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Abstract

This work evaluates the performance of four natural hydrate inhibitors: Asteraceae Extract (AE),
Meliaceae Extract (ME), Annonaceae Extract (ANE), and Penaeus monodon Extract (PE) and a kinetic
hydrate inhibitor, 2-(Dimethylamino)ethylmethacrylate (DIMETH), using a laboratory flow loop to
simulate the offshore pipeline conditions. The performance of each inhibitor was evaluated by
monitoring pressure and temperature variations with time, final and initial pressure versus time, and
inhibitor efficiency—all fundamental parameters affecting hydrate nucleation and growth. For AE, the
pressure drops from 150 psi to 120 psi, 126 psi, and 125 psi at 0.01 wt.%, 0.02 wt.%, and 0.03 wt.%,
respectively. ME showed pressure drops of 115 psi, 109 psi, and 129 psi at corresponding
concentrations. ANE showed drastic pressure changes of 108 psi, 123 psi, and 119 psi and similar
temperature stabilization. PE showed moderate performance with 116 psi, 124 psi, and 118 psi of
pressure drops at corresponding concentrations. The conventional inhibitor showed a consistent
performance with 115 psi, 118 psi, and 120 psi pressure change at 0.01 wt.%, 0.02 wt.% and 0.03
wt.%, respectively. The plots for the pressure, temperature, and time showed that AE performed better
than the rest of the inhibitors at all weight percentages. Though others showed promising results too,
the fact that AE is eco-friendly and biodegradable makes it the strongest candidate for field trials.

Keywords: Kinetic hydrate inhibitor; Low dosage hydrate inhibitors; Plant extracts; Hydrate flow loop,; Inhibition
efficiency.

1. Introduction

Gas hydrates are crystalline compounds in which gas molecules, such as methane, become
trapped within water molecules under conditions of low temperature and high pressure. Nat-
urally, hydrates are found in marine sediments and permafrost regions, representing signifi-
cant sources of energy but also posing substantial difficulties during oil and gas operations [1-21,
Their energy potential lies in storing enormous quantities of gas in a compact form; they
therefore represent a potentially vast source of unconventional energy [21, Kvenvolden [3]
mentioned "an estimate of global reserves of methane hydrates which is more than twice as
great as coal, oil, and conventional natural gas combined, suggesting that they represent
future energy." However, hydrate formation poses serious hazards in the oil and gas industry
during production, transportation, and storage. The deposition of hydrates in pipelines and
equipment causes operational disruptions and safety concerns, as well as potentially high re-
mediation costs [4-51,

Indeed, many offshore deep-water drilling and production operations have faced hydrate-
related flow assurance problems because the thermodynamic conditions during these tasks
are quite suitable for hydrate formation [61. Over the years, various methods have been de-
veloped to manage hydrate risks, mainly using thermodynamic inhibitors such as methanol
(MeOH) and monoethylene glycol (MEG), which lower the freezing point of water and thus
hinder hydrate nucleation [71. Although effective, these conventional inhibitors require high
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dosages, pose environmental hazards, and incur significant operational costs. This highlights
the need for greener, environmentally friendly, and more cost-effective alternatives [8],

A new type of low-dosage hydrate inhibitors (LDHIs) has emerged as an alternative to
thermodynamic inhibitors. LDHIs can be generally divided into two main groups: kinetic hy-
drate inhibitors (KHIs) and anti-agglomerants (AAs). KHIs slow down hydrate nucleation and
growth, while AAs stop hydrate particles from clumping together, enabling safer transportation
of the hydrate-laden fluid [2-19]1, These inhibitors are effective at much lower dosages, resulting
in less environmental impact and reduced operational costs [11],

In recent years, focus has shifted towards sustainable alternatives such as bio-based in-
hibitors that are low in toxicity, highly effective, and biodegradable [*2-211, Inhibitors derived
from plants are promising for managing gas hydrate formation because they contain numerous
bioactive compounds with hydrate-inhibiting properties. For instance, Elechi et al. [*°] found
that a locally sourced material, LSM, outperformed synthetic inhibitors like DMAEM (2-DI-
METH). Similarly, Okon et al. [*3] demonstrated that locally sourced kinetic hydrate inhibitors
(LDKHIs) exhibit better inhibition efficiency and thermal stability than conventional KHIs. The
hybrid hydrate inhibitor (HHI) developed by Mbooh et al. [22], tested alongside monoethylene
glycol (MEG) and N-vinylcaprolactam (N-VCap), showed superior performance at 5, 6, and 7
weight percentages compared to MEG and N-VCap alone. Madueke et al. [221 examined the
performance of choline chloride-based deep eutectic solvent (DES), MEG, and their combina-
tion (DES+MEG) in a flow loop, observing a performance ranking of DES, then MEG, and finally
DES+MEG. The optimal result was achieved with 5 wt.% DES+MEG, offering an inhibitory
efficiency of 80%, while a lower concentration of 3 wt.% vyielded 73.75%. Additionally,
Kakwaya et al. [241 confirmed the effectiveness of bio-based inhibitors by revealing that hem-
icellulose extracted from plant gum exudates could efficiently inhibit hydrate formation. This
occurs by interfering with the hydrogen bonding network of water molecules, facilitating the
formation of hydrate cages.

Among the promising plant-based inhibitors, Meliaceae extracts contain flavonoids, sapo-
nins, and alkaloids responsible for antioxidant and hydrate inhibition activities, making them
valuable as natural alternatives in gas hydrate management [°1, Similarly, extracts from the
Annonaceae family originate from flowering evergreen trees. The bioactive compounds of An-
nonaceae members are mainly extracted from the fruits, seeds, and leaves. Alkaloids contain-
ing quaternary ammonium groups strongly interact with water molecules, inhibiting hydrate
formation by adsorbing onto hydrate surfaces [25-26]1, Extracts from the Asteraceae family con-
tain a diverse mixture of phytochemicals, including flavonoids, tannins, and saponins, all ex-
hibiting surface activity and hydrate inhibition potential [27-281, Flavonoids have potent antiox-
idant properties, and tannins, being high-molecular-weight polyphenolics, interfere with hy-
drate nucleation and growth [29-311, Saponins are used as foaming agents that stabilise emul-
sions by preventing hydrate agglomeration through bubble formation [32-331,

Apart from plant-based inhibitors, chitosan, a biodegradable biopolymer extracted from
crustacean shells, has also been researched for hydrate inhibition. Chitosan is of high molec-
ular weight and possesses structural features capable of forming strong hydrogen bonds with
water molecules, creating a protective barrier on the hydrate surface, which effectively inhibits
hydrate growth [34], Being environmentally friendly and effective at low concentrations, chi-
tosan offers a promising alternative to synthetic inhibitors.

2. Materials and methods

The materials used in this study included ice blocks and compressed natural gas (CNG)
weighing 16.46 g, with a specific gravity of 0.5, composed of 98.44% methane and 1.56%
carbon dioxide. The CNG was procured from Total Support Gas Company in Port Harcourt,
Nigeria. Inhibitors used were water soluble and they are: Asteraceae family extract, Meliaceae
family extract, Anonnaceae family extract, Penaeus monodon shell extract and 2-(Dimethyla-
mino)ethylmethacrylate.

The leaves of these inhibitors were collected from a farm in Etche Community in Port Har-
court, while the shell extract was obtained from Rumuokoro market. The plant extractions
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were conducted at Suano Laboratory Center, and the hydrate experiment was performed at
the Petroleum Production Engineering Laboratory, University of Port Harcourt, Nigeria. The
natural plant leaves were air-dried at room temperature for several days and then ground into
a coarse powder using a blender to increase their surface area for the extraction process. The
Soxhlet extraction technique was used, with ethanol as the solvent. Afterwards, the extracts
were analyzed via gas chromatography-mass spectrometry (GC-MS). Detailed information
about the identified compounds, including their molecular formulae and weights is provided in
Tables 1 to 7 while their chemical structures are displayed as Figures 1 to 4.

Table 1. GC-MS analysis of bioactive compounds in ethanol leaf extract of Vernonia amygalina of the
Asteraceae family.

Name of the compound Molecular formulae Molecular weight
Pentadecanoic acid, 14-methylmethylester C,;H5.0, 270.45
9,12-Octadecadienoic acid, methyl ester CioH3,0, 294.47
Gypsogenin C30H4603 454.69
Vernonioside C35Hs6013 684.82
Quercetin Cis5H1007 302.24
9,17-Octadecadienal CigH320 264.45
Luteolin C15H1006 286.24
1,19-Eicosadiene CyoH3s 278.50
2-Methyl-Z, Z-3,13-octadecadienol Ci9H360 280.49

Table 2. Qualitative phytochemicals screening of ethanolic leaf extract of Vernonia amygdalina family
extract.

Bioactive component % present in Vernonia amygdalina
Tannins ++
Flavonoids ++
Saponins +++
Alkaloids ++
Sesquiterpene lactone ++

Table 3. GC-MS analysis bioactive compounds in ethanol leaf extract of Meliceae family.

Name of the compound Molecular formula Molecular weight

n-Tetracosanol-1 Cy4H500 354.65

1-Octadecyne CigHs4 250.46

9,9-Dimethoxybicyclo [3.3.1] nona-2,4-dione C;1H460, 212.24

Oleic Acid CigH340; 282.46

Octadecane, 1-(ethenyloxy) Cy0H400, 296.53

3-Tetradecyn-1-ol C,4H50 210.35

1-Hexacosanol Cy6H5,0 382.70

1,19-Eicosadiene CyoH3g 278.51
Table 4. Qualitative phytochemicals screening of the ethanolic leaf extract of Meliceae family.

Bioactive component Present in Meliceae family extract

Flavonoids +++

Saponins ++

Tannins +++

Alkaloids ++

Terpernoids +

Phenolic Acid +
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Table 5. GC-MS analysis of bioactive compounds of extraction from Penaeus monodon shell

Compound name

Pyridine

Acetamide

2-Pyridinecarboxaldehyde
N-Acetyl-N-ethenylacetamide
Acetylpyridone

3-Acetamidofuran
3-Acetamido-5-methylfuran
3-Acetamido-4-pyrone

Oxazoline derivatives
Dianhydro-2-acetamido-2-deoxyglucose
6-Anhydro-2-acetamido-2-deoxyglucose

Molecular formula

CoHsN
C,H;NO
C4HsNO
CeHoNO,
C,H,NO2
C,H,NO,
C,H,NO,
C,H,NO,
C,HsNO

CgH,;NO,
CgH,5NO,

Molecular weight

79.10
59.07
107.11
127.14
137.14
125.13
139.15
153.14
71.08
185.18
203.19

Table 6. GC-MS analysis of bioactive compounds in ethanol leaf extract of Annonaceae family.

Compound name
Cyclandelate

Phenol, 4-(methoxymethyl)-
6, 6-Diphenylfulvene
Eicosane

di-a-Tocopherol

Vitamin E
7-Oxabicycloheptane, 1-methyl-4-
Cubenol

Geranyl isovalerate
Dodecane, 1,1,2-dibromo-

Table 7. Qualitative phytochemicals screening of the ethanolic extract of Annonaceae family.

Bioactive component
Flavonoid

Saponins

Tannins

Alkaloids

Phenol

Glycoside

Molecular formula

C17H2405
CgH100,
CigH14
CooHaz
CyoH500,
CyoHs5002
C10H1602
Cy5H1502
C15H260,
C12H24Br2

++
+
++

+

+

++
++
++

Primary hydroxy function

] -

OH
HO - 1o
HO HO
' NH,
Secondary hydroxy function ‘ -

Molecular weight

276.3707
138.1638
230.3038
282.5475
430.7061
430.7061
168.2328
222.3663
238.3657
328.127

Present in Annonaceae family extract

OH

0
HO
NH,
=N

Primary aminofunction

OH

OH
NH,

Figure 1. Chemical structure of Meliaceae family Figure 2. Chemical structure of Penaeus monodon ex-

extract.

tract (PE).

724

Pet Coal (2025); 67(3): 721-734
ISSN 1337-7027 an open access journal



Petroleum and Coal

HO

HO 7S

| éH
_4 o H;‘C/ 3

’ ¢
H,

Figure 3. Chemical structure of Asteraceae family ex- Figure 4. Chemical structure of Annonaceae family
tract. extract.

The experimental setup consisted of a closed mini-hydrate flow loop, as illustrated in Figure 5.
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Figure 5. Schematic diagram of gas hydrate flow loop.

The flow loop has an overall diameter of 39.4 inches, constructed from 316 stainless steel
tubing with an internal diameter of 0.5 inches, enclosed within a 4-inch polyvinylchloride (PVC)
pipe. The entire system is mounted on an external metal frame. It includes six pressure
gauges, three temperature gauges, a visual flow meter to monitor fluid flow, a compressed
natural gas (CNG) cylinder, a mixing vessel for combining water and inhibitors in different
weight percentages, three pumps, and a control panel to operate and power the loop.

The experiment was started by powering the main system and control panel. Next, pump
3 and valve 4 were activated to transfer water from the mixing vessel into the inner line until
the pressure reached 25 psi. After this point, both pump 3 and valve 4 were turned off, and
valve 7 was opened to flush out the water. This flushing process was repeated to ensure the
system was free of rust and debris. For the hydrate formation experiment, once the pressure
reached 25 psi, the CNG bottle was opened, and valve 1 along with the orifice was activated
to raise the pressure to 150 psi. Once the desired pressure was achieved, both valve 1 and
the orifice were closed. Pump 2 was switched on to circulate the cooling water through the
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PVC pipe, and pump 1 was set at 150 psi to facilitate proper mixing of the gas and water. Ice
cubes were added to rapidly cool the system, promoting hydrate formation. Temperature and
pressure data were recorded every two minutes for a duration of two hours. During hydrate
inhibition testing, different concentrations of inhibitors were introduced into the system, fol-
lowing the same procedure, with temperature and pressure monitored every two minutes over
the entire two-hour period. The loop operated as a closed system, designed to allow temper-
ature and pressure fluctuations based on phase changes. To minimise experimental errors,
readings were taken three times under controlled conditions. The loop was flushed before each
experiment to remove rust or debris, ensuring no gas remained trapped, and the gauges were
checked to ensure proper functioning and to avoid interference [13,19,35-36]

3. Result and discussion
3.1. Suppression performance for uninhibited system

Graphs of pressure and temperature over time from hydrate formation experiments were
analysed to assess inhibitor effectiveness using a mini flow loop at concentrations of 0.01
wt%, 0.02 wt%, and 0.03 wt%. Figure 6 presents results without an inhibitor: pressure de-
creased from 150 psi to 120 psi within 10 minutes, reaching 102 psi at 40 minutes, 80 psi
after one hour, and stabilising at 36 psi after 100 minutes due to hydrate nucleation. Temper-
ature initially fell from 30°C to 25°C but increased to 29.5°C by the end of the experiment,
driven by methane diffusion and the exothermic heat release from hydrate crystallisation. This
was attributed to the fact that hydrate formation is an exothermic process [371-
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Figure 6. Pressure against temperature for uninhibited system.

3.2. Performance analysis of pressure for Asteraceae extract (AE), Meliaceae extract
(ME), Annonaceae extract (ANE), Penaeus monodon extract (PE), 2-(Dimethyla-
mino) ethylmethacrylate (2-DIMETH) and uninhibited pressure

The inhibitors' performance was assessed through pressure versus time plots at different
weight percentages, showing the gradual pressure decreases and stabilisation over time as
illustrated in Figures 7, 8, and 9. Each inhibitor demonstrated distinct behaviour under similar
conditions.

AE demonstrated the most effective inhibition performance. At 0.01 wt%, the pressure
initially dropped from 150 psi to 145 psi within the first 2 minutes. Over the next 15 minutes,
the pressure gradually decreased further to 139 psi, where it stabilised for the following 30
minutes. Over the next 60 minutes, the pressure further dropped to 125 psi, and at 120
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minutes, it was reduced to 120 psi. At 0.02 wt%, the pressure decreased from 150 psi to 144
psi in the first 2 minutes, reached 142 psi after 20 minutes, declined to 134 psi after 40
minutes, then reduced to 129 psi after 60 minutes. It further decreased to 126 psi after 90
minutes and was maintained at this level until the end of 120 minutes. Similarly, at 0.03 wt%,
the pressure declined from 150 psi to 140 psi in 2 minutes, stabilised at 134 psi after 20
minutes, and remained stable until 60 minutes, after which it declined to 130 psi and was
maintained until 120 minutes. Its consistent performance is linked to its hydroxyl-rich bioac-
tive compounds, such as saponins, tannins, alkaloids, phenolic acids, and flavonoids, which
effectively interfere with hydrate cage formation.
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Figure 7. Pressure against time for 0.01wt% of AE, PE, ME, ANE, 2-DIMETH and uninhibited pressure.
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Figure 8. Pressure against time for 0.02wt% of AE, PE, ME, ANE, 2-DIMETH and uninhibited pressure.

For ME, at 0.01 wt.%, the pressure initially dropped from 150 psi to 142 psi within the first
2 minutes. Over the next 20 minutes, the pressure further decreased to 134 psi, where it
stabilised for the following 30 minutes. Over the subsequent 60 minutes, the pressure gradu-
ally declined to 127 psi and further dropped to 115 psi by the end of 120 minutes. At 0.02
wt.%, the pressure dropped from 150 psi to 144 psi in the first 2 minutes, reached 138 psi
after 20 minutes, and continued to decline to 132 psi after 40 minutes. The pressure then
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reduced to 128 psi after 60 minutes, before falling further to 109 psi at the end of 120 minutes.
At 0.03 wt%, the pressure initially decreased from 150 psi to 126 psi within 2 minutes, stabi-
lising at 137 psi after 20 minutes, and maintained this level for the next 40 minutes. After 60
minutes, the pressure declined further to 132 psi, and at the end of 120 minutes, it stabilised
at 129 psi. The performance of ME is attributed to its bioactive compounds, which are rich in
peptides and polysaccharides, disrupting hydrate cage formation.
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Figure 9. Pressure against time for 0.03wt% of AE, PE, ME, ANE, 2-DIMETH and uninhibited pressure.

At 0.01 wt.%, the pressure initially dropped from 150 psi to 145 psi within the first 2
minutes. Over the next 15 minutes, it further decreased to 139 psi, where it stabilised for 30
minutes. During the following 60 minutes, the pressure decreased to 126 psi, and by the end
of 120 minutes, it reached 108 psi. At 0.02 wt.%, the pressure fell from 150 psi to 144 psi in
the first 2 minutes, then declined to 138 psi after 20 minutes, and further decreased to 133
psi after 40 minutes. Over the following 60 minutes, pressure decreased to 127 psi and ulti-
mately reached 123 psi at 120 minutes. At 0.03 wt.%, the pressure initially reduced from 150
psi to 142 psi within 2 minutes, stabilised at 135 psi after 20 minutes, and maintained this
level for 60 minutes. Subsequently, the pressure fell to 130 psi and stabilised at 119 psi by
the end of 120 minutes.

PE showed moderate effectiveness in inhibiting hydrate formation, with consistent pressure
decreases over time. At 0.01 wt.%, the pressure fell from 150 psi to 147 psi within 2 minutes.
Over the subsequent 15 minutes, it gradually decreased to 143 psi and then remained stable
for 30 minutes. During the next 60 minutes, the pressure further dropped to 130 psi, reaching
116 psi at the 120-minute mark. At 0.02 wt.%, the pressure initially declined from 150 psi to
146 psi within 2 minutes, then to 140 psi after 20 minutes, and further to 135 psi after 40
minutes. Over the following 60 minutes, it reduced to 129 psi, and by the end of 120 minutes,
it was at 124 psi. At 0.03 wt.%, the pressure decreased from 150 psi to 145 psi within 2
minutes, stabilising at 138 psi after 20 minutes and maintaining this level for 40 minutes.
During the next 60 minutes, it decreased to 133 psi, and at 120 minutes, it stabilised at 118 psi.

For 2-DIMETH, at 0.01 wt%, the pressure initially dropped from 150 psi to 140 psi within
2 minutes, then decreased to 130 psi after 15 minutes, and stabilised at 125 psi for 30
minutes. Over the next 60 minutes, the pressure reduced to 110 psi, and by the end of 120
minutes, it reached 95 psi. At 0.02 wt%, the pressure decreased from 150 psi to 138 psi in 2
minutes, declined further to 128 psi after 15 minutes, and stabilised at 122 psi for the following
30 minutes. Over the next 60 minutes, the pressure dropped to 127 psi, and at the end of
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120 minutes, it reached 120 psi. At 3 wt%, the pressure initially dropped from 150 psi to 137
psi within 2 minutes, decreased to 125 psi after 15 minutes, and stabilised at 120 psi for the
subsequent 40 minutes. Over the next 60 minutes, the pressure reduced to 115 psi, and by
the end of 120 minutes, it stabilised at 116 psi.

AE consistently exhibited superior inhibition performance across all concentrations, effec-
tively reducing pressure drops and delaying hydrate crystallisation. This outstanding perfor-
mance is attributed to AE’s high hydroxyl group content and abundant bioactive compounds,
such as saponins, tannins, alkaloids, phenolic acids, and flavonoids, which disrupt water mol-
ecules' ability to form hydrate cages.

3.3. Performance analysis of temperature for Asteraceae extract (AE), Meliaceae ex-
tract (ME), Annonaceae extract (ANE), Penaeus monodon extract (PE), and 2-(Di-
methylamino)ethylmethacrylate (2-DIMETH)

The temperature performance of the inhibitors AE, ME, ANE, PE, 2-DIMETH, and Uninhibited
Temperature was assessed by analysing the temperature versus time profiles at various
weight percentages (0.01 wt.%, 0.02 wt.%, and 0.03 wt.%) in Figures 10, 11, and 12. The
controlled decline in temperature emphasises the inhibitory effects of these compounds on
hydrate formation.

35
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Figure 10. Temperature against time for 0.01wt% of AE, PE, ME, ANE, 2-DIMETH and uninhibited pressure.
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Figure 11. Temperature against time for 0.02 wt% of AE, PE, ME, ANE, 2-(Dimethylamino)ethyl-
methacrylate and uninhibited pressure.
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Figure 12. Temperature against time for 0.03 wt% of AE, PE, ME, ANE, 2-DIMETH and uninhibited
pressure.

For AE, at 0.01 wt.% the temperature decreased from 32°C to 5.0°C, showing a steady
decline and effective inhibition of hydrate formation. For ME, the temperature dropped from
30°C to 6.5°C, demonstrating its capacity to regulate temperature variation in the system.
For ANE, the temperature reduced from 31°C to 6°C, indicating moderate effectiveness in
delaying hydrate crystallization. For PE, the temperature declined from 29°C to 6°C, reflecting
its ability to stabilize the system against hydrate growth. For 2-DIMETH, the temperature
decreased from 30.5°C to 6.5°C, indicating slightly less effective performance in temperature
regulation compared to the other inhibitors. At 0.02wt% For AE, the temperature reduced
from 28°C to 6.0°C, indicating consistent performance in hydrate inhibition. For ME, the tem-
perature dropped from 30°C to 6.5°C, showing a steady decline and effective stabilization of
the system. For ANE, the temperature decreased from 29°C to 6°C, reflecting its ability to
regulate temperature variation effectively. For PE, the temperature reduced from 28°C to 6°C,
showcasing moderate inhibition performance. For 2-DIMETH, the temperature dropped from
30°C to 6.5°C, with its inhibitory action slightly less pronounced compared to AE and ME. At
0.03 wt.% for AE, the temperature dropped from 32°C to 6°C, demonstrating superior inhibi-
tion performance across all concentrations. For ME, the temperature reduced from 30°C to
6°C, maintaining consistent performance in hydrate regulation. For ANE, the temperature de-
clined from 28°C to 6°C, reflecting moderate effectiveness in delaying hydrate nucleation. For
PE, the temperature decreased from 29°C to 6°C, exhibiting a controlled decline in tempera-
ture. For 2-DIMETH, the temperature reduced from 27°C to 6°C. The consistent and steady
decline in temperature for all inhibitors reflects their ability to delay hydrate formation by
controlling the exothermic crystallization process and regulating system temperature.

3.4. Initial (Pi) and final pressure (Ps) pressure plots for AE, PE, ME, ANE, 2-DIMETH
and uninhibited experiment

The initial and final pressures, along with pressure changes, were measured for the unin-
hibited system and for 0.01 to 0.03 wt.% of AE, ME, ANE, PE, and 2-DIMETH, as shown in
Figures 13, 14, and 15. The initial pressures for all experiments were standardised to 150 psi.
However, the final pressures varied since gas was consumed during the experiments. Conse-
quently, differences between the final pressures for the uninhibited system and each inhibitor
system illustrate how effectively these inhibitors prevented hydrate formation. A higher final
pressure indicates a better inhibitor, as it reflects less gas consumption during hydrate for-
mation. Conversely, a lower final pressure suggests less effective inhibition. For the uninhib-
ited system, the loop is more prone to hydrate formation. The final pressure for this system
was 51 psi, with a pressure change of 99 psi. Among all natural inhibitors, AE achieved the
highest final pressure and the lowest change in pressure.
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Figure 15. Pressure versus time for 0.03 wt% of AE, PE, ME, ANE, 2-DIMETH and uninhibited experiment.

The highest final pressures recorded were 120 psi, 126 psi, and 134 psi for concentrations
of 0.01, 0.02, and 0.03 wt.%, respectively. The corresponding pressure changes at these
concentrations were 30 psi, 24 psi, and 16 psi. For 2-DIMETH, at 0.01 to 0.03 wt.%, the final
pressures measured were 95 psi, 120 psi, and 116 psi, with pressure changes of 55 psi, 30
psi, and 34 psi, respectively. From this analysis, AE demonstrated the most consistent perfor-
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mance, showing higher final pressures and lower pressure changes across all weight percent-
ages. However, 2-DIMETH exhibited the lowest pressure at 0.01 wt.%, with a final pressure
of 95 psi and the highest pressure change of 55 psi (see Figures 13 to 15).

3.5. Inhibition efficiency of inhibitors

The inhibition efficiency (IE) of the system at various weight percentages of the inhibitors
was determined using the formula below to evaluate their capacity for inhibition [13:16],

IE=(1-X)% (1)
X = APinipitea/ APuninnivitea (2)
APinnivitea = (Pi — Pf)innivitea (3)
APyninnibitea = (P — Pf)uninhibited (4)

where; X is the change in pressure of inhibited system divided by cthe hange in uninhibited
system; P; refers to initial pressure of the system (inhibited or uninhibited); P is the final
pressure of the system (inhibited or uninhibited); AP,,Lipiteq 1S the initial pressure minus final
pressure of inhibited system; AP, imnivicea 1S the initial pressure minus final pressure of unin-
hibited system.

The Figure 16 compares the inhibition efficiency (IE) of various inhibitors at 0.01 wt.%,
0.02 wt.% and 0.03 wt.% concentrations. AE showed the highest efficiency, with IE values of
69.7%, 75.7%, and 83.8% respectively. ME had the inhibition efficiency of 65.5%, 73.7%,
and 67.6%, while ANE recorded 64.6%, 58.6%, and 78.8%. PE displayed moderate IE values
of 57.6%, 72.7%, and 58.9%. Lastly, 2-(dimethylamino)ethylmethacrylate had the inhibition
efficiency of 51.8%, 73.7%, and 68.9%. This analysis indicates that the AE is the most efficient
of all these inhibitors.

83,34
78,79
7,68 8,69 701
= 0.01wt%
5 0.02wt%
0.03wt%
AE PE ME ANE 2-Dimeth

Figure 16. Inhibition efficiency versus weight for 0.01 wt%, 0.02 wt%, 0.03 wt% of AE, PE, ME, ANE and
2-DIMETH.

4. Conclusion

According to the experimental results, AE exhibited the highest inhibition efficiency among
the inhibitors under test; this is reflected through the various pressure and temperature versus
time plots. However, ME, ANE, and PE showed fairly good inhibition performance, but on the
other side, AE maintained better performance among all weight percentages. The kinetic in-
hibitor 2-(Dimethylamino) ethylmethacrylate performed moderately but not quite better than
AE. Given its effectiveness, eco-friendliness and biodegradability, AE is recommended for fur-
ther field trials as a sustainable alternative to conventional gas hydrate inhibitors.
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