (tracer) and the
experimental PAHs using the MOM and CXTFIT, presented in the
profiles of Figures 531 to 5.34, showed that they both fit the

expcrimental-breakthrough curve; althoﬁgh the MOM had better fit. This
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was because with MOM, no assumptions about the initial conditions for

the experiment were required. The profiles showed that the non-reactive

e
-,

~

solute attained its maximum concentration in 5 hours, pyrene in 17 hours
and anthracene in 30 hours. The time as at exhaustion, i.e., at the peak of

C/C, profiles, indicate the breakthrough time. The observed result

suggest that naphthalene would elute first followed by pyrene and
anthracene. This behaviour can again be attributed to the differences in
their properties such as aqueous solubility, molecular weight and

diffusivity in water. The drop in the C/C, peaks may be as a result of the

weakening of the ‘Ir.iydrogen-carbon bonds with_time. This weakening,
which results from the solubility of the contaminants, promotes diffusive
mechanism, facilitates the transport of the compound and thus enhances
its availability in solution. The dissolution of the tracer is of utmost
benefit for the reaction because it promotes the degradation process by

enhancing the solubility and bioavailability of the recalcitrant PAHs.

However, naphthalene was obsérved to solubilize completely almost at
the start of the experiment. This suggests that its solubility and transport
were not facilitateci’by the presence of the surfactant. This behavior can
be attributed to its physical properties when compared to the other PAHs .

in the soil matrix (see Table 5.1), as aqueous solubility for naphthalene
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was highest ' at 0.93 (Perry aﬁd G,reen? 1‘998). Furthermore, the
breakthrough time which was cdmpletely zero throughout the 40hour
duration affirms th;\l\i‘t‘erature report by Pang ef al., 2003 which showed
that an increasing degradation rate results in a shift of the BTC centre of
mass to the left i.e. 4 and 4, are inversely related.

The marked variation in time between pyrene and anthracene in spite of
the fact that pyrene has a higher molecular weight may be attributed to
the differences in their structural configuration, the very low solubility of
anthracene and the close diffusivity exhibited between anthracene and
pyrene. Anthracene has a linear structure in which the benzene rings are
tightly fused together while pyrene has a tetrahedral structure in which
the rings are loosely fused. This creates porosity within the interstitial
spaces between the rings making it susceptible for microbial attack. The
results, therefore, implicates pattern of ring linkage and molecule
topology as factors which could be considered as very important in the

study of the kinetics of PAH degradation.

The transport parameters, V and D, obtained from the temporal moment
solutions and the independently estimated diffusion parameters,

k,,D,and D, were used for the resolution of the dimensionality of the

non-steady state model. A reasonable agreement was observed between
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the experimental déta on the concentration-time behaviour and the model
predictions for the PAHs depicted by the 3-dimensional profiles shown in
Figufes 5.35 thro;JéfT 5.40. The lower diffusivities obtained in the soil
when compared to diffusivities in watér_. further suggest that diffusion in
the pores of the soil may have been retarded by surface
adsorption/desorption effects on soil organic carbon, mineral surfaces and
interstitial voids within the micropores and submicropores of the soil
particle. The mass transfer coefficient was significantly high for the
PAHs compared to the diffusivities and this can be directly attributed to
their aqueous solubility. Thus low solubility will account for low

transfer/diffusion rate.

A critical appraisal of the values from the axial and radial directions of
flow revealed that there was a consistent decrease in the concentration of
the PAHs with time in the axial direction. In contrast, with increasing
contact time, more PAHs were found within the soil particle pores than
on the soil particle surface in the radial direction. This observation was
found to be consistent with the findings of Tabak and Govind (1997),
Bouwer et al., (1997), Zhang et al., (1998) and Chunga and King (2001),
which confirmed that more microbial activities take place on the soil
particle surface than within the pores. This therefore suggested that with

prolonged contact time, PAHSs become-.occluded within the micropores

180



(fissures and cavities) of the soil particles, making them not bioavailable
and thus inaccessible to microbial degradation. A summary of the
simulated results éts‘.\\given by the residual concentration in Table 5.10
showed that the decay rate was faster in the macroporous system than in
the microporous system, that the concentration of naphthalene was lower
in both systems followed by pyrene and anthracene in that order. These
results afﬁrmed the fact that the mig‘obial utilization of pyrene and
anthracene for metabolic activities were greatly limited by their resistance
to mass transfer between the fluid phase and the soil matrix occasioned
by their low aqueous solubility. Finally, the result confirmed that
naphthalene was more selectively mineralized in the microcosm reactor

than pyrene and anthracene.

The result of the validation of the kinetic model gave a 6.5% and 13..5%
deviation for the rate-determining step and steady state approximation
method respectively. This implied that p_;ediction by the riate—determining
step closely approximates the data from experiment. Generally, the
numerical solution of the non-steady state model for the macroporous
system gave a reasonable agreement with the experimental data as shown
in Figure 5.41 with an average deviation of less than 5%. The deviation

from experimental data for the microporous system was over 7%. This |

deviation from linearity observed in the scattered plot of Figure 5.42 for
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the microporous system, can be attributed to the inaﬁility of obtaining
experimental measurement values for the initial condition within the

o
pores of the soil particles.
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7.0

CHAPTER SEVEN

CONTRIBUTIONS TO KNOWLEDGE

The formulations and solution approach adopted in this research work

differ signiﬁéantly from previous attcmiits at the study of the kinetics of

biodegradation of polycyclic aromatic hydrocarbons. These differences

are now elucidated below:

1.

3.

The first m:d_.ior difference is the ability to locally design and
fabricate a microcosm reactor equipped with the conditions suitable
for ex-situ mineralization of a mixture of PAHs.

The kinetic formulation was developed following the methods used
in the derivation of rate equations for synthetic catalyst. This
kinetic formulation was coupled with the mass transport expression
goveméd by Fick’s first law of 'diffusion. They provided insight
into the degradation of both single and combined polycyclic
aromatic hydrocarbon mixture in the surface and subsurface soils.
The implication of this is important. Normally in an event of a
spill, it is rare to find a single hydrocarbon in the contaminated
soil. The model formulated permits the determination of the rates
of bioremediation of both single and a mixture of hydrocarbons.
The non-steady state model accounted for the intraparticle and

interphase mass transport. The solution approach showed the

183



distribution and composition of th’ese contaminants in three
dimensions, -v'iz, axial and radial distances with time. This obviates
the need folr.\experimental measurements over relatively long
distances or spatial and temporal scales and/or time periods. This is
a departure from the existing models of Loor et al. (1996), Tabak
and Govind (1997), Peters et al. (1999), Rogers and Reardon
(2000) and Rockne et al. (2002).

4. The application of the method of temporal moments solution and a
non]ineair least square curve-fitting program CXTFIT version 2.0 in
estimating a retardation factor R and degradation rate constant
(using data f_r-om laboratory experiments), demonstrate the efficacy
of the solution from this research work in predicting the
biodegradation rate as a direct function of the transport (mobility)
and bioavailability of the confaminant solute,

5. The generated data on availability, mobility and degradation, which
hitherto have been limited, can be utilized for the design of reactors
for the treatment process. The data constitutes a major source of
information for the environmental practitioners in the oil and gas
industries who are constantly faced with the problem of petroleum

and petroleum product spill.
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) CHAPTER E-IGH"I‘

8.0 ‘(HZ\C')NCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions

In this work, reasonable fit were obtained between the rate-determining
step model and the experimental biodegradation kinetics data. The rate-
determining step has been‘shown to be a more reliable model for showing
the substrates interaction within the soil system. The rate of degradation
of contaminants was found to be determined by only one step in the
sequence of elementary steps. Prediction by the steady-state model was

found to be very poor as it overestimates the biodegradation rate.

From the adsorption/desorption equilibration and biodegradation
acclimation time," it can be affirmed that adsprption/desorption
equilibrium was achieved prior to the onset of biodegradation in the soil
slurry reactor. Desorption studies showed the Iowcriz_}g of the aqueous

phase concentration of the contaminant PAHs.

Results of the detailed non-steady state model, which accounts for the

intraparticle, and interphase mass transport developed for both macro and

microporous systems showed that long-term exposure of PAHs was

characterized by a progressive bioaccumulation and immobilization of the
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PAHs from the soil particle surface towards the pores of the soil particle.
This suggested PAH occlusion in the micropores of the soil particle.
Empiﬁcal data and numerical simulations thus suggest that

biodegradation will be limited by contaminant sorption to soil organic

matter.

From the results of the degradation and transport parameters obtained
using the method of temporal moments and the nonlinear least squares
curve-fitting program, the temporal moment solutions have been
satisfactorily verified in this study. It was found to be capable of
providing an additional and useful means of parameter estimation for

transport involving equilibrium sorption and first order degradation.

8.2 Recommendations

The application of the non-steady state model to other reactor systems
and soil types is recommended for future research. This will assist to
evaluate the reductions in contaminant concentrations that can be

achieved over time and space in such systems to correlate the reductions

to availability, mobility and/or toxicity.

The need for the use of surfactant in soil remediation is recommended.

The future research work will include investigating the effects of the
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presence of surfactants on the rates of biodegradation of PAHs, the
competing effects of solubilization, admicellar sorption and sorption of
contaminants during bioremediation. This could help to determine the

suitability of surfactants to facilitate transport and mobility of soil

contaminants.

Due to the significant challenges that confront efforts to model real world
biodegradation kinetics, in which mixedllsubstrates and mixed ;ultures are
the rule, it is recommended that rﬁatﬁematical models be developed to
predict the effect and level of substrate interactions and inhibitions during
bioremediation. Furthermore, the interactions between microbial species
in a mixed culture for biodegradation kinetics are also recommendcd for

investigation.

J
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APPENDIX A

Data from soil microcosm reactor for biodegradation studies. These

values were obtained from the gas chromatogram readings of

experimental samples.

Table A: Concentration of contaminant PAHs with time
Concentration (mg/l)
Time (days) o
Naphthalene Anthracene Pyrene
100l.00 100.00 100.00
7 99.7 28.0 44.18
14 66.49 23.5 35.54
21 4.44 18.48 23.60
28 1.62 9.33 17.02
35 1.30 4.13 16.12
42 0.82 1.64 2.26
49 0.00 0.57 0.00
56 0.00 0.00 0.00
63 0.00 0.00 0.00

To facilitate the determination of the biokinetic and kinetic constants, the

concentration-time data obtained from the biodegradation experiment

were fitted into the differential rate equation using the procedure

described by Michaelis-Menten via the Lineweaver-Burk doublec

reciprocal plot. The Lineweaver-Burk reciprocal plot is simply a linear

transformation of the basic velocity of the Michaelis-Menten kinetic

equation.
Thus,
L _H&Id)
£ m |
But k[Er] = Vimax
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Therefore, - r,=r
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Inverting equation (A.3) yields:
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Vax and Ky, are pagameters whose numerical values provide a means of

comparing enzyme activity from different mictoorganisms during

biodegradation. Vimax is an indication of the maximal velocity that would
be observed when all the enzyme is present as ES. Km, the Michaclis
constant is a dynamic pseudo-equilibrium constant expressing the

relationship between the actual steady state concentration rather than the

equilibrium concentrations.
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APPENDIX B
Respirometric bioreactor data for oxygen uptakz and carbon (iv)
evolution kinetics. ™.

Table B.1: Oxygen uptake data from Contrel Soil Microcosm
Reactor (Spectronic 21D Spectrophotometer reading at 605 nm)

Time (days) Absorbance (am) Amount consumed
| Gmg)
0 0.00 0.0000
3 0.141 0.3052
10 0246 05320
P 0.272 " 0.5887
20 0.281 0.6082
25 0341 0.7380
50 0.344 0.7450
- 0.345 0.7500
40 1 0.443 0.9589
4 0.446 0.9654
50 0.468 1.0130
35 0.610 1.3200
60 0.655 1.3745
65 0679 1.4697
70 0.679 - 1.4697
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Table B.2: Oxygen uptake data {from Eiperimental Soil Microcosm

Reactor (Specil'-onigZID Spectrophotometer reading at 605 nm)

Time (days) Absorbance (nm) Amount consumed
| (mg/)
o 0.000 - 0.0000
5 0.2650 55740
10 0.2750 05950
I3 | 0.3600 07790
20 | 0.3030 06558
25 0.5060 0953
30 0.5240 71390
35 0.5520 | 7950
40 0.6960 75066
45 0.8320 7560
50 0.8660 T8940
3 08820 551
60 09720 51039
65 0.9930 3,149
70 11270 ~54390

From the principle of Lambert-Beer which was described by Segel
(1975), a standard curve was plotted using 1% alkaline pyrogallol and

this was used to estimate the actual amount (concentration) of oxygen

consumed in the soil microcosm reactor.
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Table B.3: St:{ﬂda(g curve determination for oxygen using pyrogaltlol

Concentration of pyrogallol Absorbance of pyrogallol at
M) | 650nm
0.1 0.015
0.2 0.024
0.3 0.030
0.4 0.036
0.5 - 0.039
0.6 | 0.043
0.7 0.051

- 0.8 0.055
0.9 0.072
1.0 0.076
2.0 0.102
3.0 0.122
4.0 0.133
5.0 . 0.143
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Table B.4: Cunililatj\_'e carbon (iv) oxide Evolution Data

Volume from | Volume from
. ‘ Net Cumulative
Time (days) experimental | control reactor 3
3 3 volume (cm”)
b reactor (em’) (cm?)
0 0.00 0.00 0.00
10 15.20 12.00 3.20
20 24.00 19.20 4,80
30 30.00 22.80 7.20
40 24.00 13.00 11.00
50 22.00 9.00 13.00
60 22.00 8.00 14.00
70 22.00 8.00 14.00
Using the gas law relationship given as:
= B.1

N =

SN

where V| = volume from orsat gas analyzer for control and experimental.

T, and T, are the ambient and reactor temperatures, 25°C and

27.7°C respectively. V; = volume evolved.

Substituting known values, we can estimate the corresponding volume at

reactor temperature. These values are given in Table B.5 below.
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Table B.5: Net cumnulative carbon (iv) oxide Evolution from the Soil

Microcosm Reactor

Time (days) | Volume from (cm’)

0 0.00
10 3.55

20 ' 5.32 |
30 _ | 7.98
40 | 13.30
50 14.96
60 .. 15.51
70 - 15.51

But at standard temperature and pressure (STP), a gas occupies 22.4dm’
(22400cm’)/mol. Thus the measured cumulative volumes in Table B.5
can be converted and expressed as the number of moles or the weight of

carbon (iv) oxide evolved:

Table B.6: Net cumulative carbon (iv) oxide Evolution from the Soil

Microcosm Reactor

Time (days) ~ Amount x 10™ (mols)
0o . : 0.00
10 1.58
20 2.37
30 3.56
40 5.94
50 6.68
60 6.93
70 6.93
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APPENDIX C

Result from the Adsorpf_ion/Desorption Exneriments
In the adsorption/desorption experiments, assuming- that the aqueous
phase has a uniform concentration of contaminant PAHs, mass transfer

from the fluid phase to the surface of the soil particle are presented in the

tables below:

Table C.1: Adsorption kinetic data for naphthalene, anthracene and

pyrene in a soil slurry reactor

Time Concentration {(mg/l)

(hours) | Naphthalene Anthracéne Pyrene
0 "~ 40.00 40.00 40.00
2 37.60 B 20.08 34.30
4 26.80 14.58 28.58
6 22,00 10.20 24.0
8 13.20 - 1.68 16.08
10 10.80 1.50 12.20
12 3.60 1.31 : 8.22
14 2.40 1.17 4.60
16 1.20 111 3.00
18 ' 0.40 - 0.98 222
20 0.00 ' 0.79 1.12
24 0.00 0.19 0.10
28 0.00 0.11 0.00
36 - 0.00 0.00 ' 0.00
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Table C.2: Desorption kinetic data for naphthalene, anthracene and

pyrene in a soil slurry reactor

.

Time éoncentration (mg/l)
(hours) | Naphthalene Anthracene Pyrene
0 25.59 30.57 31.68
4 -30.13 32.57 33.17
8 34.21 33.98 34.04
16 38.81 35.12 35.67
24 38.87 36.63 36.93
48 38.94 37.10 37.59
72 38.99 37.47 37.64
96 38.99 37.51 37.70
120 39.08 37.62 38.13
144 0.00 - 37.93 38.18
168 0.00. 38.45 38.22
192 0.00 38.58 38.22

Table C.3: Naphiﬁalene Adsorption data for Freundlich and

Langmuir isotherm plots

x/m (ng/g) C.(mg) | Log(x/m) LogC. | Cd(x/m) (g/h)
0.084 34 -1.076 0.934 100.034
0.3933 39.33 -0.4053 1.594 100
0.3945 3945 -0.4040 1.599 99.99
0.3967 39.67 -0.4015 1.599 100
0.3973 39.73 -0.4001 1.599 100
0.3991 39,91 -0.3989 1.601 100
0.4366 39.94 -0.3600 1.620 160
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0.2546 39.97 -0.5942 1.373 100
0.1770 39.99 -0.7521 1.218 100
0.4688 .40 . -0.32904 1.602 100
0.4583 40 -0.3389 1.655 100
0.4829 40 -0.3161 1.710 100
Table C.4: Anthracene Adsorption data for Freundlich and

Langmuir isotherm plots

x/m (mglg) | C.(mgl) | Log (x/m) LogC. | CJ(x/m) (gh)
0.0996 19.925 -1.000 1.2840 200.050
0.1894 25.416 -0.873 1.4051 134.1922
0.1908 20.7988 -0.794 1.4742 156.178
0.1914 38.3195 -0.718 1.5834 200.2064
0.1920 38.499 -0.717 1.5855 200.516
0.1934 38.691 -0.714 1.58761 200.0569
0.1939 38.833 -0.712 1.5892 200.2728
0.1946 38.8955 -0.711 1.5899 199.8741
0.1951 39,0200 -0.710 1.5913 200.000
0.1957 39.810 -0.668 1.633 203.4236
0.1957 ~ 39.810 -0.591 1.707 203.4236
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Table C.5: Pyrene Adsorption data for.FreundIich and Langmuir

isotherm plots

-

x/m’ (mg/g) -ée {mg/l) Log (x/m) Log C, C/(x/m) (g/1) '
0.05704 5.704 -1.2438 0.7562 100
0.1142 11.420 -0.9423 1.0577 100.023
0.160 16.000 -0.7530 " 1.2041 99.912
0.2392 23916 -0.6213 1.3787 100
0.2780 27.800 -0.4011 1.4440 100
0.3178 31.784 -0.4978 1.50221 100 ,
0.3540 35.396 ~0.4511 1.5489 100 |
0370 370.. 20.3990 1.5682 100
0.3778 370780 -0.4227 1.5773 100 ’
0.3888 38.876 -0.4103 1.5897 100
0.3989 . 38.896 20.3991 1.601 T
0.4000 40 -0.3979 1.6021 100
0.400 40 -0.3979 1.6021 100

Table C.6: Naphthalene Desorption data for Freundlich and

Langmuir isotherm plots

x/m (mgl/g) | C. (mg/h) Log (/m) LogC. | Cdxim) (/D)
03011 25.586 20.697 1408 127.233
0.2395 30.130 T20.6207 1479 125.8012
0.2630 34213 -0.5800 1.5342 130.081
02978 ~38.872 20,5262 1.562 130.552
0.2972 38.812 20.5269 1.5754 130.584
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-0.54969

0.3185 38.943 1.5904 122279
0.30155 |  38.989 20.51120 1.5909 127618
03312 | —38.992 -0.4799 1.6038 117.74
0.3345 35.083 -0.4756 1.6162 116.829 |

Table C.7: Anthracene Desorption data for Freundlich and

Langmuir isotherm plots

x/m (mg/g) Cc.(mgl) | Log(x/m) LogC. | CJ/m) (@) |
0.0943 9.43 -1.0255 0.9745 100.034 |
0.0743 743 1129 0.8710 100 |
0.0602 6.02 -1.245 0.780 55998 |
0.0488 4.88 13116 0.688 00
0.0337 3.37 -1.4724 0.5276 100 !
0.0290 2.90 -1.473 0.4624 100
0.0253 2.53 -1.597 0.4031 100
0.0249 2.49 -1.6038 -0.3962 100
0.0238 2.38 -1.634 ~0.3766 100
0.0207 2.07 -1.687 0.3160 100
0.0155 1.55 -1.8097 0.1903 100
0.0142 1.42 -108477 0.1523 100
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Table C.8: Pyrene Desorption data for Freundlich and Langmuir

-,

isotherm plots

x/m (mg/g) C. (mg/l) Log {(x/m) Log C, C/(x/m) (g/1)
03168 31.68 20,4992 15008 100
03317 33,17 04793 15208 700
0.3404 34.04 20,4680 1.5320 100
0.3567 35.67 20.4568 15523 100
0.3693 36.93 0.4326 15674 100
0.3759 37.59 20,4249 1.5751 100
0.3764 3764 -0.4246 15757 700
0.3770 37.70 04213 15763 100
03813 38.13 04187 15813 100
03818 38.18° 04182 1.5818 100
0.3822 3822 04177 15823 700
03822 3823 04177 15822 100
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APPENDIX D

Cultural, Morphological and Biochemical Characterization of

Microbial Colonies

Table D.1: Cultural characteristics

Bacteria | Shape | Size Elevation | Margin | Colour | Optical
isolates appearance
A Circular | 1-2mm | Raised | Smooth | Cream Opaque
B Circular | 1-2mm | Raised | Smooth | Cream Opaque
C Irregular | 2-2mm Flat Serrated | Yellow Transparent
D Circular | 1-2mm Flat Smooth | White Opaque

Table D.2: Morphological characteristics

Bacteria | Cell shape Cell arrangement | Gram reaction

isolates
A Réés Pairs +ve
B Rods Pairs +ve
C Cocci Group +ve
D Rods Cluster -ve

Table D.3: Biochemical characteristics

Bacteria | Catalase | Oxidase | Spore Glucose | Citrate | Urease

isolates stain
A ve -ve Fve aandg -ve -ve
B +ve -ve +ve a -ve -ve
C +ve -ve -ve a -ve -ve
D +ve | -ve +ve aandg t+ve -’il-ve
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Key

a= Acid

g = gas

+ve = positive
-ve = negative
A = Bacillus luteus

B = Bacillus sphericus

C = Micrococccus luteus

D = Klebsiela pneumonia

The presence of fungi colonies in the soil was also ascertained following

the characterization tests listed in Table D.4 below:

Table D.4: Cultural, Morphological and Sugér Fermentation

characterization
Fungi : .. Sugar fermentation
Cultural Morpheological
isolates Glucose Lactose
Smooth and Hyphae is . | No acid or
_ _ Produces acid
E floxy white septated. Spores gas
_ only
colonies “* are also septated production
Velvety surface | Hyphae is non
Produces acid | Produces
F growth form. septated. Spores _
. . and gas only acid
Colour is black | are not septated
Key

E = Fusarium spp

F= Aspergil].us niger
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The ability of the indigenous microbes to degrade the polycyclic aromatic
hydrocarbons was investigated using naphthalene. Cell concentration was
measured as optical density at 436nm. Table D.5 show the experimental

measurements used for the estimation of the growth parameters of the

organismes.
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Table D.5: Microbial Growth Study using Naphthalene as test contaminant at 436nm

Bacillus Micrococcus | Klebsiella Aspergillus
Time (hours) | Bacillus luteus sphericus Luteus pheumonia Fusarium spp niger
0 0.000 0.000 0.000 .10.000 0.000 10.000
2 10.089 0.053 0.058 0.053 0.075 0.06 , |
4 0.093 0.060 0.067 0.073 0.082 0.07f3
6 0.109 0.073 0.075 0.078 0.091 0.079
3 0.122 0.098 0.098 0.081 0.102 0.100
10 0.130 0.109 0.168 0.132 0.118 0.107
12 0.160 0.155 10:172 0.154 0.120 0.190
14 0.170 0.164 0.194 0.166 0.146 0.127
'i6 0.067 0.123 0.131 0.106 0.059 0.016
18 0.020 0.101 - 0.116 0.073 0.018 0.010
20 0.015 0.079 0.111 0.051 0.017 0.006
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The rate of biodegradation is generally the focus of environmental

studies. The microbial growth and substrate consumption rates are

.

estimated from the \é“xperimental data on the growth and degradation
studies. The estimation of the growth parameters: maximum specific
growth rate, cell biomass yield and saturation constant using Monod

kinetics is shown as follows:

From the plots, we have using:

Bacillus luteus:

Y= 0.349, slope = 1,1027, intercept = 12.063

1.1027=£—

Himax

M=p,, x11027

11027, +1

max

#mu

12.063 = intercept =

12.063 g, 110274, =1

= 0.0914r!

M =1.1027 x 0.091 =0.1006

k, =M|:-C'o +lXO:I
¥y

k, =0.1006] 0.024492 + —— x0.089
, 349

k, =0.028kgm™
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Bacillus sphericus:
Y= 0.272, slope = 0.9482, intercept = 7.02

M
Hima

0.9482 =

M=pu_ x 09482

7.02 = intercept = 09482ty +1

#Illnl
’*, 7‘02 f"‘max - 0‘9482!'[|1\u .= ]'
: = = 0.165hr™"
Howe = 0718 o
M =09482 x0.165 =0.156
k, = 0.156[0.024475 + ——1—— x0.053
- 272
k, = 0.0343kgm™
Micrococcus luteus:
Y=0.222, slope = 0.9156, intercept = 6.5772
~ 0.9156 = 1
#ﬂm

max

M=p_ x09156

0.91564,,, +1

6.5772 = intercept = =7

6.5772 ., —0.9156,, =1

1

_ - 0.177h!
Hoax =566 ’
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M =0.9156x0.177 =0.162

k,;=0.162| 0.024476 + —
0.222

~.,

\-A

x 0.058]

k, =0.046kgm™

Klebsiella pneumonia:
Y= 0.275, slope = 0.1756, intercept = 1.3097

0.1756=—£—

Himax

M=u_ x0.1756

mnax

0.17564,,, +1

1.3097 = intercept =
aumnx

1.3097 fi e — 0156 st =1

1
= (.88
How =TT34] i’

M =0.1756 x0.88 =0.1545

k, =0.1545| 0.024480 + —
0.2705

x 0.053]

, = 0.034kgm™

Fusarium spp:
Y= 0.139, slope = 1.4352, intercept = 10.6732

1.4352=£—

pmax

M =4, x1.435 198
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- .

10.6732 = intercept = 143524, +1

”l\lﬁl
10.6732.4,, ~143524,_ =1

H =; = 0.1084r™

max 9‘238

M =1.4352x0.108=0.155

k, =0.155/0.024487 + I
. 0.139

x 0.098]
k, =0.113kgm™
Aspergillus niger:

Y= 0.243, slope = 1.776, intercept = 9.7133

M
ﬂl’llll

1L.776 =

M=p,, x1.776

E7764,,, +1
ﬂmu

9.7133 = intercept =

10.6732 4, -1.7764_ =1

max

1 .
= 0126k
Homx = 57537 i

M =1.776 x0.126 =0.224

k, =0.2238] 0.024485 + — x0.0ﬁO]
0.1243

k, =0.061kgm™
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APPENDIX E

Interpretatlona] rules generally adopted for troplcal and subtropical soils.

1. Textured class -~

Sandy soils:

Coarse texturéd: Sands: S
Loamy sands LS
Moderately coarse textured:
Sandy loam: SL
Sandy clay loam: SCL

Weak ‘Medium Strong Very strong

2. Soil Reaction pH
Extremely acidic less than 4.5
Very strongly acidic 4.5-5.0
Strongly écidic 5.1-5.5
Moderately acidic 5.6-6.0
Slightly acidic 6.1-6.5
Neutral 6.6-7.5
3. Available phosphorus (mg/kg)
Soil poor in phosphorus less than 5
Moderately supplied 5-8
Well supplied 8-10
Soil rich in phosphorus 10
4.  Exchange Complex
‘ Very weak
Exchangeable Ca 1.0 1-23 2.3-3.5
Mg 04 04-1.0 1.0-1.5
K 0.1 0.1-0.2 0.2-0.4
Na =~ 01 0.1-03 0.3-0.7
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3.5-7.0
1.5-3.0
0.4-0.8
0.7-2.0

>7
3.0.
>.8

>2



Physical properties
Soil moisture % o 3= 5 Oven dried
' 5.6.5 Air dried
6.5 — 10 Field moist
10 - 15 Wet
Bulk Density <1 Rich in organic matter

] - 1.5 clayey soil
1.5-2.0 Loamy soil
2-2.5 Sand loam

e
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APPENDIX F

Independent Estimation of the Transport parameters

The physical quantﬁfes contained in the mass transfer-limited numerical
model for both macroporous and microporous systems i.e., the film mass
transfer coefficient, pore and aqueous phase diffusivities of the

contaminant PAHs were independently estimated for a reasonable

solution of the model. For the film mass transfer coefficient, we have:

D% pYd, }

k, =o.32—5——V}4 Re,,p%[-——— (F.1)

; DYiH N

Therefore, substituting known values into equation F.1, we would have:

for naphthalene:

- . =3
- 0.32(7.28310° ¢ (0955 10 x 1254.37% 0.06% x 0.0027%
0.11 0.11% x 0.028%

k, = 1.92 x10” m/day
Similarly, for anthracene, k, = 1.72x 10 m/day
Pyrene, k.= 1.64 x 107 m/day

The diffusivity of the fluid phasé:

WaMa T (F.2)

D, =74x10" -
nyee
Hence for naphthalene,

p L 1A4x 107(2.6 x18)4(300)
- 0.5 (147.6)"
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X

= 8.429 x 10%cm’/s
= 7.28 x 10”°m*/day.
Similarly,

for anthracene D, = 6.10 X 10 m%day

for pyrene D, = 6.08 x 10°m%/day

and the pore diffusivities:

1
E % i
D, = =+ A i N (F.3)
T | 47\ 2RE, D,
For naphthalene,
p 048l 3 3142x128 )" 1 )
Py 4(0.001)4 2x8314x273) 7.28x107
D, = 8.614 x10°m’/day
Similarly,

for anthracene D, = 8.59 x 10°m?*/day

for pyrene D, = 857X 10°°m%day
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APPENDIX G
Simulation of the Concentration profiles for the Kinetic Models
Based on all mea.sﬁ;éd quantities, the concentration of the single and
multisubstrate catalysis using the kinetic models are as shown below:
(a) Raté Determining-step Model -.

(1)  Single substrate catalyzed reaction:

1{ Ce* . Ce' '
= Ll B 1
¢ 2L’~-1+C"] [2(31—1)} . (G-1)

on substituting known values we would have:

15 - 2
C=—l— 100e +100 |- 100e
2)e” —1 2le” -1

738.9 ]

1
~f100 +100]- | —=°2__
2[ +100] [6.534x10°

=100~-1.13084x10™

= 99.9998mg/l ~ 100.00mg/l

(i) Multi-substrate reaction,

Cet - Ce' n-1
- o C o . .
¢ [eL -1 ¥ °:,[2(e" —I)}+ X G-2)

Where n = number of contaminant PAHs we would have:

1|300e"” +300 300¢? 3-1
C=—~ 15 - 15 + -1
2] " -1 20 1)) 2

C = 299.9997mg/l ~300mg/]

A summary of the results for other specified time is shown in Table G.1.
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Table G.1: Simulated concentration-time data for Rate-Determining

Step Model
‘ Concentration (mg/l)
Time (days) - ¢
Single substrate Multisubstrate
0 99.9998 = 100 299.9997 = 300
7 14,286 42.857
14 7.143 21.429
21 4.762 14.286
28 3.571 - 10.714
35 2.857 8.571
42 2310 7.143
49 2.041 6.122
56 - 1.786 5.357
63 1.587 4.762
b. For steady state approximation;
(1) Single substrate catalyzed reaction
V. [C'] x
C - (4]0 8 a o .
s )
C_(O.(HBX]OO)[ 2 )
1 100.00314 A 4.086x10"°
=2.799 x 107 x 48,946.052
C=137.26mg/]
(i) Multi-substrate catalyzed reaction
C= VmanL[Ca] i (G_4)
K.+ lc1 D
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C= 6.7x107 x 300 [ 2 )
T 300.0178 7.3622x107*

= 6.

6996 x-10° x 27,165.801

C = 181.98mg/

A summary of the results for other specified time is shown in Table G.2.

Table G.2: Simulated concentration-time data for Steady-State

Approximation Model

Time (days) | Concentration (mg/1)
Single substrate Mulitisubstrate
0 137.26 182.00
7 . 19.57 26.00
14- 9.79 - 13.00
21 6.52 8.67
28 4.89 6.50
35 3.91 5.20
42 3.26 433
49 2.80 3.71
56 2.45 3.25
63 2.19 2.89
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APPENDIX H
Concentration profiles at different time steps in both axial

and radial directions using the inverse matrix method.

Naphthalene (Axial direction)

]j=0 3
Col -2 1 0 0 0 0 0 0 07'-99.7]
Cal 2 ] 0 0 0 0 0 010
C..| |o 1 2 1 0 0 0 0 o(1lo
Cual |o 0 1 2 1 0 0 0 0] 1lo0
C,, =0 0 .. 0 1 -2 1 0 0 0l |0
Co,l |0 0 0 0 1 2 1 0 0] 1o
C 0 0 0 0 0 1 2 1 ol o
11
C 0 0 0 0 0 0 1 -2 ] 0
a,1
C.o o o0 0 _o 0 0 0 1 210 |

[-09 -08 -07 06 05 -04 -03 -02 -0.I]
08 -1.6 -4 12 -1 08 06 -04 -02
-07 -4 21 -18 -15 -12 09 0.6 -03
06 -12 -18 24 2 -6 -12 -08 -04
-05 -1 -LS 2 25 .2 <15 -1 -05
-04 08 -12 -1.6 -2 24 -1.8 -12 -06
-03 <06 09 12 -15 -1.8 21 14 07
02 -04 06 -08 -1 -12 -4 -16 -08
01 02 -03 -04 05 06 -0.7 -08 -0.9

© [89.73]
79.76
69.79
59.82
49.85
39.88
29.91
19.94
19.97 |
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S o o o o Qoo —
O O O O o o —

0 0 0 0 0 0 0 T-66.49

1 0 0 0 0 0 0 | -9.46E-02
2. 1 0 0 0 0 0 | -8.46E-02
1 21 0 0 0 0 -747E-02
0 i 21 0 0 0 || -6.47E - 02
0 0 1 21 0 0] -547E-02
0 0 0 1 2 1 0 | -4.48E-02
0 0 0 0 1 2 1 [[-348E-02
0 0 0 0 0 1 -2 | -2.48E-02)

-08 -07 -06 -05  -04 03 -02 -0.1]
-6 <14 <12 -1 08 06 -04 -02
-4 21 -18 -15 <12 09 06 -03
-2 1.8 24 2 16 -12 -08 -04
-l 1S 2 25 2 15 -1 .05
08, -12 -16 -2 24 -1.8 -12 -0
0.6 <09 -12 -15 -1.8 -21 -14 -07
-04 06 -08 -1 .12 -14 -16 -0.8
02 03 -04 05 -06 -07 -08 -0.9]

"60.0979-
53.7057
47.219
40.6476
34.0015
27.2907
20.5252
13.715

| 6.86989
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QOO0 o Cc o o -
o o o O o o -

-0.8
-1.6
-1.4

-1.2

-0.8
-0.6
-0.4
-0.2

-0.7
-1.4
-2.1
-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

-0 o o

o o o -

-0.6
-1.2
-1.8
-2.4

-1.6
-1.2
-0.8
-0.4

-0.5
-1
-1.5
-2
-2.5
-2
-1.5
-1
-0.5

3.95531
3.61543
3.21747
2.76897

[ 2.27646

1.74658
1.18603

| 0.60157
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-0.363886854  -0.118287651
-0.118267851  -0.383650451
-0.03842316  -0.118143883
-0.012371083 -0.03803875
-0.003638557 -0.011187868
3.895243933]
6.071799374
6.826903938
6.646874014
5.97062771
5.0739302
4.06509497
2.933942699
| 1.608580206 |

-0 O © O O o O

o
NN

!

-0.00038441
-0.001306 984
-0.004058369
-0.012494862

-0.038423186
-0.116143883
-0.363286041
-0.116880857
-0.034400183

T-7.17203]
-9.92197
-10.4928
-9.80184
-8.57933
-7.21564
-5.81345
-4.30173
-2.53523

-0.000123768
-0.000420812
-0.001306994
-0.004022967
-0.012371093

-0.03803875
-0.116960657
-0.359627 484

-0.10577279

The procedure above is applicable to both pyrene and anthracene.
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-3.64025E-05
-0.000123768

-0.000384 41
-0.001183226
-0.003638557
-0.01118766R
-0.034400163

-0,10677270
-0.325227 291




APPENDIX I

Non-Steady State Model

Results of the numerical solution to the non-steady state model are shown in the Microsoft Excel template in Tables .1 to
L.6. The table is subdivided into /" and i columns indicating the depth and radius of the soil depending on the direction of

solute transport. At the point of interception of j and i, the solute ¢oncentration was computed using the finite dif/féreﬁce
scheme. For each PAH, the changes in concentration with time, depth and radius were calculated, !

Table I.1: Results obtained from the Finite difference solution to the non-steady state macro porous system

Naphthalene
i 0 1 2 3 4 5 6 7 8 9
m) 0 0.015 0.03 0.045 0.06 0.075 0.0 0.105 0.12 0.135
J t{day y g
0 0 100 0 0 0 0 0 0 0 0 0
1 7 99.7 89.73 79.76 69.76 59.82 49.85 39.88 29.91 19.94 9.97
2 14 6649 | 60.09787 | 53.70574 | 47.64759 |40.64759 | 34.00152 | 2729075 | 20.52524 | 13.71496 6.869891
3 21 4.44 4.232454 ]3.955309 | 3.61543 3.217474 | 2.768967 | 2.27646 | 1.746583 [ 1.186033 | 0.60157
4 28 1.62 1.4747 1.3255 1.1718 1.0139 0.8521 0.686808 | 051844 |[0.3475 0.1744
5 35 1.3 1.1752 1.0494 0.922 0.7932 0.6632 | 0.5321 0.4001 0.2672 0.13386
6 42 0.82 0.7422 0.6635 0.5836 0.5025 0.4205 0.3376 0.2539 0.1697 0.085
7 49 0 0.00851 }0.00843 | 0.00757 0.00663 | 0.00563 | 0.00458 1§0.00348 | 0.00235 |0.00118
3 56 0 0.000804 | 0.000745 | 0.000677 | 0.00599 [0.005141 | 0.000422 | 0.000322 | 0.000218 | 0.0001109
9 63 0 8.27E-05 | 7.62E-05 | 6.89E-05 | 6.08E-05 | 5.20E-05 | 4.26E-05 | 3.25E-05 | 2.70E-05 | 1.1 2E-03
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Table L2: Results obtained from the Finite difference solution to the non-steady state macro porous system

Pyrene . /
i 0 1 2 3 4 5 8 7 8 9
(m) 0 0.015 0.03 | 0.045 0.06 0.075 0.09 0.105 0.12 0.135
Ji t(day
0 0 100 0 : 0 0 0 0 0 0 0 0
1 7 44.18 | 39.762 35.344 30.926 26.508 22.09 17.672 13.254 8.336 4418
2 14 3521 |32.14152|28.7165 |25.20966 | 21.68572 | 18.12838 | 14.54237 | 10.93211 | 7.302018 3.6565
3 21 23.6 21,3662 | 19.1116 [16.7903 |14.4549 | 12.0925 |9.70665 | 7.30089 | 4.87878 2.4439
4 28 17.02° | 15.402 13.7702 | 12.094 10.4084 | 8.7049 | 6.9857 |5.2532 3.5098 1.7579
5 35 16.12 ) 14.5685 | 13.00708 | 11.4136 | 9.8135 8.20035 | 6.5759 [4.94202 |3.300216 | 1.6523
B 42 2.26 2.0912 1.9129 1.7044 1.4895 1.2624 1.02471 | 0.7779 0.52387 | 0.26399
7 49 0 02184 102026 [0.1815 10.156 0.1366 | 0.11156 |0.0852 |0.0576 |0.029139
18 56 0 0.02244 | 0.020813 | 0.018695 | 0.016487 | 0.014095 [ 0.011536 | 0.008814 | 0.005967 0.00302
9 63 0 0.002306 | 0.06214 | 0.001922 [ 8.001696 | 0.00145 | 0.001186 | 0.000506 | 0.000314 0.0003106
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Table 1. 3: Results obtained from the Finite difference solution to the non-steady state macro porous system

Anthracene : K
\ i 0 1 2 3 4 5 5] 7 8 9
\@ 0 0.015 0.03 0.045 0.06 0.075 0.09 0.105 0.12 0.135
T(days
0 0 100 0 0 0 0 0 0 0 0 0
7 28 25.2 22.4 19.6 16.8 14 11.2 8.4 5.6 2.8
2 14 23.5 21.248 18.967 16.66 14.329 "~ | 11.976 9.6066 7.221 4322 2414
13 21 1848 | 16.71572 1 14.92644 | 13.11476 | 1 1.2829 | 9.433 7.5683 5.69005 | 3.8009 1.96349
4 28 9.33 8.4627 7.57606 | 6.67169 |5.75149 | 48172 3.87076 ]2.9139 1.94863 | 0.97668
5 35 4.123 3.7485 3.3592 2.961 2.5548 2.1415 1.7218 1.29696 | 0.867719 | 0.435076
B 42 1.64 1.49077 11.3372 1.1797 1.0186 0.85439 [0.68738 |0.518015 0.34671 | 0.17387
7 49 0.57 0.518872 ] 0.466034 | 0.411624 1 0.355794 0.298701 | 0.240505 [ 0.181369 0.12146 | 0.060946
8 56 0 0.05533 10.05084 0._Q_4_§82 10.040316 | 0.034368 | 0.028034 | 0.021 3731 0.01444 |0.007296
9 63 0 0.005742 | 0.005289 | 0.004778 ] 0.004212 | 0.003598 | 0.00294 0.002244 | 0.001516 | 0.000767




Table I.4: Results obtained from the Finite difference solution to the non-steady state micro porous system

Naphthalene .
! 0 1 2 3 4 5 8 7 8 9.
mJ 0 0.001 0.002 0.003 0.004 °| 0.005 0.006 0.007 0.008 0.909 *
J t(days)
0 0 100 0 -0 0 0 0 0 0 0 0
1 7 99.7 132.781811 11.01814 | 3.939885 | 1.637463 | 0.887489 0.64 0.548511 | 0.484937 | 0.360276
2 14 66.49 136.93655{ 17.46828 | 7.916389 | 3.780446 | 2.092127 1417786 | 1.123446 | 0.91775 | 0.612603
3 21 4.44 19.87467 | 15.314488 | 9.260402 | 5.333086 | 3.252737 | 2.233951 1.705018 | 1.313888 | 0.787859
4 28 1.62 12.12484 | 12.34934 [9.199318 | 6.194443 | 4.178188 2.986495 | 2.258797 | 1.6787714.] 0.943646
5 35 I.3 8.505245 } 10.10063 | 8.684823 | 6.593685 | 4.848608 3.623981 | 2.2757102 | 2.009047 | 1.07901
6 42 0.82 6.49529 | 8.467598 | 8.070063 [ 6.719467 | 5.303964 4.133709 | 3.184847 | 2.300199 | 1.19864
7 49 0 5.058893 | 7.315455 | 7.537206 | 6.727024 | 5.612245 | 4531575 3.541137 1 2.55038 | 1.304435
"8 56 0 4.336858 | 6.572731 | 7.130748 { 6.692503 | 5.823431 | 4.83 8403 | 3.83164 | 2.760552 { 1.397346
9 63 0 3.895244 | 6.071799 | 6.826904 | 6.646874 | 5.970628 5.07393 40651 2.933943 | 1.478164
254




Table I.5: Results obtained from the Finite difference solution to the non-steady state micro porous system

Anthracene
i 0 1 2 3 4 5 6 7 8 9
(m) 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
t(days} ’ .
0 0 100 0 : 0 0 0 0 0 0 0 0
1 7 28 946301 343424 | 1.47339 | 0.835293 | 0.62661 | 0.555163 | 0.520949 | 0.476063 | 0.357666
2 14 23.5 12.394393 | 6.05458 |3.104099 | 1.853696 | 1.34747 | 1.137263 | 1.019927 | 0.88058% | 0.600776
3 21 18.48 1251398 | 7.49123 14.450976 | 2.868487 | 2.10498 | 1.730928 | 1.494225 | 1.2298804 | 0.816702
4 28 9.33 0957993 | 7.522378 | 5.233291 | 3.704962 | 2.817769 | 2.305384 | 1.939186 | 1.538698 | 0.994831
5 35 4.128 737155 6.940362 | 5.56248 14.31506 |3.43336 |2.832229|2.348042 | 1.815133 | 1.153808
B 42 1.64 549732 6.2244 5.6235 472876 |3.93578 13.294799 | 2.714896 | 2.06213 1.2946
T 49 0.57 4310748 | 5.614822 | 5.570147 | 5.002197 [ 4.33526 | 3.688593 | 3.036849 | 2.280683 | 1.417056
8 56 0 3.560213 | 5.155073 [ 5.48752 |5.189242 | 4.64661 |4.017948 | 3.314505 | 2.471747 | 1.521377
9 63 0 13.186559 | 4.8622 5.42443 | 52327276 | 4.205677 | 4.291436 | 3.51125 | 2.636888 | 1.60858
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Table I.6: Results obtained from the Finite difference solution to the non-steady state microporous system

Pyrene ; .
i 0 1 2 3 4 5 6 7 8 9/
(m) 0 0.001 |- 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
i t(days) T
0 0 100 0 0 0 0 0 0 0 0 0
1 7 44.18 | 14.48452 | 5.067368 | 2.00453 [ 1.008033 | 0.68784 | 0.573432 | 0.526884 | 0.477974 { 0.358228
2 14 3521 | 18.47886 | 8.772926 | 4.228688 | 2.297654 | 1.517296 | 1.200751 | 1.043231 | 0.888913 | 0.603419
3 21 2321 ] 16.98305 | 10.23272 | 5.870371 | 3.537159 | 2.4012771 { 1.856625 { 1.545715 | 1.25001 | 0.794719
4 28 17.02 | 14.80693 | 10.49702 | 6.893599 | 4.56674 |3.23923 | 2.50181 |2.026934 ] 1.575829 | 0.95694
5 35 16.12 | 13.82358 | 10.55858 | 7.570403 | 5.392991 | 3.989164 | 3.10714 |2.478873 | 1.873704 | 1.100854
B 42 2.26 9.014189 | 9.224703 | 7.636596 | 5.988051 | 4.82125 3.71719 | 2.91456 | 2.152499 | 1.232796
7 49 0 6.200641 | 7.852181 | 7.37827 | 6.27515 | 5.18653 |4.18656 | 3.33859 |2.55496 | 1.3969
8 56 0 487701 | 6.8889 [ 7.0523 6.3874 | 5.4828 4.45567 |3.6622 |2.7042 1.4978
9 63 0 4.14845 |6.232 6.761 6.4162 | 5.6805 [ 4.7967 | 3.8981 2.8546 .| 1.5771
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