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Degradation Kinetics of Jet Fuel A and Bunker C

Oil in sandy soils: the effect of plant materials’
amendments and nutrients

Farida M. S. E. El-Dars

Abstract— In this work, the kinetics of the degradation of two petroleum hydrocarbon fraction (Jet fuel A (JFA) and bunker C oil (BCO)) in
sandy soil was studied during the winter and spring seasons of 2010. The effect of adding some plant materials with oxidative enzymes
content (A Sativum, A Cepa, Brassica Rapa and Raphanus Sativus) as bulking agent as well as the addition of N and P nutrients upon the
degradation process was also investigated. The results indicated that the kinetics for JFA degradation followed first order equation (In C=
In Co — kt) for natural attenuation and in the presence of A Cepa and Raphanus Sativus minced roots. Meanwhile, in the case of the
addition of A Sativum and Brassica Rapa roots and in the application of commercial nitrate and phosphates fertilizers to the contaminated
soil mixtures, the zero order rate equation (C= C, — kt) was obtained. The degradation rate for the heavier fuel oil fraction applying minced
A Cepa root materials to the soil mixtures was better described by the zero order rate equation (C = Co — kt). However, the biodegradation
kinetics rates for A Sativum, Brassica Rapa and Raphanus Sativus followed the zero order rate equation C = Co — kt®? based upon higher
R? values obtained. Overall, the applied four root materials achieved = 90% reduction in JFA content while a maximum of 32% reduction in

BCO content was achieved using Raphanus Sativus root with and without nutrients.

Index Terms— Jet Fuel A, Bunker C Oil, degradation kinetics, oxidative enzymes, plant roots, nutrients, sandy soil.

1 INTRODUCTION

Petroleum extraction, refining, transportation, storage,
supply and consumption are sources for soil and water

contamination with TPH (total petroleum hydrocarbons)
and PAH (poly-aromatic hydrocarbons) [1], [2], [3], [4], [5], [6],
[7]. This constitutes a hazardous and ever growing environ-
mental problem because crude oil and petroleum products are
complex and heterogeneous mixtures of organic compounds -
predominantly aliphatic and aromatic hydrocarbons- all of
which have different rates of natural attenuation [8]. In addi-
tion to that, once spilt on soil, these hydrocarbons may leach
to groundwater and their residuals remain bound to soil for
years causing significant deterioration in its physical and mi-
crobial properties [9]. Moreover, with a global crude oil pro-
duction of above twelve million metric tons, it was estimated
that between 1.7 to 8.8 million metric tons of petroleum hy-
drocarbon did escape into the soil and world’s water bodies
annually [9]. Effectively, 90% of this wasted content is caused
by deliberate waste disposal practices and other human activi-
ties [10].

There are a number of physical, chemical and biological
processes that can be applied to treat contamination caused by
petroleum and petroleum products [9], [11]. Generally, both
physical and chemical methods are considered to be expen-
sive, compared to biological treatments. In this effect, biologi-
cal methods are seen as more efficient and adequate in the
cleanup of soil contaminated with petroleum hydrocarbons as
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they result in no adverse effects on site. This is may be ex-
plained by the fact that the microorganisms utilized in these
processes may be directly involved in biogeochemical cycles
and thus, have the inherent capacity to either degrade or pro-
duce hydrocarbons depending on the presence of certain met-
abolic pathways, specific to each function in the environmen-
tal conditions [8]. However, one disadvantage of these meth-
ods is that they are time consuming [12], [13]. As well, they
may not be as effective when subjected to severe conditions of
extreme pH and temperature, toxins, and high concentrations
of pollutants or their products which may damage or metabol-
ically inactivate the microbial cells [12]. Thus, in order to
avoid such shortcoming, simple amendments such as nutri-
ents and water, bulking agents, co-substrates to stimulate mi-
crobial metabolism, lime to adjust pH, or bacterial inoculations
may be introduced during the waste treatment operations [13],
[14], [15], [16], [17], [18].

One of those amendments that played an essential role in
hydrocarbon treatment procedures has been oxidative en-
zymes emanating from bacteria, fungi and plants [2], [14], [18],
[19], [20], [21], [22], [23]. These enzymes were reported to en-
hance the bioremediation of recalcitrant wastes and pollutants
in soil and water and alleviate the adverse effects incurred [2],
[12], [14], [18], [19], [20], [21], [22], [23]. As well, these micro-
bial derived enzymes did exhibit specificity in their reactions
with pollutants and did effectively accelerate the chemical
reaction rate by lowering its energy of activation. Notably,
oxygenase, dehydrogenase and lignolytic enzymes have been
identified as main enzymes involved in the degradation of
PAHSs [23]. As well, the aerobic degradation of both aliphatic
and aromatic hydrocarbons utilizing oxygenase enzymes
(monooxygenases and dioxygenases) was reported to be fast
due to the availability of Oz as an electron acceptor [8], [12],
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[24]. Lignolytic enzymes, on the other hand, are a group of
extracellular enzymes that include lignin peroxidase, laccase,
and manganese peroxidase which have the capacity to cata-
lyze radical formation by oxidation to destabilize bonds in
organic molecule. However, in order to attain higher degrada-
tion efficiencies, it has been recommended that these enzymes
be bound to solid supports prior to any application so as to
prolong its activity; increase its recoverability and thermo sta-
bility [12].

Nonetheless, Duran and Esposito [19], Bollag and Dec [15]
and Coniglio et al. [24] reported that that some plant material
containing enzymes may be as effective as crude enzymes in
some waste treatment procedures. This is mainly because
such plant materials did exhibit significant enzyme activity
even after crude peroxidase extraction. With no literature pre-
sent concerning the application of plant materials with perox-
idase enzyme content directly in the treatment of petroleum
products or residues, the aim of the present work is to evalu-
ate such the potential of some local plant roots in the decon-
tamination of two petroleum hydrocarbon fraction-polluted
soils on a laboratory scale. The two petroleum hydrocarbons
(PH) fractions selected were Jet fuel A (JFA) and Bunker C fuel
oil (BCO), both of which are widely used for energy produc-
tion, transportation and in industrial power and production
operations. The roots selected for this study represent com-
mon ingredients within the Egyptian diet and they are onions
(A Cepa), garlic (A Sativum), turnip (Brassica Rapa) and radish
(Raphanus Sativus). During the lab scale experiments, the rate
of hydrocarbon mineralization in the presence of specific
weights of plant material added to soil mixtures was studied
relative to control soil with PH samples. The impact of using
inorganic nutrients in the form of commercial (N and P) ferti-
lizers upon the rate of hydrocarbons mineralization in soil
mixtures in the presence of plant materials was also investi-
gated and the results of these treatment trials were compared
thereafter. The kinetics of the biostimulated procedures was
elucidated and the reaction rate equations and half time were
calculated and set forth for each case.

2 MATERIALS AND METHODS

2.1 Characteristics of the Petroleum Hydrocarbon
fractions used:

Jet Fuel A (JFA) and Bunker C Gil (BCO) used in the soil
contamination experiments were obtained as products mar-
keted by Misr Petroleum Company, Cairo, Egypt. The specifi-
cation of both of these petroleum fractions is provided in Ta-
ble 1 [26], [27]. A detailed survey of the chemical composition
of both of these petroleum fractions/ products has been elabo-
rated upon elsewhere [28].

2.2 Hydrocarbon Degradation studies:

According to Law 4/1994 [29], the maximum detection
limits for petroleum hydrocarbon in soil per location are 50
ppm (in lab) and 100 ppm (in field). For the purpose of this
experimental design, the criteria adopted to define soil con-
tamination with petroleum hydrocarbon content was: 15 g/kg
dry soil for ‘slightly’, 30 g/kg dry soil for “‘moderately” and 60
g/ kg dry soil for ‘highly” polluted soil. For simulation of con-

taminated soil, sand soil (No. 45/Builder’s Sand) was obtained
from the construction site at Helwan University for use in
batch experiments. Before application, the soil was checked
for irregular particles, sieved, dried and weighed portions of
sand were put in clean beakers before each experimental run
(200g in 300-400 mL glass beakers). Prior to the addition of
each petroleum fraction weight to soil, the soil was moistened
to 20 % of its water holding capacity with distilled water to
ensure proper mixing with the contaminant. The beakers
were then labeled according to the weight of JFA and/ or BCO
added, amendments applied and date of experimental trial
commencement (three replicates for each fraction weight (i.e. 3
x 3 x3) per trial for a total of 27 beakers+ 6 control).

TABLE 1
PRODUCT SPECIFICATIONS FOR KEROSENE MISR AND MAZOTTE MISR
(180/240) [26], [27].

Jet Fuel A Kerosene Mt Buoker C O/ Mazoti Mt
Change 1 fome ength e gmition for 4 hws (max) — Swum | Colovtie vabue (1) 10000 al'g
Chenge n fome widthafter gniton for 2 hos (max) 6| Colovifie vabue (1) DMk
Cortosion of Cuat 100°C for 3 s Il | Flsh point min) 5°C
Distillae at 200°C Wt | Fludity unkuown
Fud of boding point (maximur) 300°C | Reltive densiyat 15°C (ma) 09% gie
Flash point (maimum) 38C | Totl sulfur Utlnown
Funning poin (i) Dul | Viscosityat S0°C (uax ) sommer 10 Stock
Relatve density at 15°C (mininmom) 082glee | Viseostyat SU°C (max) wintr 180 Stk
Residue and loss (uax) 2% | Visoosity by viscometer (mas) summer 2000 Stock
Total Sulfr (max) 025w% | Viscosiy by viscometer (max) winter 1500 Stock
Water & sediment content by centrifuge (max) Ll

Prior to the commencing of treatment procedures and
during the experimental runs, the initial and periodic petrole-
um hydrocarbon content in the individual soil mixtures
(g/kg.dry soil) was determined gravimetrically in triplicates
after the soil mixture was homogenized well according to
ASTM [30], USEPA [31] and Chiu et al. [32]. Overall, 240 £ 5
samples were analyzed during the above procedures. The
results obtained were used to deduce the kinetics of degrada-
tion of each petroleum fraction in the experimental mixtures in
the absence and presence of amendments such as control
sample, plant root weights, and plant roots weights plus
commercial fertilizers/ nutrients.

2.3 Preparation of the selected plant roots and their
addition to PH mixtures :

After their purchase from the local market, the selected plant
roots were washed to remove dirt and were towel dried before
dicing and fine mincing prior to storage in 11 covered glass jars in
the fridge ready for use. To each mixture of jfa and bco contami-
nated soil mixtures (15, 30 and 60 g/kg dry soil), the equivalent
weights of (10, 20 and 30g/ kg dry soil) of the finely ground on-
ions (A Cepa), garlic (A Sativum), turnip (Brassica Rapa) and radish
(Raphanus Sativus) roots were added accordingly (triplicates of 1
root weight /3 beakers/ each petroleum hydrocarbon soil mix-
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ture).

2.4 The Effect of plant roots and N and P fertilizers
addition:

The impact of commercial fertilizers, namely, nh4no3 (abu
qir fertilizers company, alexandria, egypt) and super phos-
phate (p205) (financial and industrial company, kafr el zayat,
gharbiyah, egypt) upon the degradation rate of each pah/ root
mixture was also investigated. Prior to their application to the
tested mixtures, 1 g of each fertilizer was first dissolved in 1
ml and the individual soil mixtures were mixed thoroughly
after addition. Essentially, the dissolution of inorganic ferti-
lizer in water before addition to soil mixture was deemed nec-
essary for better nutrient diffusion and microbial movement
and activity [4], [23]. The initial and periodic contaminant
content was determined as previously stated in order to eval-
uate the process degradation rate.

3. RESULTS AND DISCUSSION:
3.1 Degradation studies of Jet Fuel A:

Jet Fuel A potential for natural degradation in soil vs.

thermal volatility

In general, evaporation was considered the major route
for the reduction of crude oils and petroleum hydrocarbons
after their accidental release into the environment (water or
soil) [4], [16], [34], [35], [36], [37], [38], [39]. On the other hand,
petroleum hydrocarbons were reported to have the ability to
remain adsorbed onto soil particles and, subsequently, may
dissipate or migrate down through soils [1], [4], [7], [16], [36],
[37]. Generally, it was reported that the biodegradability of
petroleum hydrocarbons in soils was dependent upon the am-
bient temperatures, the increase of which may also enhance its
volatility [17], [18], [40], [41]. Concerning the natural attenua-
tion of JFA fraction in sandy soil, the first order kinetics model
given by equation (1) was used to describe the degradation
process, based upon the best fit line and R? coefficient values
over 0.9:

C o= Coe™™ e, 1)
this may be rewritten as
InC=InC, —kt oo (2

and half life (t %2) was calculated from the above equation (2)
as:
£ 72 =2/ Kt 3)

The results obtained indicated that the rate of kerosene
reduction in sandy soil averaged 0.0118 day~ for the first 10
days, which was then followed by a slower rate of 0.0094 day~!
for the extended trial period (t Y2 = 73.73 days ) (approx 200
days). These combined rates provided for an overall 83.2%
weight loss of the initial kerosene concentration in the soil
mixtures. Similar conclusions regarding the kerosene reduc-
tion rate and behavior pattern in soil were also reported by
Galin et al. [42], Nocentini et al. [43] and Marin et al. [18].
Kerosene was reported to have an overall natural reduction

rate between 0.0184 to 0.0196 day! in sandy soil [43], [44]. As
well, it was reported that, in some soils, 72% reduction of the
kerosene (JFA) initial content was achieved within a 5-months
period [36]. On the other hand, JFA was reported to have sig-
nificant lower rate of evaporation from soils (48-51 x 10 /day)
which was incurred during some venting and bioventing ex-
periments [40]. As for the temperature induced volatility of
JEA, the data obtained herewith indicated that it averaged 8.77
x 102 /day at 25°C (200 days). At elevated temperatures (98-
100°C), the rate increased to 4.76 /hour to provide for an al-
most 99% reduction of the initial kerosene content within 2-3
day period.

Essentially, kerosene (JFA) is a blend of relatively non-
volatile petroleum fractions (nCs -nCis) with 60% of paraffins,
32% of naphthenes, and 7.7% of aromatics, the majority of
which are in the Cy0-Ci4 range [54], [46]. Therefore, upon its
release into soil, kerosene was reported to have a moderate
evaporation rate [5], [45]. In this respect, the volatility associ-
ated with this petroleum hydrocarbon (PH) fraction was main-
ly attributed to its lower carbon-containing fraction (Co-Ciq
components) [36], [43], [47], [48], [49]. This was further assert-
ed by Dror et al. [35] during a study concerning the fate of
kerosene in sandy soil which demonstrated that the volatilized
PH fraction of kerosene was enriched mainly with aliphatic
compounds. Subsequently, this selective volatilization did
increase the concentration of higher carbon number fraction
(C13-C15 components) and, thus, resulted in a slower rate dur-
ing further volatilization process [40], [42], [43], [47]. Another
factor that may have contributed to such a delayed rate of re-
moval has been that the higher molecular portion of kerosene
has been its ability to readily partition with soil and, thus, re-
main adsorbed onto sediments [1], [40], [45], [49]. According-
ly, land spreading and mixing of petroleum hydrocarbons
with soil was effective in reducing its (Ci0-16) and (Cie.23) frac-
tions [2], [46], [50].

Kinetics of degradation of JFA in sandy soil in the
presence of enzyme-containing plant materials:
Statistical mean data for the degradation of JFA contain-

ing soil mixtures (15g, 30g and 60 g/kg dry soil) including rate

constants, treatment time, half life and % removal in the pres-
ence of (10g, 20g and 30g) of the selected root plant material
are provided in Table 2. A general observation made through
data manipulation was that kerosene reduction rates in these
soil mixtures mainly depended upon its initial content rather
than the weight of plant material added. As well, it was ob-
served that the rate equation obtained for A Cepa and

Raphanus Sativus aided degradation of JFA followed the first

order kinetics which is in agreement with previous studies

[43]. However, for A Sativum and Brassica Rapa amended soils;

the rate followed the zero order kinetics (equation (4)) based

on higher values of R?(0.9)
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REMOVAL IN THE PRESENCE OF SOME PEROXIDASE CONTAINING PLANT ROOTS (A SATIVUM, A CEPA, BRASSICA RAPA AND

TABLE 2
MEAN AND STATISTICAL RATE CONSTANTS FOR JET FUEL A CONTENT REDUCTION IN SANDY SOIL, TREATMENT TIME (DAYS) AND %

107

RAPHANUS SATIVUS) USING WEIGHTS FROM (10 — 30G) AND IN THE PRESENCE OF NITRATE AND PHOSPHATE FERTILIZERS — TRIAL
PERIOD 150 DAYS

Jet Fuel-A so1l mixtures, rate imitial PH Plant materials used. average reaction rates, ty; (days) and overall % contaminant reduction
equations and treatment periods cone (gkeg
dry soil)
Allium Brassicaceae

JFA+ plant materials weights A Cepa A Sativam Brassica Rapa Raphanus Sativus
(10-30 g)
Rate: C= C, — kt for Brassica 15 275 x 107 /day 2.07x 107 ghkg/day| 1.12x107 (ghkgday) 1.97 x 107 /day
Rapa and A Sativum tYe 25.59 day 37.53 day 68.05 day 43.16 day
Rate: In C = Iln C, — kt for A % removal 95.58 95.19 97.80 87.38
Cepa and Raphanus Sativus. 30 1.52x107 /day 3.65x10" ghkg/day | 1.76x107 (z’kg.day) 3.02x107 /day
total trial period for A Sativum te 47.04 day 41.20 day 91.06 day 22.93 day
=90 days % removal 95.50 95.05 97.77 95.73
for all the remainder of plant 60 1.31x 107 /day 7.87x 107 glkg/day| 4.63x107 (gkg.day) 2.02 % 107 /day
roots: 120 days t 55.93 day 38.12 day 69.97 day 34.26 day

% removal 94.90 94.84 95.73 95.21
JFA+ plant materials weights 15 3.09x 107 (gkeday)  3.17x107 (zhkeday)| 2.623x107 (z/kgday) 3.43 x107 (gke.day)
(10- 30 g) + 1 g Nitrate t 24.30 day 23.65 day 28.59 day 21.89 day
fertilizer % removal 89.30 89.89 77.82 92.0
Rate: C = C, kt for all 30 6.02x 10" (zkgday) 6.13x10" (zkg.day)| 6.478x107 (z/kg.day) 6.77 x107 (zke.day)
mixtures t 24,90 day 24.47 day 23.18 day 22.30 day
Trial period duration for al soil % removal §9.2 89.19 91.13 93.43
mixtures = 50 days 60 128 (g'kg.day) 1.277 (g'kg.day) 1.2676 (g'kg.day) 1.31 (gkg.day)

ti: 23.48 day 23.65 day 23.63 day 22.86 day

% removal 87.37 88.33 88.91 94.53
JF A+ plant materials weights 15 146x 107 (ghkaday) 1.31x107 (gkeday)| 1.85x107 (zkeday) 1.80 x107 (gke.day)
(10- 30 g)+ 1 g Phosphate t 51.32 day 54.82 day 39.22 day 39.76 day
fertilizer % removal 94.36 93.04 95.11 94.72
Rate: C = C, kt for all 30 276x 10" (ghkgday) 2.34x107 (gkg.day)| 3.55x 10" (gkgday) 3.46x 10" (ghkg.day)
mixtures t 54.45 day 62.0 day 36.16 day 43.34 day
- A Sat mixture :120 days (15 % removal 93.31 88.34 94.50 93.68
weeks) 60 593x 10! (gkaday) 4.69x107 (gkg.day)| 6.99 x107 (zkeday) 7.00 x107 (gkeg.day)
- A Cepa. R. Sativus and B Rapa t¥ 50.65 day 62.47 day 42.26 day 42.86 day
mixtures: 90 days % removal 93.0 88.41 94.28 89.8

60.0
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30.0

20.0

JFA content (g/kg dry soil)

10.0

0.0

"'“"'“.—-.-_..._____.__‘
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== B. Rapa

A Cepa

—— f\ Staivus

== «h== Control

—
\(_&%( S
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Time (days)

Fig. 1. Variation in the reduction in JFA content (60 g/kg dry soil) with time in soil mixtures amended with (10-30 g) weight of plant materials of A Cepa, A
Sativum, Brassica Rapa and Raphanus Sativus relative to control sample (treatment period 120 days).
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C=Co = KE oo, (4)
From this equation, the half life time (t '2) was calculated as:

F(L)2) = Co/ 2Keeeoeeeeeeeeeeee e, (5)

Overall, the treatment period of the plant amended soils
was shorter than the control samples 200 days period as well
as JFA reduction in the presence of garlic (A Sativum) added to
soil mixtures reached a maximum reduction of 95% within a
90 day period. It was reported that the use of plant material
with peroxidase activity [15], [51], or its hairy roots [25] yield-
ed high PH contaminant removal efficiencies (90-95%). This
was mainly attributed to the fact that decreasing the size of
root materials through mincing may have maximized the en-
zymes' contact area with contaminants; an observation con-
firmed comparing the control and the treatment data in this
study.

Moreover, the current results indicated that there was an
initial period of a rapid decrease in the initial hydrocarbon
concentration during the first 30-40 days, which was then fol-
lowed by a smaller and continuous decrease for all plant ma-
terials applied (Figure 1). Similar patterns of hydrocarbon
depletion were previously obtained during some degradation
studies of middle-distillate petroleum products [18], [43], [50].
This process was said to be a 2 distinct stages process with the
first stage spanning from 1-3 months and the second from 3-11
months. The initial stage was considered more rapid and ac-
counted for the mineralization of 55% of the total hydrocarbon
content (mostly the biodegradable fraction). The second stage,
on the other hand, provided slower rates of hydrocarbon deg-
radation and, ultimately, did account for another 45% reduc-
tion in pollutant content. Effectively, this latter process rate
was equal to that of the control sample. However, the decel-
eration in rate during this final stage was attributed to the fact
that the residual hydrocarbon fraction was more complex than
the parent fraction and it had a low biodegradability which
caused the soil microbial activity to significantly drop. This
process was called “‘weathering’ or ‘aging’ of kerosene frac-
tions, which is largely slower even under optimal conditions
[40], [52].

Another observation made with these kerosene soil mix-
tures was during the application of A Cepa, Brassica Rapa and
Raphanus Sativus plant materials (Figure 1). First, applying
these three roots did cause an initial rapid reduction in hydro-
carbon content in soil under 40 days which was followed by
an increase in the extractable hydrocarbon content from the
soil mixture. Such an occurrence was more pronounced as the
initial kerosene concentration was increased to 60 g /kg dry
soil. This phenomenon may be attributed to the high levels of
microbial activity induced through the addition of high hy-
drocarbon content to soils [53], [54], [55]. Accordingly, and
under these stress conditions, the active bacteria may excrete
extracellular surfactant-like polymers during their metabolic
cycle for contaminant degradation [52], [55], [56], [57]. Subse-
quently, these surfactant polymers may be capable of increas-
ing the mobility and bioavailability of organic pollutants by
modifying the physical and chemical adsorption properties of

the soil, with which the current findings is in agreement.

On the other hand, this increase in content was not ob-
served during the application of A Sativum plant material to
the kerosene-contaminated soils. This may be ascribed to the
fact that A Sativum contained a primary active ingredient
known as allicin, which is produced by the enzyme allinase
[58], [59]. Allicin has the property of decreasing lipids in
blood (hypolipidaemic) as well as has been proven to success-
fully penetrate the biofilm (lipoproteins) of most antibiotic
resistant bacteria. Consequently, the presence of allicin may
have aided the breakdown of the metabolites formed during
the initial kerosene reduction in soils as well as it may have
increased the dissolution of the formed hydrophobic compo-
nents to facilitate its further degradation.

Kinetics of JFA plant aided mixture degradation: the
effect of N and P nutrients:

Effectively, contaminated soils are considered to be nutri-
ent poor and do lack microbial diversity, which impedes the
rate of remediation within [21]. As well, sandy soil was re-
ported to exhibit poor characteristics (low nutrient, low organ-
ic matter and low microbial biomass), which decreases its abil-
ity to remediate hydrocarbons alone [60]. On the other hand,
the presence of a certain amount of TPH in soils may serve as
a fertilizer and may stimulate plant and bacterial growth [54].
However, during a treatment procedure induction stage, soils
may suffer from an elevated carbon and lower nutrient con-
tent [6], [33].

The data for nutrient (N and P) aided decontamination of
kerosene (JFA) containing soils in the presence of the four-
selected plant roots is provided in Table 2. Overall, the results
indicated that = 90% removal efficiency of the initial kerosene
was maintained using ammonium nitrate. The reaction fol-
lowed zero order rate equation with the treatment period de-
creasing below the period of the control samples. More specif-
ically, the data revealed that for all treatments with nitrate
fertilizer, the treatment period was reduced to less than 50
days, while that for phosphates, it remained unchanged rela-
tive to the root amended samples. However, in both the case
of nitrates and phosphates addition, no increase in the ex-
tractable hydrocarbon content from the soil mixture was no-
ticed. As well, it was observed that the reaction rates for PH
mineralization obtained using nitrate fertilizer were almost
twice that obtained when phosphates were applied. As well,
the obtained degradation rates increased significantly as the
initial JFA content increased from 15 to 60 g/ kg dry soil using
both nutrients.

The current results are in agreement with the findings of
Nikolopoulou et al. [61] who indicated that treatments with
inorganic or organic nutrients were effective in achieving 97%
degradation of C12—-Css n-alkanes and 95% of polyaromatic
hydrocarbons with two or three rings were within 45 days.
The results clearly showed that the addition of nutrients spe-
cifically nitrates to contaminated sand significantly enhanced
the activity of indigenous microorganisms to aid in the re-
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moval of total recoverable petroleum hydrocarbons (TRPH)
[54], [61].

As well, in a previous study, Gramss et al. [62] demon-
strated that fertilization with mineral salts enhanced the yield
in peroxidases even in the case of dying plants. While it has
been demonstrated that the addition of inorganic nitrogen and
phosphorous resulted in higher efficiency of hydrocarbon
degradation, it was reported that maintaining an optimal ratio
of soil nutrients C: N : P at 100-200:10:1-3 was required for the
effective removal of hydrocarbons from soils [7], [33], [63],
[64]. The increased hydrocarbon degradation rate at this ratio
was attributed to the increased expression of microbial popu-
lations involved in the N, P and C cycles in contaminated soils
[33], [60], [65]. As well, such a differential ratio was found to
help in maintaining the nutrient ratios for C/N and C/P in
soils closer to the bacterial C/N and C/P requirements [66].
This is important because sandy-loam type soils are consid-
ered deficient in nutrients, specifically N and C, which render
it unfavorable for biodegradation [32], [60]. As well, soils con-
taminated with hydrocarbons were reported to be deficient in
P as a result of its high C content [64].

From another perspective, nitrogen is considered a key
building block of proteins and nucleic acids required in soil
media for hydrocarbon degradation [5]. Positive effects of
nitrogen amendment on petroleum hydrocarbon degradation
and microbial activity have been previously demonstrated [9].
As well, the impact of this nutrient (N) was demonstrated to
be quantitative in the degradation of kerosene rather than
phosphorous [5], an observation noted during the current
study. This may be due to the fact that soil microcosms use
the inorganic part of the NO;- and NH,* available as a nitro-
gen source will be incorporated into their biomass, which then
helps them in the rapid uptake of hydrocarbons [65], [67]. In
nutrient rich treatments, an increase in the number of total
viable aerobic bacteria, hydrocarbon utilizing bacteria and
actinomycetes was indicative of the nutrient nitrogen concen-
tration added, especially in sandy soils [68]. In addition, it
was demonstrated that ammonium nitrate was a better nitro-
gen amendment for use in treatment of Egyptian sandy soil
contaminated with petroleum wastes rather than urea, the
latter was found to have adverse effects on the degradation
process [54]. However, Ramirez et al. [33] reported that the
addition of excessive nitrogen to clayey soils negatively influ-
enced the hydrocarbon degradation and total carbon con-
sumption by increasing the levels of soluble salts. As well,
they concluded that the addition of higher phosphates content
had a more positive impact on hydrocarbon degradation in
these soils.

On the other hand, previous studies have indicated that
some antioxidant compounds present in the studied roots
(namely: phenols, flavonoids, and terpenes) may serve not
only as nutrients for microorganisms but also to induce bacte-
rial degradation of PCBs and PAH [21], [69]. These com-
pounds act as bacterial growth substrates to stimulate hydro-
carbon degradation. The selected roots were reported to con-
tain several antioxidant compounds, mainly polyphenol, such
as flavonoids, and sulfur-containing compounds [67], [70],

[71], [72]. In this respect, these phytonutrients may have con-
tributed to the decrease in treatment time for nitrate contain-
ing mixtures relative to those in which phosphates were ap-
plied.

3.2 Degradation studies of Bunker C Qil:

Bunker C Qil potential for natural degradation in soil

vs. thermal volatility

The rate of reduction of BCO content in sandy soil also
followed equations (1 and 2). However, the obtained rates
were significantly sluggish relative to JFA control samples,
providing for an average rate of 7.54 x 105 day (t Y2 = 9192
days). This rate provided for less than 3% reduction in the
initial BCO content during the same experimental period.
Comparatively, the rate of volatility of mazotte (BCO) aver-
aged 3.35 x105 /day and 1.0- 1.39x 10 /day at 25°C and 98-
100°C, respectively. This achieved a respective reduction av-
erage of 0.14% and 3.6% of the initial BCO content. Such a
trend in this PH weight loss in soil mixtures may be attributed
to the fact that Bunker C fuel oil is a residual petroleum hy-
drocarbon fraction that contains compounds ranging from
C20-Cas up to higher than Cy [46], [57]. As well, this fuel oil
fraction was reported to mainly consist of high concentration
of saturates (n-alkanes) and aromatics (PAH) and, to a lesser
extent, polars, resins and asphaltenes [57], [63], [73], [74]; as
well as non-hydrocarbons (S, N, and O containing molecules)
which are difficult to biodegrade [28]. Subsequently, Bunker
C fuel oil was reported to have minimal to no volatility as well
as it has the ability to transform into persistent solid residue
upon release on land (tar balls) [57]. Furthermore, the low
biodegradability of this fuel oil did not only depend upon its
chemical composition but also upon the crude oil source [74].
In effect, it was reported that during some experimental stud-
ies of this heavy oil, the biodegradability rate reached 11 % of
the initial content during a treatment period for over 80 days
[24], [74]. The degradability of this heavy fuel oil was general-
ly related to saturates and aromatics content within this frac-
tion that had a carbon number < Cy4 [57], [73], [74]. On the
other hand, the decrease in saturates content of this fuel oil
was counterbalanced by an increase in its asphaltenes. There-
fore, the extent of its degradation remained constant during
the period of treatment, an observation which is in agreement
with the current study observations. On the other hand, the
observed volatility of this PH fraction in this study may be
attributed to the fact that heavy fuel oils may be blended with
lower molecular fraction distillates (such as diesel and kero-
sene) in order to decrease its viscosity and render it usable
[46].

Kinetics of degradation of BCO in sandy soil in the
presence of enzyme-containing plant materials:
Table 3 provides the statistical mean data for the degrada-

tion of BCO containing soil mixtures (15g, 30g and 60 g/kg

dry soil) including rate constants, treatment time, half time
and % removal in the presence of (10, 20 and 30g/ kg dry soil)
of the selected root plant material as well as N and P nutrients.
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TABLE 3
MEAN AND STATISTICAL RATE CONSTANTS FOR BUNKER C OIL CONTENT REDUCTION IN SANDY SOIL, TREATMENT TIME (DAYS) AND %
REMOVAL IN THE PRESENCE OF SOME PEROXIDASE CONTAINING PLANT ROOTS (A SATIVUM, A CEPA, BRASSICA RAPA AND
RAPHANUS SATIVUS) USING WEIGHTS FROM (10 — 30G) AND IN THE PRESENCE OF NITRATE AND PHOSPHATE FERTILIZERS — TRIAL
PERIOD 150 DAYS

Bunker C 01l / soil mixtures initial PH Plant materials used, average reaction rates. t ¥ and overall % contaminant reduction
rate equations and treatment conc (g'kg
periods dry soil)
Allium Brassicaceae
Bunker C oil + plant materials A Cepa A Sativuam Brassica Rapa Raphanus Sativus
weights (10. 20 and 30 g) 15 2.56 %107 9.20 x 107 (gkg/ 5.27x107 (gkg /day®™®)  4.33x107 (gkg/day®?)
Trial period= 150 days for all (g'kg/day) day™®)
plant materials tis 338.35 416.5 843.61 973.72
Rate : C = Co —k (t*7) for A 2 removal 14.64 9.11 7.0 9.25
Sativam, Brassica Rapa and 30 3.20x 107 (g/kg 2.38x 107 (gkg/ 5.54 x10" (gkg 1.84 (g'kg /day®®)
Raphanus Sativus /day) day®) /day®?)
Rate : C = Co -k t for A tis 400.84 1251.9 1473.17 507.50
Cepa % removal 3.29 3.48 11.05 11.34
60 1.04 x 107" (g/kg 6.17 %107 (g/kg / 2.34 (g/kg /day™?) 4.06 (g/kg /day®™)
/day) day"?)
tia 437.25 3095 817.28 445.09
25 removal 8.05 1.56 12.27 31.48
Bunker C Oil soil mixtures 15 3.08x 107 (g/kg 2.83 x 107 (gkg/ 937 x 107 1.09 (g'kg /day®?)
+ plant material + 1 g (day) day™) (g/'kg/day™)
Nitrate fertilizer tia 250.83 270.87 425.10 336.73
Trial period= 150 days for all %% removal 19.8 11.2 8.63 9.61
plant materials 30 2.78x 107 (g'kg 2.49 x 1072 (gkg/ 2.12 (g'kg/day™?) 1.58 (g’kg /day™®)
Rate: C = Co —k (™) for A (day) day™)
Sativum, Brassica Rapa and t ¥ 571.08 636.03 411.37 463.11
Raphanus Sativus %% removal 8.1 4.3 15.94 10.77
Rate : C = Co —kt for A 60 5.97 x 1072 (g/kg 1.51 x107 (gkg / 5.76 (g/kg/day™) 7.81 (g/kg /day™?)
Cepa (day) day™®)
tia 589.05 1998.52 29594 186.50
% removal 10.9 1.7 23.85 31.82
Bunker C oil soil mixtures + 15 2.67x 107 (z/kg 2.68x 1072 (gkg / 8.71x 107 1.02 (g'kg /day®™)
plant material +1 g (day) day™®) (g/kg/day™™)
Phosphate fertilizer t s 301.66 288.63 447.77 356.95
Trial period= 150 days for all % removal 16.0 9.6 7.74 8.29
plant materials 30 2.46x 107 (g/kg 2.38x 107 (gkg/ 1.82x 10" 1.28 (g’kg /day®?)
Rate: C=Co -k (t) for A (day) day™?) (g'kg/day™)
Cepa. tia 664.67 673.70 464.78 572.48
rate = C=Co -k t (%) for A % removal 6.7 3.8 13.10 7.98
Sativum, Brassica Rapa and 60 5.64x 107 (g/kg 2.34x107 (g'kg / 4.05 (g/’kg/day”™) 7.37 (zke/ day™™)
Raphanus Sativus (day) day™®)
ti¥: 627.11 1635.62 459.76 197.45
%5 removal 10.2 3.5 16.13 29.8
70.0
e - —
— *+—n
= 50.0
]
2
S 40.0
k=
% 30.0
g [\ Cepa e A sat B Rapa e R . Sativus
& 20.0
10.0
0.0
o 20 40 60 80 100 120 140
Time (days)

A Sativum, Brassica Rapa and Raphanus Sativus (treatment period 150 days).

IJSER © 2015
http://www.ijser.org

Fig. 2. Variation in the reduction in BCO content (60 g/kg dry soil) with time in soil mixtures amended with (10-30 g) weight of plant materials of A Cepa,


http://www.ijser.org/

International Journal of Scientific & Engineering Research, Volume 6, Issue 8, August-2015 111

ISSN 2229-5518

. Generally, it was observed that the rate equation for gar-
lic and onions followed a zero order rate [equation (4)] while
the process with turnip and radish, followed a zero order
equation with t©2 [equation (6)]:

C =C, — Kkt

Overall, the treatment period did not extend over the 150
days mark as no significant change in the remaining BCO con-
tent could be measured accordingly. However, a general trend
observed during these treatment trials that using A Sativum
and A Cepa was that the % reduction decreased as the BCO
content increased from 15 to 60g/ kg dry soil, which is contra-
ry to that observed using turnip and radish roots. Overall, a
maximum reduction in BCO (32%) was obtained for mixtures
containing 60 g/ kg BCO and the different weights of radish
root (Figure 2). This in accordance with the data presented by
Ali et al. [75] who reported that the maximum reduction in the
heavy fuel oil fraction containing asphaltenes may range be-
tween 35-46%. As well, the increase in biodegradation of this
resin and asphaltenes containing heavy fuel oil may be due to
the microbial attack on the polysulfide linkages, which leads
to biodepolymerization of the asphaltene fraction.

Nonetheless, the noted slow down in BCO content reduc-
tion using these 4 roots may be attributed to the depletion of
degradable fraction of this fuel oil, a fact previously indicated
by Jézéquel et al. [76]. This reduction was reported to contrib-
ute to the increase in the amount of resins as a result of the
partially degraded hydrocarbons or adsorbed biomass, all of
which were notably hydrophobic. However, heavy fuel oil
was also reported to contain non-hydrocarbons (S, N, and O
containing molecules) [28]. In this respect, the noted content
reduction using R Sativus and B Rapa may be explained as fol-
lows. As members of the crusifera family, both turnip and
radish roots were reported to contain glucosinolates- amino
acid-derived secondary metabolites containing nitrogen and
sulfur [77], [78], [79]. These compounds are hydrolyzed upon
cellular disruption into various bioactive breakdown products
by the endogenous enzyme myrosinase (thioglucohydrolase;
E.C. 3.2.1.147) [77], [78], [79], a fact that may have contributed
to the significant mazotte reduction using these roots. These
compounds also have several functions within the plant, one
of which has been to activate the sulfur and nitrogen metabo-
lism if the plant was injured or in defense against stress [77].

Another possible explanation for such a slowdown in PH
reduction in mazotte containing soil mixtures was also pro-
vided by Gramss et al. [62], Macek et al. [69] and Labud et al.
[60]. This was mainly attributed to the fact that soil microbial
population may have exhibited a stage of activity inhibition
upon the immediate exposure to this petroleum hydrocarbon
content. Subsequently, to compensate for this situation, the
inherent bacteria depended on extracting more peroxidase
enzymes from the root material to stimulate both microbial
and biochemical activity and improve its performance [53],
[62], [69]. Consequently, as the soil microorganisms recover,

they begin to consume the available hydrocarbons as a source
of carbon and, thus, their metabolic activity and metabolite
production increase accordingly [60]. Nevertheless, this me-
tabolite effect was not evident in the case where A Sativum
was applied, an observation similar to the case of kerosene
reduction treatments.

Furthermore, previous field and lab investigations of pe-
troleum hydrocarbons fraction degradability indicated that
the straight-chain alkanes were more readily degraded than
the branched alkanes [2], [38], [43], [56], [57], [63], [73], [74].
The (Ci6 -Cso) fraction of this residual fuel oil was considered
hydrophobic and more resistant to microbial degradation, a
fact that may decrease its further reduction. On the other
hand, it was reported that the biodegradation of the saturate
fraction of this residual fuel oil contributed to an increase of its
asphaltenes content due to the production of cross-linked,
high molecular weight polymers during the biotransformation
of lower molecular weight components [57], [73]. More specif-
ically, the degradation of the residual oil lighter fraction was
not attributable to the total mineralization of the depleted
products but to the formation of partially oxidized com-
pounds, a fact affirmed by Jézéquel et al. [76] and Fernandez-
Alvarez et al. [74]. They ascertained that the oxygen content
of asphaltenes increased due to the accumulation of products
coming from the partial oxidation of TPHs. Nonetheless, this
weight loss in BCO content was reported to reduce its inherent
toxicity [57]. As well, it was demonstrated that after the deg-
radation of the most labile hydrocarbons, the enzymatic activi-
ties in soils may be diminished [18], which is in agreement
with the current findings.

Kinetics of BCO plant aided mixture degradation: the
effect of N and P nutrients:

As for the treatment trials with BCO and nutrients, the re-
sults in Table 4 indicated that there was relatively no change
concerning the % removal efficiencies in the attested mixtures.
Generally, a slight increase in the reduction of BCO content
was obtained applying nitrates to soil mixtures compared to
that obtained with phosphate application. However, the most
significant reduction for this residual fuel oil was maintained
in the case R Sativus and B Rapa. This may be attributed to the
fact that Brassica were reported to contain high nitrate levels
[80]. However, the maximum percentage of mazotte minerali-
zation (Bunker C Oil) obtained in this study was significantly
higher than that obtained using chitin amended mixtures (8%)
[57] and that for the natural attenuation of spilt fuel oil in
France (11%) [74].

In the case of BCO, Gallego et al. [63] demonstrated that
the absence of N and P contents in soils was not the only limit-
ing parameter that impeded its biodegradation. In this re-
spect, the other limiting factor was the high content of heavy
non-toxic oil fractions present within this oil, namely: resins
and asphaltenes [75]. Bento et al. [66] demonstrated that nu-
trient addition to fuel oil contaminated beach soils promoted a
significant degradation of the light fraction of diesel oil during
6 weeks of incubation. As well, the best bioaugmentation with
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nutrients may increase the microorganisms’ activity and its
abundance in soils. On the other hand, with the decrease in
the labile carbon sources, nutrients were found to be most like-
ly limited in supporting microbial growth. In other words, the
degradation of higher molecular weight hydrocarbons might
have produced toxic intermediates that inhibited hydrocar-
bon-degrading microorganisms. As well, it was confirmed
that while the initial addition of nitrogen and phosphorus
stimulated the activity of indigenous microbial population up
to six weeks, the slow rate of degradation that followed was
related to a small decrease in dehydrogenase-related activity.
This dehydrogenase was reported to be involved in the elec-
tron transport system to remove the oxidative substrates, an
activity that was correlated with the oxygen uptake and or-
ganic substance removal in aerobic system [36].

On the other hand, some researchers reported that neither
bioaugmentation formulations nor biostimulation products
accelerated the degradation of residual fuel oil in sand relative
to its natural attenuation [74]. As well, it was demonstrated
that the depletion rate of residual oil in sand remained con-
stant and that neither microorganism nor nutrients stimulated
its further degradation, a fact that agrees with the results ob-
tained in this study. On the other hand, Bento et al. [50] con-
cluded that biostimulation of microorganisms with the addi-
tion of N and P resulted in the least degradation of diesel oil
(kerosene like fraction) in sandy beach soils. However, in a
more recent study, they reported that phosphorus had a sig-
nificant impact upon the rate of hydrocarbon degradation of
such petroleum product [66], an effect which was observed in
the case of A Cepa and A Sativum amended mixtures. They
also concluded that while some sources may supply enough P
to restore the C/P ratio in soils, P might become unavailable
thereafter due its low solubility. From another perspective,
previous studies have indicated that some antioxidant com-
pounds present in these roots (such as flavonoids) may have
increased the hydrocarbon degrading capacity in the soil mix-
tures in the case of nutrient addition to mazotte containing
soils, thus, producing slightly higher hydrocarbon degrada-
tion rates [21], [69]; an observation recorded for both B Rapa
and R Sativus.

3.3 An overlook on the enzyme content of the 4
selected plant roots:

Generally, it was reported that oxidative enzymes played
an important role in the mineralization of recalcitrant pollu-
tants in soil and water either through land farming of contam-
inated soils or through phytoremediation /rhizoremediation
[15], [19], [21], [25]. Three principal enzyme groups that were
identified to degrade and mineralize a large variety of recalci-
trant compounds are the versatile peroxidases, Mn-dependant
peroxidases and phenol oxidase [81], 82]. While peroxidase is
known to catalyze the conversion of some xenbiotics, phenol
oxidase was reported to catalyze the oxidation of phenolics,
aromatic amines, indole and sulfonates by hydrogen peroxide
and related oxidants [72]. As well, glutathione-S-transferase
aided the nucleophilic attack on the sulfur atom of glutathi-
one-electrophilic group in a variety of hydrophobic xenbiotics

substances. Finally, the increase in superoxide dismutase was
regarded as the key enzymatic antioxidant that produced the
H>O; needed for the activity of all other enzymes [83].

Overall, all of the selected roots are rich in peroxidase ac-
tivity [84], [85], [86], [87]. As well, they contain other enzymes
that as equally important such dehydrogenase and manganese
peroxidase [19], [20], [50], [88], [36], [18], [81], [72], [23], [82];
and glutathione S-transferase [[69], [72]. Allium Sativum and
Allium Cepa were reported to contain significant amounts of
superoxide dismutase, catalase, guaiacol peroxidase, glutathi-
one reductase, glutathione S-transferase [87], [89]. Moreover,
turnip roots were reported to contain significant amounts of
dehydrogenase [90], [91], [92]; phloroglucinol oxidase - a Mn
dependant oxidase [93]; polyphenol oxidase, ascorbate and
glutathione [94]. Radishes also were reported to contain sig-
nificant amounts of superoxide dismutase and catalase [94].
Moreover, a study of the impact of drought treatment upon
plants containing oxidative enzymes revealed that the en-
hancement of its superoxide dismutase, glutathione reductase
and guaiacol peroxidase activity [87]. The increase in superox-
ide dismutase was considered essential for the production
H>O; required to recover the peroxidase activity [96].

4 CONCLUSION:

In the current study, the effectivity of the use of four roots
namely: onions (A Cepa), garlic (A Sativum), turnip (Brassica
Rapa) and radish (Raphanus Sativus) in the decontamination of
JEA and BCO polluted sandy soil was investigated. The re-
sults showed that the four roots were effective in reducing the
decontamination period of JEA polluted soil while achieving
over 90% in a period of 120 days. Amending the JFA mixtures
with nitrate and phosphates fertilizer further increased the
reaction rates. However, nitrates were more effective in re-
ducing the overall treatment period. On the other hand, the
degradation rate of BCO in sandy soil was rather sluggish
compared to that of JEA and notably did vary slightly with the
addition of N and P nutrients. Overall, the results affirmed
that while all roots afforded higher JFA % removal, the
addiition of Raphanus Sativus achieved with and without nu-
trients afforded a maximum removal efficacy of 32% of the
initial BCO content.
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