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Abstract: The effectiveness of in-vessel bioremediation in reducing the concentration of toluene in
contaminated soil under continuous and intermittent mixing conditions using invessel composting
system. The results showed that there was a startup period (60 h) during which the average temperature
rose from 21 to 32 and 40°C (and then remained constant) for the bioreactors with continuous and
intermittent mixing, respectively. The increase in the temperature demonstrated the conversion of the
complex organic carbon into H,O, CO, and energy during mineralization (cell respiration process) of
carbon. The lower temperature of the bioreactor with continuous mixing (8-9°C) mixing during the
steady state period indicating that more heat was lost with exhaust gas from this bioreactor. Little
changes were observed in the moisture contents of the mixture. Most of the moisture losses were
through the exhaust gas. The analysis of the exhaust gas samples did not show identifiable toluene
peaks but some unidentifiable peaks were present. By day 15, about 96.35 and 89.07 % of the initial
toluene were removed by the bioreactors with intermittent and continuous mixing, respectively. These
results indicate that in addition to reducing the energy requirement by 50 %, the bioreactor with
intermittent mixing also reduces the time required for complete degradation. This method of
bioremediation is very effective in removing toluene but the production of toluene derivatives during
the biodegradation process should be investigated.
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INTRODUCTION

Managing contaminated soils with petroleum
hydrocarbons (PHCs) is a common problem. These
organic compounds reach soil through spills, leaks from
underground tanks and from production, storage and
disposal facilities!!. Traditionally, the approach to
remediating contaminated soil has been containment or
excavation and transport to a landfill®). In most cases,
this approach simply does not resolve the problem and
the contaminants continue to be present on the site. Soil
consists of four phases (Fig. 1) gas phase (15 — 35 %)
water phase (15 — 35 %), inorganic solids phase (38 —
45 %) and organic solids phase (5 — 12 %). PHCs could
be distributed among the four phases in relation to their
volatility, solubility and ion exchange capacity'®. When
released in large quantities at the soil surface, PHCs
will penetrate the soil surface and saturate the pores in
the soil. The movement of these contaminants through
the subsurface layer of the soil is largely governed by
the processes of advection, dispersion, sorption and

transformation'”’. The movement of contaminants

within the soil is also affected by the soil characteristics
at the site, the concentration of the contaminant and the
contaminant  characteristics. = Eventually,  these
contaminants will reach surface and ground water
causing environmental and health problems. The short
term human and environmental health effects of PHCs
include acute toxicity to aquatic organisms and skin
irritation and itchy eyes at low concentrations to
humans. At high concentrations, damage can be done to
the liver, lungs, kidneys and nervous system leading to
cancer and immunological, reproductive, fetotoxic and
genotoxic effects!®*?).

Currently, the objective of remediation is to reduce
the volumes of contaminated materials as well as the
concentration of the contaminants in these materials!'®.
The Atlantic Provinces have established a set of
petroleum hydrocarbon (PHC) guidelines outlining
their maximum allowable concentrations in soil (Table
1). Contaminated soils should be remediated based on
these guidelines. Riser-Roberts!""! reported that new
technologies are constantly being developed to treat
contaminated soil with various pollutants. Rushton et
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Fig. 1: Soil phases

Table 1: Tier I risk based screening level for soil!'?!

Compound of Concern in Soil (mg/kg)

Receptor Groundwater Soil

Ethyl Modified TPH
Use Type Benzene Toluene Xylenes X :
Benzene Gas Diesel/#2 #6 oil
Coarse 0.03 0.38 0.08 11 39 140 690
Potable -
. . Fine 0.01 0.08 0.02 2.3 140 220 970
Residential
Coarse 0.16 14 58 17 39 140 690
Non-potable -
Fine 1.5 120 430 160 330 4400 8300
Coarse 0.03 0.38 0.08 11 450 7400 10000
Potable -
. Fine 0.01 0.08 0.02 2.3 520 840 4700
Commercial
Coarse 1.8 160 430 200 450 7400 10000
Non-potable -
Fine 11 680 430 650 10000 7700 10000
al " evaluated the current remediation methods for oil ~ system disorders. In the short term, it can cause fatigue,

contaminated soils. These methods include: physical
(soil washing and landfilling), chemical, thermal
(incineration, thermal desorption and radio frequency
heating) and biological (landfarming, biopiling,
composting, bioventing and liquid delivery systems).
The study concluded that in order to achieve a complete
petroleum hydrocarbon removal, a biological remedial
process and a bioreactor should be used.

Toluene is commonly used as an additive in
gasoline and as a solvent in paints, cleaners, adhesives,
inks and coatings'”. Of the primary constituents of
gasoline (benzene, toluene, ethylbenzene and xylene),
toluene is the second- most mobile in water systems!'”
Toluene is a colorless liquid with a sweet odor at room
temperature. Its physical-chemical properties are listed
in Table 2. Toluene primarily causes central nervous
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nausea, weakness and confusion. Long term exposure
to toluene can result in spasms, tremors, memory and/or
coordination impairment, as well as liver and kidney
damage!”’. Martinell'*! suggested the use of biological
treatment as a tool for the treatment of soil
contaminated with toluene.

In spite of the widespread establishment of
biological = remediation methods for  various
hydrocarbons, there is still the need for better
understanding of the process details in order to translate
the concept from the laboratory scale to the field scale.
The complexity of the soil system (chemical/physical
parameters as well as the bioavailability of the
contaminants and microbial nutrients present in the
soil) is of particular importance!'”. Several authors
studied the effect of operating parameters on the
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Table 2: Physical-chemical properties of toluene'""'"!

Parameters Value
Fluid Density (g/cm’) 0.867
Water Solubility (g/L at 25°C) 0.530
Vapor Pressure (mm Hg) 28.400
SurfaceTension (dyne/cm at 20°C) 28.520
Dynamic Viscosity (at 20°C) 0.631

Molecular weight (g/mol) 92.000
Molecular formula C,Hg

Molecular structure H,

degradation of toluene. Davis and Madsen!'® reported

that the degradation of toluene in soil depends on the
moisture content, microbial activity, bioavailability of
nutrients and the initial concentration of toluene. Lee et
al.'"" found that the transfer rate of oxygen is the most
important limitation for toluene degradation under
aerobic conditions.

The aim of this study was to evaluate the
effectiveness of in-vessel bioremediation in reducing
the concentration of toluene in contaminated soil under
continuous and intermittent mixing conditions.

MATERIALS AND METHODS

Experimental apparatus: The experimental setup
shown in Fig. 2 consists of a bioreactor, a mixing unit,
an air supply and a temperature measurement and
recording unit. The bioreactor was constructed of 6.4
mm thick stainless steel. The sides of the bioreactor
measured 340 mm x 280 mm with a radius of 150 mm
at the lower end. The lid (340 mm x 800 mm) had 4
hinges on one side and could be clamped down on the
opposite side by 4 locking clamps. There was a rubber
gasket around the opening to provide a good seal and
prevent gas leakages. The bioreactor was insulated with
a 254 mm thick Styrofoam layer to minimize heat
losses. There were three holes at the bottom of the
bioreactor used for aeration. The lid had three 60 mm
holes which were used as sampling ports and were
covered during the operation with rubber stoppers.
Inside the reactor, a 6.4 mm diameter stainless steel
shaft was mounted on two bearings. There were five
stainless steel collars on the shaft in which five 101.6
mm long bolts were mounted to provide mixing. The
mixing shaft was rotated by a permanent magnet-

249

variable speed (0-250 rpm), ¥ ph electric motor (Model
No. 2X846, D.C., Dayton Electric manufacturing
Company, Chicago, Illinois), which is coupled directly
to a gearbox (Model No. 4Z295B, Dayton Electric
Manufacturing Company, Chicago, Illinois) of a 30:1
gear reduction ratio. The speed of the motor was
controlled by a speed controller (Model No. 60648,
Dayton Electric Manufacturing Company, Chicago,
Illinois).

T- Themocougle

T T?
wLTfiﬂ L#ﬂ
| Korptnponiiie

Fig. 2: Experimental apparatus

Air was supplied to the bioreactor by a % hp
compressor (Model No. MO1 FC75-7.5, Sanborn,
Markham, Ontario) with an airflow regulated at 2.5
L/min. The air was passed through a 4.38 L plexiglas
canister (35 cm in height x 15 cm in diameter) filled
with hydroscopic silica gel (Type 3-8 mesh-ACS
Grade, Fisher Scientific, Fair Lawn, New Jersey) which
removed the moisture from air. The dry air was then
passed through a flow meter (Model No. N103-5G,
Cole Parmer, Chicago, Illinois) and then to a manifold
which was connected to the holes at the bottom of the
bioreactor by 6.4 mm diameter tubing. The condensate
from the saturated exhaust gas was collected in a 0.63 L
plexiglass water trap. The exhaust gas was then dried in
another 4.38 L plexiglas canister (35 cm in height x 15
cm in diameter filled with hydroscopic silica gel (Type
3-8 mesh-ACS Grade, Fisher Scientific, Fair Lawn,
New Jersey). Two rubber septums were located on the
air inlet and exhaust outlet lines for air/gas sampling.

Temperatures  were  measured using 10
thermocouples (Model No. LM 35C2, National
Semiconductor, Chicago, Illinois). The locations of the
thermocouples are shown in Fig. 2. The thermocouples
T1-T3 were used to measure the temperature at the
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center of the reactor. The thermocouples T4-T6 were
located on the front wall of the bioreactor while
thermoucouples T7-T9 were located on the back wall of
the bioreactor. The thermocouple T10 was used to
measure  the ambient air temperature. All
thermocouples were linked to a data logger (Model No.
1000, Omega Tempscan Engineering, Stamford,
Connecticut) which was connected to a microcomputer.

The temperature sensors were calibrated using ice
and boiling water bathes. The thermocouples including
the fittings were immersed into the ice bath and hooked
up to the data acquisition system individually. The
thermocouple readings were corrected to read zero °C
(offset). They were then immersed into the boiling
water bath to correct the upper limit. Before each run,
temperature sensors were tested for 24 hours in an
empty bioreactor and the temperature readings were
always within + 0.5 °C of the reactor temperature
(measured with thermometer), which is within the
accuracy range of the thermocouple.

Materials: In this study, soil, wood shavings, compost,
urea, used cooking oil and toluene were used. The soil
was obtained from Prince Edward Island. It was
collected with a shovel at a depth of 60 cm and placed
in heavy duty (0.6 mm thick) polyethylene bags.
Particle size distribution was performed on the soil
using the mechanical method recommended by Black e?
al"™. The soil was characterized as silty sand, with
most particles in the fin sand range. The soil had a
coarse texture with an effective grain size of 0.08 mm
and a moisture content of 20 %.

Wood shavings were used as the bulking agent for
this process. They were collected from a wood lumber
mill in Sackville, Nova Scotia in small polyethylene
bags (~5 kg). Compost was used as an inoculum to
increase the
introduce a wide range of active microorganisms. A 15-
day old municipal solid waste compost was obtained
from a municipal solid waste composting facility
operated by Miller Composting Corporation
Dartmouth, Nova Scotia.

Urea [CO(NH,);] was added as a nitrogen source.
It was used to adjust the C:N ratio to 30:1. The choice
of urea was based on the work by Ghaly and Pyke!"
and Alkoaik and Ghaly!"! which indicated that it is an

initial microbial population and to

in
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effective source of nitrogen in initiating and
maintaining intense respiratory activity. It was
purchased from Halifax Seed Company in Halifax,
Nova Scotia. Used cooking oil was obtained from a
local fast food restaurant in Halifax, Nova Scotia. It
used to provide bio-available carbon as
recommended by Alkoaik and Ghaly'’. Table 3

describes characteristics of the materials.

was
[1]

Mixture preparation: The volume of the bioreactors is
approximately 133 L. The optimum loading for this
particular bioreactor is about 75 % of the total volume
(100 L). The ratio of soil to bulking agent reported in
the literature varied from 1:3""' to 1:1!Y. Therefore, a
soil: bulking agent (by volume) of 1:2 was chosen.
Alkokaik and Ghaly®” and Namkoong et al.*'! showed
that a 50 % inoculum size (by volume of the soil)
achieved the greatest rates of microbial degradation.
Therefore, the soil: wood shavings: compost ratio was
set at 1:2:0.5. This amounts to approximately 28 L of
soil, 56 L of wood shavings and 14 L of compost.
Alkoaik and Ghaly"! recommended the addition of
36 mL of cooking oil per kg (dry weight) of the
composting mix. The required cooking oil was
estimated to be 1.667 L. The composition of the
mixture is shown in Table 4. The moisture content and
C: N of the initial mixture were found to be 24.23 %
and 201:1, respectively. The moisture content was
brought to 60 % by adding water to the mixture and the
C: N ratio was adjusted to 30:1 by the addition of urea.
The quantity of nitrogen and water required were
calculated as follows:
Nitrogen required = (total carbon / desired C: N)
— total available nitrogen
MC2 + MCiIDW(MC2 - 1)/(1-MC1)

(1)
2

Water Required =

(1-MC2)
Where:
MC1 s the initial moisture content (%)
MC2 s the final moisture content (%)
DW is the dry weight (kg)

According to Tsai et al. ¥, diesel contains

approximately 7 % toluene. Namkoong et al.*"
reported that 10 000 mg of diesel/kg of soil is a
commonly encountered contamination level. Based on
this information, it was determined that 700 mg of
toluene would likely be present in 1 kg of diesel
contaminated soil with a concentration of 10 000
mg/kg. The required amount of toluene (based on the
amount of soil present in the mixture) was estimated to
be 27.44 g (31 mL).
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Table 3: Characteristics of soil, wood shavings, municipal solid compost, urea and used cooking oil

Characteristic Soil Wood Municipal Urea . .
. Used cooking oil
shavings compost
Moisture content (%) 20 8.0 58.6 0.0
Total solids (mg/g DM)
Volatile solids * 264 997.4 854.6 999.45
Ash 736 3.0 145.4 0.55
Nitrogen (mg/g DM)
Total Kjeldahl nitrogen 2.0 2.0 18.0 466.6 0.22
Ammonium nitrogen 0.12 0.2 5.2
Carbon (mg/g DM)
Total 99.0 490.0 440.0 200.0 820
Organic 55.0 390.0 350.0 200.0 820
Elemental composition (mg/g DM)
B 0.2
Ca 0.1 0.8 20.0 0.06
Cu 0.7
Na 0.2 0.0 6.2 0.30
Fe 0.9 0.0 2.8 1.2 0.14
Mg 0.7 0.1 1.8 0.5 0.01
Zn 0.2 0.0 0.1 0.3 0.00
K 0.2 0.6 7.8 0.01
Cl 0.1 0.0 0.3 0.74
P 0.9 0.0 2.7 0.01
S 2.9 0.9 23 2.32
Others ** 724.8 0.6 101.4 0.16
C:N 47:1 223:1 19:1 1:2.33 3727:1

*
ok

Table 4: The constituents of the mixture used in this experiment

Volatile solids are the organic matter, largely carbon, oxygen, hydrogen, nitrogen and sulfur
Others include other elements that were not identified; mostly silica in the case of soil

Item Soil Wood Shavings Compost Used Oil Total
Volume (L) 28.0 56.0 14.0 1.67 99.67
Density (kg/L) 1.4 0.2 0.8 0.93 0.63
Wet weight (kg) 39.2 11.2 11.2 1.55 63.15
Moisture content (%) 20.0 8.0 58.6 0.0 24.23
Dry weight (kg) 314 10.3 4.6 1.55 47.85
C:N 47:1 223:1 19:1 3727:1 201:1

Experimental procedure: The airflow and mixing
speed were adjusted to 2.5 L/min (1.5 v/v/h) and 25
rpm, respectively. The reactor temperatures were
recorded on an hourly basis for the duration of the
experiment. Gas samples were taken on a daily basis
from the inlet air and exhaust gas streams using
syringes and evacuated vials. These samples were
stored at room temperature until the time of analysis.
Samples were also taken on a daily basis from the
mixture for moisture content and toluene analyses. The
samples were collected by scooping approximately 50
mL of materials into glass bottles. The bottles were
capped and refrigerated until needed for analysis.

The experiment was repeated with intermittent
mixing so as to reduce toluene, moisture and energy
losses with the exhaust gas. A timer (Model No. 4M,
Dayton Electric Manufacturing Company, Chicago,
[llinois) was attached to the gearbox and was set to turn
the motor on for one hour and off for one hour for the
duration of the experiment. The airflow rate and mixing
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speed were maintained at 2.5 L/min at 25 rpm,
respectively.

During the preliminary experiments, it was noticed
that on day 9 the temperature seemed to be dropping
too much. Thus, 544 mL of used cooking oil was added
to the mixture. The same amount of oil was added to
the mixture on day 13 as well. This quantity was based
on that used by Alkoaik and Ghaly!"! to maintain
thermophilic temperature during their composting
process.

Proximate analysis: The proximate analysis was
performed to determine the weight fractions of
volatiles, ash and fixed carbon in the soil, wood
shavings, municipal solid waste compost and oil
samples. The ASTM Standard Method for Proximate
Analysis of Coal and Coke (D-3172-73 through D-
3174-82 and D-3175-82) was used”. The values of
volatiles and ash were determined on dry matter basis.
The fixed carbon was then obtained by subtracting from
100 the sum of volatile matter and ash contents.
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Ultimate analysis: Ultimate analysis was performed to
determine the elemental composition of the soil, wood
shavings, municipal solid waste compost and oil
samples. The weight fractions of carbon, hydrogen,
nitrogen, sulfur, chlorine and ash were determined and
the weight fraction of oxygen in the samples was
calculated by the difference. Carbon, hydrogen and
nitrogen weight fractions were determined using a
Perkin-Elmer LECO CHN Elemental Analyzer (Model
No. 240, International Equipment Company, Needham
Heights, Massachusetts). Sulfur was determined using
the LECO induction furnace (LECO S-Analyzer,
International Equipment Company, Needham Heights,
Massachusetts). Chlorine was determined by following
the Mercuric Nitrate Method given in Standard
Methods for the Examination of Water and
Wastewater'*”. The ASTM Standard Test Method for
Ash in Wood (D-1102-84) was followed to determine
the ash percentage in the peat sample!*’). Because of the
lack of a simple, direct method for determining oxygen
in biomass fuels, it is usually estimated by subtracting
the sum of carbon, hydrogen, nitrogen, sulfur, chlorine
and ash from 100.

Moisture content: Moisture content tests were
performed on the samples by the oven drying method,
according to the ASTM D 3173-73 procedure!®’).
Samples weighing approximately 4 to 5 g each were
placed in large aluminum dishes. The dishes containing
the samples were placed in an air forced drying oven
(Isotemp Oven Model No. 655F, Fisher Scientific,
Toronto, Ontario) at 105°C for at least 24 hours. The
moisture content of the samples was then calculated on
wet basis as follows:

MC =

Where:

MC is the moisture content on wet basis (%)
WW is the wet weight of the sample (kg)
DW is the dry weight of the sample (kg)

WW-=DW) 100 A3)
wWw

Moisture loss: The moisture losses were monitored in
two parts: (a) the portion collected by the desiccant and
(b) the portion collected in the water trap. The moisture
absorbed by the desiccant was calculated by subtracting
the mass of the desiccant before starting the experiment
from its mass following the experimental run. The
water collected in the water trap was measured and
added to the amount absorbed. The total accounted for
total moisture losses.
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Toluene: The toluene contents in the exhaust gas and
the mixture were determined wusing a gas
chromatograph (Model No. 5890-SII, Hewlett Packard,
Atlanta, Georgia). The gas chromatograph was
calibrated by injecting 1.0 pL of the hexane extracted
mixture onto a 25 m x 0.2 mm, 0.33 um film thickness,
5 % diphenyl siloxane megabore capillary column. A
split ratio of 5:1 was employed using the split mode of
the injection port. The injection port was set at 180°C
and the flame ionization detector was set at 250°C. The
oven containing the column was first maintained at
40°C for 4 minutes and then increased at a rate of
10°C/min until a final temperature of 350°C was
reached. This final temperature was held for 5 minutes.
The carrier gas, helium, was held at a flow rate of 1.2
mL/min. In order to perform this analysis on the soil
samples, hexane extraction had to be performed on the
mixture samples first.

RESULTS AND DISCUSSION

Temperature: The temperature measurements obtained
from the nine thermocouples indicated that the
bioreactor had a homogeneous temperature distribution;
the variations in the temperature were very small
(coefficient of variation was in the range of 2 %). The
measured temperatures for each experiment were
averaged and the average temperatures were plotted
versus time as shown in Fig. 3.
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Fig. 3: Average bioreactor temperature (°C)

The results showed that there was a startup period (60
h) during which the average temperature rose from 21
to 32°C and 40°C for the bioreactor with continuous
mixing and the bioreactor with intermittent mixing,
respectively. After the startup period, the temperature
remained constant (steady state condition) in both
reactors as the heat of reaction became equivalent to the
heat losses from the bioreactors. There was an apparent
lag period (24 h) observed before the temperature began
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to rise in the bioreactor with continuous mixing. Thus,
the steady state condition was reached after 64 h for the
bioreactor with continuous mixing due to the initial lag
period of 24 h. The temperature of the bioreactor with
continuous mixing was 8-9°C lower than that of the
bioreactor with intermittent mixing during the steady
state period indicating that more heat was lost with
exhaust gas from the bioreactor with continuous
mixing. The rise in the temperature during the startup
period can be described as a function of the initial
temperature (21°C) by the following equations:

Continuous mixing:

T, = 21" (R? = 0.89) 4)
Intermittent mixing:

T, =21e"""" (R?=0.61) %)
Where:

T; is the temperature at a time t during the startup
period (°C)
t  is the time (hr)

The increase in the temperature demonstrated the
conversion of the complex organic carbon into H,O,
CO; and energy during mineralization (cell respiration
process) of carbon. A part of energy is needed for work
done within the cell in synthesizing substances and
structural cell parts (enzymes, proteins, cell wall, etc.)
and for growth and multiplication whereas the rest is
converted to heat'®. The energy production and cell
growth can be described as follows:

Cell respiration and energy production

CH,0, + O, — CO, + H,O + Energy (6)
Cell growth
CH,0, + NH, — CsH;0,N (7

microbes

Mixing or agitating of a solid mixture with a forced
aeration enhances air/liquid exchange which can lead to
increased water and heat losses*®. Lau et al.*”’ found
that mixing with forced aeration interfered with
temperature increase during composting of swine
manure and peat moss. Smars e al.** observed a rise in
temperature up to 63°C while composting household
waste and chopped wheat straw and used intermittent
mixing to regulate the temperature in the bioreactor to
55°C. Cai et al.® reported steady state temperatures
around 50°C during aerated composting for removal of
PAHSs.

Moisture content: Moisture can be lost through the
exhaust gas or through condensation on reactor walls
and then collect in other parts of the reactor®®). Most of
the moisture losses from the current system were
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through the exhaust gas. This amounted to 0.636 and
0.257 kg of moisture for the continuous mix and
intermittent mix system, respectively. Smars et al.*
reported moisture losses due to respiration of 220 g of
water per kg of the initial dry weight of the compost
material. Rojas-Avelizapa et al.®” used biopiles to
reduce total petroleum hydrocarbons by approximately
94 % in polluted mud by maintaining moisture levels
around 30-35 %. While treating soil contaminated with
motor oil, Alkoaik and Ghaly"" reported a decline in
the moisture content from the intial value of 60 % to 35
% on day 55. Margesin er al.®” reported that low
moisture levels were more detrimental to system
efficiency than that of low temperatures.

The initial moisture content of the mixture was 60
% and the final moisture contents observed in this study
were 59.47 and 59.79 % for the bioreactor with
continuous mixing and the bioreactor with intermittent
mixing, respectively. Even though continuous aeration
was supplied, little changes were observed in the
moisture contents of the mixture as the final moisture
content remained within the optimum range of 50-60 %
reported by Lang et al®*. This could be due to the
compensation of water lost in the exhaust by the water
produced as a byproduct of the degradation process
according to equation (6) as reported by Ghaly and
Alkoaik"™":
Exhaust gas: In addition to monitoring the depletion of
the compound of interest, various methods of
monitoring biodegradation rates have been reported in
the literature. These include parameters such as CO,, O,
and cellular metabolite concentrations®”. In this study,
the initial composition of inlet air (N,, O,, Ar and CO,)
was determined at the start of the experiment whereas
the concentrations of O,, CO,, CH,, and C,H¢ in the
exhaust gas were determined on a daily basis. The
results are shown in Fig. 4. The inlet air had 20.94 %
0,, 78.10 % N,, 0.93 % Ar and 0.03 % CO,. For the
bioreactor with intermittent mixing, the oxygen
concentration in the exhaust gas declined with time
from the initial value of 20.94 % reaching a low value
of 7.54 % on day 5 and then started to increase reaching
1596 % by day 15. The carbon dioxide in this
bioreactor increased from the initial value of 0.03 % to
a maximum value of 5.79 % on day 5 and then declined
reaching 1.60 % by day 15. A peak of C,H¢ measuring
0.13 % was observed on day 2 and two peeks of CH,
measuring 0.54 and 0.53 % were observed on days 5
and 6, respectively. For the bioreactor with continuous
mixing, the oxygen concentration in the exhaust gas
decreased with time reaching a low value of 5.15 % on
day 8 and then increased gradually reaching 13.73 % by
day 15. The CO, in this reactor increased with time
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reaching a maximum value of 3.37 % on day 8 and then
declined gradually with time reaching a value of 1.62 %
on day 15. The Gas chromatography analysis of the
exhaust gas samples did not show identifiable toluene
peaks. However, some unidentifiable peaks were
present.
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Toluene: Since there was no evidence of toluene
volatilization, it can be assumed that the reduction in
toluene was due to microbial degradation in the reactor.
The toluene concentrations in the bioreactor declined
exponentially with time as shown in Fig. 5. The decline
of toluene concentration can be described as a function
of the initial toluene concentration (27.44 g) by the
following equations:

Continuous mixing:

TO,=27.44¢"'" (R*=0.96) (8)
Intermittent mixing:
TO, = 27.44¢"** (R*=0.98) 9)

Where:
TO is the toluene concentration at a time t (g)
T is the time (d)

« Continuous mixing
m Intermittent mixing

u
¢

Soil Toluene (g)
o

5 6 7 8 9 10 11 12 13 14 15 16
Time (d)

0o 1 2 3 4

Fig. 5: Toluene concentration

The toluene degradation constant (K) was 0.17 d”' for
continuous mixing and 0.24 d”' for intermittent mixing.
By day 15, about 96.35 and 89.07 % of the initial
toluene were removed by the bioreactors with
intermittent and continuous mixing, respectively. These
results indicate that in addition to reducing the energy
requirement by 50 %, the intermittent mix system also
reduces the time required for complete degradation.

All the operating parameters for both experiments
were similar except mixing. The advantage of mixing in
an aerobic system is the assurance of homogenous
distribution of oxygen, heat, microorganisms and
nutrients. By mixing for one hour every other hour, less
heat was lost through the exhaust gas and as a result the
overall temperature was 8-9°C higher during the steady
state. Although the temperature is a key parameter in
optimizing PHCs degradatlon , there is a wide range
of temperatures reported in the literature for the
biodegradation of petroleum hydrocarbons. Lau et al.l*
were able to completely degrade 200 mg of
naphthalene, phenanthrene, benzo[a]pyrene and
benzo[g,h,i]perylene per kilogram of soil by
continuously shaking a spent mushroom compost at

80°C for two days. Sivagurunathan et al®™ reported
100 % toluene degradation in a closed microbial (P.
fluorescens) system at 22°C and an agitation speed of
150 rpm. Antizar-Ladislao et al.*® investigated PAH
degradation by in-vessel composting at 38°C, 55°C and
70°C and found oytlmal conditions to be regulated at
38°C. Wang et al.”” found a temperature of 30°C to be
optimum for the degradation of pentyle amine and
aniline. Alkoaik and Ghaly®"" reported higher
degradation rates of oil during the mesophilic
temperature range (24-35°C) than that observed during
the thermo;)hllic temperature range (35-55°C). Ghaly
and Pyke!" reported the presence of three microbial
populations  (Psychrophilic, mesophilic and thermo
philic) in bioreactors treating soil contaminated with oil
and noted that the rate of degradation was higher durin %
the mesophilic phase. Antizar-Ladislao et al.
recommend a prolonged mesophillic stage when using
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conventional composting techniques as higher
temperatures can inhibit microbial diversity and reduce
system efficiency. In this study, the temperature
0f40°C, which resulted from intermittent, mixing,
appeared to be more suitable for the toluene degrading
microorganisms.

There are several pathways for microbial
degradation of toluene under aerobic conditions as
shown in Fig. 6. In each pathway, a number of
intermediate products are produced. Complete
mineralization of toluene and its byproducts must take
place, results in the production of carbon dioxide, water
and energy as follows:

C;Hg +9 O, —» 7 CO, + 4 H,O + Energy (10)

In this study, only toluene was monitored in the
bioreactors and the exhaust gas. Although no toluene
was detected in the exhaust gas, some unidentified
peaks were noticed that could possibly be one or more
of the intermediate byproducts of the toluene
degradation process. There is also the possibility of
anaerobic pockets developmg during the period of no
mixing. He et al ™ reported anaerobic pockets in their
18 L forced aeration, continuously mixed bioreactor.

According to Beller et all*!, dead-end breakdown
products can be formed rather than complete
mineralization, particularly when toluene de Erades in
anaerobic environments as shown in Fig. 7). These
include benzylsuec1mc acid and benzylfumaric acid.

Godeke “er al™ degraded toluene under sulfate-
reducing conditions and benzylsuccinate was identified
at the site. The unidentifiable peaks shown on the gas
chromatographs could also be one or more of these
dead-end metabolites.

Several authors reported on the importance of pH,
temperature, moisture content, agitation, aeration, C:N
ratio and nutrients on the degradation rate of petroleum
hydrocarbons. Wang et al.* stated that pH,
temperature, contact time and initial concentration of
petroleum hydrocarbons significantly affected the
degradation rate and found a pH of 7, a temperature of
30°C, a minimum residence time of 30 h and an
aeration rate of 7 mg O,/L to be optimum conditions for
degrading penthylamine and aniline in petrochemical
wastewater. Efremenko et al*' found the specific
growth rate of petroleum hydrocarbon degrading
microorganisms to decrease with increased initial oil
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Fig. 6: Aerobic toluene degradation pathway
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Marcon et al*” found the addition of nutrients to
significantly enhance the degradation of polycyclic
aromatic hydrocarbons in lagoon sediment. Pala et
al™ found the biodegradation rate to be affected by
pH and the concentrations of N and P in soil. In this
study, the moisture content (60 %), C: N ratio (30:1)
and pH (6.7-8.0) were within the optimum ranges
reported in the literature of 35-70 %, 25:1-35:1 and 6.5-
8.5, respectively™. The compost provided the
necessary micronutrients (B, Ca, Cu, Na, F, Mg, Zn, K,
CLP,S).

However, the success of bioremediation of soil
contaminated  with  hydrocarbons  (contaminant
degradation) will depend on the type of microorganisms
involved and the transport of substrate and oxygen from
the medium to the microorganisms and operating
parameters. Table 5 presents a summary of the
important parameters and their optimum values.

Table 5: Important parameters and their optimum
ranges

Parameter Optimal Values/Rational

Moisture content 35 % - 70 % with 60 % being optimum value

10 - 35°C with 25 - 35 dc being optimum

Temperature
range

pH 6.5 - 8.5 with 7 being optimum value

Aeration 0.5 - 3 volume per reactor volume per minute

C:N ratio 25:1 - 35:1 with 30:1 being optimum

Trace concentration of Ca, Cl, CO, Cu, Fe, K,
Mg, Mn, Mo, Na

Agitation is needed to ensure uniform
distribution of heat, nutrients and moisture
Addition of specific bacterial isolate or
compost (10 - 30 %) to provide greater variety
of microorganisms in order to shorten the lag
period and enhance the degradation rate,
provide buffering capacity and improves water
holding capacity

Saw dust, straw, woodchips should be added
to provide sufficient voids to ensure better
aeration and avoid agglomeration and pellet
formation

Nutrients

Mixing

Inoculum

Bulking agents
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CONCLUSION

The results showed that there was a startup period
(60 h) during which the average temperature rose from
21 to 32°C and 40°C (and then remained constant) for
the bioreactors with continuous and intermittent
mixing, respectively. The increase in the temperature
demonstrated the conversion of the complex organic
carbon into H,O, CO, and energy during mineralization
(cell respiration process) of carbon. The lower
temperature of the bioreactor with continuous mixing
(8-9°C) mixing during the steady state period indicating
that more heat was lost with exhaust gas from this
bioreactor. Little changes were observed in the moisture
contents of the mixture. Most of the moisture losses
were through the exhaust gas. This amounted to 0.636
and 0.257 kg of moisture for the bioreactor with
continuous and intermittent mixing, respectively. The
Gas chromatography analysis of the exhaust gas
samples did not show identifiable toluene peaks but
some unidentifiable peaks were present. It is unknown
if intermediate byproduct were emitted from the system
and are harmful to humans and/or biota. By day 15,
about 96.35 and 89.07 % of the initial toluene were
removed by the bioreactors with intermittent and
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continuous mixing, respectively. These results indicate
that in addition to reducing the energy requirement by
50 %, the intermittent mix system also reduces the time
required for complete degradation. This method of
bioremediation is very effective in removing toluene
but the production of toluene derivatives during the
biodegradation process should be investigated.
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