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A B S T R A C T   

In this present study, an in vivo experiment was carried out to determine the tendencies of a naturally occurring 
high-phenolic compound red-onion skin extract (HPC-ROSE) and conventional N-Vinylcaprolactam (N-VCAP) 
kinetic hydrate inhibitors (KHIs) to bio-accumulate in offshore environment through the analysis of their uptake 
and depuration kinetics by a Fish-Chemical Model using Cyprinus carpio marine invertebrate. This test was 
performed in the laboratory in a flow through experimental set up according to the guidelines by [49] (Fish- 
chemical exposure test). The uptake duration was 10 days with a depuration period of twenty days. The inhibitor 
toxicity test was evaluated by determining the 50 % lethal concentration (LC50) as highlighted by OSPAR 
Commission protocols. The solubility of the inhibitors was determined by a column elution technique. Similarly, 
a proton-enabled nuclear magnetic resonance (1HNMR) technique was used to measure the partitioning char-
acteristics of the inhibitors in an immiscible mixture of octanol and water (Kow) by 1HNMR spectroscopy using a 
benchtop low-field NMR spectrometer. OSPAR Commission and ASTM standard protocols were used for the 
laboratory investigation of the static sediment toxicity tests. A reference chemical substance of known BCF and 
solubility (Ethyl Acetate, EtOAc) was used as control to check the experimental progression. The stock solution 
was prepared by solid phase desorption mechanisms. The HPC-ROSE does not constitute environmentally sig-
nificant risk to aquatic life owing to its lower BCF values between 215 L/kg - 251.5L/Kg, Log-Kow of 1.2 and 
higher lethal concentration of 25140 mg/L. Unlike the NVCAP which is very toxic with lower lethal concen-
tration of 1280 mg/L and higher BCF values in the range of 442.5L/Kg to 485 L/kg with Log-Kow of 1.5. 
Furthermore, Nuclear magnetic resonance (1HNMR) is a simple and reliable method of estimating partition 
coefficient characteristics (Kow) because the obtained Log-Kow values showed good agreements with that of 
shake flask and high-performance liquid chromatography techniques. Also, the chemical concentration in water 
has an inverse relationship with uptake rate constant (K1) and steady-state bioconcentration factor (BCFss). 
Finally, the theoretically estimated BCFs were higher than the steady-state (BCFss) values that were obtained 
from laboratory experiments for the different inhibitor samples and at all concentrations. This is due to the route 
by which Log-Kow was estimated since most of the empirical models are usually one-factor model consisting of 
partition coefficient and BCF.   

1. Introduction 

Oil and gas production activities have metamorphosed from shallow 
oil and gas fields to deep water offshore environment with significant 

amount of hydrocarbon reserves. These offshore fields are inherently 
characterized by low temperature and high pressure and thus a huge 
tendency for gas hydrates formation in oil and gas pipelines during 
crude oil transportation. Hydrates are formed whenever there is pres-
ence of water in the pipeline system which result in the trapping of the 
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gas molecules within the hydrate shell (hydrates-forming cage-like 
structure) [1]. Thus, agglomeration of hydrate shells occurs as a result 
of capillary attraction, leading to the formation of hydrate plugs [2]. 

There are different inhibitors that have been developed in order to 
mitigate this serious flow assurance catastrophe. These inhibitors can be 
thermodynamic hydrate inhibitors such as methanol, amino acids, gly-
cols (mono-ethylene glycol (MEG) and ionic liquids. There are also low- 
dosage hydrate inhibitors which can be subdivided into kinetic hydrate 
inhibitors and anti-agglomerants [3]. The most common of these kinetic 
inhibitors are different polymers and co-polymers such as NVCAP 
(N-Vinylcaprolactam)., IPMA (N-Isopropyl-meth-acrylamide) and 
2-(Dimethyl amino) ethyl methacrylate [4]. The anti-agglomerants are 
zwitterionic surfactants and bio-surfactants as well as quaternary 
phosphonium and ammonium salts among others. In recent advances, 
extensive research has been conducted on the possibility of using locally 
sourced materials as kinetic hydrate inhibitors [5–11]. 

A serious concern about emerging synthetic organic chemicals that 
are used in methane hydrate inhibition particularly in North Sea coun-
tries is the tendency of the organic compounds to bio-accumulate in the 
aquatic organisms and thereby deface marine animals of commercial 
interest [12,13]. It is pertinent to note that an organic compound may 
bio-accumulate in the tissues of marine organisms if the organisms are 
exposed to bioavailable forms of the chemical in the ambient water, 
sediment, or food [14]. A chemical is bioavailable if it is in a form that 
can move through or bind to the surface coating (e.g., skin, gill epithe-
lium, gut lining, cell membrane) of an organism [15]. Prevention of 
hydrate formation using some conventional chemical inhibitors in 
offshore environments may result in several environmental pollution 
issues. One of such concerns apart from chemical-toxicity is the ten-
dency of some emerging organic chemicals (EOCs) to bio-accumulate in 
tissues of marine organisms and thus constitute threats to the growth, 
development and survival of the organism and ultimately creating 
serious ecological imbalances. 

The potential risks that are associated with the use of hazardous 
chemicals as kinetic hydrate inhibitors in offshore environments are 
mainly on the influence of the toxic chemicals on aquatic species, pop-
ulation assemblages and ecosystem imbalances through modification of 
different ecological parameters such as biodiversity, biomass and pro-
ductivity. These marine species and ecosystems are known to have low 
resilience and recovery characteristics when subjected to chemical and 
biological disturbances from different industrial processes including oil 
and gas production activities. Moreover, these toxic chemicals may 
contain dispersants which invariably creates two supplementary im-
pacts on the offshore aquatic life. These are the toxic effects of the 
chemical dispersant itself [16] and secondly the multiplier 

contamination effect in case of prior hydrocarbon spillage in the 
offshore environment under consideration due to dispersal of crude oil. 
These dispersants are known to promote the concentration of hydro-
carbon in the environment [17] and invariably increases the availability 
of oil compounds in the environment and thus enhance toxic effects [18, 
19]. Hence, the potential impacts of any chemical hydrate inhibitors on 
the environment are broadly appraised through a well detailed EIA 
process. 

The various environmental tools that are of utmost importance in the 
assessment of the persistence and environmental friendliness of organic 
and inorganic chemicals are biodegradability, bioaccumulation and 
toxicity [20–24]. Bioconcentration factor (BCF) is one of the most 
important environmental risk assessment criteria that is required by 
environmental regulatory agencies in the determination of the fate or 
persistence of an organic chemical compound in the aquatic environ-
ment. This factor serves as an important guide in human and aquatic 
organisms’ exposure to any new or existing chemicals. 

Bioaccumulation basically refers to an increase in the concentrations 
of the contaminants or chemicals in marine organism after an uptake 
from different environmental media such food, nutrient or water. It is 
concerned with contaminant uptake and elimination in aquatic organ-
isms. This concept is different from bio-availability in the sense that 
while bioaccumulation is concerned with the differences in the con-
centrations of the chemicals/contaminants in the living tissue of an or-
ganism, bio-availability represents the fraction of contaminants that is 
potentially available for uptake or actually taken up from the environ-
ment. Bioavailability represents the portion of chemical/contaminants 
in the environment that is required for bio-accumulation to occur. The 
two concepts are however inter-related. 

There are two types of quantitative data that are used to evaluate bio- 
accumulative characteristics of persistent organic compounds. These are 
the octanol-water partition coefficient (Kow) and the bioconcentration 
factor (BCF). The octanol-water partition coefficient, often expressed as 
Log Kow is a physico-chemical measure of a chemical’s tendency to 
partition into octanol relative to water [25]. Whereas, bioconcentration 
factor (BCF) is an essential parameter in environmental risk assessment 
because it provides quantitative information pertaining to the ability of 
an organic chemical to be taken up by aquatic species from the water. It 
is frequently used as one of the first screening criteria for persistent 
organic compounds (POCs), bio-accumulative, and toxic chemical sub-
stances analysis. However, BCF is not a constant or a factor as it is 
commonly portrayed but a variable that depends on different environ-
mental and biological conditions. It is inversely related to the concen-
tration of the contaminant in the water (for metals) or the octanol-water 
partitioning coefficient (Kow) (for organic substances) [26,27]. 

List of abbreviations 

ECETOC European center for ecotoxicology and toxicology of 
chemicals 

HNMR Proton enabled nuclear magnetic resonance 
KHIs Kinetic hydrate inhibitors 
OSPAR Oslo and Paris commission 
BCF Bioconcentration factor 
KOW Octanol-water partition coefficient 
NVCAP N-Vinylcaprolactam 
HPC-ROSE High phenolics compound red onion skin extract 
BCFSS Steady state bioconcentration factor 
BCFK Kinetic bioconcentration factor 
EIA Environmental impact assessment 
EtOAc Ethyl acetate 
EOCs Emerging organic compounds 
POCs Persistent organic compounds 

OECD Organization for economic cooperation and development 
ASTM American society for testing and materials 
OGP Oil and gas practitioners 

List of Symbols 
K1 Inhibitor uptake rate constant into fish (L⋅kg− 1⋅day− 1) 
K2 Inhibitor depuration rate constant from fish (day− 1) 
Kg Fish growth rate constant (‘growth dilution’) (day− 1) 
Km Metabolic transformation rate constant (day− 1) 
Ke Faecal egestion rate constant (day− 1) 
CW Concentration of the chemical inhibitor in water (mg⋅L− 1) 
CF Concentration of the chemical inhibitor in fish (mg⋅kg− 1 

wet weight) 
Cf-ss Concentration of the inhibitor in fish at steady-state (mg 

kg− 1 wet weight) 
Cw-ss Concentration of the inhibitor in water at steady-state (mg 

L− 1)  
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Toxico-kinetic studies are concerned with the identification of 
organic chemicals tendencies to accumulate to likely toxic levels on the 
organism alone or probably behave as toxicity source in higher organ-
isms [28]. In aquatic species, it may involve the study of either accu-
mulation of chemical substances through the exposure of such 
compound to only water in process that is referred to as bio-
concentration or through exposure to both water and food (diet). This 
latter process is called bioaccumulation or bio-magnification [29,30]. In 
fish, water or dietary exposure tests, the chemical of interest is allowed 
to attain steady state equilibrium conditions within the required period 
of time in the aquatic organism where the rate of chemical uptake is 
equal to the rate of its depuration (loss). Nonetheless, the uncertainties 
in the duration to reach steady-state have led to the concept of kinetic 
bioconcentration factor in which uptake and elimination rates are esti-
mated [31]. This factor can be evaluated in two ways: (1) as a ratio of the 
compound concentrations in the organism and the water phase at 
steady-state, or (2) as the ratio of the uptake rate constant (k1) and 
elimination rate constant (k2) [32,33]. 

The initial kinetic BCF model took into consideration several un-
certainties such as water volume through the fish gills, rate of assimi-
lation and the body weight of the fish [34]. Whereas, present models 
have been improved upon to account for water and lipid phase resis-
tance, the partition characteristics of the chemical compound of interest 
as well as lipid content of the organism [35]. A widely accepted model 
that is employed in the evaluation of the bioaccumulation of organic 
chemical in fish via aqueous and dietary exposure is outlined in OECD 
305 guidelines [36]. This experiment usually last for twenty days. 
However, recent investigations for BCF evaluation use shorter exposure 
times with experimental duration of only 4–7 days in order to determine 
the likelihood for substance to bio-accumulate in aquatic organisms [37, 
38]. 

Finally, all these eco-toxicity tests are of utmost importance to direct 
future risk assessment and essential when considering contaminant 
monitoring in water, sediment and living-organism. Fig. 1 is the pictorial 
representation of gas hydrates formation in pipelines. 

1.1. Materials and method 

1.1.1. Red onion skin extract 
The red onion skin extract (HPC-ROSE) is abundant in nature. It has 

higher value of naturally occurring phenolic compounds in the form of 
vanillic and gallic acids (about 4315.81–6183.5 mgGAE/100g). It also 
has appreciable quantity of total flavonoids (about 93.51–121.49 
mgQE/g) which is present majorly as quercetin. The total tannins con-
tent is in the range of 121.48–136.17 mg catechin/g with total antho-
cyanin value of 748.90–847.47 mg/100g [40]. These compounds are 
known to inhibit hydrate formation at controlled concentrations. 

1.1.2. Determination of the solubility of the inhibitor samples 
The solubility of the natural chemical inhibitors was evaluated by 

column elution technique. 

1.1.3. Evaluation of sediment toxicity of the inhibitor samples 
The sediment toxicity test was conducted in order to determine the 

concentration of the inhibitor sample which killed 50 % of the exposed 
aquatic organism within ten (10) days exposure period. This concen-
tration is referred to as fifty percent lethal concentration (10d LC50). 
The test was carried out in the laboratory by using the protocols high-
lighted by OSPAR Commission and ASTM standard guidelines for 
conducting 10-day static sediment toxicity tests [41–44]. The experi-
ment involved the monitoring of burrowing and swimming activity of 
fish species which were exposed to a sediment containing varying con-
centrations of the organic chemical substances for a period of ten days. 
The population of surviving organisms at the surface of the sediments 
and those that were actively swimming after sieving the organisms from 
the sediment was then recorded. 

2.1.4Octanol. -Water partition coefficient (kow) determination by nuclear 
magnetic resonance technique (1HNMR) 

A nuclear magnetic resonance technique (1HNMR) was used to 
measure the partitioning characteristics of the inhibitors in an immis-
cible mixture of octanol and water (Kow). 

About 50 mg of the inhibitors were dissolved in 750 μL of water at 
room temperature in a nuclear magnetic resonance (NMR) tube. A pure 
spectrum of the chemical-water mixture was taken and recorded after 
which an equal amount of 1-octanol (750 μL) was added to the chemical 
mixture in the test vessel and the two immiscible phases were 
adequately mixed by simply inverting the tube for a period of 30 min. 
The mixture was then allowed to separate for about ten (10) minutes and 
the NMR spectrum of the aqueous (lower) phase was then carried out 
and also recorded. A characteristic peak of the tested inhibitor was in-
tegrated against the water peak in both spectra. The NMR tube was not 
shaken during the experiment to prevent emulsification. The aqueous 
phase was then analyzed by 1HNMR spectroscopy using a benchtop low- 
field NMR spectrometer. The benchtop 1HNMR analyzer has a frequency 
of 42.5 MHz with a standard thin-wall tubes of internal dimension of 
890 mm2. The experiment was carried out at laboratory temperature of 
25 ◦C. The schematic representation of the analyte partition between the 
water and 1-octanol inter-phases at equilibrium is shown in Fig. 2. 

Finally, the chemical singlet at δ = 2.2 ppm was integrated against 
the water peak at δ = 4.8 ppm, whose relative intensity is set to 1.000 in 
each spectrum for the two 1HNMR spectra. 

The octanol-water partition coefficient was then evaluated by using 
equation 1a. 

KOW=
Initial RI − RI at Equilibrium

RI at Equilibrium
(1a)  

Where: 
Initial RI = the Inhibitor-water mixture spectrum. 
RI at Equilibrium = the octanol-water-chemical spectrum. 

1.1.5. Bioconcentration test evaluation 
The bioconcentration test was performed in the laboratory in a flow 

through experimental set up according to the guidelines by Ref. [46] 
(Fish-chemical exposure test). The test is made up of two distinct stages. 

Fig. 1. Hydrates formation in pipelines [39].  
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In the first stage that is referred to as the uptake or exposure phase, a 
chemical substance of known concentration was introduced into iden-
tical small fishes (Cyprinus carpio) in a water-containing medium for the 
ingestion or intake of the chemical compound. While the fishes are then 
taken to a new medium that is devoid of the tested chemical substance in 
a post-exposure phase that is known as the depuration or loss phase. This 
post-exposure phase is very significant except in a situation whereby the 
amount of chemical uptake by the fish is too unrealistic for any depu-
ration to occur. The chemical substance concentration in the tissues of 
the aquatic animal was then monitored throughout the two-phases. 

For efficient experimental control, a substance of known bio-
concentration factor (BCF) was introduced into another set of the 
aquatic organism under the same laboratory conditions and to link 
possible errors or adverse effects observed in the bioconcentration test to 
a matching control group and to obtain background concentrations of 
the test [47]. In the exposure stage, the duration of test substance intake 
is dependent on the time in days that steady-state equilibrium was 
reached. This is usually about twenty-eight (28) days. Although, there 
are mathematical models that can predict the time of attainment of 
steady-state equilibrium and by extension the duration of the uptake 
phase. A twenty-day (20) depuration was maintained. 

In the depuration period, further exposure of the test chemical sub-
stance was ceased and the fish was transferred to a clean vessel in the 
absence of the test chemical substance. 

The laboratory steady-state BCFss was then measured as the ratio of 
the chemical concentration in the fish (Cf) to its initial concentration in 
the water (Cw) at steady-state. Whereas the kinetic bioconcentration 
factor (BCFK) was estimated as the ratio of the uptake rate constant (k1) 
and depuration rate constant (k2) assuming the reaction follows first 
order kinetics [48]. 

The experiment was conducted in a flow through apparatus to 
enhance continuous dispensing and dilution of the test chemical stock 
solution (Fig. 3). The apparatus consists of a metering pump, propor-
tional diluter and a saturation system (Fig. 3). The Fish species is Cyp-
rinus carpio. Stock solutions of varying concentrations ranging between 
50 and 90 mg per litre of the HPC-ROSE was prepared by mixing and 
agitating each test chemical substance in dilution water while a solid 
phase desorption dosing mechanism was used to prepare the NVCAP (N- 
Vinylcaprolactam) stock solutions owing to solubility differences. In the 
case of the conventional inhibitors, ethanol was used as solvents while 
0.01 % of methylcellulose was used as dispersant (solubilizing agent). 
The solvent concentration in the final test vessel was the same in all 

treatments notwithstanding the inhibitor concentration. During the test, 
the concentration of the inhibitor was maintained below the solubility 
limit of each inhibitor chemical in the test vessel regardless of the use of 
solvent or dispersing agent. The test concentration was delivered to the 
test chambers by a solid phase desorption apparatus. The flow rates of 
stock solutions and dilution water were checked twice on daily basis 
during the experiment. The dilution water was at room temperature and 
was continuously monitored to avoid abysmal variation which in turn 
may adversely affect the normal functioning of biological factors that 
are important for chemical uptake and depuration by the aquatic life. 
For this purpose, a temperature variation of ±2 ◦C is acceptable for the 
purpose of this experiment [49]. 

Similarly, the concentration of dissolved oxygen was maintained 
above 60 % saturation. It was ensured that the test substance concen-
tration in the vessel was maintained within ±20 % of the average value 
during the exposure phase. At the end of the experiment, the fish mor-
tality rate was less than 10 % in both the control and the natural in-
hibitors while about 40 % mortality rate was observed in NVCAP. 

At the end of the experiment, the important parameters that char-
acterize chemical bioaccumulation were deduced. These include the 
uptake rate constant (k1), depuration or loss rate constant (k2), the 

Fig. 2. Schematic representation of Analyte Partition between the water and 1-octanol Inter- Phase at Equilibrium [45].  

Fig. 3. Bioconcentration experimental set up.  
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steady-state bioconcentration factor (BCFss) and the kinetic bio-
concentration factor (BCFK). 

1.1.6. Evaluation of bioconcentration factor (BCF) from the laboratory 
experiment 

Considering the equilibrium partitioning model in Fig. 4a, at the end 
of the depuration phase, the experimental steady-state BCFss was then 
measured as the ratio of the inhibitor concentration in the fish (Cf) to its 
initial concentration in the water (Cw) at steady-state (eq. (1b)). 

BCF=
Cf − ss
Cw − ss

(1b)  

Where: 
Cf-ss = Concentration of the inhibitor in fish at steady-state (mg kg− 1 

wet weight). 
Cw-ss = Concentration of the inhibitor in water at steady-state (mg 

L− 1). 

1.1.7. Kinetics of bioconcentration reaction 
The general differential bioaccumulation model that characterizes 

the rate of change in fish-chemical concentration (mg⋅kg− 1⋅day− 1) can 
be mathematically described in terms of uptake and loss (elimination) 
processes by equation (2) as shown in Fig. 4b [46]. 

dCf
dt

=K1 ∗ CW − (K2+Kg+Km+Ke) CF (2)  

Where: 
dCf
dt is the rate of change in fish-chemical concentration 

(mg⋅kg− 1⋅day− 1). 
Assuming the continuous process is considered to occur in first order 

reaction. 
K1 = Inhibitor uptake rate constant into fish (L⋅kg− 1⋅day− 1). 
K2 = Inhibitor depuration rate constant from fish (day− 1). 
Kg = Fish growth rate constant (‘growth dilution’) (day− 1). 
Km = Metabolic transformation rate constant (day− 1). 
Ke = Faecal egestion rate constant (day− 1). 
CW = Concentration of the chemical inhibitor in water (mg⋅L− 1). 
CF = Concentration of the chemical inhibitor in fish (mg⋅kg− 1 wet 

weight). 

1.1.8. Estimation of the uptake rate constant and duration 
Since the bio-chemical reaction is assumed to be a first order, before 

conducting the Fish-bioaccumulation experiment, it is imperative to 
make a rough estimate of depuration rate constant k2 from which an 
approximate time that may be required by the bio-chemical reaction to 
reach steady-state may be deduced from the mathematical relationships 
between k2 and Kow or k1 and BCF. Therefore, the rate of chemical 
inhibitor uptake by water (R1) and inhibitor depuration in fish (R2) can 
be represented by a first order kinetics in Eqs (3) and (4) respectively: 

For chemical inhibitor uptake by water, neglecting the depuration 
term of equation (2), then, 

Rate of Inhibitor uptake by water (R1)=K1 ∗ Cw (3) 

Similarly, from eq (2), assuming steady-state behaviour and 
neglecting the growth, metabolism and Faecal egestion (Kg, Km, and Ke) 
rate constants respectively. 

The rate of inhibitor depuration is thus expressed by equation 4 

Rate of Depuration in fish (R2)=K2 ∗ Cf (4) 

At steady state, the inhibitor uptake rate is equal to the rate of its 
depuration (loss) as shown in equation (5), 

R1 =R2 = K1 ∗ Cw = K2 ∗ Cf (5) 

Therefore, equation (6) is the simplified form of equation 5 

Hence,
Cf − ss

Cw− ss
=

K1

K2
(6) 

The ratio k1/k2 is referred to as the kinetic BCF (BCFK) (eq (7)) and it 
is equal to the steady-state BCF (BCFSS) obtained from the ratio of the 
steady-state concentration in fish to that in water. 

(BCFK)=
K1

K2
(7)  

1.1.9. Mathematical relationship between n-octanol partition coefficient 
(kow) and inhibitor uptake and depuration rate constants (K1 and K2) 

Different mathematical models are available for the estimation of 
BCF, inhibitor uptake and depuration rate constant (K1 and K2 respec-
tively) (day− 1) [51–54]. 

The relationship between Log KOW and depuration rate constant (K2) 
according to Ref. [51] is mathematically described by equation (8). 

Log K2 = 1.47 − 0.414 Log KOW r2 = 0.95 (8)  

Similarly [53], gave the empirical relationship between the chemical 
uptake rate constant (K1) and the average weight of the Fish sample 
according to equation 9 

K (1)= 520 ∗ Ŵ ( − 0.32)
(
for substances with Log KOW˃3 r̂(2)= 0.85

(9) 

The Bioconcentration factor (BCF) can be expressed in terms of 
partition characteristics by equation (10) below 

BCF = 100.910logKOW − 1.975 log
(
6.8 ∗ 10− 7KOW + 1

)
− 0.786

)
r2 = 0.90

(10)  

W = mean weight of the treated fish (grams wet weight after uptake/ 
immediate beginning of depuration. 

1.1.10. Prediction of the duration of the depuration phase 
The time that is required to attain a certain percentage of steady- 

state may be obtained by integrating the general kinetic bio- 
accumulation model with respect to first order reaction. 

Equation (11) is the simplified expression of equation (2) by 
assuming that growth, metabolism and Faecal egestion (Kg, Km, and Ke) 
rate constants respectively are negligible in the general bio-accumulation 
model. 

dcf
dt

=K1 ∗ Cw − K2 ∗ Cf (11)  

Where, 
K1 = Inhibitor uptake rate constant into fish (L⋅kg− 1⋅day− 1). 
K2 = Inhibitor depuration rate constant from fish (day− 1). 
CW = Concentration of the chemical inhibitor in water (mg⋅L− 1). 
CF = Concentration of the chemical inhibitor in fish (mg⋅kg− 1 wet 

weight). 
Equation (12) is the Integral solution of equation (11) and assuming 

that the concentration of the inhibitor in water CW is constant, 

CF =
K1

K2
∗ CW

(
1 − e− k2 t) (12)   

At steady state, t → ∞ and CF––Cf− ss                                                       
Fig. 4a. Equilibrium partitioning model for bioconcentration factor.  
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Hence, equation (12) is then simplified into eq. 13 

CF− ss =
K1

K2
∗ CW (13)  

By replacing K1
K2

∗ CW with CF− ss in equation (13), gives equations (14) 
and (15) respectively 

CF =Cf − ss
(
1 − e− K2t

)
(14)  

Therefore,
CF

Cf − ss
= 1 − e− K2t (15)  

Where: CF is the initial Chemical inhibitor concentration in fish 
(mg⋅kg− 1 wet weight). 

Cf− ss = Final inhibitor concentration in fish at steady-state (mg kg− 1 

wet weight). 

1.1.11. Half-life of a first-order biochemical reaction 
The half-life of a chemical/biochemical reactionis the time taken for 

the initial concentration of the reactant(s) to transform into half of its 
initial concentration (time to reach 50 % percent completion). 

The final steady state concentration is expressed by equation 16 
[
Cf − ss

]
=
[
Cf

]− Kt (16) 

For first order reaction, the final concentration can be expressed in 
terms of its initial value by equation 17 

Since Cf − ss = 1 − Cf (17) 

Therefore, substituting eq. 17 into 16, we have eq 18 

Hence,Cf = 1 − e− Kt (18) 

At time (t) = t 1
2, (that is time to reach 50 % steady state), the final 

concentration is expressed by eq 19 

Cf − ss =

[
Cf
2

]

(19)  

Substituting for Cf− ss in equation (16), we have eq 20 
[

Cf
2

]

= [Cf ]e− Kt12 (20)  

Solving equation (20) gives us eq 21 

t50 =
In2
K2

=
0.693

K2
(21)  

Equation (21) is the time required for 50 % steady state condition. 
Also, equation (22) is the time required for 90 % steady state 

behaviour, 

t90 =
In10
K2

=
2.30
K2

(22)  

2. Results and discussions 

2.1. Toxicity of inhibitors 

The solid-phase (sediment) tests were performed to assess the po-
tential risks of inhibitor exposure to pelagic and benthic organisms. For 
the N-VCAP conventional inhibitor, lower lethal concentrations (LC50) 
of less than 1500 mg/L was able to kill 50 % of fish species within 24-h 
window period during sediment toxicity test (Table 1). Whereas, the 
HPC-ROSE naturally occurring inhibitor sample has a higher lethal 
concentration of greater than 20000 mg/kg for mortality of 50 % of the 
exposed organism during a 10-day window period. This indicates its 
high non-toxicity. Similarly, the ethyl acetate reference chemical 
(EtAOc) is not toxic with a high lethal concentration of 15750 mg/L 
(Table 1). The toxicity of most organic chemicals is mainly due to the 
presence of appreciable quantities of amide as indicated in their FTIR 
[55]. 

2.2. Octanol-water partition coefficient through 1HNMR 

The 1HNMR spectra of NVCAP is shown in Fig. 5a and b. The 
assignment of individual peaks for the proton types a, b, c, d and e for the 
initial resonance image (RI) ranges between 1.5 ppm and 7.1 ppm while 
that of the equilibrium ranges between 0.85 ppm and 4.5 ppm. The 
logarithm of octanol water partition coefficient of the NVCAP from these 
proton peaks was estimated as 1.50. Whereas, the Log Kow of the ethyl 
acetate reference substance (EtOAc) is 0.70 with a spectrum band in the 
range of 0.50 and 5.0 ppm in water while a spectrum band in the range 
of 1.2 ppm and 4.2 ppm was observed in octanol-water mixture at 
equilibrium (Fig. 6a and b). The HPC-ROSE (Fig. 7a and b) has a Log 
Kow of 1.2 with an initial resonance between 1 ppm and 7 ppm. 
Whereas, it was in the range of 1 ppm and 5 ppm at equilibrium. The 
results showed good agreement with that of shake flask and high- 
performance liquid chromatography techniques with ethyl acetate Log 
Kow value of 0.71 in comparison with 0.70 that was obtained by 1HNMR 
[49,56,57]. The octanol-water partition coefficient (Kow) measures the 

Fig. 4b. Kinetic Bioaccumulation Model for bioconcentration [50].  

Table 1 
Toxicity of inhibitor and reference chemical substance.  

Chemical 
Sample 

HPC-ROSE EtAOc (Reference) N-VCAP 

LC50 (Mg/L) 25140 15750 1280 
Interpretation LC50 was greater 

than 25000 mg/L 
LC50 was greater 
than 15000 mg/L 

LC50 was Less 
than 1500 mg/L 

Remarks Highly Non-Toxic Non-Toxic Highly-Toxic  
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hydrophobicity or lipophilicity of the inhibitor samples and it is an 
important characteristic of any chemical substance and it is crucial in 
determining the fate of the inhibitors on the environment and in living 
organisms [58–60]. It is imperative to know that bio-chemical factors 
such as bio-accumulation and toxicity are determined by Kow to a sig-
nificant extent. Generally, a chemical compound with a (Log (Kow)) 
values between 3 and 6 has the potential to bio-accumulate significantly. 
However, organic compound with octanol/water partition coefficient 
(Log (Kow)) values that are lesser than 3 are not readily adsorbe-
d/absorbed into the octanol and thus readily desorb back into the water 
phase. Hence, such compounds do not readily bio-accumulate [14,25]. 

2.3. Relationship between solubility, Log Kow and Bioconcentration 
factor 

There is an inverse relationship between log Kow and aqueous sol-
ubility. The ethyl acetate reference chemical (EtOAc) has highest 
aqueous solubility and thus lowest log Kow and BCF values. The ethyl 
acetate has aqueous solubility of 8 *10− 1 mg/L and a lower Log Kow 
value of 0.70. Thus, lower BCF values of 88.50 and 80.15 L/kg (Table 3). 
The naturally occurring high-phenolic red onion skin extract (HPC- 
ROSE) has high aqueous solubility of 0.728*10− 1 mg/L and a Log Kow 
value of 1.2 with lower steady state BCF values of 251.5 and 215 L/kg at 
chemical-water concentration of 50 and 90 mg/L respectively (Table 2). 
However, the NVCAP has aqueous solubility of 0.62*10− 1 mg/L and a 
higher Log Kow value of 1.50 with higher steady state BCF values of 485 
and 452.5L/Kg at Chemical-water concentration of 50 and 90 mg/L 

respectively at steady state (Table 4). 
Therefore, the tendency of the different chemicals to bio-accumulate 

is in the order: 
EtOAc < HPC-ROSE < NVCAP 

2.4. Steady state bioconcentration factor 

Bioconcentration factor (BCF) evaluation is an in vivo measure of bio- 
accumulative potential. Fundamentally, an organism, usually fish, is 
exposed to a constant concentration of the test chemical in water until 
equilibrium is attained between the concentration in the water and that 
of organism tissues. The BCF is thus estimated as the tissue-chemical 
concentration divided by the water-chemical concentration at 
equilibrium. 

From Table 2 and Fig. 8, the HPC-ROSE has a steady state bio-
concentration factor in the range of 215–251 L/kg and a predicted BCF 
factor of 259.6L/kg. The Log BCF is in the region of. 

2.332 and 2.401 (Fig. 9). However, observations from Table 4 and 
Fig. 8, the N-Vinylcaprolactam (NVCAP) Kinetic hydrate Inhibitor has a 
higher steady-state bioconcentration factor with values in the range of 
485 L/kg and 442.05 L/kg for the tested chemical concentration 
amounts (50–90 mg/L) while the calculated value is 497 L/kg. Higher 
Log BCF numerical values (2.685 and 2.645) were also observed at 
steady state for the NVCAP (Fig. 9). The Ethyl Acetate, (EtOAc) standard 
reference chemical has the lowest steady state BCF value in the range of 
88.50 and 82.75 L/kg with a predicted value of 91 L per kilogram 
(Table 3 and Fig. 8). The logarithm value was between 1.947 and 1.904 
(Table 3 and Fig. 9). 

The N-Vinylcaprolactam has a higher BCF values compared to the 
high-phenolic compound red onion skin extract (HPC-ROSE) but within 

Fig. 5. a: Nuclear Magnetic Resonance (1HNMR) Spectrum of N-VCAP in 
Water, b: Nuclear Magnetic Resonance (1HNMR) Spectrum of N-VCAP in 
Octanol-Water Mixture. 

Fig. 6. a: Nuclear Magnetic Resonance (1HNMR) Spectrum of Ethyl Acetate in 
Water mixture, b: Nuclear Magnetic Resonance (1HNMR) Spectrum of Ethyl 
Acetate in Octanol-Water mixture. 
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manageable accepted limit because a BCF value that is greater than 
1000 L/kg or log BCF that is greater than 3 may constitute serious 
environmental concerns [61,62]. Organic chemicals with BCF values of 

less than 1000L/Kg or Log BCF that is below 3 are less likely to bio-
accumulate in aquatic organism tissues owing to their relative 
high-water solubility characteristics. However, chemical compounds 
with intensely low water solubility have a likelihood to precipitate out of 
solutions or bind to suspended particles. All the inhibitor samples are 
hydrophilic with good solubility in water (Log Kow ≤1.60). These lower 
Log KOW values greatly reduced uncertainties in the aqueous 
Fish-exposure bioconcentration test. However, in case of highly hydro-
phobic chemicals with (log KOW > 5 and a solubility below ~ 0.01–0.1 
mg/L), this testing method may be marked with high degree of un-
certainties. This may be due to inability to maintain constant aqueous 
concentration because of the following reasons. These are (1) Liquid 
sorption exposure vessel glass (2) rapid substrate uptake by the fish (3) 
low chemical concentration below analytical limit of quantification 
[63]. However, uptake may be hindered by low exposure concentrations 
due to low water solubility in the test while higher exposure concen-
trations can be attained with the dietary test. Thus, the use of dietary test 
is highly recommended for these highly hydrophobic chemicals in as 

Fig. 7. a: Nuclear Magnetic Resonance (1HNMR) Spectrum of HPC-ROSE in 
Water, b: Nuclear Magnetic Resonance (1HNMR) Spectrum of HPC-ROSE in 
Octanol-Water Mixture. 

Table 2 
Bioconcentration parameter results for HPC-ROSE kinetic Inhibitor 
Log Kow = 1.2, K2 = 9.402day− 1.  

Cw− ss 
(mg L− 1) 

Cf− ss (kg 
kg− 1 wet 
weight) 

BCFss 
(L/Kg) 

Log 
BCF 

Uptake-Rate 
constant (K1) 
(L⋅kg− 1⋅day− 1) 

BCFcal 
(L/Kg) 

50 12575 251.50 2.401 2364.50 259.6 
60 14580 243 2.386 2284.6 259.6 
70 16212 231.6 2.365 2177.50 259.6 
80 17600 220 2.342 2068.44 259.6 
90 19350 215 2.332 2021.43 259.6  

Table 3 
Results of bioconcentration parameters for ethyl acetate (EtOAc) reference 
Chemical 
Log Kow = 0.70, K2 = 15.14day− 1.  

Cw− ss 
(mg L− 1) 

Cf− ss (mg 
kg− 1 wet 
weight) 

BCFss 
(L/Kg) 

Log 
BCF 

Uptake-Rate 
constant (K1) 
(L⋅kg− 1⋅day− 1) 

BCFCal 
(L/Kg) 

50 4425 88.50 1.947 1339.89 91 
60 5220 87.00 1.940 1317.18 91 
70 5971 85.30 1.931 1291.44 91 
80 6620 82.75 1.918 1252.08 91 
90 7213.5 80.15 1.904 1213.47 91  

Table 4 
Result of Bio-centration Parameters for N-Vinylcaprolactam (NVCAP) Kinetic 
Inhibitor 
Log Kow = 1.50, K2 = 6.996 day− 1.  

Cw− ss 
(mg L− 1) 

Cf− ss (mg 
kg− 1 wet 
weight) 

BCFss 
(L/Kg) 

Log 
BCF 

Uptake-Rate 
constant (K1) 
(L⋅kg− 1⋅day− 1) 

BCFK 
(L/Kg) 

50 24250 485 2.685 3378.51 497 
60 28260 471 2.673 3295.12 497 
70 32410 463 2.666 3239.15 497 
80 36200 452.5 2.655 3165.69 497 
90 39785 442.05 2.645 3092.58 497  

Fig. 8. Bioconcentration factor (BCFss) of contaminants/inhibitors variation 
with chemical concentration in water. 

Fig. 9. LOG-BCFss of contaminants/inhibitors variation with chemical con-
centration in water. 
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much as important regulatory and risk assessment procedures are 
satisfied [46]. The steady state bioconcentration factor depends on the 
type of organism, the pattern of contamination within the organism’s 
range, the part of the organism considered (lipid tissue being higher), 
and the duration of exposure or maturity of the organism among other 
factors [64,65]. Relatively water-insoluble compounds will less effi-
ciently reach equilibrium compared to those that are water soluble. 

2.5. Effects of chemical concentration in water on uptake rate and steady 
state BCF 

The NVCAP has the highest uptake rate constant (K1) at all the tested 
chemical concentration (Fig. 10, Table 4) and thus highest steady state 
BCF. Whereas, the HPC-ROSE has lower uptake rate constant (K1) and 
lower bio-accumulation tendencies (Fig. 10, Table 3). The steady state 
bioconcentration factor has an inverse relationship with chemical con-
centration in water (Fig. 8). Similarly, the uptake rate constant has a 
negative relationship with chemical concentration in water (Fig. 10). 
The uptake rate, K1, is closely related to the physiology of the organisms 
such as the body size of fish. Relatively small organisms display a higher 
uptake rate than larger ones [66,67]. Moreover, the uptake rate of a 
chemical compound can also be affected considerably by environmental 
factors. These include, salinity, temperature, dissolved organic matter 
(DOM) and dissolved oxygen among others. Most of these abiotic factors 
are due to changes in the speciation of the organic compound as well as 
the physiological and biochemical processes of the aquatic life. 

Salinity is undoubtedly the best studied environmental factor 
affecting uptake rate (K1) [68]. Apart from salinity’s direct effect on 
speciation, it can also trigger physiological changes [69]. The influence 
of dissolved organic matter in chemical uptake is dependent on the or-
ganism type, the nature of the organic chemical and its quantities. 
Higher amount of dissolved organic matter can invariably reduce the 
bio-available fraction of the chemical and thereby lower chemical up-
take [70,71] Organic compounds bioavailability to marine organisms is 
contingent on the physical and chemical nature of the chemical. Organic 
chemicals in solution of marine water are more bio-available than when 
they are in complexed, adsorbed or solid form. 

Non-polar organic compounds are termed hydrophobic or lipophilic 
compounds because they are usually characterized by low water solu-
bility and higher lipids solubility. The rate and extent of hydrophobic 
compounds bioaccumulation by marine organisms depends on the 
relative affinity of the organic compounds for the water and lipid phases 
at ambient conditions. Bioconcentration factor is an important param-
eter that helps to define this affinity. The rates of absorption of the 
chemical and its desorption from the lipid phase are equal under equi-
librium condition [72,73]. 

Chemical hydrophobicity is considered to be a significant factor 
which affects the uptake of chemicals into aquatic life (plants and 

animals) through diffusion [74]. The highest potential for uptake is 
observed in organic compounds with partition coefficient between 1 and 
2.5. This is due to the balance of lipid and aqueous solubility in such 
compounds [75,76]. While ionic compounds exhibit a negative corre-
lation between log Kow and BCF, the cationic moieties and neutral 
compounds have positive relationship between Log Kow and Bio-
concentration factor (BCF) [77]. This indicates higher accumulation 
potential of cationic hydrophobic substance. 

Molecular ionization is another important factor that affects uptake 
of organic compounds apart from hydrophobicity. Charged molecules 
usually have a lower uptake potential because ionization can cause 
permeability reduction across cell membranes [78,79]. Also, uptake rate 
is significantly affected by different organism lipid concentration. There 
is a marked variation in the uptake of organic contaminants between 
different plants and animals’ species. The uptake of hydrophobic 
organic contaminants in aquatic life is influenced by the lipid content 
[80]. 

There is a strong positive relationship between BCF and lipid con-
tents. This is due to the hydrophobic partitioning governing the uptake 
of hydrophobic organic compounds. Nevertheless, this correlation may 
not hold for ionizable compounds. The lipid content is an important 
indicator of the ability of an organism to uptake many hydrophobic 
compounds. 

The general mechanism for the uptake and elimination of non- 
ionizable organic compounds are: chemical transport to and from gill 
surfaces through water and blood media, diffusion of chemicals through 
epithelia cells, and chemical cleavage to water and blood components. 
In addition to these mechanisms [81], included three other processes in 
order to develop a new model for the uptake and elimination of ioniz-
able organic chemicals at fish gills. These are alteration of PH by 
excretory products at gill surfaces, and thus affect the relative quantity 
of neutral and ionized molecules in comparison to that initially exposed 
water. Also, ionized molecules promote chemical flux to and from the 
membrane of the epithelial cell and thus influence uptake and depu-
ration in impenetrable membrane through high diffusion gradients. 
Lastly, membrane obstructions are not totally impenetrable to ionized 
molecules. In fact, restricted permeability can have considerable influ-
ence on chemical flux. 

2.6. Relationship between Log Kow and predicted BCF values 

The Predicted BCF values were higher than the steady state BCF 
values for all the tested inhibitors and at all the concentrations 
(Tables 2–4, Fig. 11a–e). These values were obtained from the empirical 
relationship between log Kow and bioconcentration factor. Different 
linear regression models are available to predict the relationship be-
tween log Kow and log BCF for polar and non-polar compounds [82–84]. 
The primary source of error is due to the method of Log Kow estimation 
since most of the empirical models are usually One-factor model con-
sisting of partition coefficient and BCF. The methods of Kow estimation 
are shake-flask method, NMR technique and reversed-phase high per-
formance liquid chromatography technique. Hydrophobic compounds 
with log Kow values between 3 and 3.5 may bio-accumulate rapidly but 
not to high concentrations in aquatic organism tissues, most especially if 
they are readily biodegradable [85]. Whereas those with log Kow values 
between 6.5 and 7 do not bioaccumulate effectively from the water, 
because their solubility in both the water and lipid phases is very low 
[86]. Bio-availability is also size dependent. Large molecules with longer 
chain length may not be able to permeate biological membranes and 
therefore not bioavailable [87,88]. The ethyl acetate control sample is 
moderately soluble in water and has a low log Kow of 0.70 and thus 
bioavailable; nevertheless, they are readily biodegradable and do not 
bioaccumulate to biologically significant concentrations in tissues of 
marine animals. 

Fig. 10. Uptake-rate constant of contaminants/inhibitors versus chemical 
concentration in water. 
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3. Conclusion  

i. The HPC-ROSE does not constitute environmentally significant 
risk to aquatic life owing to its lower BCF values between 215 L/ 
Kg-251.5L/Kg and higher lethal concentration of 25140 mg/L 
unlike the NVCAP which is very toxic with lower lethal concen-
tration of 1280 mg/L and higher BCF values in the range of 
442.5L/Kg to 485 L/kg.  

ii. The HPC-ROSE naturally occurring inhibitor sample has a higher 
lethal concentration of greater than 20000 mg/kg and thus 
highly-non-toxic. Whereas, the NVCAP hydrate inhibitor is highly 
toxic with Lower lethal concentrations (LC50) of less than 1500 
mg/L which was able to kill 50 % of fish species within 24-h 
window period during sediment toxicity test.  

iii. The HPC-ROSE naturally occurring kinetic inhibitor has a lower 
Log Kow value of 1.20 while the NVCAP has a higher value of 
1.50. Nevertheless, the two kinetic inhibitors will not bio-
accumulate in offshore environment.  

iv. Nuclear magnetic resonance (1HNMR) is a simple and reliable 
method of estimating partition coefficient characteristics (Kow) 
because the obtained Log-Kow values showed good agreements 
with that of shake flask and high-performance liquid chroma-
tography techniques.  

v. The NVCAP has the highest uptake rate constants (K1) at all the 
tested chemical concentrations and thus highest steady state BCF 
whereas, the HPC-ROSE has lower uptake rate constant (K1) and 
lower bio-accumulation tendencies.  

vi. The chemical concentration in water has an inverse relationship 
with uptake rate constant (K1) and steady-state bioconcentration 
factor (BCFss).  

vii. The Predicted BCF values were higher than the steady state BCF 
values for all the tested inhibitors and at all the concentrations. 
This is due to the route by which Log Kow was estimated since 
most of the empirical models are usually one-factor model con-
sisting of partition coefficient and BCF. 

Fig. 11. a: Steady State and Calculated BCF at 50 mg/L Chemical Concentration, b: Steady State and Calculated BCF at 60 mg/L Chemical Concentration, c: Steady 
State and Calculated BCF at 70 mg/L Chemical Concentration, d: Steady State and Calculated BCF at 80 mg/L Chemical Concentration, e: Steady State and Calculated 
BCF at 90 mg/L Chemical Concentration. 
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viii. The rate and extent of organic compounds bioaccumulation by 
marine organisms depend on the relative affinity of the organic 
compounds for the water and lipid phases at ambient conditions.  

ix. It is therefore recommended that oil and gas operators must carry 
out environmental viability tests such as toxicity and bio-
accumulation tests before any chemical whether new or existing 
is deployed in the offshore fields. 

Funding statement 

The authors hereby declare and appreciate the financial support 
from Partnership in Applied Sciences Engineering and Technology- 
Regional Scholarship and Innovation Fund (PASET- RSIF) without 
which the research work would have seen the light of the day. 

CRediT authorship contribution statement 

Okon Efiong Okon: Conceptualization, Data curation, Formal 
analysis, Funding acquisition, Investigation, Methodology, Validation, 
Visualization, Writing - original draft, Writing - review & editing. Jo-
seph Atubokiki Ajienka: Conceptualization, Resources, Supervision, 
Writing - review & editing, Visualization. Sunday Sunday Ikiensiki-
mama: Conceptualization, Resources, Supervision, Visualization, 
Writing - review & editing. Onyewuchi Emmanuel Akaranta: 
Conceptualization, Resources, Supervision, Writing - review & editing. 
Virtue Urunwo Wachikwu-Elechi: Conceptualization, Resources, 
Writing - review & editing. 

Declaration of competing interest 

Authors have declared that there is no conflict of interest. This 
manuscript has not been submitted to nor is under review at another 
journal or other publishing venue. The authors have no affiliation with 
any organization with a direct or indirect financial interest in the subject 
matter discussed in the manuscript. 

Data availability 

The data that has been used is confidential. 

References 

[1] Z. Wang, Y. Zhao, J. Zhang, S. Pan, J. Yu, B. Sun, Flow assurance during deepwater 
gas well testing: hydrate blockage prediction and prevention, J. Pet. Sci. Eng. 163 
(2018) 211–216. 

[2] N.U. Okereke, P.E. Edet, Y.D. Baaba, N.C. Izuwa, S. Kanshio, N. Nwogu, F. 
A. Afolabi, O. Nwanwe, An assessment of hydrate inhibition in deepwater 
production systems using low-dosage hydrate inhibitor and monoethylene glycol, 
J. Pet. Explor. Prod. Technol. 10 (2019) 1169–1182, https://doi.org/10.1007/ 
s13202-019-00812-4, 2020. 

[3] L.W. Clark, L.M. Frostman, J. Anderson, B. Petrolite, Low-dosage hydrate inhibitors 
(LDHI): advances in flow assurance technology for offshore gas production 
systems, in: International Petroleum Technology Conference, 2005. 

[4] B. Tohidi, R. Anderson, H. Mozaffar, F. Tohidi, The return of kinetic hydrate 
inhibitors, Energy Fuel. 29 (2015) 8254–8260, 2015. 

[5] O.E. Okon, J. Ajienka, S.S. Ikiensikimama, V.U. Elechi, T.O. Odutola, Use of locally 
Formulated inhibitor from agro waste for gas hydrate inhibition in a mini flow 
loop, Int. J. Sci. Eng. Invest. 83 (7) (2018) 104–112. 

[6] O.E. Okon, S.S. Ikiensikimama, V.U. Elechi, J.A. Ajienka, O. Akaranta, Gas hydrate 
inhibition: performance of an agro-waste based locally fformulated inhibitor, 
J. Dispersion Sci. Technol. 43 (2022), https://doi.org/10.1080/ 
01932691.2022.2074858. 

[7] T. Odatuwa, U. Osokogwu, O.E. Okon, Experimental investigation of plant family 
extracts as gas hydrate inhibitors in an offshore simulated environment, Petrol. Sci. 
Technol. (2022) 1–18, https://doi.org/10.1080/10916466.2022.2144358. 

[8] V.U. Elechi, S.S. Ikiensikimama, J.A. Ajienka, O. Akaranta, O.E. Okon, Mitigation 
capacity of an eco-friendly locally sourced surfactant for gas hydrate inhibition in 
an offshore environment, J. Petrol. Exploration and Production 11 (2021) 
1797–1808, https://doi.org/10.1007/s13202-021-01127-z. 

[9] V.U. Elechi, S.S. Ikiensikimama, J.A. Ajienka, O. Akaranta, O.E. Okon, Laboratory 
evaluation of caricaceae plant as a locally sourced surfactant for gas hydrate 
inhibition in a laboratory mini flow loop, Applied Petrochemical Research 11 
(2021), https://doi.org/10.1007/s13203-021-00275-x. 

[10] V.U. Elechi, S.S. Ikiensikimama, J. Ajienka, O. Akaranta, O.E. Okon, C. Davies, Eco- 
Toxicity of 2-Di Methylamino Ethylmethacrylate 2-DMAEM as a Commercial 
Kinetic Hydrate Inhibitor KHI, 2021, https://doi.org/10.2118/207156-MS. 

[11] T. Mbooh, U. Osokogwu, O.E. Okon, A. Ubong, Evaluation of hybrid hydrate 
inhibitor (HHI) in dissociating hydrate Formation in offshore flowlines, Petroleum 
and Coal 63 (2021) 636–645. 

[12] J.F.J. Payne, A. Kiceniuk, U. Rahimtula, L. Williams, W. Fancey, R.A. Addison, 
Bioaccumulation of polycyclic aromatic hydrocarbons in flounder 
(Pseudopleuronectes americanus) exposed to oil-based drill cuttings, in: F. 
R. Engelhardt, J.P. Ray, A.H. Gillam (Eds.), Drilling Wastes, Elsevier Applied 
Science Publishers, London, 1989, pp. 427–438. 

[13] R.M. Stagg, A. McIntosh, The effects of drill cuttings on the dab (Limanda limanda), 
in: The Physical and Biological Effects of Processed Oily Drill Cuttings. E&P Forum 
Report No.2.61/202, E&P Forum, London, 1996, pp. 79–103. April 1996. 

[14] J.M. Neff, S. Mckelvie, R.C. Ayers, Environmental Impact of Synthetic Based 
Drilling Fluids, U.S. department of interior mineral management services, Gulf of 
Mexico OCs region, Houston Texas, 2000. 

[15] M.C. Newman, C.H. Jagoe, Ligands and the bioavailability of metals in aquatic 
environments, in: Bioavailability: Physical, Chemical and Biological Interactions. 
Proceedings of the 13TH Pellston Workshop, Pellston, MI, 1994, pp. 39–61. 

[16] N. Epstein, R.P.M. Bak, B. Rinkevich, Toxicity of 3rd generation dispersants and 
dispersed Egyptian crude oil on Red Sea coral larvae, Mar. Pollut. Bull. 40 (2000) 
497–503, https://doi.org/10.1016/S0025-326X(99)00232-5. 

[17] C.B. Pace, J.R. Clark, G.E. Bragin, Comparing crude oil toxicity under standard and 
environmentally realistic exposures, in: Proceedings of the 1995 International Oil 
Spill Conference, American Petroleum Institute), Washington, DC, 1995, 
pp. 1003–1004. 

[18] C.M. Couillard, K. Lee, B. Légaré, T.L. King, Effect of dispersant on the composition 
of water-accommodated fraction of crude oil and its toxicity to larval marine fish, 
Environ. Toxicol. Chem. 24 (2005) 1496–1504, https://doi.org/10.1897/04- 
267R.1. 

[19] D.M. DeLeo, D.V. Ruiz-Ramos, I.B. Baums, E.E. Cordes, Response of deep-water 
corals to oil and chemical dispersant exposure, Deep Sea Res. II 129 (2016) 
137–147, https://doi.org/10.1016/j.dsr2.2015.02.028. 

[20] R.B. Aditya, M.B. Dong, Environmental risk of maritime territory subjected to 
accidental phenomena : correlations of oil spill and ship grounding in the exxon 
valdez’s case, Results in Eng. 4 (2019), https://doi.org/10.1016/j. 
rineng.2019.100035, 2019 2019. 

[21] J.A. Folayan, A. Dosunmu, A.B. Oriji, Microbial activity evaluation and aerobic 
transformation of deep water offshore synthetic drilling fluids in soil : a case study 
of ternary mixture of synthetic ethyl esters of plants oil (seep mixture) synthetic 
drilling fluid in agbami, Niger Delta Deep Water Field 15 (2022) 100537, 2022. 

[22] O.P. Oladoye, T.O. Ajiboye, E.O. Omotola, O.J. Oyewola, Methylene blue dye : 
toxicity and potential elimination technology from waste-water, Results in Eng. 16 
(2022) 100 678, 2022. 

[23] V.G. Yamile, Q.R. Alejandro, A.L. Luis, A laboratory methodology for predicting 
variations in the geotechnical parameters of soil exposed to solid waste leachates in 
the field, Results in Eng. 14 (2022), https://doi.org/10.1016/j. 
rineng.2022.100398, 2022 2022. 

[24] F.M. Elham, A. Gamal, S.S. Abdelnasser, Biodegradation of formal-dehyde gas 
pollutant by a novel immobilized haloalkaliphilic Salipaludibacillus agaradhaerens 
strain NRC-R isolated from hypersaline soda lakes, Results in Eng. 19 (2023) 
101374 (2023): 1-9. 

[25] OGP. Environmental aspects of the use and disposal of non-aqueous drilling fluids 
associated with offshore oil and gas, International association of oil and gas 
producers, 2003. Report No. 342, May 2003. 

[26] J.C. McGeer, K.V. Brix, J.M. Skeaf, D.K. DeForest, S.I. Brigham, W.J. Adams, 
A. Green, Inverse relationship between bioconcentration factor and exposure 
concentration for metals: implications for hazard assessment of metals in the 
aquatic environment, Environ. Toxicol. Chem. 22 (2003) 1017e1037. 

[27] D.K. De-Forest, K.V. Brix, W.J. Adams, Assessing metal bioaccumulation in aquatic 
environments: the in- verse relationship between bioaccumulation factors, trophic 
transfer factors and exposure concentration, Aquat. Toxicol. 84 (2007) 236e246. 

[28] R. Ashauer, B.I. Escher, Advantages of toxicokinetic and toxicodynamic modelling 
in aquatic ecotoxicology and risk assessment, Journal of environment Monitoring 
12 (11) (2010) 2056–2061. 

[29] B.G. Oliver, A.J. Niimi, Bioconcentration of chlorobenzenes from water by rainbow 
trout: correlations with partition coefficients and environmental residues, Environ. 
Sci. Technol. 17 (5) (1983) 287–291. 

[30] J.P. Meador, J.E. Stein, W.L. Reichert, U. Varanasi, Bioaccumulation of polycyclic 
aromatic hydrocarbons by marine organisms, in: G. Ware (Ed.), Reviews of 
Environmental Contamination and Toxicology, Springer, New York, 1995, 
pp. 79–165. 

[31] R. Ashauer, I. Caravatti, A. Hintermeister, B. Escher, Bioaccumulation kinetics of 
organic xenobiotic pollutants in the freshwater invertebrate Gammarus pulex 
modeled with prediction interval, Environ. Toxicol. Chem./SETAC. 29 (7) (2010) 
1625–1636, https://doi.org/10.1002/etc.175, 29. 1625-36. 

[32] R. Ashauer, A. Hintermeister, O. Connor, E. Isabel, H. Maline, B. Juliane-Escher, 
Significance of xenobiotic metabolism for bioaccumulation kinetics of organic 
chemicals in gammarus pulex, Environ. Sci. Technol. 46 (6) (2012) 3498–3508, 
https://doi.org/10.1021/es204611h. 

[33] T.H. Miller, G.L. Mc-Eneff, L.C. Stott, S.F. Owen, N.R. Bury, L.P. Barron, Assessing 
the reliability of uptake and elimination kinetics modelling approaches for 
estimating bioconcentration factors in the fresh-water invertebrate, Gammarus 
pulex, Sci. Total Environ. 547 (2016) 396–404, 2016. 

O.E. Okon et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2590-1230(23)00832-0/sref1
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref1
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref1
https://doi.org/10.1007/s13202-019-00812-4
https://doi.org/10.1007/s13202-019-00812-4
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref3
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref3
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref3
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref4
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref4
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref5
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref5
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref5
https://doi.org/10.1080/01932691.2022.2074858
https://doi.org/10.1080/01932691.2022.2074858
https://doi.org/10.1080/10916466.2022.2144358
https://doi.org/10.1007/s13202-021-01127-z
https://doi.org/10.1007/s13203-021-00275-x
https://doi.org/10.2118/207156-MS
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref11
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref11
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref11
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref12
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref12
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref12
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref12
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref12
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref13
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref13
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref13
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref14
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref14
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref14
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref15
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref15
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref15
https://doi.org/10.1016/S0025-326X(99)00232-5
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref17
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref17
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref17
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref17
https://doi.org/10.1897/04-267R.1
https://doi.org/10.1897/04-267R.1
https://doi.org/10.1016/j.dsr2.2015.02.028
https://doi.org/10.1016/j.rineng.2019.100035
https://doi.org/10.1016/j.rineng.2019.100035
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref21
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref21
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref21
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref21
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref22
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref22
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref22
https://doi.org/10.1016/j.rineng.2022.100398
https://doi.org/10.1016/j.rineng.2022.100398
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref24
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref24
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref24
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref24
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref25
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref25
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref25
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref26
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref26
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref26
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref26
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref27
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref27
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref27
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref28
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref28
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref28
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref29
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref29
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref29
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref30
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref30
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref30
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref30
https://doi.org/10.1002/etc.175
https://doi.org/10.1021/es204611h
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref33
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref33
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref33
http://refhub.elsevier.com/S2590-1230(23)00832-0/sref33


Results in Engineering 21 (2024) 101705

12

[34] F.A.P.C. Gobas, D. MacKay, Dynamics of hydrophobic organic chemical 
bioconcentration in fish, Environ. Toxicol. Chem. 6 (7) (1987) 495–504. 

[35] A.J. Hendriks, A. Heikens, The power of size. 2. Rate constants and equilibrium 
ra’tios for accumulation of inorganic substances related to species weight, Environ. 
Toxicol. Chem. 20 (7) (2001) 1421–1437. 

[36] OECD, Bioaccumulation in Fish: Aqueous and Dietary Exposure, OECD Publishing, 
Test No, 2001, p. 305. 

[37] R. Ashauer, A. Boxall, C. Brown, Uptake and elimination of chlorpyrifos and penta- 
chlorophenol into the freshwater amphipod Gammarus pulex, Arch. Environ. 
Contam. Toxicol. 51 (4) (2006) 542–548. 

[38] M. Meredith-Williams, L.J. Carter, R. Fussell, D. Raffaelli, R. Ashauer, A.B. 
A. Boxall, Uptake and depuration of pharmaceuticals in aquatic invertebrates, 
Environ. Pollut. 165 (2012) 250–258, 0. 

[39] L.W. Clark, L.M. Frostman, J. Anderson, Advances in flow assur ance technology 
for offshore gas production systems, in: International Petroleum Technology 
Conference. International Petroleum Technology Conference, 2005. 

[40] S. Oancea, M. Radu, H. Olosutean, Development of ultrasonic extracts with strong 
anti-oxidant properties from red onion wastes, Romanian Biotechnological Letters 
25 (2) (2020), 1320-132. 

[41] ASTM, Standard guide for conducting 10-day static sediment toxicity tests with 
marine and estuarine amphipods, in: 1993 Annual Book of American Society for 
Testing and Materials, vol. 1993, (ASTM) Standards. E 1667-92, 1993, 
pp. 1138–1163. 

[42] O.S.P.A.R. Commissions, Protocol for a fish acute toxicity test, in: PARCOM 
Protocols on Methods for the Testing of Chemicals Used in the Offshore Industry, 
1995, pp. 25–34. Part B: (1995a). 

[43] O.S.P.A.R. Commissions, Sediment bioassay using an amphipod corophium sp, in: 
PARCOM Protocols on Methods for the Testing of Chemicals Used in theOffshore 
Industry, 1995, pp. 25–34. Part A. (1995b). 

[44] OSPAR Commission, OSPAR Protocols on Methods for the Testing of Chemicals 
Used in the Offshore Oil Industry, 2006, pp. 1–24, 2006. 

[45] H. Cumming, C. Rucker, Octanol-Water Partition Coefficient Measurement by a 
Simple 1HNMR Method, American Chemical Society, 2017, pp. 6224–6249, 2017. 

[46] Organization for Economic Cooperation and Development, OECD Guideline for the 
Testing of Chemical: Bioconcentration in Fish, Organization for Economic Co- 
operation and Development, Paris, 2012, pp. 1–12, 2012. 

[47] F. Gobas, H. Morrison, Bioconcentration and biomagnification in the aquatic 
environment, in: R.S. Boethling, D. Mackay (Eds.), Handbook of Property 
Estimation Methods for Chemicals, Lewis Publishers, Boca Racton, FL, USA, 2000, 
pp. 189–231. 

[48] M. Crookes, D. Brooke, Estimation of fish bioconcentration factor (BCF) from 
depuration data. Draft Report, Environmental Agency, Bristol, UK, 2010. 

[49] OECD Guideline for the Testing of Chemicals, Test No 117; Partition Coefficient (N- 
octanol/water): High Performance Liquid Chromatography (HPLC) Method, 
Organization for Economic Cooperation and Development, Paris, 2004. 

[50] N. Shunji, T. Kotaro, S. Shoji, Bioconcentration Prediction under the Amended 
Chemical Substances Control Law of Japan, Sumitomo Chemical Co Ltd, 2006. 

[51] A. Spacie, J.L. Hamelink, Alternative models for describing the bioconcentration of 
organics in fish, Environ. Toxicol. Chem. 1 (1982) 309–320. 

[52] S. Bintein, J. Devillers, W. Karcher, Nonlinear dependence of fish bioconcentration 
on n-octanol/water partition coefficient, SAR QSAR Environ. Res. 1 (1993) 29–39. 

[53] D.T.H.M. Sijm, M.E. Verberne, W.J. de Jonge, P. Pärt, A. Opperhuizen, Allometry 
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