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A mathematical model, combining both sorption and biodegradation process, was developed to pre-
dict the biodegradation of phenanthrene by Sphingomonas sp. in different sediment slurries. The model
includes two sorption parameters, « (the partition coefficient) and 1/K (the diffusion resistance); a kinetic
parameter k (the first order rate constant); and a sediment parameter, Ay (the specific sediment surface
area in unit volume of slurry). These parameters were evaluated and verified in three types of sediment
slurry systems (namely sandy clay loam Ho Chung sediment with fastest degradation, sandy Kei Ling Ha
sediment with medium degradation, and clay Mai Po sediment with slowest degradation) at different
Biodegradation initial phenanthrene concentrations. High R? values, ranging from 0.935 to 0.969, were obtained. Based
Sorption on this integrated sorption-biodegradation model, the phenanthrene biodegradation in any sediment
PAH slurry could be predicted as long as the parameters of the specific sediment surface area in unit volume
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of slurry, total organic carbon and clay content were measured.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) with toxic, mutagenic
and carcinogenic properties derived from natural sources and
human inputs occur widely in coastal environments and also are
accumulated in sediment because of their strong hydrophobicity
[1]. With the discovery of a wide variety of microorganisms which
have the ability to degrade PAHs [2], bioremediation, a technology
that utilizes microorganisms to reduce environmental contami-
nants, has become a popular and effective remediation technique
[3,4]. However, the heterogeneity of soil/sediment has been known
to exert a significant influence on the efficiency and effectiveness
of bioremediation in various sites [5], probably due to its effects on
the sorption and desorption patterns associated with hydropho-
bic organic contaminants [6]. The organic compartments and the
clay content in the sediment were proved to be the two domi-
nant factors which would affect the sorption behavior of PAHs in
the sediment/soil-water system [7,8]. But when the PAH in the
aqueous phase is degraded or used up by the microorganisms, fur-
ther biodegradation and continuous growth of the PAH-degrading
microorganisms require the transfer of PAH mass from the inte-
rior of a non-aqueous phase to a location accessible to microbial
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cells, such as the aqueous phase. This means that the rate of trans-
fer of PAHs from the non-aqueous phase(s) determines the overall
biodegradation. Wick et al. [9] summarized that limited bioavail-
ability occurred when the capacity of the microbial biomass to
consume a substrate exceeded the capacity of its environment to
deliver the substrate. Sorption behavior significantly controls the
bioavailability of PAHs.

To model the biodegradation process, a non-linear model,
namely the Monod equation, is commonly used to describe the
kinetics of biodegradation of organic compounds such as PAHs
[10-12]. Based on the Monod equation, some other models were
also developed for the PAH biodegradation process [11,13]. A com-
plicated model, including the microbial biodegradation activity of
the PAHs in the aqueous phase and PAHs sorption kinetics with
respect to the organic carbon content, was developed by Artola-
Garicano et al. [14]. However, none of these models simultaneously
consider parameters such as the types of sediment, the dynamic
sorption behavior, etc.

Phenanthrene (Phe), a toxic three-ring PAH, is often accumu-
lated at a relatively high concentration in sediment and has been
widely used as the model substrate in degradation studies. The con-
centrations of Phe have been reported ranging from a few pgg-1,
in low-level contaminated sediment, to a few hundred wgg-! in
the sediment near industrial sites [15] and have reached as high as
1500 wgg~! in some of the seriously contaminated sediment [16].
The present study aims to develop an integrated model including
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the parameters of the specific sediment surface area of sediment
slurry, dynamic sorption behavior and biodegradation kinetics for
predicting the biodegradation process of Phe in the mangrove sed-
iment slurry with the inoculation of Sphingomonas sp.

2. Materials and methods
2.1. Chemicals and phenanthrene degrader

Standards of Phe (96%) were purchased from Sigma Chemicals,
USA. The stock solution of Phe was prepared by dissolving an appro-
priate amount of the standard in acetone, with a final concentration
of 5000 mgL-1. The solutions were kept in a brown bottle at 4°C
and wrapped with aluminum folds to avoid any light exposure prior
to use. Ethyl acetate (A.R.), acetone (99.5%) and dichloromethane
(A.R.) were bought from Lab Scan Asia Co. Ltd. (Thailand) and
were distilled before use. Methanol (G.R.) was bought from Merck
KGaA Co. Ltd. (Germany). The stock culture of Sphingomonas sp., a
PAH-degrading bacterial strain, enriched and isolated from surface
mangrove sediment with ability to degrade PAHs [17], was used
in the present study. The stock bacterial culture kept in 80% auto-
claved glycerol under —80°C was sub-cultured in nutrient broth
and was harvested when reaching the exponential phase (around
3 days). The harvested cells were centrifuged and washed twice,
re-suspended and used as the inoculum.

2.2. Mangrove sediment

The surface sediment (0-2 cm) was collected from Ho Chung
(HC), Kei Ling Ha (KLH) and Mai Po (MP) mangrove swamps in Hong
Kong. The sample was passed through a 2 mm sieve immediately
after collection and kept moist at 4°C before the experiment. A
portion of the sample was air-dried and others were freeze-dried.
The dried samples were kept in sealed bags and stored in a desic-
cator. The soil texture was analyzed by the dry sieving technique
(Pipette method) following the standard method described by Gee
and Bauder [18]. TOC was determined using wet oxidation-redox
titration method [19]. The specific surface area of the sediment
was determined by the ethylene glycol monoethyl ether (EGME)
method [20]. The 16 PAHs in the sediment were extracted and
analyzed according to Tam et al. [21].

2.3. Dynamic sorption and biodegradation experiment

For each mangrove sediment type, the biodegradation experi-
ment was conducted under high and low initial Phe concentrations,
each in triplicate. An appropriate amount of stock Phe solution was
added to 250 mL conical flask to yield the designed initial concen-
trations. The acetone in each flask was allowed to evaporate. Then
the sediment slurry was prepared by mixing 100 g sieved sediment
with 100 mL distilled water in the 250 mL conical flask. Before inoc-
ulating the degrader, 5 mL slurry was sampled from each reactor
to determine the precise initial concentrations, which were 37.5
and 105mgL-! slurry. The final sediment densities in unit slurry
volume of three types of sediment-slurry were 0.609, 0.505 and
0.348 gmL"! for KLH, HC and MP, respectively. Sphingomonas sp.
was inoculated at a density of 106 MPN g-! sediment. Then the
biodegradation experiment was carried out under pH 6.8 and all
flasks were shaken at 180 rpm in dark at 2442°C. A 5 mL of slurry
sample was collected from each flask at each of the following time
intervals: 1-, 7-, 15-, 30- and 48-h. The sterilized sediment slurry
(by autoclaving the sediment slurry at 121 °C and 0.1 MPa pressure
for 20 min to prevent any microbial activity) without the inocula-
tion of Sphingomonas sp. was also prepared as the control to monitor
the abiotic loss of Phe during the study. Phe concentrations in the

aqueous and sediment phases of samples were analyzed accord-
ing to Chen et al. [6]. Although the initial Phe concentration chosen
was higher than the normal environmentally relevant value, it was
required because of detection limit for GC-FID analysis without
highly concentrating Phe in the aqueous phase, in which Phe has
very low solubility. Besides, based on the result of our previous
studies, the initial Phe concentration (ranging from 5 to 55 mgL~1)
was found having no effect on the degradation speed [22] and the
dynamic sorption behavior [6]. In the present study, the lower con-
centration, 37.5mgL~! (between 5 and 55mgL-!), was used to
study the effect of initial Phe concentration on the partition coef-
ficient and the biodegradation speed during the biodegradation by
comparing with the higher initial Phe concentration, 105mgL-1.

2.4. Integrated sorption-biodegradation model

To model the Phe sorption behavior and biodegradation process
in the mangrove sediment slurry with the inoculation of Sphin-
gomonas sp., three assumptions were made:

i. A steady thin membrane was present between the sediment
and aqueous phases, and Phe would diffuse from the sediment
to the aqueous phase (through this membrane) without any
accumulation in the membrane;

only Phe dissolved in the aqueous phase could be degraded by
microorganisms; and

Phe was homogenous in the aqueous phase as the reactor was
well shaken.

=

ii.

iil.

=

The sorption and transfer of Phe in the sediment slurry were
sketched in Fig. 1.
According to FicKk’s first law:
aC
=-D— 1
J=-D3 (M
where J(mgm~2 s~1)is the diffusion flux, D (m? s~ 1) is the diffusion
coefficient and dC/dx is the gradient of concentration, in the present
study, assuming that the gradient of concentration is linear, the flux
of Phe through the steady thin membrane was:
AC
=D— 2
J=D%; 2)
where AC is the difference between the PAH concentrations in
the sediment phase, Cs (mgm~3 slurry), and the aqueous phase,
Ca (mgm™3 slurry), and Ax is the thickness of the membrane. By
introducing the parameter 1/K (sm~1), which is equal to Ax/D and
could be interpreted as the diffusion resistance of the steady thin
membrane, the Eq. (2) could be expressed as:

G-G
I==x

(3)

According to the assumptions that there was no Phe accumu-
lated in the membrane and only Phe dissolved in the aqueous
phase could be degraded by microorganisms, the Phe diffused to
the aqueous phase were either degraded (Cy) or accumulated in
the aqueous phase (Cs—a). Thus, the flux of Phe through the steady
thin membrane in a short time dt could also be expressed as:

_ dCd +dCy_a

J= Avdr (4)

where Ay (m?m~3) is the specific sediment surface area in unit
volume of slurry, which is the ratio of the specific surface area of
sediment to the volume of slurry. According to our previous study
on the dynamic sorption behavior of Phe onto different sediment
during the biodegradation process with inoculation of Sphin-
gomonas sp., Phe concentration in the aqueous phase decreased
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Fig. 1. Sketch map showing the sorption and transfer of Phe in sediment slurry. Cs: Phe concentration in the sediment phase. C;: Phe concentration in the aqueous phase.

along the biodegradation experiment [6]. That means there was no
Phe accumulated in the aqueous phase (dC;_, =0), and all of the Phe
diffused from the sediment phase to the aqueous phase is equal
to the change of total Phe concentration in the sediment-slurry
system. Therefore, Eq. (4) could be expressed as:

dcy 1 dC
J=adt= ayar )

where C(mg m~3 slurry) is the total Phe concentration in the slurry.
Combining Eqgs. (3) and (5), the following equation can be obtained:

1 dC
- (6)

Cs—Ca
1/K

Previous study have proved that the first order rate model
(C=Coe*’“, where k is the first order rate constant, C is the con-
centration at time t, Cy is the initial concentration) could be used
to describe the Phe biodegradation process [22]. Then Eq. (5) could
be converted to:

Cs — Ca k _kt

/K~ Ay °¢

(7)

As the linear model (Cs =aC,, where « is the partition coefficient
of Phe between the sediment and aqueous phases) could be used
to describe the sorption behavior of Phe during the biodegradation
process [6], Eq. (7) could then be written as:

ok

_ —kt
&= Aka—1) ¢ ®)

In a very short time dt, the change of total Phe concentration in the
sediment-slurry system was almost equal to that in the sediment

phase (dC~dCs). Then, Eq. (8) could be expressed as:

dC O{kz _kt
~dr = AyK(a —1)°° )

3. Results
3.1. General properties of mangrove sediment

The sediment properties were summarized in Table 1. The high-
est TOC content was recorded in the sediment collected from MP,
followed by that from HC, and KLH had the lowest TOC. Accord-
ing to the soil texture triangle, it was found that KLH sediment
was sandy with a small specific surface area of 5.42 x 106 m2 m—3
slurry, HC sediment was sandy clay loam with a specific surface
area of 8.43 x 106 m2 m~3 slurry, and MP sediment was clay with a
very large specific surface area of 14.82 x 106 m? m~3 slurry.

3.2. Dynamic sorption and Phe biodegradation

The changes of Phe concentrations in the sterilized sediment
slurry were minimal (0.5-0.9%), indicating that abiotic loss of Phe in
the present study was negligible. The partition coefficient («) was
evaluated by fitting the different Phe concentration in the aque-
ous and sediment phases to the linear sorption model (Cs =aG,).
The results were summarized in Table 2. The partition coeffi-
cient of Phe in three types of sediment slurry was obtained as
o(HC) > a(KLH) > (MP). All of the biodegradation data (total Phe
concentration against time) were fitted to the Eq. (9) to evaluate
the diffusion resistance (1/K) and the first order rate constant (k).
The results were shown in Fig. 2 and summarized in Table 2. The dif-
fusion resistance was found 1/K(MP) > 1/K(KLH) > 1/K(HC) and the

Table 1
General properties of the sediment.
Properties Sediment
HC KLH MP
Sand 55.71 + 8.282 88.98 + 5.51° 0.85 £ 0.16¢
Texture (%) Silt 23.77 + 2.682 4.00 + 0.12° 47.15 £ 1.70¢
Clay 20.52 + 3.73? 7.02 + 0.77° 62.08 + 0.64¢
Total organic carbon (%) TOC 2.20 + 0.07° 0.33 + 0.05" 3.10 + 0.122
16 PAHs 222.7 £ 53.92 142.2 + 10.5P 510.4 4+ 94.5¢
. IR .
Concentration of PAHs (ngg~! air-dried sediment) Phe 2813 + 5.112 23.44 + 5.553 50.66 & 15.81°
Specific sediment surface area in unit volume of slurry (10° m? m—3) Av 8.43 + 0.96° 5.42 + 0.73" 14.82 + 1.22¢

HC, Ho Chung; KLH, Kei Ling Ha; MP, Mai Po.
Phe, phenanthrene.

The mean =+ standard deviation of triplicates are shown, and the values in the same row followed by different letters in the superscript position indicate they were significantly

different according to one-way ANOVA at p < 0.05.
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Table 2
Parameters of the integrated sorption-biodegradation model (Eq. (9)).
Parameter Sediment
HC KLH MP
37.5(mgL™") 105 (mgL') 37.5(mgL™") 105 (mgL") 37.5(mgL™") 105 (mgL~')
k(h™1) 0.0962 0.0956 0.0471 0.0472 0.0293 0.0287
o 105.09 105.46 99.53 99.01 93.41 92.88
1/K(x10" sm1) 3.12 3.14 4.10 4.09 18.01 18.39

Same legends as those in Table 1.

«, partition coefficient of Phe between the sediment and aqueous phases.
k, first rate order model constant.

1/K, diffusion resistance.

first order rate constant was obtained as k(HC) > k(KLH) > k(MP). It
also can be seen that the first order rate constants (k) in the same
sediment slurry were similar under different initial concentration,
suggesting initial concentration has no effect on the biodegradation
speed. This result is comparable to the finding in our previous study
[22]. The largest k value around 0.096 h~! was found in HC sedi-
ment slurry and this value was even larger than the value which the
biodegradation of Phe has been reported [23-26]. Conversely, the
lower k value around 0.029 and 0.047 h~! were obtained in MP and
KLH sediment slurry, respectively, suggesting the slower biodegra-
dation rate in these two types of sediment slurry but also even
faster than the reported biodegradation rate mentioned above.
These results indicated that the inoculated PAH-degrader, Sphin-
gomonas sp., adapted sediment slurry conditions and maintained
its degradation ability well.

3.3. Integrated model for sorption and biodegradation

Table 2 showed that the HC sediment slurry had the lowest
diffusion resistance (1/K=3.13 x 10! sm~1) and the highest par-
tition coefficient (o=105.22), suggesting that more Phe would
be dissolved in the aqueous phase and became available, lead-
ing to the fastest biodegradation rate. However, it was found
that the MP sediment slurry had the largest diffusion resistances
(1/K=18.20x 10" sm~1) but the lowest partition coefficient
(93.14) leading to the slowest biodegradation rate in this type of
sediment slurry.

The predicted Phe biodegradation curves by the integrated
sorption-biodegradation model (Eq. (9)) in different sediment
slurry are shown in Fig. 2. The high R2 values suggested that the
integrated sorption-biodegradation model could be used to pre-
dict the Phe biodegradation process in three types of mangrove
sediment slurries with the inoculation of Sphingomonas sp.

4. Discussion
4.1. Sorption of PAHs onto sediment

One of the important factors affecting the fate and transport of
organic contaminants in aquatic environments is the sorption onto
sediment. Sorption can occur by partitioning into organic matter
or onto mineral surfaces in sediment. The partitioning behavior
(adsorption and desorption processes) of PAHs between soil and
water can be regarded as a distribution of chemicals in a classical
two-phase system of immiscible fluids [27]. The sorption equilib-
rium between the soil and the aqueous phase is therefore present.
The mobility and fate of PAHs in soil/sediment is often predicted by
the soil:water (Ky) or soil organic matter:water (Kyc) partitioning
coefficients [28]. One assumption of such calculation is that the par-
titioning behavior will remain unchanged regardless of the source
of PAHs and what determine the rate and extent of the release of
PAHs is the soil parameter alone.

The partitioning behavior of PAHs would be influenced by many
factors, such as dissolved organic matter, clay minerals, soil organic
matter, etc. For the dissolved organic matter like humic and fulvic
acids, it is well known that they can enhance the water solubility
and subsequent desorption of several PAHs [29]. However, dis-
solved organic matter can also reduce the mobility of PAHs due
to co-sorption or cumulative sorption [30,31]. In the study of the
sorption phenomena of pyrene and Phe in single and binary solute
systems, it was found that co-sorption with dissolved organic mat-
ter complexes occurred thereby reducing the desorption amount
[8]. Moreover, Hwang and Cutright [8] also found that PAH desorp-
tion from the soil containing only organic matter was easier than
that from the bulk soil containing clay minerals. The fraction of PAH
bound onto soil organic matter surfaces was easily desorbed due to
relatively weak binding forces, while the desorption-resistant frac-
tion was attributed to the PAH binding to the clay minerals [32]. The
composition of soil/sediment in a given medium is very important
in PAH bioremediation. Understanding or estimating the reversibly
sorbed fraction of PAHs in sediment could determine the amount
of PAHs that is freely desorbed relative to its total concentration.

The linear model [33,34], the Freundlich adsorption isotherm
[8,35] and the Langmuir adsorption isotherm [36,37] were strongly
recommended to describe the static sorption behavior of PAHs onto
soil/sediment. Although all of them were capable of adequately
describing the equilibrium data, the application varied according
to the soil types, environmental conditions (pH, temperature) and
amendments (surfactant, oil, etc.)[7,33,38-40]. However, when the
PAH in the aqueous phase is degraded or used up by the microor-
ganisms, it was found that the linear model was more suitable to
describe this PAH partitioning behavior between the aqueous and
sediment phase during biodegradation process [6].

4.2. Kinetics of PAHs biodegradation

The kinetics for modeling the bioremediation of contaminated
soil can be extremely complicated. Many models based on kinetics
are developed to describe the biodegradation of PAHs or together
with sorption behavior. For the biodegradation in soil-water
systems, a widely applied rate model is the two-compartment
model [41]. However, because many of the coefficients in two-
compartment model are difficult to evaluate through independent
experiments, they have to be obtained simultaneously by fitting
parameters [42,43]. Thus, the two-compartment model is funda-
mentally empirical and appropriate model parameters are likely
to vary with experimental conditions such as soil/water ratio, soil
particle size, and number of microorganisms. Other recent biore-
mediation studies have indicated that a first-order reaction, such
as the well-known Michaelis-Menton kinetic model, could ade-
quately represent the PAH degradation kinetics [24,44,45].

More recently developed rate models tend to explicitly rec-
ognize the unavailability of the sorbed phase contaminants by
considering that biodegradation comprises two separate and
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Fig. 2. Changes of residual Phe concentrations in sediment slurry with time and the
curves fitted to the integrated sorption-biodegradation model showing the rates of
degradation in the inoculated system at different initial concentration: dotted line
37.5mgL"!, dash line 105 mgL-!; mean and standard deviation of three replicates
are shown.

sequential steps, a mass transfer step followed by a biodegrada-
tion step. In this way, characteristics of the extent and rate of
sorption process could be specifically included in the mathemati-
cal simulation of the overall behavior [42,43,46-49]. Unfortunately,
previous studies on the kinetics of PAHs biodegradation and sorp-
tion were not that comprehensive. Although Mulder et al. [50]
developed mass-transfer and biodegradation models for three the-
oretical physical states of PAHs in soil, the application of these
models was restricted to single type of soil.

The sequestration of sorbed chemicals in soil/sediment with
time presents a source of uncertainty in the modeling and their

application in in situ bioremediation [51]. For many experimen-
tal studies on biodegradation, the contact time between soil and
organic compounds was relatively short (days to weeks). Seques-
tration effects such as those described in previous paragraphs have
not been evaluated. Appropriate quantitative models describing the
effect of aging or sequestration on the rate and extent of biodegra-
dation are also not available. Development of mathematical models
that could comprehensively simulate sorption behavior, treatment
time to site closure point, and treatment extent for bioremediation
on site will be useful.

4.3. Integrated model for sorption and biodegradation

Because the naturally occurring particles contain pores of
different sizes, many of which are smaller than the sizes of
microorganisms, bacteria will be physically excluded from most
of the intra-particle pores of these grains [52]. The microorganisms
unable to enter into the pore space of the particle may be uniformly
distributed through the outer solution and consume the PAHs dis-
solved in the liquid phase. The PAHs within the particle can then
be desorbed from the solid phase into the pore water phase, dif-
fused out of the soil particle and finally biodegraded in the bulk
liquid phase. Although there are studies reporting that microbes
could utilize the sorbed PAHs directly [34,53], most works conclude
that bacterial attachment does not occur on the surface of the solid
phase, and there is no direct uptake of substrate from the solid
phase. Substrate dissolution to the aqueous phase is still essen-
tial to make the solid-associated hydrophobic organic compounds
bioavailable to the degrading microbes. The mass transfer of PAHs
from the sorbed or non-aqueous liquid phases to the aqueous phase
thus controls the overall rates of biodegradation [9,49,54]. The
degree of such mass transfer is an important consideration.

The present integrated sorption-biodegradation model
included the parameter of 1/K, the diffusion resistance, and
«, the partition coefficient of PAHs between the sediment and the
aqueous phases. These two parameters had opposite effects on the
biodegradation process. The larger the 1/K, the slower and more
difficult it is for the adsorbed PAHs to be desorbed. Conversely,
the smaller the «, the lower the PAH bioavailability will be. MP
sediment, a type of muddy sediment with the highest TOC and
clay content, had the highest 1/K but the lowest « and the lowest
biodegradation rate.

Because of their strong hydrophobicity, PAHs are generally asso-
ciated with solid or non-aqueous phases, such as clay and organic
matter in sediment/soil, thus reducing their bioavailability. As the
parameters of 1/K and « were related to the clay content and TOC,
the evaluated values of 1/K and « (Table 2) together with TOC and
clay content (Table 1) were plotted on three-dimensional graphs
using the software of Origin 8.0 (Microcal Software, Inc., USA). Two
predicted surfaces were obtained which could be used to inves-
tigate the effect of combined TOC and clay content on these two
parameters (Fig. 3). When the clay content and TOC was around
20% and 2%, respectively, the diffusion resistance (1/K) dropped
to the minimum level, while the partition coefficient () reached
the maximum. These results suggested that the Phe biodegradation
could reach the fastest rate under this particular situation.

The first order rate model (—dC/dt = Coke=*t) was recommended
to describe the biodegradation kinetics of organic contami-
nants [22,24]. In the present study, an integrated sorption-
biodegradation model (—dC/dt=(ak?/AvK(ct —1))Coe %) was
developed. Combining these two models, it could be obtained that

ok

AvK(a - 1) =1 (10)

This means that Phe biodegradation in any sediment slurry
could be predicted as long as the parameters of the specific sed-
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Fig. 3. Three-dimensional plots showing the relationships among clay content, total
organic carbon, (a) diffusion resistance (1/K) and (b) partition coefficient («) of Phe
in sediment slurry (HC: Ho Chung; KLH: Kei Ling Ha; MP: Mai Po) using Origin 8.0
(Microcal Software, Inc., USA).

iment surface area in unit volume of slurry (Ay), TOC and clay
content were measured. The parameters of diffusion resistance
(1/K) and partition coefficient (o) could be obtained from the graphs
in Fig. 3 and the first order rate constant (k) could then be calculated
from Eq. (10), eliminating the necessity of conducting multiple
Phe biodegradation experiments. The integrated model provided
a rapid means to assessing the Phe biodegradation potential in
different sediment slurry.
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