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Abstract

Background and Objective: Hydrocarbon contaminated vadose zone (HCVZ) is a source of groundwater pollution. Nutrient percolation
was investigated for use in remediation of HCVZ. The objectives of the study include determination of the extent of hydrocarbon
degradation and vertical transport of hydrocarbons. Materials and Methods: Three glass columns loaded with soils from a vadose zone
were artificially contaminated with crude oil and labelled start-up concentrations (STC), control (CTL) and treatment (TRT). Soils in STC
were used in determination of start-up concentrations, while CTL and TRT were flooded with water and nutrient solution, respectively,
at 7 days interval for 4 weeks. Weekly percolated liquids from the setups and soils in the columns at the end of the experiment were
analyzed for nutrient, hydrocarbon (TPH) concentrations and populations of selected microbial groups. Results obtained were used in
determining transport and degradation of hydrocarbons and in modelling hydrodynamic behaviourin the vadose zone using Hydrus-1D.
Results: TPH in percolated liquids from TRT and CTL decreased from 4,540-167 and 2,730-183 mg L™, respectively. Hydrocarbon
attenuation in TRT and CTL ranged from 50.34-99.06 and 40.22-99.06%, respectively. Calculated hydrocarbon transport into underlying
groundwater was 0.202-0.084% for water and 0.335-0.169% for nutrient solution. Simulated hydrodynamic behaviour showed that the
vadose zone will lose water more slowly to groundwater than it receives from flooding. Conclusion: The study reveals that nutrient
percolation through HCVZ willenhance biodegradation of the hydrocarbons and that hydrocarbons entering the underlying groundwater
will be minimal.
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INTRODUCTION

The vadose zone, also called the unsaturated zone, is the
portion of the earth that extends from the terrestrial surface to
the groundwater table'. The nature of the vadose zone affects
the movement of water, resulting from rainfall or man-made
watering, from the land surface to the saturated zone. The
saturated zones, commonly called aquifers are the
sand/gravel/rock layers beneath the vadose zone that are
completely saturated with water? The nature of the vadose
zone thus strongly affects the rate of groundwater recharge.
Flow rates and biochemical reactions in the vadose zone will
thus control the rate of contaminant entry into the underlying
groundwater.

Contamination of the vadose zone with hydrocarbons can
occur as a result of accidental oil spills from tankers and
pipelines carrying crude oil or its product, spills and
indiscriminate disposal of by-products generated from
artisanal refining of crude oil and leaky underground storage
tanks of petroleum products. The contamination can extend
to the deep part of the vadose zone and even to underlying
groundwater. In an evaluation carried out by United Nations
Environment Programme on the extent of petroleum
hydrocarbon contamination in selected Ogoni communities
located in the Niger Delta area of Nigeria, it was observed that
contamination have penetrated deeper than 5 m and has
reached the groundwater in many locations®. Petroleum
hydrocarbon contaminated vadose zone can thus become a
long-term source of groundwater contamination. Petroleum
hydrocarbons in a contaminated vadose zone may undergo
biodegradation and volatilization, persist in the vadose zone
or may be transported to the groundwater*. The persistence
of petroleum hydrocarbons in the vadose zone or its transport
to the groundwater will depend on such factors as (1) The rate
of biodegradation of the petroleum hydrocarbons in the
vadose zone, (2) The nature of the soil horizons making up the
vadose zone and (3) Rate of water percolation, resulting from
rainfall and man-made watering, through the vadose zone.

Biodegradation of hydrocarbons in petroleum
hydrocarbon contaminated vadose zone achieved by
instigating biochemical processes that enhances the natural
attenuation of the hydrocarbon contaminants. The activities
carried out in enhancing natural attenuation of contaminants
inan environment through biological means embodied inthe
term “bioremediation”. A typical bioremediation activity
consists of (1) Addition of hydrocarbon degrading
microorganisms, (2) Application of nutrients, (3) Adjustment
of pH, (4) Adjustment of water content, (5) Aeration or (6)

Application of  surfactants/biosurfactants®'®.  Nutrient
percolation, through semi-continuous flooding has been
suggested and investigated as a means for the /n-situ
bioremediation of petroleum hydrocarbon contaminated
vadose zone'3,

Data generated from soil column experiments can be
helpful in predicting the fate of hydrocarbons in vadose zone
contaminated with crude oil or petroleum products. The aim
of this study was the remediation of crude oil contaminated
vadose zone through the use of nutrient percolation.

MATERIALS AND METHODS

Vadose zone soil sample collection and on-site geophysical
analysis: Vadose zone soil samples were collected from a
pointon asite in Eneka Community of Obio-Akpor LGA, Rivers
State, Nigeria. The research project was conducted from
September, 2018-September, 2019. The location of the site as
determined using the Global Positioning System (GPS) is
4°54'32.7" N, 7°02'41.9" E. Collection of vadose zone soil
samples was made possible by drilling a borehole on the
chosenssite using borehole drilling equipments. Samples were
collected based on the soil layers making up the vadose zone,
until groundwater was reached. The depth of each soil layer
was noted. The soil samples of each soil layer were transferred
into large sampling containers and transported to the
Microbiology Laboratory of the Rivers State University, Nigeria,
for analysis and experimentation.

Simulation of petroleum hydrocarbon contaminated vadose
zone: Cylindrical glass column loaded with vadose zone soil
samples was used to simulate the vadose zone environment.
The soils in the column were artificially contaminated with
crude oil.

Column design: The cylindrical glass columns used for the
study were 1.27 min height and 0.07 m in diameter. The base
of each column had an opening and was shaped like a funnel.
Non-absorbent packing material was filled into the base. Each
column was supported at the middle and at the base by metal
ring support attached to a customized designed stand. The
columns were three in number.

Loading of columns: Soil samples from each soil layer were
filled and compacted into the three glass columns based on
how they occurred in the sampled vadose zone. The thickness
of each soil layer in the column was set relative to the ratio in
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Table 1: Composition of the nutrient solution

Components Quantity
MgS0,.7H,0 0449
KH,PO, 0849
Na,HPO, 1349
NaNO; 0449
Tap water 1000 mL

which they occurred in the vadose zone so as to obtain a
total vadose zone experimental thickness of 50 cm. The soil
columns were labelled STC (setup for determination of
start-up concentrations), CTL (control setup) and TRT (setup
for nutrient percolation). Each column was artificially
contaminated with 150 mL crude oil and Erlenmeyer flasks of
500 mL capacity were placed beneath the base of the
columns. The columns were left undisturbed overnight. On
the following morning, the volumes of crude oil that have
percolated into the different flasks were measured so as to
determine the volumes of crude oil that were absorbed in the
different columns. The soils in column STC were evacuated
and the concentration of petroleum hydrocarbons (TPH),
nitrate, phosphate and sulphate in each soil layer was
determined. The soil layers were also analyzed for populations
of hydrocarbon utilizing bacteria (HUB), anaerobic bacteria
(ANB), hydrocarbon-utilizing anaerobic bacteria (HUA), total
fungi (TF) and hydrocarbon utilizing fungi (HUF). The
population of TFand HUF was determined for only the top soil
layer.

Experimental operation: A nutrient solution was prepared
from selected salts and tap water (Table 1). The pH and
concentration of nitrate, phosphate and sulphate of the
tap water and the prepared nutrient solution was
determined. The population of total heterotrophic bacteria
(THB) in the tap water was also determined. Column CTL
was flooded with the tap water and column TRT was flooded
with the nutrient solution. The time taken for the percolated
liquids to start coming out and the volume of liquids
consumed were noted. Flooding of the columns was
carried out at 7 days interval for 4 weeks, i.e., at day 0,7, 14, 21
and 28.

Analysis of vadose zone percolated liquid and soils: The
percolated liquids from the column setups were analyzed for
the concentrations of nitrate, phosphate, sulphateand TPH. At
the end of the experimental period (day 28), after collection of
percolated liquids, the columns were evacuated and soils
from the soil layers of each column were analyzed for
concentrations of nitrate, phosphate, sulphate and TPH. The
soil samples were also analyzed for populations of HUB, ANB

and HUA, while populations of TF and HUF were determined
for only the top soil layer.

Determination of nutrient levels: The nutrient levels in soil
and vadose zone percolated liquid samples were determined
in form of nitrate, phosphate and sulphate concentration. The
nitrate concentration was determined using the Brucine
method', the sulphate concentration was determined using
a turbidimetric method (APHA method 4500-50,72)", while
the phosphate concentration was determined using ascorbic
acid method (APHA method 4500-P)".

Determination of hydrocarbon contamination level: The
concentration of petroleum hydrocarbons (TPH) in soil and
percolated liquid samples were analyzed using a
spectrophotometric method. In the method, hexane was
used in extraction of petroleum hydrocarbons from the
samples. The extracts were then subjected to light
absorbance measurement at 420 nm using a 721 visible
spectrophotometer (Huanghua Faithful Instrument Co. Ltd,
China). The absorbance values were used to calculate the TPH
concentrations with the aid of a previously obtained standard
graph of absorbance versus crude oil concentration.

Determination of population of total fungi and
hydrocarbon utilizing fungi: The population of total fungi
(TF) was determined using Sabouraud dextrose agar (SDA)
and the spread plate technique. Inoculated plates were
incubated at ambient temperature for 3-5 days. The
population of hydrocarbon utilizing fungi (HUF) was
determined using the modified mineral salts agar medium of
Odokuma and Dickson® supplemented with 50 pg mL™
streptomycin and 50 pg mL™" tetracycline. Inoculation was
done using the spread plate technique and petroleum
hydrocarbons were supplied into the inoculated plate using
the vapour phase transfer technique'. The plates were
incubated at ambient conditions for 5-7 days.

Determination of the populations of selected bacterial
group: The population of total heterotrophic bacteria (THB)
was determined using nutrient agar and the spread plate
technique. Inoculated plates were incubated at 37°Cfor 24 h.
For determination of the population of anaerobic bacteria
(ANB), nutrient agar and the pour plate technique was used
and then inoculated plates were incubated in anaerobic gas
jars at ambient temperatures (29-31°C) for 3 days. The
population of hydrocarbon utilizing aerobic bacteria (HUB)
was determined using the modified mineral salts agar medium
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of Odokuma and Dickson® supplemented with T mg mL™"
Nystatin. Inoculation was done using the spread plate
technique and petroleum hydrocarbons were supplied into
the inoculated plate using the vapour phase transfer
technique. The plates were incubated at ambient conditions
for 7 days. The population of hydrocarbon utilizing anaerobic
bacteria (HUA) were also determined using the method used
for the HUB population, however the pour plate method was
used in place of the spread plate technique and incubation
was done in anaerobic gas jars.

Determination of contaminant transport and degradation:
Selected data generated from the experimental flooding
activity, including the time taken for percolated liquids to start
coming out and volume of liquids consumed, were used to
determine the transport and degradation of petroleum
hydrocarbonsin the column setups. The results obtained were
used to extrapolate a likely case scenario in the vadose zone
studied. The hydrodynamic behaviourin the simulated vadose
zone as a result of the flooding activity was modelled using
the Hydrus-1D software package (PC-Progress s.r.o, Korunni,
Prague, Czech Republic).

RESULTS AND DISCUSSION

Characteristics of the soil layers making up the sampled
vadose zone: During soil collection from the sampled vadose
zone, the zone was observed to be made up of 6 soil layers to
a depth of 1200 cm where saturation occurred, saturation
occurred about 60 cm deep into the 6th soil layer. In a
research carried out by Tamunobereton-ari et al' it was
observed that vadose zone in some other parts of Rivers State,
Nigeria (where the vadose zone for this study was sampled)
are made up of 4-5 soil layers to a depth of 1,500 cm. Other
extensively studied vadose zones in Rivers State, Nigeria, have
been observed to contain 2, 5 and 7 soil layers to a depth of
100-1,200 cm where saturation occurs?. Itis thus evident that
the vadose zone of Rivers State, Nigeria is not a lateral
continuous layer and that the number of soil profiles before
the saturation zone is reached can range from 2-7. The

Table 2: Characteristic of soil from each layer making up the sampled vadose zone

observation of 6 soil layers in the vadose zone sampled can
thus be acceptable to fall within the range of the number of
soil layers that can be found in the vadose zone of an area
within Rivers State, Nigeria.

The soil layers from the sampled vadose zone were coded
A-F.The approximate thickness of each of the soil layers are as
follows: A-40, B-260, C-540, D-210, E-90 and F-60 cm. The
characteristic of soil from each of the soil layers are presented
in Table 2.

Thickness of soil layers in the experimental vadose zone:
Based on the total depth of the soil layers making up the
vadose zone (1,200 cm), the glass columns were filled from
bottom to top so as to obtain the chosen vadose zone
experimental thickness of 50 cm as follows: F-2.5 cm thickness,
E-3.8 cm thickness, D-8.8 cm thickness, C-22.5 cm thickness,
B-10.8 cm thickness, A-1.7 cm thickness, leading to a total of
50.1 cmin thickness.

Contamination and nutrient levels: Following artificial
contamination with 150 mL crude oil for each column, the
volumes of crude oil that percolated into their respective flasks
was as follow: STC-79, CTL-84 and TRT-81 mL. This indicated
thatthe amounts of crude oil adsorbed in the various columns
were, STC-71, CTL-66 and TRT-69 mL.

The petroleum hydrocarbon (TPH) contamination level
in each of the soil layers of the setup for determination of
start-up concentrations (STC) is presented in Table 3. From
the Table, it can be seen that TPH concentration reduced
from 56,533 mg kg™ at soil layer A (the top soil layer) to
5,407 mg kg~ at soil layer Eand increased t0 9,067 mg kg~ at
soil layer F (the bottom soil layer). In a related study carried
out by Kristensen et a/', a decrease in TPH concentration
has been observed as one goes down from the sandy-likely
loam-gravel layer to the sandy-likely loam layer, followed
by an increase from the fine sand layer to the coarse sand
layer and then a decrease to the silt loam layer. The reduction
in TPH concentration, in this study, from soil layer A (the
top soil layer) to soil layer E and then an increase in soil

SLC AT (cm) Colour General characteristic Stickiness General soil type
A 40 Dark brown Smooth to the touch Moderate Loam

B 260 Brown Smooth to the touch Moderate Clay loam

C 540 Yellowish brown Smooth to the touch Sticky Clay

D 210 Dirty white/greyish Silty/gritty to the touch, loose soil Nil Silty sand

E 90 Light brown/greyish Silty/gritty to the touch with presence of pebbles Nil Sandy Silt

F 60 Light brown/shades of light grey Silty/gritty to the touch, loose soil Nil Silty sand

SLC: Soil layer code, AT: Approximate thickness
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Table 3: Start up contaminant and nutrient levels in the experimental vadose zone setup

SLC TPH (mg kg™) Nitrate (mg kg™) Phosphate (mg kg™) Sulphate (mg kg™)
A 56,533 579 73.92 <0.67
B 31,733 423 7.44 <0.67
C 14,413 67 54.14 <0.67
D 7,793 1.092 27.78 <0.67
E 5,407 <223 19.96 <0.67
F 9,067 134 <0.01 <0.67

SLC: Soil layer code, TPH: Total petroleum hydrocarbon

Table 4: Selected parameters of the tap water and nutrient solution used in flooding the control and treatment setups

Parameters THB pH Nitrate (mg L") Phosphate (mg L") Sulphate (mg L")
Tap water 110X 10° 55 <003 6.69 <0.04
Nutrient solution - 7.0 202.87 18.42 184.26
THB: Total heterotrophic bacteria
layer F (the bottom soil layer) can be agreed to follow similar 5,000
pattern with what has been observed by Kristensen et a/®. 4300
Theslightvariations can be attributed to the differencesin the :222 |
nature of the vadose zones studied. A 3:000 i

Results of nutrient determination show that there was £ 2500
presence of nitrate and phosphate in the soils but little or no E 2,000
sulphate (Table 3). Also there was a general decrease in the 1,500
concentration of nitrate and phosphate from the top to the 1,000 7
bottom soil profile. A similar scenario has been observed by 5og—

. . . . . |

Jobbagy and Jackson', phosphorus concentrations in soils
were noticed to be far greater than sulphate and phosphorus
was also more concentrated in top soils than bottom soil
profiles.

Physicochemical and bacteriological status of the fluids
used in the experimental setups: Selected physicochemical
and heterotrophic bacterial population of the tap water and
nutrient solution used in flooding the experimental setups are
presented in Table 4. From the Table it can be seen that there
was presence of bacteria in the tap water, there was little orno
nitrate and sulphate in the tap water, whereas the phosphate
concentration was 6.69 mg L~". On the other hand, there was
appreciable amount of nitrate, phosphate and sulphate in
the nutrient solution used in the study. This is due to the
addition of their corresponding salts. The level of nitrate and
phosphate in groundwater from neighbouring communities
to the place where the tap water was collected has been
shown by Festus et a/?° to be <0.04 and <299 mg L7,
respectively. In another study conducted by Ukpaka and
Ukpaka?', the level of sulphate in groundwater from
another set of neighbouring communities to the place
where the tap water was collected was observed to be
between 2.8-92 mg L-'. With regards to nitrate, the
concentration obtained in this study can be said to agree
with that obtained by Festus et a/2°. The slight increase in
phosphate concentration can be attributed to the detection/

Days

Fig. 1: Total petroleum hydrocarbon (TPH) concentration in

the percolated liquids from the experimental setups
CTL: Control setup, TRT: Setup flooded with nutrient solution

quantification method used. The wide discrepancyin sulphate
concentration can be attributed to the nature of the land use
around the groundwater source, the tap water used in this
study is from groundwater in a University campus, whereas
the groundwater studied by Ukpaka and Ukpaka?' were
sourced from crowded busy urban environments.

Hydrocarbon and nutrient presence in percolated liquids
from the experimental setups: The concentrations of
petroleum hydrocarbons, phosphate, nitrate and sulphate in
the percolated liquids from the experimental setups for the
duration of the study is presented in Fig. 1-3.In Fig. 1 it can be
seen that on day 0 the amount of TPH in the percolated liquid
from column TRT (4,540 mg L") is almost 2 times that in the
percolated liquid from column CTL (2,730 mg L~"). This may be
as a result of a physical property of the nutrient solution
which favours some level of desorption of hydrocarbons
from soil particles. On day 14 the amount of TPH in the
percolated liquid from column TRT (430 mg L") is about
5 times lower than that in the percolated liquid from
column CTL (2,157 mg L™"). This can be attributed to
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enhanced biodegradation as a result of provision of adequate
amount of nutrients for the optimal stimulation of inherent
hydrocarbon utilizing microorganisms. The provision of
nutrients is evident in the relative high concentration of
phosphate, nitrate and sulphate in percolated liquids
from column TRT (Fig. 2, 3). Provision of nutrients such as

4.0 —0—CTL

—{3—TRT

3.59
3.0
2.5

2.0
1.0
03 _\

0.0 O—

Days

Phosphate concentration (mg L™)

Fig.2: Phosphate concentrationin the percolated liquids from

the experimental setups
CTL: Control setup, TRT: Setup flooded with nutrient solution

120 9 —>—CT.NO,
—{1-TR.NO,
100 ——CT.S0,”
—%—TR.SO,”

80
60

40

Concentration (mg L")

20

Days

Fig. 3: Nitrate and Sulphate concentration of the percolated

liquids from the experimental setups
CT.NO;™: Nitrate concentration in
TRNO;™: Nitrate concentration in liquid from column TRT,
CT.SO,~% Sulphate concentration in liquid from column CTL,
TR.SO,~% Sulphate concentration in liquid from column TRT

liquid from column CTL,

nitrogen and phosphorus has been shown to enhance
biodegradation  of  petroleum hydrocarbons?*%, The
observation on day 14 is thus in agreement with the concept
of occurrence of enhanced biodegradation. On day 28, the
TPH concentration in the treatmentand control setup reduced
to 167 and 183 mg L', respectively.

Hydrocarbon attenuation and fluctuation in quantity of
nutrients and microorganisms: The petroleum hydrocarbon
concentration in each soil layer of the experimental setups at
the beginning and end of the experimental period and the
extent of hydrocarbon attenuation are presented in Table 5.
From the Table, it can be seen that hydrocarbon attenuation
was achieved in both column CTL and TRT, with a relatively
high attenuation in column TRT in soil layers A (92.69),
B (93.97) and F (50.34%) as compared to 83.82, 90.52
and 40.22%, respectively in column CTL. Relatively high
hydrocarbon attenuation in column CTL occurred in soil layer
C (96.72) and E (89.27%) as compared to 95.51 and 60.79%,
respectively in column TRT.

The cumulative TPH concentrations, i.e., from day 0-28, in
percolated liquids from column CTL and TRT is 7,190 and
7,584 mg L7, respectively. The differences in the cumulative
TPH concentration at the beginning and end of the
experiment in column CTL and TRT are 106,319 and
111,633 mg kg, respectively. The TPH concentration in the
percolated liquids from both setups is thus far less than the
cumulative amount of hydrocarbons lost at the end of the
experiment. Therefore much of the reduction in the TPH
concentration in both setups can be attributed to degradation
by biochemical and probably physical means, rather than to
vertical migration resulting from flooding with water or
nutrient solution. TPH reduction in the different soil layers in
the experimental setups, in terms of biochemical means,
can be attributed to enhanced biodegradation as a result of
provision of adequate amount of nutrients or moisture for the
optimal stimulation of inherent hydrocarbon utilizing
microorganisms. The degree of utilization of the provided
nutrients and the availability/stimulation of inherent

Table 5: Extent of hydrocarbon (TPH) attenuation at the end of the experimental period

Day 0 Day 28 EHA

Soil layers STC (mg kg™) CTL (mg kg™ TRT (mg kg™") CTL (%) TRT (%)
A 56,533 9,147 4,133 83.82 92.69
B 31,733 3,007 1,913 90.52 93.97
C 14,413 473 647 96.72 95.51

D 7,793 73 73 99.06 99.06
E 5,407 580 2,120 89.27 60.79
F 9,067 5,420 4,500 40.22 50.34

STC: Start-up concentration, CTL: Control setup, TRT: Nutrient percolation setup, EHA: Extent of hydrocarbon attenuation (inititial THC-final THC/initial THC X 100%)
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Fig. 4: Phosphate concentration in each soil layer inthe
column setups at the beginning and end of the

experimental period

STC: Start-up concentration, CTL: Control setup, TRT: Nutrient
percolation setup
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Fig. 5: Nitrate concentration in each soil layer in the column
setups at the beginning and end of the experimental
period
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Fig. 6: Sulphate concentration in each soil layer in the column
setups at the beginning and end of the experimental
period

hydrocarbon utilizing microorganisms can be examined in
terms of the amount of nutrients in each soil layer before and
afterthe experimental period (Fig. 4-6) and also in terms of the
relative population increase of the investigated microbial
groups (Fig. 7-10).

In Fig. 4, it can be seen that in column CTL there was total
depletion of phosphate in all the soil layers, except in soil layer
C, whilein column TRT there was total depletion of phosphate

4.0 —O—STC
~ —{}-CTL
lng 3.5 —A—TRT
E_Z 3.0
5 2.5
k|
=} 2.0
Q
2
? 1.5+
> 1.0
20
S 054

0.0 T T T T T 1

A B c D E F

Soil layers

Fig. 7: Hydrocarbon utilizing bacterial (HUB) populations in
the different soil layers in the column setups at the

beginning and end of the experiment

STC: Start-up concentration, CTL: Control setup, TRT: Nutrient
percolation setup

77 0OTF
@ HUF

Log10 fungal population (CFU g™")

STC CTL TRT

Fig. 8: Population of total fungi (TF) and hydrocarbon utilizing
fungi (HUF) in soil layer A in the column setups at the
beginning and end of the experimental period

in soil layer E and moderate depletion in soil layer A, Cand D.
These indicate that phosphate was used up by inherent
hydrocarbon utilizing microorganisms for hydrocarbon
degradation. Soil layer C in column CTL had the second
highest hydrocarbon attenuation percentage, nextto soil layer
D and still had some amount of phosphate for use by inherent
hydrocarbon degraders for hydrocarbon degradation. Soil
layer C been clay soil should have a higher biodegradation
percentage than soil layer D which is sandy silt,
Biodegradation rate has been shown to be higher in clayey
soil than in sandy soils™. It may thus be reasoned that the
higher hydrocarbon attenuation percentage in soil layer D, in
both column CTL and TRT, could be as a result of the
additional effect of flushing due to flooding with water or
nutrient solution. The idea of flushing is based on the fact that
hydrocarbon adsorption in fine sands such as clay is higher
than hydrocarbon adsorption in coarse sands such as silty
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Log10 HUA population
(CFUg™)

Soil layers

Fig. 9: Hydrocarbon utilizing anaerobic bacteria (HUA)
populations in the different soil layers in the column

setups at the beginning and end of the experiment
STC: Start-up concentration, CTL: Control setup, TRT: Nutrient
percolation setup
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Fig.10: Anaerobic bacteria (ANB) populations in the different
soil layers in the column setups at the beginning and

end of the experiment
STC: Start-up concentration, CTL: Control setup, TRT: Nutrient
percolation setup

sands?. The role of biodegradation in hydrocarbon
attenuation in soil layer D and other soil layers too, cannot be
ruled out since there was evidence of increase in the
population of hydrocarbon utilizing bacteria (HUB) as
depictedinFig.7.Theincreasein HUB population as portrayed
in Fig. 7 can be collaborated with the extent of hydrocarbon
attenuation in the experimental setups. In Fig. 7, it can be seen
that increase in HUB population was more for column TRT
than column CTL at soil layers A, B, D and E, while column CTL
had more HUB population than column TRT at soil layers Cand
F. The relative increase in HUB population collaborates with
the extent of hydrocarbon attenuation in column CTLand TRT
at soil layers A, B and C. Non-collaboration at soil layers E and
F of both setups indicates that certain physical means also
partook in the hydrocarbon attenuation. The extent of
hydrocarbon attenuation in column CTL and TRT at soil layer

A can also be collaborated with the relative increase in the
fungal population as depicted in Fig. 8. In the Figure, it can be
seen that the increase in the population of hydrocarbon
utilizing fungi (HUF) was more in column TRT than in column
CTL.

The degree of utilization of nitrate is presented in Fig. 5.
From the Figure, it can be seen that in column CTL there was
reduction in nitrate in soil layers A and B and complete nitrate
reduction in soil layer D, while in column TRT there was
complete nitrate reduction in soil layer B, D and F. The
reduction in nitrate indicate that there was nitrate utilization
by available hydrocarbon utilizing bacteria in degradation of
the hydrocarbons and also that nitrate reducing bacteria (NRB)
may have partook in the degradation. Nitrate reducing
bacteria are facultative anaerobes? and are known to partake
in the anaerobic degradation of hydrocarbons?¢?’. Anaerobic
biodegradation of the hydrocarbons in the experimental
setupsisindicated by the emergence of hydrocarbon-utilizing
anaerobic bacteria (HUA) as depicted in Fig. 9. In the Figure it
can be seen that there was emergence and relative increase in
HUA population in column TRT in soil layers B-F, while
emergence of HUA population in column CTL occurred in soil
layers C, E and F. The emergence of HUA population did not
occur by spontaneous generation, there was evidence of the
presence of anaerobic bacteria as portrayed in Fig. 10. Thus
the HUA population that emerged are some of the anaerobic
bacteria which developed the ability to utilize the
hydrocarbon contaminants.

Nitrate accumulation occurring in soil layer C of both
setups and in soil layer A of column TRT (Fig. 5) can be
attributed to absence of NRBin soil layer A of column TRT and
low population of NRB in soil layer C of both setups. This is
evidentin the zero population of HUA in soil layer A of column
TRT, relatively low HUA population in soil layer Cand relatively
low population of ANB in soil layers A and C as portrayed in
Fig. 9 and 10. Also, it should be noted that a good amount of
nitrate was present in the solution (Table 4) intermittently
supplied to column TRT. This continual supply can lead to
nitrate accumulation.

Sulphate accumulation occurred in soil layers A and B of
column TRT as shown in Fig. 6. This could be as a result of little
or no bio-utilization of the sulphate in the nutrient solution
supplied to column TRT. It can thus be reasoned that the
supply of sulphate to column TRT did not play any role in the
biodegradation of the petroleum hydrocarbons. However,
sulphate infiltration has been shown to enhance
biodegradation of petroleum hydrocarbons?. The difference
in the observations may be attributed to the presence or
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Table 6: Transport of petroleum hydrocarbons in the control column

Day 0 Day 28

Parameters CTL TRT CTL TRT
SLH (mg kg™) 56,533 56,533 9,147 4,133
PLH (mg L) 2,730 4,540 183 167
PSL (%) 4.83 8.03 2.00 4.04
TPE (s) 10 12 9 8
PSZ (%) 0.202 0.335 0.084 0.169
TEZ (s) 2395 287.4 2156 191.6

SLH:Hydrocarbon concentrationin the top soil layer, PLH: Hydrocarbon concentration in percolated liquid, PSL: Percentage of hydrocarbon concentration of the surface
layer in percolated liquid, TPE: Time taken for percolated liquid to emerge from the experimental columns, PSZ: Percentage of hydrocarbon concentration of the top
soil layer that will be found in the underlying saturated zone after percolation through the actual thickness of the vadose zone, TEZ: Time taken for percolated liquid

to travel into the saturated zone in a real life scenario

absence of sulphate reducing bacteria (SRB). SRB are known to
degrade hydrocarbons in anaerobic environments?® and
reduce sulphate under anaerobic condition®. In this study,
SRB may have been absent in soil layers A and B, therefore the
accumulation of sulphates in these layers. However, with
regards to soil layer C-F, since there was presence of
anaerobes (Fig. 10) and emergence of anaerobic hydrocarbon
utilizing bacteria (Fig. 9), some level of hydrocarbon
degradation in soil layers C-F may be attributed to the activity
of sulphate reducing bacteria.

Hydrocarbon transport: Calculation of the transport of
petroleum hydrocarbons in the experimental setups is
presented in Table 6. In the Table, it can be seen that the
percentage of hydrocarbon concentration in the top soil layer
in percolated liquids (PSL) is very small for both setups. PSL is
calculated using the equation:

Hydrocarbons concentration in percolated liquid

PSL (%) = %100

Hydrocarbon concentration in the top soil layer

In a related research where the experiment was
conducted in the field, groundwater pollution resulting from
hydrocarbons in the vadose zone was only detected in the
upper 30 cm of the underlying groundwater and the
concentrations decreased sharply with depth to non-detect at
30 cm depth3'. The relatively small amount of hydrocarbons
crossing over from the vadose zone to the saturation zone can
be attributed to retention in the soil layers of the vadose zone
and subsequent biodegradation. Adsorption and
biodegradation of petroleum hydrocarbons have been shown
to be dominant processes occurring during the remediation
of contaminated vadose zone?.

In calculating the percentage of hydrocarbon
concentration in the top soil layer that will be found in the
underlying saturated zone or groundwater (PSZ) in a real life
scenario, it is assumed that the percentage of hydrocarbon

concentration in the top soil layer that will be found in the
saturated zoneisinversely proportional to the thickness of the
vadose zone (1200 cm). PSZ is thus calculated using the
formula:

PSL(%)x50.1 cm
1200 cm

PSZ =

where, 50.1 cm is the distance of percolation or vadose zone
thickness in the experimental columns. The calculation
showed that about 0.08 and 0.17% of hydrocarbons in the
surface layer will be found in the underlying saturated zone
after percolation through the vadose zone as a result of
flooding with water and nutrient solution, respectively. The
percentage may however be lesser because (1) The actual
compaction of the soil layers in the vadose zone was not
achieved in the experimental setup, (2) All the layers of soil in
the experimental setup was contaminated which may not be
so in real life scenario and (3) Retention of hydrocarbons and
subsequent biodegradation will be taking place in some of the
soil layers.

In calculating the time it will take for hydrocarbons to
reach the underlying saturated zone in a real life scenario
(TEZ),itis assumed that the time taken for percolated liquid to
emerge (i.e., time taken for hydrocarbons to enter into the
underlying saturated zone) is directly proportional to the
thickness of the vadose zone. TEZ is thus calculated using the
formula:

1200 cm x TPE
50.1 cm

TEZ =

where, TPE is the time taken for percolated liquid to
emerge from the experimental columns. The calculation
showed that it will take about 3.6 and 3.2 min for
hydrocarbons in the surface layer to travel to the underlying
saturated zone as a result of flooding with water and nutrient
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solution, respectively. However in real life scenario, the time
may be far lesser due to the compaction and nature of
the soil layers and lateral flow of hydrocarbons.

Hydrodynamic behaviour in the simulated vadose zone:
Results of the modelling of the hydrodynamic behaviourinthe
simulated vadose zone as determined using the HYDRUS-1D
software package is presented in Fig. 11 and 12 and in
Table 7.InFig. 11, it can be seen that the water content would
be high in the various soil layers, except for soil layer D (Silty
sand layer). The relatively high water accumulation in soil
layers A, B, C, Eand F indicates that biodegradation of organic
contaminants will be favoured in these layers. Hydrocarbon
reduction in soil layer D can thus be attributed more to
flushing action that will occur as a result of flooding than to
biodegradation.

In Fig. 12, it can be seen that the ease at which water
would flow (hydraulic conductivity) through the vadose zone
would be higher at a depth of 0-0.5 m and moderate at a
depth of 0.5-8 m. Thisindicates that the hydraulic conductivity
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Fig. 11: Change in water content in the different soil layers in
the column setups

reduces with depth and thus water supplied through flooding
will also flow in lateral directions in addition to percolating to
underlying soil layers.

In Table 7, it can be seen that the mean pressure head in
the vadose zone will increase with time. This indicates that the
vadose zone will become saturated with time as flooding is
carried out intermittently. Also it can be seen in the Table that
the bottom drainage (Bottom flux) is far lesser than the top
drainage (Top flux). This indicates that the vadose zone will
lose water more slowly to the underlying groundwater than it
receives from the flooding activity. Thus transport of
hydrocarbons carried along with water moving from the
vadose zone into the underlying groundwater will be very
minimal.

Predicting the durationfordrasticreductionin hydrocarbon
concentration: Attenuation of petroleum hydrocarbons in
terms of biodegradation has been shown tofollow afirstorder
reaction®?33, The equation of first order reaction is given as>*:

Log [A] = + Log |A
0 }
-200
-400 +
g
2
= -600 +
&
a
-800 +
-1000 +
-1200 - - | 1 I
0 5 10 15 20 25
K (cm/days)

Fig. 12: Hydraulic conductivity in relationship to depth

Table 7: Fluctuations in mass balance variables resulting from water inflow into the vadose zone

Time (day) .h mean (cm) Top flux (cm/day) Bottom flux (cm/day) WatBalT (cm?3) WatBalR (%)
0 -1200.0 -0.00002 -0.0002 - -

0.08 -1193.5 -1.251 -0.0002 -0.00004 0.006

7 -930.1 -7.423 -0.00011 -0.00004 0.000

14 -207.2 -4.1 -0.00009 -0.00008 0.000

21 145.5 -1.9 -0.00007 -0.00009 0.000

28 195.2 -1.9 -0.00006 -0.00008 0.000

.h mean: Mean pressure head in the entire flow domain, Top flux: Top drainage boundary condition, bottom flux: Bottom drainage boundary condition,
WatBalT: Absolute error in the water mass balance of the entire flow domain, WatBalR: Relative error in the water mass balance of the entire flow domain

10
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Table 8: Degradation constants and calculated time for reduction of petroleum hydrocarbons to 1 mg kg~ soil

Day 0 (mg kg™) Day 28 (mg kg™") K/days TCD (days)

Soil layers STC CTL TRT CTL TRT CTL TRT

A 56,533 9,147 4,133 0.07 0.09 156.4 1216
B 31,733 3,007 1,913 0.08 0.10 129.6 103.7
C 14,413 473 647 0.12 0.11 79.8 87.1
D 7,793 73 73 0.17 0.17 52.7 52.7
E 5,407 580 2,120 0.08 0.03 107.5 286.6
F 9,067 5,420 4,500 0.02 0.03 4557 303.8

K: Degradation constant as calculated using first order reaction, TCD: Calculated time for hydrocarbon concentrations to reduce to 1 (mg kg='), STC: Start-up

concentration, CTL: Control setup

where [A], is the hydrocarbon concentration at time t, [Al, is
the initial hydrocarbon concentration, K is the degradation
constant, and tis the time taken for [A], to reduce to [A],.. The
time it will take for hydrocarbon concentration in the different
soil layers in the setup columns to reduce to 1 mg kg™, i.e.
when Log [A]l, = 0, as determined using the first order
equationis presented in Table 8. From the Table it can be seen
that the time it will take for hydrocarbon concentration in the
different soil layers in column CTL to reduce to 1 mg kg™
ranges from 53-456 days, while in column TRT it ranges from
53-304 days. This data indicates that drastic reduction in the
quantity of petroleum hydrocarbons in contaminated vadose
zone as a result of biodegradation will be achieved much
quicker with the use of flooding with nutrient solution than
with flooding with water.

Investigating the wuse of nutrient percolation in
initiating degradation of hydrocarbons in already
contaminated vadose zone will be of immense value in the
design of an effective remediation procedure for
contaminated vadose zone environments. Effective
remediation of contaminated vadose zone environments will
serve as a means of curbing hydrocarbon contamination of
groundwater.

CONCLUSION

Study shown that nutrient percolation through a crude oil
contaminated vadose zone will enhance biodegradation of
the hydrocarbons. Minimal amount of the hydrocarbons will
percolate into the underlying groundwater and will be
biodegraded as a result of nutrients entering alongside it.
There may be not much difference in the extent of
hydrocarbon attenuation between the use of water and
nutrient solution but due to the much lesser time that will be
taken to achieve drastic reduction in hydrocarbon using
nutrient solution, the use of nutrient solution is favoured over
the use of water.

1
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