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Abstract

The biokinetic parameters of crude oil degradation using Citrus sinensis of flavedo part was
investigated in loamy soil environment. Mathematical models were developed for the purpose of
determining the biokinetic parameters of the k; (Total Petroleum Hydrocarbon), maximum specific rate
of TPH remediation and dissociation constant of the TPH remediation on the effect of remediant dosage
on the polluted loamy soil environment. The effect of the remediants were monitored for sun-dried and
room-dried samples of the citrus sinensis of the flavedo part. The application of Michaelis Menten,
Lineweaver—Burk plot and first order reaction kinetic was used in the determination of the biokinetic
parameters as demonstrated in this research. However, decrease in TPH was experienced with increase
in time and the ks ranges from — 39285.714 (ppm)” to 18434 (ppm)”" whereas the R value ranges
from —1250 (ppm/day)™ to 2083.33 (ppm/day)™. In Stpuq ranges from 10.271 to 10.931 and ki value
ranges from — 0.0561 to — 0.0382 for room-dried samples whereas for sun-dried k; value ranges from
—0.0531 to 0.0068 and in Srpug value ranges from 10.269 to 10.865. These biokinetic parameters are
influenced by the effect of dosage and effectiveness of the microbes to remedy the polluted loamy soil
environment.

Keywords: Biokinetic, modeling, crude oil, degradation, loamy soil citrus sinensis

INTRODUCTION

The application of bioremediant for the treatment of contaminated soil environment is not new,
however, continuous research to identify other components or materials that are capable of degrading
the contaminant and generating components that are environmentally friendly is of utmost importance.

Crude oil spill and inadequate treatment of the effluent water generated by the oil companies, indeed
influence the ecosystem and there is need to remedy the contaminated soil environment for restoration
of the soil integrity [1-3]. Research conducted by
various research groups revealed that application of
chemical remediant may remove the pollution at the
initial stage but would have adverse effect reacting
and generating worse chemicals or toxins into the
soil environment [4, 5]. For this reason, current
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researchers have condemned the concept of
chemical treatment for soil remediation [6].
Physical methods of remediation, though favorable
because no likely environmental hazard is
generated, takes extremely long time to achieve a
reasonable degree of remediation and as such has
not been so widely used [7]. Currently, biological
treatment of the soil is widely advocated since all
the substances produced are environmentally
friendly and the process is cost effective [5—10].
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On this note, there is need for continuous research on agro-based materials that can be suitable for
bioremediation. Especially considering components classified as waste and converting them to items of
value. This is the reason and focus of this research. Considering the high nutritional content of the
orange fruit itself, it is optimistic that the peel (flavedo) would have a high potential to function
effectively as a soil remediant [11-15].

The worldwide issues posed by environmental contamination, which are further intensified by
petroleum operations, are of considerable magnitude, especially within the framework of climate
change [16]. This phenomenon has resulted in a range of problems, including the buildup of harmful
compounds in living organisms, contamination of aquatic ecosystems, degradation of soil composition
and consistency, potential health concerns, disruptions in ecological equilibrium, and increased toxicity
for both human beings and the environment. Despite the collective efforts of governmental bodies,
companies, researchers, and many stakeholders, these issues continue to exist in several geographical
areas. Hence, it is essential to ascertain sustainable remediation procedures, novel insights into
remediation methodologies, and effective clean-up approaches to address these difficulties [17-20].

The efficacy of bio-remediation methods for oil spills relies on the capacity to develop and sustain
favorable circumstances that promote increased rates of oil biodegradation in the affected ecosystem.
Several scientific review publications have extensively examined a range of parameters that impact the
rate of oil biodegradation. An essential prerequisite is the existence of bacteria with the requisite
metabolic capacities [21-24]. To sustain optimum rates of development and hydrocarbon
biodegradation in the presence of these microorganisms, it is essential to maintain appropriate levels of
nutrients and oxygen, while also preserving a pH within the range of 6 to 9 [25]. Bioremediation success
is significantly influenced by the physical and chemical properties of the oil, as well as the surface area
covered by the oil. There exist two primary methodologies for oil spill bioremediation: (a)
bioaugmentation, which involves the introduction of known oil-degrading bacteria to enhance the
existing microbial community, and (b) biostimulation, which entails the stimulation of indigenous oil
degraders by introducing nutrients or other growth-limiting co-substrates [26—30].

Materials and Methods

The orange fruit may be divided into two separate sections, as shown in Figure 1 the pericarp,
sometimes referred to as the peel, skin, or rind, and the endocarp, which encompasses the pulp and juice
sacs. The pericarp is composed of two distinct layers, namely the mesocarp, which is notable for its
white color, thick consistency, and spongy feel, and the epicarp. The endocarp encompasses the pulp,
which is organized into discrete pieces called juice sacs, often containing seeds. The seeds, which are
often characterized by their light white color, flattened structure, and angular form, are frequently
disposed of as refuse (Figure 1).

Central core Juice vesicles

Flavedo
_1 QOil sacs

Albedo —

Seed Segment

Segment wall
Figure 1. Structure of the Orange Fruit [2].
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Kinetic Models
The Model: Material Balance

The model was based on the interaction between the microbes and the substrate (TPH) in bioreactor
with the aid of the bio-stimulant (nutrient) added in it. The material balance equation is given as:

Rate of Mass The rate of mass The rat'e of mass of The rate of
TPH disappearing mass of TPH
of TPH _ of the TPH .
) = + due to chemical + | accummulated
into the fromthe b . ey
. ) reaction from the within the control
bioreactor ioreactor .
bioreactor volume

M

The bioreactor set-up is a batch process, therefore, the rate of mass of TPH into the reactor is equal
to the rate of mass of TPH from the reactor and both are equal to zero, i.e.

of TPH into
the bioreactor

2

of TPH from

Rate of mass ]
the reactor

Rate of Mass]
=0

Therefore, the equation (3.44) becomes

of TPH accumulated disappearance due
within the control to biochemical reaction
volume from the reactor

The rate of mass The rate of TPH
= 3)

First Order Reaction
Considering the reaction medium of the crude oil, microorganism and loamy soil environment, we
can assume the reaction mechanism of

[L] +[E]+ [S] = [P] + [E] + [L] “)

where, [L] represents loamy soil sample, [E] represents microorganism[S] represents TPH.

The reactor demonstration of the process is shown in Figure 2.

[L], [E], [S]

Figure 2. Simple bioreactor demonstrating reaction mechanism of the experimental setup.
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Defining the mathematical expression of the Equation (1) we have
The rate of mass of the TPH into the bioreactor = ¢ Srpy (o) %)
The rate of mass of the TPH from the bioreactor = @Srpy (6)

The rate of mass of TPH disappearance due to biochemical reaction from the bioreactor

=—RrpuV (7
The rate of mass of TPH accumulation within the control volume = @ ()
Indeed, substituting equation (5), (6), (7), and (8) into Equation (1), we have
OStpr) = @Stpu + (—RrpyV) + @ ©
Since ¢Stpr() = @Srpn =0 (10)
Therefore, Equation (10) becomes
MSZ—F;HV) = (=RrpuV) (11)
Equation (11) can be written as
= (—RppyV) =228 (12)

Equation (12) shows that the volume of the reactor remains constant and the dividing through the
Equation (12) by V, we have

ds
—Rypy = % (13)

Considering that the concentration of the substrate is time dependent, the kinetic expression becomes

—dStpH

dt = k1Stpn
_dZTt_PH = k1Crpy (14)

Indeed, the expression of equation (14) can be written as

dStpy

—Rypy = dt = —k1Srpu
Or
dc
—Rypy = thPH = —k1Crpy (15)

where, k; represents the TPH mitigation in the system, ¢, represents the TPH initial concentration
inlet volumetric rate of flow (kg/day), ¢ represents the TPH final concentration outlet volumetric rate
of flow (kg/day), Stpu(oy represents the concentration initial of TPH (mg/kg), Srpy represents the
concentration final of TPH (mg/kg), V represents the bioreactor volume (m?®) and t represents the
mitigation time (day).
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From Equation (16) we have

fSSTT::(O)% = —k, [, dt (16)
InSrengien ) = ~kith (17)
InSrpy — InSrpuoy = —k1(t —0) (18)
1nSTS:% = —kyt (19)

Equation (19) can be expressed as

Srpuce) = Sreuye (20)

Or
SteH(t) = STPH(0)€XP(—k1t) (21)

Equation (21) can be related to the straight-line curve relationship, thus,
y=mx+c

where, y = Srpy(r) represents the output, m =k, represents the slope, ¢ = Srpy(gyrepresents the
constant or intercept, t = x represents the coordinate In Srpy(s) against t can be established and the
slope value m = k; and the intercept value of C= Szppy .-

Kinetics of Michaelis Menten

The kinetics of the Michaelis Menten is derived from the application and concepts of Henry Model
which examines the interaction of the substrate (TPH) degradation with the action of the microbes
(enzymes) leading to the formation of enzyme-substrate complex. If the process is not inhibited by the
possible factors as listed in the physiochemical parameters and other environment, there is tendency of
the enzyme-substrate complex disintegrating to produce products and free enzyme. The above statement
is illustrated in the Equation (22) as:

[E] +[5] ES]  S[P]+ [Eo] 22)

where, E represents enzyme, S represents substrate (TPH), ES represents enzyme-substrate complex
and E, represents free enzyme. The kinetics of Michelis Menten Model in general reveals that the
specific rate of TPH degradatlon is given at

R = (R_max [S )/(k s+ = (R_max [C_TPH])/(k_s+ [C_TPH]) (23)

where, R represents the specific rate of substrate (TPH) concentration degradation, Crpn, S represents
the substrate (TPH) concentration, K represents the equilibrium constant of TPH Ry« represents the
maximum specific rate of TPH (substrate) concentration degradation.

Kinetics of the Lineweaver—Burk Plot

The kinetics of the Lineweaver—Burk plot is drawn from the concept of the Michael Menten’s
mathematical expression. This concept is found necessary because it is useful to relate the obtained
model into the linear curve, which is important in establishing the slope value and the intercept value.
This phenomenon will enhance the determination of functional parameters and coefficients as the case
may be. Therefore, recalling Equation (23) and simplifying, we have
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R = Rinax[S]
Ks + [S]
1 krpn 1
= 24
Rrpy  [RrpHlmax[CrpH] [RrpH]lmax (24)
RESULTS AND DISCUSSION

The results obtained from the research are presented in Figures. Most of the results in Tables
including some of the Laboratory data, are positioned in the appendices.

Effect of Time on TPH Concentration with Different Concentrate of Bio-stimulant
The effect of time and dosage concentration in mass of bio-stimulant was monitored on its
performance on TPH mitigation as demonstrated in Figures 2 and 3 for the remediant of room and sun

dried, respectively, of orange peel (Figure 3).

120000 T
X
100000
2 80000
g RDA1
b —%—RDA2
£ 60000
@] —%—RDA3
)
& 40000 RDA4
—o—RDAS
20000 —x—Cl
0 T T T T 1
0 7 14 21 28 35
Time (day)

Figure 3. Plot of Remediation of TPH Concentration Versus Time.

Figure 3 shows the trend of the Total Petroleum Hydrocarbon (TPH) degradation based on the effect
of time and action of the bio-stimulant of the room-dried peel of orange (Citrus sinensis). Figure 2
revealed a decrease in TPH concentration as the mass of the remediant (bio-stimulant) dosage. The
effectiveness of the bio-stimulant yielded the recommendation on the order of mitigation as RDAS >
RDA4 >RDA3 > RDA2 > RDA1 > Cl. Also, Figure 3 shows a decrease in the TPH concentration with

increase in time.

Lineweaver—Burk Plot Determination of Functional Parameters for Room-Dried and Control
Application

The figures presented in this area covers the parameters obtained because of room-dried application
of orange peel. The Lineweaver—Burk plot was applied for the determination of the maximum specific
rate of TPH degradation Rmax and equilibrium constant of TPH degradation Ks and the result obtained
are demonstrated from Figures 3 to Figure 8 for various dosage of 20 g, 40 g, 60 g, 80 g, and 100 g.

Figure 4 shows the Lineweaver—Burk plot of the reciprocal specific rate (1/Rrpu) of TPH mitigation
with variation in substrate [S] from room-dried bio-stimulant (Citrus sinensis) peel of 20 g dosage. The
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maximum specific rate Rmax of TPH degradation and equilibrium constant Ks were determined since
the Lineweaver—Burk plot theorem was obeyed. Recalling, the Lineweaver—Burk plot concept from

Equation (25) thus:

0.0025 -
0.002 -

0.0015 ~

0.001

I/RTPH (ppm/day)-1

0.0005 -

1/S x 10-5

Figure 4. Lineweaver—Burk plot of 1/Rtpu vs. 1/[S] for bio-stimulant of room-dried of 20 g dosage.

1 kg 1
I +
R Rmax [S] Rmax
where = intercept and s slope
max Rmax

Therefore, reading off the graph, the intercept is 0.00048 (ppm/day)" and the slope is calculated to
be 8.85.

That is, —— = 0.00048 and Ry = 1/0.00048 = 2083.33 (ppm/day)”

max

since —— = slope; It implies that K¢ = Ruax (slope)

max

Reading off the graph, we calculate that slope = (0.001014 -- 0.000799)/(5.42 — 2.99) = 8.85

Therefore, Ks= 2083 * (8.85) = 18434 (ppm)’!
Substituting values into the Lineweaver--Burk plot equation we have

1 18434

=} 48E+04
R~ 208333[5] T *

And the Michaelis Menten equation for the 20 g dosage for the room-dried remediant is expressed

as:

_ [RailmaxlS] . . _ 2083.33%[S]
Ry, = kot I5] , The equation obtained: Ry; = STy
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Using the Lineweaver—Burk plot in determining the TPH degradation functional parameters and
coefficient with respect to substrate concentration, Figure 5 shows the plot of the reciprocal of specific
rate (1/Rrpr) of TPH mitigation with variation in substrate [S] for a 40 g dosage of room-dried Citrus
sinensis (orange) peel (bio-stimulant). Having obtained a negative intercept of the graph which is read
off as the maximum specific rate Rmax of TPH degradation, it signifies a non-compliance to the
Lineweaver-Burk plot theorem. However, the concept of Ukpaka was adopted for the purpose of
evaluating for the determination of the functional parameters and coefficient.

0.002
0.0015
0.001

0.0005

10 12

-0.0005

I/RTPH (ppm/day)-1
S

:

-0.0015 -
-0.002 -

1/[S] x 10-5

Figure 5. Lineweaver—Burk plot of 1/Rtpy vs. 1/[S] for bio-stimulant of room-dried of 40 g dosage.

Recalling, the Lineweaver—Burk plot concept from Equation (25) thus:
1 kg 1
R +
R Rmax [S] Rmax

ks

= slope.

where = intercept and =

max max

From Figure 4, we read off the intercept as —0.00084.

Therefore, R; =-0.00084 and, Rimax =—1/0.00084 =—-1190.47619

max

Since Rks = slope then K = Rimax * (slope)

max

But the slope is computed as: slope = (0.00158 -- 0.00102)/(7.12 -- 5.42) x 10°=33.
Substituting values of Rmax and slope into the equation, we have:
Ks =-1190.47619 * (33) = -39285.7143 (ppm)’!

Substituting values into the Michealis Menten equation as expressed as stated,
[RAZ ] max [S ]

R, =
42 ks + [S]

For the 40 g dosage of remediant room dried we have
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—1190.48 = [S]
Ry, =
—39285.71 + [S]

Similarly, for the Lineweaver--Burk plot theorem, recalling Equation (25) and substituting we have:
1 ks 1 1 _ -39285.71 1 1_329 _ gau0r_ 04

R~ RmaxlS] = Rmax R -1190.48[S] ' -119048 R _ [S]

0.003

I/RTPH (ppm/day)-1

14

1/[S] x 10-5

Figure 6. Lineweaver—Burk plot of 1/Rtpu vs. 1/[S] for bio-stimulant of room dried of 60 g dosage.

Similarly, Figure 6 expresses the graphical relationship of the reciprocal specific rate (1/Rrpn) of TPH
decomposition with varying substrate concentration [S] over time using 60 g dosage of room-dried bio-
stimulant of Citrus sinensis peel. From the intercept and slope of the graph, we can determine the
maximum specific rate Rmax of TPH degradation and equilibrium constant. The negative intercept read
off the graph suggests a non-compliance to the Lineweaver—Burk plot theorem. Again, for the purpose
of evaluating and determining the functional parameters and coefficient, the concept of Ukpaka was
adopted.

Recalling from equation (25), the Lineweaver—Burk plot concept thus:

L ke 1
R Rmax[S] Rmax

ks

where = intercept and = slope.

max max

Here, R; =-0.0008 and Rmax = 1/0.0008 =—-1250

max

ks

Since = slope, therefore, Ks = Ruax (slope)

max

Computed slope from Figure 5: slope = (0.0028 -- 0.001)/(12.0 — 6.0) x 10~ = 30.

Ks = —1250 * (30) = ~37500 (ppm)"

© JournalsPub 2024. All Rights Reserved 33



Modeling the Biokinetic of Crude Oil Degradation in Loamy Soil Peter and Amenawon

Substituting values into the Lineweaver—Burk plot concept we have

1 —37500 N 1
R —1250%[S] = —1250

1—30 8.0F — 04
R [S]

And the Michaelis Menten equation for the 60 g dosage for the room-dried remediant is expressed
as:

_ [Raz)lmax[S] _ —1250 * [S]

Rys = ks + [S] »Raz = —37500 + [S]

0.0035 -
0.003
0.0025
0.002
0.0015
0.001
0.0005
0
-0.0005
-0.001
-0.0015

I/RTPH (ppm/day)-1

16 18

1/[S] x 10-5

Figure 7. Lineweaver--Burk plot of 1/Rtpn vs. 1/[S] for bio-stimulant of room dried of 80 g dosage.

The plot of the reciprocal specific rate (1/Rrpy) of TPH decomposition with variation in substrate [S]
reciprocal as shown in Figure 7 which identifies the Lineweaver—Burk plot for room-dried bio-stimulant
of Citrus sinensis peel of 80 g dosage. Though a straight-line graph is obtained, however, the negative
reading of the intercept implies maximum specific rate Rmax of TPH degradation to be negative also and
this is not compliant to the Lineweaver—Burk plot theorem. The functional parameters and coefficients

were determined based on the Ukpaka’s concept.

Recalling, the Lineweaver--Burk plot concept thus:

Lk 1
R Rmax [S] Rmax
where = intercept and Rks = slope

From the graph of Figure 6, - L~ 0.0015 and Ruax = 1/0.0015= —666.6667

max

Also, since Rks = slope and K = Rnax * (slope)

max
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Determining the slope from the graph of Figure 6, we have

Slope = — (0.00278 — 0.00065)/(12.0 — 6.0) x 10° = 35.5

Thus, Ks=-666.6667 * (35.5) = -23666.6667 (ppm)™!

Substituting values into the Lineweaver—Burk plot equation we have

1 —236666.6667 1

= +
R~ —666.6667 % [S] = —666.6667

35.5

1
—=—— —15E-03
R [S]
And the Michaelis Menten equation for the 80 g dosage for the room dried remediant is expressed
as:
R — [RA4]max [S]
T ket IS]

The equation obtained is
—666.67 * [S]

R =
At T _23666.67 + [S]

0.0035
0.003
0.0025
0.002
0.0015
0.001

0.0005

I/RTPH (ppm/day)-1

0

20 25 30
-0.0005

-0.001

-0.0015,4

1/[S] x 10-5

Figure 8. Lineweaver--Burk plot of 1/Rtpy vs. 1/[S] for bio-stimulant of room dried of 100 g dosage.

In determining the compliance of the 100 g dosage of room-dried bio-stimulant of Citrus sinensis
peel, the reciprocal of the specific rate (1/Rtpu) of TPH reduction was plotted against the reciprocal of
variation in substrate 1/[S] as seen in Figure 8. The straight-line graph showed a negative intercept
implying the specific maximum rate of TPH reduction to be negative and further suggesting it does not
follow the Lineweaver--Burk plot theorem. However, for purposes of this research, the Ukpaka’s
concept was adopted in determining the functional parameters and coefficients.
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Recalling equation of the Lineweaver—Burk plot concept thus:

Lk 1
R Rmax [S] Rmax
where = intercept and Rks = slope

From the graph represented in Figure 7, the intercept is read off as: =-0.0014.

max

Thus, Rmax = 1/(--0.0014) = —714.285714 (ppm/day)™*

Since Rks = slope then, Ky = Rmax * (slope)

max

Also, the slope computed from the graph of Figure 7 is thus:
Slope = —(0.0031 — 0.0015)/(15.8 — 10.0) x 10~ =27.6
And, K=714.2857 * (27.6) = —19714.2857 (ppm)!

Substituting these values into the Lineweaver—Burk plot equation we have

1 —19714.2857 1
R~ 7142857+ [5] T —7142857
1 276

R TT 1.4E — 03

And the Michaelis Menten equation for the 100 g dosage for the room-dried remediant is expressed
as:

_ [RAS]max[S]
Ras = —/——~a—
ks +[S]
—714.29 * [S]
Rys =

—19714.29 + [S]

Figure 9 is an illustration of the relationship between the reciprocals of the specific rate Rrp of TPH
degradation naturally occurring with variation in substrate [S] over time. A straight-line graph with
positive intercept is a strong indication of a compliance with the Lineweaver—Burk plot theorem. The
positive intercept implies a positive rate of decomposition.

Recalling, the Lineweaver—Burk plot concept from Equation (25) thus:

1 kg 1
[ +
R Rmax [S] Rmax

where = intercept and Rks = slope

1

Here, P 0.0014; thus, Rmax = 1/0.0014 = 714.285714

max

ks

Since = slope then, Ks = Rna™ (slope)

max
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Slope = (0.00335 — 0.0031)/(2.4 — 2.1) x 10" = 83.3
Ks=714.285714 * (83.3) = 59500 (ppm)"*

Substituting these values into the Lineweaver—Burk plot equation we have

1 59500 1
R 7142857+ 5] | 7142857
1 833

And the Michaelis Menten equation for the control without the input of any remediant is given as:

_ [Re1lmax[S]
T ks + (8]

714.29 * [S]
Rer = coern e
59500 + [S]

0.004 - 1/[S] x10-5

0.0035 ~ ]
M
0.003 - _

0.0025 -

\

0.002 ~

0.0015 -

I/RTPH (ppm/day)-1

0.001 -

0.0005

0 T T T T T 1
2.05 2.1 2.15 2.2 2.25 23 2.35 2.4 2.45

Figure 9. Lineweaver--Burk plot of 1/Rrpy vs. 1/[S] for control of 0 g dosage remediant.

Relationship of InStpy and Time for Bio-stimulant of Room-Dried Application and Control
Sample

Figure 10 shows the relationship of InStpy and time of room dried sample of remediant (20 g dosage).
Decrease in the InStpy was seen with increase in time. Recall the equation for a first order reaction is
as expressed in equations below:

STPH(t) = STPH(O)e_klt and InSrpp() = InStpu (o) — Kat

where, InSrpy oy = intercept and —K; = Slope.

Reading from the regression equation of y = —0.0382x + 10.931, thus: -K; =—-0.0382
and In Stpu) = 10.931.

Substituting values into the Equation (21), we have
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InStpyy = InStpu(oy — K1t, we have a relationship for the degradation TPH using 20 g dosage of
room-dried Citrus sinensis expressed as:

InSteraly = 10.931 —0.0382 * t

11 -
10 ~
y=-0.0382x + 10.931
= R2 = 0.9963
%
£ 91
8 : : : : : : : |
0 5 10 15 20 25 30 35 40
Time (day)

Figure 10. Plot of InStpy versus time for room dried of Citrus sinensis peel of 20 g dosage.

11
10 1
an
[a W
P
G
= y =-0.0469x + 10.817
9 A R?=0.997
8 f f f f f f f
0 5 10 15 20 25 30 35 40
Time (day)

Figure 11. Plot of InStpy versus time for room dried of Citrus sinensis peel of 40 g dosage.
The relationship of InStpy and Time of A2-room dried sample of remediant (40 g dosage) is

represented graphically in Figure 10(a). Decreasing values of InStpu was observed with increasing time.
Recall the equation for first order reaction is as expressed in Equations (20 & 21),

StrH(t) = STPH(O)e_klt

Sreroye *tand InSrpy ey = InSrpy (o) — Kt

where InSypy (o) = intercept and —K; = Slope
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Therefore, from the regression equation obtained of y =—0.0469x + 10.817,
*Kl = 70.0469; and In STPH(O) =10.817

Substituting these values into Equation (21) we have a mathematical equation developed for the 40
g dosage Citrus sinensis peel and its expressed as:

InSercazy = 10.817 - 0.0469 * t
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10 -

jan)
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= y =-0.0452x + 10.57
9 1 R?=10.9871
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Time (day)
Figure 11. Plot of InStpy versus time for room dried of citrus sinensis peel of 60 g dosage.

The illustration of InStpy versus time is seen in Figure 11 for the 60 g dosage of the room-dried
sample of remediant of Citrus sinensis. The InStpy is seen to decrease in value with increase in time.
Recall the equation for a first order reaction is as expressed in equations below:

STPH(t) = STPH(O)e_klt and InSrpy() = InSrpu(o) — Kat

Where InSypy (o) = intercept and —K; = Slope

The straight line relationship observed from the graph gives a regression equation of y =—0.0452x +
10.57, corresponding to: —K; = -0.0452 and In Stpu(y = 10.57.

Substituting these values into Equation (21) we obtain the degradation equation for the 60 g dosage
of room-dried remediant expressed as:

InStpreas,y = 10.57 — 0.0452 * t

Figure 12 demonstrates the relationship of InStpy and time of room-dried sample of remediant (80 g

dosage). Decrease in the values of InStpy is observed with increase in time. Recall the equation for a
first order reaction is as expressed in equations below:

Srerce) = Ster(oye 1t or InSrpy(y = InSrpp(oy — Kyt
where InSypy (o) = intercept and —K; = Slope.
Therefore, from the regression equation of y = —0.0487x + 10.36,

thus, -K1 =-0.0487, and In Stpuo) = 10.36
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Substituting these values into the equation, we have the mathematical expression for the room-dried
remediant of 80 g dosage:

InStpras,y = 10.36 — 0.0487 * t

11 ~

y =-0.0487x + 10.36
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Figure 12. Plot of InStpy versus time for room-dried of Citrus sinensis peel of 80 g dosage.
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Figure 13. Plot of InStpy versus time for room-dried of Citrus sinensis peel of 100 g dosage.
Figure 13 shows the relationship of the natural log of the substrate InStpn using room-dried sample

of 100 g dosage remediant over a period a decreasing trend is observed in the InStpy as time increases.
Recall the equation for a first order reaction is as expressed in equations below:

StpH(t) = STPH(O)e_klt and InSrpp(t) = nSrpu(o) — Kit
where InSrpy o) = intercept and —K; = Slope

Therefore, from the regression equation of y = -0.0561x + 10.271, thus, —-K; =-0.0561
and In Stpue) = 10.271
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Substituting these values into the Equation (21), we have the mathematical equation for the room-
dried 100 g remediant as:

InSTPH(As,t) =10.271 -0.0561 * t

11 -
— o ° —
10 y =-0.0068x + 10.865
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Figure 14. Plot of InStpy versus time for control with 0 g dosage of Citrus sinensis peel.

Figure 14 represents a graphical relationship of natural log of the controlled substrate InStpu over the
Time duration of the experiment with no remediant added. A decrease in the InStpi values is observed
over the time duration of the entire experiment. We would recall the equation for a first order reaction
is as expressed in Equations (20 and 21).

STPH(t) = STPH(O)e_klt and InSrpyry = INStpp (o) — Kat

where InSrpy gy = intercept and —K; = Slope.

Reading values from the regression equation of y = —-0.0068x + 10.865,

we have, =K1 =-0.0068 and In Stp) = 10.865.

Substituting these values into Equation (21), we have:

InStpr(ct, n = 10.865 — 0.0068 * t

Relationship of InStpy and Time for Bio-stimulant of Sun-Dried Application and Control
Sample

Figure 15 expresses the graphical relationship of the natural log of the substrate InStpy using sun-
dried sample of 20 g dosage remediant over a period. As observed with the room-dried remediant, a
similar decreasing trend is observed in the InStpy over the time of the experiment. Recall the equation
for a first order reaction is as expressed in Equations (20 & 21)

STPH(t) = STPH(O)e_klt and InSrpyry = InStpu(o) — Kit

where InSrpy gy = intercept and —K; = Slope

© JournalsPub 2024. All Rights Reserved 41



Modeling the Biokinetic of Crude Oil Degradation in Loamy Soil Peter and Amenawon

From the regression equation of y =—-0.0366x + 10.996, as expressed in Figure 14 we have:
—K1=-0.0366 and In STPH(O) =10.996

Substituting these values into the Equation (21) we have a mathematical expression for sun-dried
remediant of 20 g dosage:

InSteu@i,y = 10.996 -- 0.0366 * t
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Figure 15. Plot of InStpy versus time for sun-dried of Citrus sinensis peel of 20 g dosage.
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Figure 16. Plot of InStpy versus time for room-dried of Citrus sinensis peel of 40 g dosage.

[lustrating the relationship of InStpr and time of sun-dried sample of 40 g remediant dosage.
Decrease in the values of InStp is observed with increase in time. Recall the equation for a first order
reaction is as expressed in Equations (20 & 21) and in Figure 16.
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Sreue) = Sreuye 1t and InSppy ey = InSrpy(oy — Kt
where InSypy(g) = intercept and —K; = Slope.

Reading from the graph of Figure 15, the regression equation, y = —0.0404x + 10.859,
Thus, —K1 =-0.0404 and In Stpu©) = 10.859.

Substituting these values into the Equation (21), we have a mathematical expression for sun-dried
remediant of 40 g dosage:

InSTPH(Bz,t) =10.859 —0.0404 * t.
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Figure 17. Plot of InStpy versus time for sun-dried of Citrus sinensis peel of 60 g dosage.

The relationship of InStpn and time of 60 g dosage of sun-dried sample of remediant is represented
graphically in Figure 17. The decreasing values of InStpu was observed over increasing time range.

Recall the equation for first order reaction is as expressed in Equations (20 & 21)
StpH(t) = STPH(O)e_klt or InStpy(ty = InStpu(o) — K1t

where InSypy(gy = intercept and —Ky = Slope

Therefore, from the regression equation of y =—0.0462x + 10.713

Thus, —K1 =-0.0462 and In Stpue) = 10.713

Substituting these values into the equation, we have the mathematical expression for the sun-dried
remediant of 60 g dosage,

InSTpH(B3,t) = 10713 — 00462 * t
Figure 18 shows the relationship of the natural log of the substrate InStpy using sun-dried sample of

80 g dosage remediant over a period. A decreasing trend is observed in the InStpy as time increases.
Recall the equation for a first order reaction is as expressed in Equations (20 & 21).
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StpH(t) = STPH(O)e_klt and InStpy ¢y = nSrpuco) — Kit
where InSrpy oy = intercept and —K; = Slope

Therefore, from the regression equation of y = —0.0458x + 10.465, thus, -K1 =—-0.0458
and InStpu() = 10.465

Substituting these values into the equation, we have the mathematical expression for the sun-dried
remediant of 80 g dosage,

InSTpH(B4,t) =10.465—-0.0458 * t
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Figure 18. Plot of InStpy versus time for sun-dried of Citrus sinensis peel of 80 g dosage.

Figure 19 represents a graphical relationship of natural log of the substrate with 100 g dosage of sun-
dried remediant InStpu over the time duration of the experiment. A decrease in the InStpy values is
observed over the time duration of the entire experiment. The equation would be recalled for a first
order reaction is as expressed in Equations (20 & 21):

Srerce) = Srencoye 1t and InSrpy () = InSrpy(o) — Kyt

where InSypy(g) = intercept and —K; = Slope

Reading values from the regression equation of y = —0.0531x + 10.269,

we have, —-K; =—-0.0531 and In Stpue) = 10.269.

Substituting these values into the equation, we have the mathematical expression for the sun-dried
remediant of 100 g dosage:

InStpues,n = 10.269 — 0.0531 * t.
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Figure 19. Plot of InStpy versus time for sun-dried of Citrus sinensis peel of 100 g dosage.
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Figure 20. Comparison of experimental and theoretical value of InStpy versus time for 20 g dosage of
remediation of room-dried sample.

Comparison of Experimental and Theoretical of InStpn and Time for Bio-stimulant of Room-
Dried Application and Control Sample

Figure 20 shows the behavior of the theoretical and experimental value of InStpy with variation in
time. Decrease in InStpn was experienced with increase in time. However, a comparison of the
theoretical value with experimental value reveals that the trend of InStpy is in the same manner and
shows a good match; implying that the regression model of the plot can be used to predict the
characteristics of crude oil degradation using the Citrus sinensis (orange) peel as a remediant.

A comparison of the theoretical plot against the experimental plots of InStpi over the time duration
of the experiment as depicted in Figure 21 for the 40 g remediant demonstrates not only a similar trend
of decreasing values of InStpu with increasing time, but also closely related values of InStpy with
corresponding time as seen in the table of values. This reveals that the regression model obtained from
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the plot can be used to predict the degradation characteristics of the crude oil using the peel of orange
(Citrus sinensis).
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Figure 21. Comparison of experimental and theoretical value of InStpy versus time for 40 g dosage of
remediation of room-dried sample.

12
11.5
11
10.5

9.5 \\\

8.5

InSTPH
=

—O—In[S] (Expt.) In[S] (Theo.)

Figure 22. Comparison of experimental and theoretical value of InStpr versus time for 60 g dosage of
remediation of room-dried sample.

Demonstrating the relationship between InStpy and time for both the experimental data and the
computed data for 60 g dosage of remediant (Citrus sinensis peel) is Figure 22. Both data sets exhibit
similarities in the decreasing values of InStp with increasing Time. The computed values show a very
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good correlation with the experimental data set further affirming that the regression model developed
can be used to predict the characteristics of crude oil degradation using the Citrus sinensis (orange) peel
as a remediant.
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Figure 23. Comparison of experimental and theoretical value of InStpy versus time for 80 g dosage of
remediation of room-dried sample.
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Figure 24. Comparison of experimental and theoretical value of InStpr versus time for 100 g dosage of
remediation of room-dried sample.

Figure 23 illustrates the graphical representation of InStpy with time for both the experimental values
and the theoretical values, both have similar behavioral pattern of decreasing values of InStpn with
increasing time and closely matched figures demonstrating a good correlation. Thus, suggesting that
the mathematical model developed can be used to predict the mitigation characteristics of the crude oil
when orange peel is used as remediant.
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Similarly, Figure 24 depicts a plot of InStpy with time for both the experimental values and the
theoretical values, both have similar behavioral pattern of decreasing values of InStpy with increasing
time and closely matched figures demonstrating a good correlation. Further, collaborating that the
mathematical model developed can be used to predict the decomposition characteristics of the crude oil
when orange peel is used as remediant.

CALC LNJ[S] & RAW LN[S]A4 80g RRD
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Figure 25. Comparison of experimental and theoretical value of InStpu versus time for control.

Figure 25 illustrates the graphical representation of InStpy with time for both the experimental values
and the theoretical values, both have similar behavioral pattern of decreasing values of InStpy with
increasing time and closely matched figures demonstrating a good correlation. Thus, suggesting that
the mathematical model developed can be used to predict the mitigation characteristics of the crude oil
when orange peel is used as remediant.

CONCLUSION

Research was conducted to determine the biokinetic parameters of crude oil degradation using Citrus
sinensis (orange) peel as a bio-stimulant. The loamy soil sample was contaminated with crude oil and
the bio-stimulant added for the purpose of remediation. The process was examined in line with the aim
and objectives of the research as illustrated in the conclusion as shown below.

The experimental set-up was monitored by examining the TPH concentration with time intervals and
the research demonstrates decrease in the TPH concentration with increase in time. This revealed a
progressive cost-efficient and process-efficient bioremediation option for hydrocarbon-contaminated
soils.

The rate of TPH degradation in each bioreactor set-up was determined using the established
mathematical model is presented in this research. The decay rate constant parameter for each bioreactor
was determined as shown in this research and the variation in the decay rate K; or K4 was attributed to
the effectiveness of the bio-stimulant. The variation in the value of the decay rate was experienced with
bio-stimulant of sun dry and room dry. However, the research revealed that higher mitigation was
observed with the room dry than the sun dry. The reason being that the room dry bio-stimulant contains
high percentage of nutrient values.

Finally, the biokinetic parameters and coefficients were determined by recalling the Michaelis
Menten model, rate equation model of first and second order as well as the Monod’s model equation.
The specific rate of the TPH degradation, maximum specific rate of TPH and equilibrium constant of
TPH as well as the rate decay of TPH was evaluated and determined as shown in this research.
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