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ABSTRACT

The effect of kaolinite on the growth of hydrocarbon-utilizing indigenous microorganisms in high
concentration of heavy oil (i.e., approximately 150 g/I) was studied. Microorganisms were able to grow
well in such an extremely high concentration in the presence of yeast extract as co-substrate in direct
contact with kaolinite. The presence of kaolinite was not toxic but stimulant for the microbial growth
associated with the formation of biofilms at pH values of 5~6 after 36 days of incubation. Bacterial
growth predominated when the pH of solutions was neutral-alkaline condition, while fungal growth was
predominant as the pH of solutions decreased to be as low as 5 or lower. TEM observation of the
kaolinite-oil-microorganism complexes showed that the microbial cells tended to be primarily bound on
the edges of kaolinite, and XRD analysis confirmed that their complexes were the adsorption of the cells
and heavy oil to the external surfaces of kaolinite. The results may contribute to what environmental
factors having a great influence on the bioremediation process is therefore fundamental to many areas
contaminated with oil spills, primarily marine and coastal environments. To our knowledge, there are no
previous reports on the use of the clay minerals (i.e., kaolinite) in the bioremediation of the Nakhodka oil
spill in combination with biofilm formation.
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INTRODUCTION

Clay minerals are being used in many applications
and there is an increase in their utilization for natural
mineral sorbents due to their profusion and economical
cost. One of their applications is as an adsorbent or
carrier for cleaning up liquid spills (e.g., oil spills).
Numerous studies have demonstrated that clay minerals
could be employed for the sorption of organic and
inorganic compounds (Boyd et al., 1988; Lee et al.,
1990; Lin and Puls, 2000). Nevertheless, there is no
report about their simultaneous use as adsorbent and
carrier in degrading heavy oil. As well, none of the
foregoing studies have expressly focused on the mech-
anisms describing the interactions among clay minerals,
heavy oil, and microorganisms.

It has been well known that it is most likely for
microorganisms to grow at low substrate concentration.
However, not all microorganisms are able to grow on,
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and consume, high substrate concentration (e.g., heavy
oil) as the carbon and energy source, since high substrate
concentrations may cause inhibitions in some bacterial
enzymatic reactions, which are known as substrate
inhibition (Shuler and Kargi, 1992). Hence, our group
has established the research addressing the interaction
between clay minerals and microorganisms in high
concentration of heavy oil (i.e., approximately 150 g/
(Tazaki, 2003).

The purpose of this study was to elucidate the
interaction between clay minerals and hydrocarbon-
utilizing indigenous microorganisms in high concentra-
tion of heavy oil (collected from the Nakhodka oil spill)
studied by X-ray powder diffractrometry (XRD),
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) in an attempt to determine
where and how cell is bound on clay minerals (i.e.,
kaolinite) that are abundant in nature. In addition, it has
been well known that kaolinite is nonswelling 1:1 clays,
whose binding surfaces are primarily external, and one
of the most studied clay minerals, with one layer of
tetrahedral stacked on top of an octahedral sheet. It is
also the most acidic and temperature-stable clay mineral
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(Li, 2003). On the other hand, it has been known that
bonds between oil and smectite results in a loss of
expandability of smectite, which ultimately alters the
characteristic of smectite to become similar to kaolinite
(as nonexpanding clays). Hence, kaolinite was used for
this study rather than smectite to investigate whether
such nature and behavior of kaolinite were still effec-
tive for supporting microbial growth in the uptake of
hydrocarbons in conjunction with bioremediation. In
addition, the amount (1500 mg/1) of kaolinite was
selected for this study with some reasons: (1) the pre-
vious research on the use of kaolinite by our group has
demonstrated that kaolinite at concentration of 500~
2000 mg/1 tends to support the growth of hydrocarbon
degrading bacteria indigenous to the Nakhodka oil spill,
whereas kaolinite at concentrations more than 2000 mg/1
tends to inhibit bacterial growth (manuscript under
preparation); (2) the marine and coastal environment is
generally composed of very few clay minerals or low
concentration of clay minerals.

MATERIALS AND METHODS

Kaolinite

Kaolinite standard JCSS-1101 (from Kanpaku, Ja-
pan) used in this study was obtained from The Clay
Science Society of Japan (Okayama, Japan). Kaolinite
composed of tubular halloysite and hexagonal kaolinite
(based on the TEM observation) was used in batch
experiments without any pretreatment.

Bacterial strain

Apart from microorganisms inhabiting the natural
seawater (NSW) and heavy oil, the bacterium capable of
degrading heavy oil was also added as inoculum in order
to promote the degradation of heavy oil. The bacterium
was isolated from Atake seashore, Ishikawa Prefecture,
Japan. Using 16S rDNA sequencing, this bacterium was
affiliated to Pseudomonas aeruginosa (98% similarity).
This bacterium was selected for study because it pro-
duced high extracellular emulsifying activity after 2 days
of incubation in the presence of heavy oil (2% v/v) and
1 g/l of yeast extract (Chaerun et al., 2003).

Bacterial culture and batch experimental conditions
Batch bacterial experiments were conducted with
kaolinite standard JCSS-1101 (from Kanpaku, Japan).
The growth medium contained the necessary com-
ponents needed for bacterial growth. The following
were included for each liter of medium: 25 g of NH4NOs3,
0.5 g of FeC¢Hs0O7.-nH,0 (ferric citrate), and 0.5 g of
K,HPO, per liter distilled, deionized water (NDW).
Natural seawater (NSW) without filtration (collected
from the Sea of Japan) was also added to each flask as
additional medium. Briefly, the batch reaction vessels
consisted of acid-washed 1000 ml Erlenmeyer flasks
containing 600 ml of growth medium: 480 ml of NSW
was mixed with 120 ml of an autoclaved NDW. The
kaolinite (1500 mg/1) was added to the flask and the pH
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of the medium was adjusted to pH 7.8 with 1IN NaOH
solution. Immediately after sample preparation, before
introducing the inocula originating from the heavy
oil and NSW medium into the flasks, all the three flasks
with their contents were autoclaved, allowed to cool to
room temperature (24°C), and inoculated with NSW
medium, the stock culture of bacterial strain Pseudo-
monas aeruginosa (4.5% v/v), and heavy oil (collected
from the Nakhodka oil spill) to a final concentration of
approximately 150 g/1, serving as the sole carbon and
energy sources (Chaerun and Tazaki, 2003; Chaerun et
al., 2003; Tazaki, 2003).

Overall, three experimental flasks were established:
one main flask contained medium, microorganisms,
and kaolinite (coded as Rl1); one abiotic control flask
contained medium and kaolinite (coded as R2); and
one biotic control flask contained medium and micro-
organisms (coded as R3). To avoid microbial growth
and ensure sterility during the experiment, abiotic
control flask was autoclaved three times and heavy oil
solution was sterilized by filtration through a 0.22 pm
pore-sized filter. Cultures were incubated for 105 days
at room temperature (24°C) with shaking at 125 rpm
and allowed microorganisms to grow. Samples were
removed periodically at sampling periods of 0, 36, 64,
and 105 days. Separate sets of samples were made up
and prepared for analyses by X-ray diffraction analy-
sis (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). In addition,
the liquid medium of two experimental systems (i.e., R1
and R3) was supplemented with 1 g/l of yeast extract
after 36 days of the course of the experiments.

X-Ray Diffractometery (XRD)

Relative changes in the basal spacings of kaolinite
were measured by X-ray powder diffraction (XRD).
Samples were prepared by spreading 2 mg of the sus-
pended clays over a 2.5-cm? area of a glass slide. The
slides were air-dried, placed in a desiccator containing
silica gel to prevent rehydration, and observed using
CuKa generated at 40 kV and 30 mA by using the 26/6
method and a scan speed 2°/min (Rigaku Rinto 1200 X-
ray diffractometer).

Microscopic techniques

For SEM observation, freeze-drying was used for
sample preparation (Suzuki et al., 1995). Briefly, the
suspension samples were fixed with 2.5% (vol/vol)
glutaraldehyde, pipette-drawn, mounted on 0.22 pm
membrane filter, washed and fixed with t-butyl alcohol,
subsequently frozen in liquid nitrogen, and dried up
with low-vacuum SEM. After freeze-drying completely,
samples were transferred to the brass-stub with double-
sided adhesive carbon tape, coated with carbon, and then
observed by using a scanning electron microscope (JEOL
JSM-5200 LV). In case of TEM observation, samples
were fixed with 2.5% v/v glutaraldehyde for 2 hours
at 4°C, mounted on copper specimen grids, allowed to
dehydrate at room temperature, and then viewed using a
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JEOL JEM-2000EX transmission electron microscope.

Analytical techniques

The pH in solution was monitored using a pH meter
(Horiba) at set time intervals. For enumeration of total
cells in the biofilm and planktonic milieu, 1 ml of the
homogenized solution (containing both free-living cells
and cells that were attached to kaolinite surfaces) was
taken into vials, sonicated at 4°C for 3 min, vortexed for
10 seconds to disperse the microorganisms attached to
kaolinite surfaces. The resuspended biofilm or plantonic
sample was serially diluted with fresh minimal salts
media, and plated in nutrient agar (NA) plates sup-
plemented with 1 g/l yeast extract and 0.85% (w/v)
NaCl, then incubated at 25°C for 3 to 5 days. For
statistics, analyses of samples were performed in trip-
licate. The data are presented as the arithmetic means
+ standard deviations of the mean.

RESULTS

Microbial growth in experimental systems

During the first 36 days, microbial growth appeared
to be a lag phase. That is, there was no significant
increase in microbial cell number of all experimental
systems (Fig. 1). After 36 days of incubation, 1 g/I of
yeast extract was introduced to two flasks (R1 and R3).
The supplement of yeast extract resulted in a sharp
increase in microbial cell number in R1 but not in R3,
indicating that only in the presence of kaolinite, cells
had adjusted to the solution with high concentration of
heavy oil and were able to multiply sharply resulting
in an exponential increase in cell mass and cell number
density with time. The maximum microbial growth
occurred at 64 days in R1. Subsequently, after 64 days
of incubation up to the end of experiment (at 105 days),
cell numbers appeared to decline markedly. The results
showed that the presence of kaolinite in such a high
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FiG. 1. Effect of kaolinite on microbial growth (bacteria and fungi) as
viable cells in colony forming unit (CFU) per ml during the 105-
day incubation. Error bars represent standard deviations based on
three replicates.

concentration of heavy oil could stimulate microbial
growth.

PpH and microbial succession

During the first 36 days of incubation, the solution
pHs of three experimental systems (R1, R2, and R3)
were maintained between 7.7 and 7.8. However, after
36 days of incubation, microbial growth significantly
decreased the pH of the solution from 7.8 to 6.3 for
R1 and from 7.7 to 3.7 for R3, while abiotic control
(R2) maintained the initial pH of 7.5~7.8 over a period
of experiment (Fig. 2). Once the pH reached a neutral
value in solution of abiotic control, it remained rela-
tively constant suggesting the equilibrium was estab-
lished between the oil-kaolinite complexes and the
solution. At 64 days, the pH values of the solutions of
R1, R2, and R3 reached 6.3, 7.5, and 3.7, respectively.
At the end of the experiments at 105 days, the pH
values of solutions of R1, R2, and R3 were 5, 7.7, and
3.4, respectively.

During the first 36 days of incubation, bacterial
growth was predominant in both Rl and R2 ranging
from 98.5% to 100%, while fungal growth was very low
ranging from 0% to 1.5%. At 64 days, when the solution
pH of RI decreased to 6.3, bacterial growth still pre-
dominated (70%) and fungal growth increased up to
30%, while fungal growth predominated (99.5%) and
bacterial growth decreased to 0.5% in R3 when the
solution pH decreased to be as low as 3.7. At the end of
the experiment (at 105 days), fungal growth was pre-
dominant in both R1 (99.9%) and R3 (99.5%) when the
solution pH decreased to be as low as 3~5 (Table 1).
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Fic. 2. Effect of kaolinite on pH changes in liquid culture of three
experimental systems during the 105-day incubation.
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TABLE 1.

Microbial succession or the predominant microorganism (bacteria and fungi) during the 105-day incubation.

Experimental system 0 day

36 days 64 days 105 days

R1: heavy oil + microorganisms + kaolinite bacteria (100%)
fungi (0%)
bacteria (100%)
fungi (0%)

R3: heavy oil + microorganisms

bacteria (99.5%)
fungi (0.5%)

bacteria (98.5%)
fungi (1.5%)

bacteria (70%)
fungi (30%)
bacteria (0.5%)
fungi (99.5%)

bacteria (0.5%)
fungi (99.5%)
bacteria (0.5%)
fungi (99.5%)

X-Ray Diffractometery (XRD)

Figure 3 represents the basal spacings of kaolinite
(7.1A) and of its complexes with microbial cell and/or
heavy oil. Both Kkaolinite-oil and kaolinite-oil-cell
complexes did not substantially lead to an increase in
the basal spacing of kaolinite. The binding and ad-
sorption of coincident heavy oil and cells did not bring
about an increase in the basal spacing of kaolinite and
no expansion of kaolinite was observed, as kaolinite was
nonexpanding clays (Stotzky, 1986), indicating that heavy
oil and cells did not intercalate kaolinite. In addition,
kaolinite is nonswelling 1:1 clays, whose binding sur-
faces are primarily external, so that no significant in-
crease of basal spacing was observed throughout the

R1: Heavy oil + Microorganisms + Kaolinite
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Fic. 3. X-ray powder diffraction analyses of heavy oil +

microorganisms + kaolinite (R1) and heavy oil + kaolinite (R2).
Note that the intensity of the 7.1 A peak increases with the
incubation times.

experiments. However, the intensity of the basal spacings
of kaolinite (7.1 A) increased constantly throughout the
experiments in both R1 and R2, suggesting that the
microbial degradation of heavy oil occurred in R1, and
the adsorption of heavy oil by kaolinite occurred in R2.

Scanning electron microscopy

Figure 4 presents the images of a dense network
of cells and several clusters of kaolinite (R1) after 64
days of the course of the experiment. The tubular
halloysite, fungal hyphae, and bacterial cells appeared
to connect with one another (Fig. 4A). The structure
of their connection appeared as somewhat roughened
matrix where tubular halloysite had the size of ap-
proximately 1-1.3 pm in width. The interactions among
kaolinite, cells, and heavy oil resulted in several dense
agglomerations as the kaolinite-cell complexes consisting
of microbial bodies (bacterial cells), flagella (fungal
hyphae and spores), fibrous attachment feature, and
kaolinite particles embedded in more amorphous-looking
organic extracellular exudate (Fig. 4B). These config-
urations could be visually observed by scanning electron
microscopy where cells and fibrous attachment features
were clearly visible. Kaolinite particles tended to have
somewhat roughened matrix with relatively rough sur-
face microtopography. Most of the cells tended to
emerge outside the biofilm matrix so that the cells were
easy to discern on kaolinite. Cells appeared to develop
on kaolinite and thrive in connection with kaolinite
particles as biofilm matrix (Fig. 4B). The sizes of fungal
hyphae were in the range of 0.4-0.5 pm in width, while
the bacterial cell sizes were in the range of 0.2-0.4 pm in
width and 0.8-1.4 pm in length.

Transmission electron microscopy

TEM images (Figs. 5 and 6) more clearly showed the
binding and adsorption of the cells on kaolinite than did
SEM (Fig. 4). The cells appeared to be predominantly
bound on the edges of tubular halloysite and hexagonal
kaolinite (Figs. 5B, 6A, and 6B). Kaolinite displayed
short and long tube-like shape (tubular halloysite)
and hexagonal shape (Fig. 5A). At the beginning of
the experiment and after 36 days of incubation in ex-
perimental system R1, tubular halloysite, hexagonal
kaolinite, and bacterial cells appeared as adsorptive or
porous materials that were surrounded by the sticky
oily thin films and/or extracellular polymeric substances
(EPS) (Figs. 5A and 5B). In contrast, bacterial cells,
hexagonal kaolinite, and tubular halloysite with high
dense as well as a small amount of oily thin films and/or
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fungal hypha . tubular halloysite

R1: 64 days

fungal hypha

kaolinite-cell'complex

>

bagterial cell

fungal spore

FI1G. 4. SEM images of microbial cells associated with biofilm formation on kaolinite in R1 after 64 days of incubation showing the feature of
tubular halloysite and hexagonal kaolinite aggregated with microbial cells (A), and the development of fungal-bacterial cells on kaolinite as
biofilm matrix (B).
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FiG. 5. TEM images of kaolinite at the onset of the experiment in R1 showing two types of kaolinite crystals (tube and hexagonal plates) (A),
and cells bound on the edges of tubular halloysite in connection with hexagonal kaolinite after 36 days of incubation (B).
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R1: 105 days

Hexagonal kaolinite

T —

Fi6. 6. TEM images of short-rod shaped cells bound on tubular halloysite showing the high dense bacterial cell and tubular halloysite after 64
days of incubation (A), and high dense long-rod shaped cells bound on high dense hexagonal kaolinite after 105 days of incubation (B).



194 S.K. Chaerun et al.

EPS were observed in experimental system R1 after 64
and 105 days of incubation (Figs. 6A and 6B).

Tubular halloysite had the size of approximately 0.1-
0.3 pum in width, and hexagonal kaolinite had the size of
approximately 0.3-1.5 pm in diagonal. Bacterial sizes
were in the range of 0.3-0.6 pm in width and 0.7-1.2
um in length for short rod-shaped bacteria, and 2-3 pm
in length for long rod-shaped bacteria. It appeared that
there was difference in the size of tubular halloysite as
observed by SEM and TEM. The size of tubular hal-
loysite observed by SEM tended to be larger than that
observed by TEM, indicating that tubular halloysite
observed by SEM was covered with sticky oily thin films
and/or EPS. The measurement of tubular halloysite size
for TEM images was performed on the original tubular
halloysite, regardless of oily thin films and/or EPS
around it.

DISCUSSION

Effect of kaolinite on microbial growth, microbial
succession, and the pH of solution

For microorganisms, growth is their most essen-
tial response to their physiochemical environment and
a result of both replication and changes in cell size.
Microorganisms can grow under a variety of physical,
chemical, and nutritional conditions. In this study,
the lag phase occurring during the first 36 days of
incubation, as shown in Figure 1, was that high con-
centration of heavy oil (approximately 150 g/I) was
presumably unfavorable for microorganisms to prolif-
erate or the internal machinery of microbial cells went
through a prolonged period of adaptation to the new
environmental condition due to a very high concen-
tration of substrate. During this phase, cell mass might
increase a little, without an increase in cell number
density. It was also possible that the absence of yeast
extract as co-substrate had a strong effect on the length
of lag phase. Inversely, no increase in cell number in R3
was a result of fungal-bacterial competition in which
fungi predominated (Table 1). The results obtained here
confirmed our previous results that clay minerals such
as bentonite and kaolinite could have a role as mi-
crobial growth-support media (Chaerun et al., 2003). It
should be emphasized, however, that the present of yeast
extract was essential for bacterial strain Pseudomonas
aeruginosa used in this study to produce high extrac-
ellular emulsifying activity, therefore resulting in the
apparent aqueous solubility of heavy oil that was vi-
sually observed in liquid medium (figure not shown).
The production of extracellular emulsifying agent might
be associated with hydrocarbon utilization. Emulsifi-
cation facilitated solubilization of hydrocarbons by in-
creasing their surface area. Solubilization might facilitate
hydrocarbon uptake into microbial cells where it could
be metabolized if appropriate enzymes were present
(Berg et al., 1990). Once a hydrocarbon was emulsified,
it might be easier to solubilize by increasing the surface
area of the hydrocarbon (Cooper, 1986).

Correspondingly, a substantial decrease in the solu-
tion pH of Rl and R3 was strongly affected by
microbial growth, since an abiotic control (R2) did
not have an impact on the solution chemistry (Fig. 2).
Presumably, both cellular metabolic activity and the
resulting degradation product of heavy oil all contrib-
uted as driving forces for this chemical parameter. As
reported by other researchers that microbial growth
generally results in a decrease of the pH of the medium
by release of acidic metabolites (e.g., organic acids,
H,S0,). The pH, thereafter, affects the activity of mi-
crobial enzymes as well as the ionization of chemicals
and thus plays a role in the transport of nutrients and
toxic chemicals into cell (Bitton, 1994). Since fungi
prefer acidic environments, with a pH of 5 or lower,
such a chemical condition (Fig. 2) was extremely fa-
vorable for fungi to thrive in this study (Table 1 and
Fig. 4). Furthermore, TEM observation of the clay-oil-
microorganism complexes showed that the particles of
hexagonal kaolinite and tubular halloysite mostly
aggregated edge by edge in way that a linked structure
(Figs. 5B, 6A, and 6B). It was clear that the resulting
card-house structure was more likely than a band-like
structure. The low pH of the solution might be a sig-
nificant factor in the formation of card houses by the
clay leaflets (Lagaly, 1989). Also, the results confirmed
that of Stotzky and Rem (1966), that clays served as a
source of minerals for bacterial nutrition and respiration
of bacteria was stimulated by clays, primarily as the
result of the clays maintaining the pH at levels adequate
for sustained growth. Our present findings showed that
kaolinite in R1 could stimulate the microbial growth and
maintain the pH compared with that in R3 (Fig. 2).

Mechanisms of effect of kaolinite on microbial growth
in relation to the formation of the kaolinite-oil-cell
complexes

TEM images showed that there were significant
changes in the feature of bacterial cells, kaolinite, and
halloysite in R1 during the 105-day incubation (Figs. 5
and 6). XRD data also confirmed that crystalline
kaolinite changed gradually from low to high (Fig. 3).
Their changes are summarized in Figure 7. The possible
mechanisms of effect of kaolinite on microbial growth
could be explained upon chemical, physical, and bio-
logical processes (Fig. 7). First, at the onset of the
experiments (during the first 36 days of incubation), the
adaptation of microorganisms to the new environment
under conditions of neutral-alkaline pH (7.8~8.0) and
high concentration of heavy oil resulted in little in-
crease in cell number density and the formation of the
kaolinite-oil-cell complexes that were surrounded by sticky
oily thin films and/or extracellular polymeric substances
(often exopolysaccharides) where hexagonal kaolinite
and tubular halloysite were porous materials. Second,
after the cells had adjusted to their new environment
(for another 70 days of incubation), cells consuming
heavy oil were able to multiply rapidly, and cell number
density increased exponentially with time, resulting in
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Mechanism of kaolinite effects

An abundant microbial growth occurred in R1 and the solution pH changed from 7.8 to 5. Kaolinite did not
swell over a 105-day incubation.

R1| 0-36days e G2t 64 - 105 days

sticky oily thin films and/or EPS

fungal hyphae

/
Fungal growth was

predominant when the
solution pH decreased to
be as low as 5. The fungi
had a role in the uptake
of heavy oil.

oily thin films and/or EPS

hexagonal
kaolinite

permeable/
adsorptive/
porous
sticky oily thin films and/or
extracellular polymeric substances (EPS)

a small amount of oily thin films and/or EPS

@: high dense due to the adsorption of hydrocarbons

¢ Sticky oil films £ == thin oil films

<> Porous tubular halloysite = — — high dense tubular halloysite
<> Porous bacterial cells s high dense bacterial cells
<> Low crystalline kaolinite [ —————— — high crystalline kaolinite

FiG. 7. Schematic diagram of mechanisms of effect of kaolinite on microbial growth, microbial succession, and the solution pH showing
nonswelling-kaolinite, as well as the formation of the kaolinite-oil-cell complexes showing changes in the structure and feature of bacterial
cells, tubular halloysite, and hexagonal kaolinite from porous materials to high dense materials due to the adsorption of hydrocarbons during
the 105-day incubation in high concentration of heavy oil.



196 S.K. Chaerun et al.

lowering the pH (as low as 5) as well as allowing fungi
to thrive. Last, the uptake and/or the adsorption of
heavy oil by cells, hexagonal kaolinite, and tubular
halloysite resulted in a small amount of oily thin films
surrounding the kaolinite-oil-cell complexes, as indicated
by high denseness of cell, hexagonal kaolinite, and
tubular halloysite.

Correspondingly, the low pH of the aqueous solution
in R1 (pH 5) resulted in an acid-treated kaolinite that
might be effective catalysts for the biological reactions
such as microbial growth. The formation of biofilms
occurring as the kaolinite-oil-cell complexes in R1 might
also act as metabolically active interfaces between bulk
fluid and solid mineral phases, therefore having a
profound effect on greater microbial growth than that in
nonkaolinite-containing biotic control (R3). The cata-
lytic activity of kaolinite for microbial growth in high
concentration of heavy oil in this study might be im-
portant for the heavy oil-polluted areas in relation to
bioremediation.

CONCLUSION

During the period of 36-105 days, the presence of
kaolinite allowed microorganisms to grow very well
above levels of non-kaolinite-containing biotic control.
The maximum microbial growth occurred at 64 days
reaching 4.7 x 107 CFU/ml in cell number. There were
two kinds of the predominant microorganisms, that is,
bacteria and fungi. Bacterial growth was predominant
under neutral-alkaline conditions (pH 6.3~7.8), while
fungal growth was predominant when the solution pH
decreased to be as low as 5 or lower. In addition, the
basal spacing (7.1A) of kaolinite did not change
throughout the experiments.

Our present results also provided evidence that when
microorganisms were associated with naturally occurring
inorganic particulates such as kaolinite in the oil spill-
contaminated marine and coastal environments, kao-
linite would be able to stimulate microbial growth in
combination with biofilm formation. It was suggested
that kaolinite might serve as catalyst other than the
microbial growth-supporting media in the proliferation
of microbial cells in high concentration of heavy oil.
The results might have a profound effect on the bio-
remediation of the oil spill-polluted sites, especially
marine and coastal environments.
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