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Abstract

Compatibility problems are observed during the co-injection of corrosion and gas hydrate
inhibitors inside oil and gas pipelines, which reduces their performance. In this study, the newly
synthesized dual-purpose inhibitors (DPIs) were developed to overcome the compatibility
challenge between the inhibitors. A detailed experimental and computational study was performed
to investigate the inhibition activity of DPIs. The results of constant cooling experiments showed
that the inhibitors significantly prevented natural gas hydrate formation. DPI2 with a propyl
pendant group was the best sample by providing a subcooling temperature of 18.1 °C at 5000 ppm.
DPI1 and DPI3 decreased gas consumption by 2.6 and 2.4 times, respectively, compared to pure
water. In addition, molecular dynamic simulation revealed that the transportation of gas molecules
to the growing hydrate cages was disrupted due to DPI2 adsorption on the surface of the hydrate,
which partially covered it and acted as a mass transfer barrier. Furthermore, the interaction of the
anion part of the inhibitor with the nearest neighbor water molecules lowered the water activity to
form the hydrogen-bonding networks for the hydrate formation. According to corrosion
measurements, DPIs suppressed the corrosion rate of mild steel in H2S-CO> oilfield-produced
water, and the maximum inhibition efficiency of 96.3% was obtained by adding 1000 ppm of
DPI12. Moreover, the estimated adsorption energy of DPI2 were relatively high and matched with
experimental data, implying that the inhibitor has a high degree of adsorption on the metal for
forming a protective layer on the mild steel surface. These findings signified that DPIs provide a
potential hybrid inhibition of corrosion and gas hydrate formation for flow assurance applications

and reduce the operation costs.
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simulation



1. Introduction

Flow assurance refers to concerns regarding transporting hydrocarbon fluids through pipelines
from the reservoir to processing equipment [1]. Flow assurance analysis is critical to deep-water
oil and gas exploration and production strategies due to production delays, high remediation costs,
and asset damage [2,3]. The major risks to flow assurance are gas hydrate plugging, asphaltene
formation, wax deposition, erosion, corrosion, emulsions, and chemical incompatibility problems
[3,4]. Controlling gas hydrate plugging is of prime importance among all flow assurance concerns
because they form in a shorter timeframe [4,5]. Clathrate gas hydrates are crystalline compounds
where light gas molecules, such as methane, ethane, and carbon dioxide, are incorporated inside
the molecular cages of water [6]. These compounds are quickly formed inside the pipelines
because the thermodynamic conditions inside the pipes are suitable for the formation of hydrates
[5]. Thus, the flow of fluid inside the transport flowlines stops due to gas hydrate plugging, leading
to economic losses, environmental and safety threats [4,7]. Since the traditional method for gas
hydrate inhibition, such as dehydration, lowering pressure, and increasing temperature, are
uneconomically methods, chemical treatment using gas hydrate inhibitors has been widely utilized
in recent years, especially for gas condensate or gas fields [8-11]. Thermodynamic hydrate
inhibitors (THIs) and low-dosage hydrate inhibitors (LDHIs) are the main classes of effective
inhibitors [12-14]. THIs, such as glycol compounds, methanol, and some inorganic salts at high
concentrations (<20%), mainly affect the chemical activity of water and change the equilibrium
phase of hydrate formation [15,16]. The exacerbation of corrosion, impact on hydrocarbon quality,
storage tank requirement and regeneration equipment, flammability, and toxicity of methanol are
the technical challenges of using THIs [4,17]. LDHIs are divided into two categories, namely

kinetic hydrate inhibitors (KHIs) and anti-agglomerants (AAs) hydrate inhibitors [18-20]. KHIs



are water-soluble polymers containing imide or amide functional groups, and they are typically
used at 0.1-2 wt% [21-23]. Poly(N-vinyl lactam)s, poly(N-isopropylacrylamide),
polyvinylpolypyrrolidone, poly(N-alkyl (meth)acrylamide)s, and hyperbranched polyesteramide
are commercially available KHIs [24—26]. The mechanism action of KHIs is predominantly on the
kinetics of gas hydrate formation by delaying nucleation and crystal growth of hydrates [27-29].
Unlike KHIs, AAs, including quaternary salts of phosphonium and ammonium, mainly do not
affect hydrate formation kinetics [30,31]. Gas hydrates are formed in the presence of AAs, but
they inhibit the agglomeration of hydrate crystals [31-33]. Thus, hydrate particles are transported

as a nonstick slurry inside the pipelines [34,35].

Corrosion is another major economic and flow assurance concern as it is the most widespread
destructive phenomenon in the oil and gas industry [36—38]. Low-carbon steel is commonly used
as the structural material for transportation pipelines due to its good mechanical properties and
cost-effectiveness [39-42]. However, the presence of acid gases, such as H.S and CO, in natural
gas causes the corrosion of steel-based pipelines [43—-45]. Although H2S corrosion is more severe
than CO- corrosion, the predominant type of corrosion in the industry is in the CO-containing
medium [46—48]. On the other hand, a mixture of H>S and CO. strongly attack the steel in the
production and transportation of gas and oil [49]. Besides, the trapping of H>S and CO: in hydrate
deposits increases the corrosion rate of steel more than free gases. Moreover, a higher
concentration of the gases forms during gas hydrate dissociation, which intensifies the corrosion

process [50].

Like gas hydrate management, applying organic compounds as corrosion inhibitors is the most
effective method of preventing steel corrosion [41,51]. According to the literature, imidazoline-

based compounds are the most effective corrosion inhibitors for H.S and CO: corrosion [51].



Although the usage of inhibitors prevents corrosion and gas hydrate formation inside the pipeline,
incompatibility problems between inhibitors are observed during their simultaneous injection into
flowlines [52]. According to the literature some surfactant-based corrosion inhibitors significantly
reduce the performance of KHIs and vice versa [17,53,54]. Incompatibility problems can be caused
by the KHI-corrosion inhibitor interactions and the preferred absorption of hydrate inhibitors on
the pipe wall [55,56]. Moreover, many surfactants, especially their anionic type with good
emulsifying or foaming properties enhance the formation of gas hydrate [57]. Thus, develop of a
single inhibitor that work as dual-purpose inhibitors (DPIs) for simultaneous suppression of
corrosion and gas hydrate formation is a good solution to this problem, resulting in considerable
economic savings [58]. In recent years, ionic liquids, amino acids, biomolecules, and copolymers
of vinyl caprolactam have been investigated as DPIs; however, their inhibition activity on gas
hydrate is not desirable and some of them are expensive [58]. Herein, novel waterborne
polyurethanes containing the active groups for mitigation of both gas hydrate and corrosion were
synthesized as efficient DPIs. The inhibition effect of DPIs on natural gas hydrate formation and
mild steel corrosion were assessed using a high-pressure vessel and electrochemical techniques in
H>S-CO2 medium, respectively. Moreover, the mechanism action of DPIs on gas hydrate

formation was clarified using a simulation study.

2. Experimental section

2.1. Materials

Synthetic natural gas (SNG) with composition of methane (80.67%), ethane (10.20%), propane
(4.90%), iso-butane (1.53%), n-butane (0.76%), nitrogen (0.10%), and carbon dioxide (1.84%)
was supplied by Dalian Special Gases Co., Ltd. 3-Mercaptopropane-1,2-diol, N-vinylcaprolactam

(VCap), N,N-dimethylformamide (DMF), triethylamine, toluene diisocyanate (TDI), 2,2-
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bis(hydroxymethyl)propionic acid, 1,2-Pentanediol, 1,2-Butanediol, polyethylene glycol (PEG
400), and 2-Ethyl-1,3-hexanediol were purchased from Sigma Aldrich. Electrochemical
measurements were performed using mild steel (MS) coupons with composition of (wt.%) C,
0.145; Ti, 0.003; Mn, 0.988; Ni, 0.016; B, 0.001; Co, 0.005; Pb, 0.003; Si, 0.022; W, 0.007; V,
0.045; Sn, 0.004; Ta, 0.008; Al, 0.044; Mo, 0.015; P, 0.015; As, 0.012; Cr, 0.043; Nb, 0.001; Zn,

0.002, S, 0.003; Cu, 0.052 and Fe for balance.
2.2. Synthesis of DPIs

A diol was synthesized based on VVCap using the thiol-ene “click” reaction in quartz tubes [59,60].
Briefly, 20 g (0.143 mol) VCap and 12.43 mL (0.143 mol) 3-Mercaptopropane-1,2-diol dissolved
in 30 mL of DMF and transferred to the quartz tubes. The reaction was performed under UV
irradiation (365 nm) at room temperature for 16 h. Then, the solvent was evaporated, and the
obtained diol (Scheme. S1) was used for the preparation of DPIs. Three DPIs with different alkyl
chains were prepared according to our group’s previous work [13,30,52]. Molecular structure of
DPIs is shown in Fig. 1. *H NMR of DPI1; 'H NMR (300 MHz, DMSO) & 9.58 (s, 0H), 9.01 — 8.80 (m,
OH), 7.94 (s, 2H), 7.19 (s, 1H), 7.08 (d, J = 17.9 Hz, 1H), 6.08 (s, 5H), 4.88 (q, J = 7.6 Hz, OH), 4.23 (s,
2H), 4.08 — 3.95 (m, 1H), 3.48 — 3.31 (m, 1H), 3.07 — 2.96 (m, 1H), 2.87 (d, J = 2.9 Hz, 5H), 2.72 (d, J =
2.9 Hz, 5H), 2.67 — 2.54 (m, 1H), 2.18 (s, 2H), 2.12 (s, 1H), 1.66 — 1.58 (m, OH), 1.54 (s, 1H), 1.39 (s, 1H),
1.33—1.07 (m, 5H), DPI2; H NMR (300 MHz, DMSO) & 9.58 (s, 0H), 9.02 — 8.72 (m, OH), 7.94 (d, J =
3.0 Hz, 4H), 7.20 (s, 1H), 7.05 (s, 1H), 5.49 (s, 6H), 4.23 (s, 1H), 4.08 —3.94 (m, 1H), 3.50 — 3.31 (m, 1H),
3.09 — 2.93 (m, 1H), 2.76 — 2.68 (m, 12H), 2.57 — 2.47 (m, 1H), 2.19 (s, 1H), 2.12 (s, 1H), 1.58 — 1.51 (m,
1H), 1.45 — 1.25 (m, 1H), 1.30 — 1.18 (m, 2H), 1.23 — 1.08 (m, 2H), 0.86 (dq, J = 7.2, 3.2 Hz, 1H), and
DPI3; *H NMR (300 MHz, DMSO) & 9.58 (s, 0H), 8.87 (d, J = 6.6 Hz, OH), 8.47 — 8.26 (m, 1H), 7.94 (s,

5H), 7.25 — 7.15 (m, 1H), 7.14 — 7.00 (m, 1H), 5.97 (s, 5H), 4.24 (s, 1H), 4.07 — 3.94 (m, 1H), 3.88 — 3.54



(m, 1H), 3.58 — 3.38 (m, 1H), 3.34 — 3.09 (m, 2H), 3.14 — 2.92 (m, 4H), 2.72 (d, J = 2.5 Hz, 15H), 2.61 (d,

J=8.7 Hz, 1H), 2.58 — 2.32 (m, 2H), 2.27 — 2.07 (m, 3H), 1.68 — 1.46 (m, 1H), 1.46 — 1.05 (m, 6H).
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Fig. 1. Chemical structure of DPIs.
2.3. Gas hydrate formation experiments

A high-pressure vessel was used to assess the inhibition effect of DPIs on gas hydrate formation
(Scheme. S2). For each experiment, 100 mL of pure water or DPI solution was poured into the
cell. Then, SNG was injected to the cell to eliminate air, the cell was pressurized to 6.5 MPa at 25
°C, and stirring was set to 400 rpm. After the equilibrium of liquid and gas phases, the temperature
of the system was decreased from 25 °C to 1 °C at a 3 “C/h rate. Subsequently, the temperature
was kept at 1 °C to detect an obvious indicator of hydrate formation. The onset temperature and
induction time of hydrate formation were monitored using pressure transducer (GE Druck,
accuracy + 0.02%) and temperature sensor (PT-100). The induction time was expressed as the time
from the beginning of the test until a sudden drop in pressure observed or temperature fluctuated

during the process.

2.4. Corrosion study



The potential of DPIs to prevent MS corrosion in H2S-CO- oilfield-produced water was evaluated
using IM6-ex, ZAHNER Electrik instrument. Oilfield-produced water was used for all corrosion
experiments [52]. After removing oxygen inside the solution, H>S and CO, were injected to attain
a saturated solution. Once open circuit potential (OCP) was stabled, potentiodynamic polarization
(PDP) experiments were conducted from -200 mV to +200 mV at a potential sweep rate of 0.5 mV
s relative to OCP. Electrochemical impedance spectroscopy (EIS) tests were performed in the
frequency range from 100 kHz to 0.01 Hz with a peak-to-peak amplitude of 10 mV. All

measurements were performed three times under dynamic conditions.
3. Results and discussion
3.1. High-pressure vessel results

This study used SNG as a structure 11-forming gas because it is the most thermodynamically stable
phase in the oil and gas fields [61]. The determination of the induction time is not repeatable, and
uncertainty often is observed in the results because the nucleation of gas hydrate crystals is a
stochastic process [4]. Thus, the constant cooling method was used to measure the onset
temperature of gas hydrate formation. Before the experiments, the equilibrium temperature (Teq)
for SNG hydrate was theoretically calculated using CSMGem software at different temperatures
[7]. The pressure-temperature curve for SNG hydrate is displayed in Fig. 2a. This curve provides
valuable information for gas hydrate formation to predict subcooling temperature, hydrate-free,
and stable hydrate regions. The difference between hydrate stability and operating temperatures at
a given pressure is expressed as subcooling temperature (AT) [7]. As seen in Fig. 2a, the value of
Teq for the sll-forming gas at 6.5 MPa is 19.03 °C. It means that the SNG hydrate is formed below
this temperature. Hence, DPIs have good inhibition power if they prevent hydrate formation at

lower temperatures than Teq (Higher AT).
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Fig. 2. Pressure-temperature curve for SNG hydrate (a) and an example of T, and subcooling

temperature determination in pure water solution (b).

In addition, Fig. 2b shows a typical pressure-temperature curve obtained from the constant cooling
experiment for the pure water system used to determine the onset temperature (To). The pressure
inside the cell linearly decreases by lowering the temperature from 25 °C to 1 °C because the

system is close during the test. The value of T, is determined by the first sudden drop in pressure,



indicating the temperature at which the first macroscopic formation of gas hydrates is detected
[23,28,62]. The results from a high-pressure vessel for different concentrations of DPIs are
represented in Fig. 3 and Table 1. In this study, the value of T, was mainly discussed because it is
the most useful parameter for field applications [62]. According to the literature, a KHI with a
larger alkyl chain can show better inhibition efficiency if its solubility in water is preserved
[63,64]. In addition, it has been reported that the inhibition performance of KHIs with n-propyl
groups was more than the iso-propyl group [65,66]. As seen in Table 1, DPI1 with ethyl side
groups significantly suppressed the nucleation of SNG hydrate compared to pure water. A solution
containing 2500 ppm of DPI1 decreased the value of T, from 13.94 °C in the uninhibited system
to 9.69 °C, which is equal to AT= 9.4 °C. The inhibition power of DPI1 was further improved by
increasing its concentration to 5000 ppm, as is seen in Fig. 3. The inhibitor effectively inhibited
the formation of SNG hydrate up to 6.01 °C, providing a AT value of 13.0 °C. Table 1 reveal that
DPI2 with a larger alkyl chain (propyl group) showed an excellent inhibitory performance. DPI2
lowered the onset temperature of SNG hydrate formation to 0.9 °C at 5000 ppm with an average
AT value of 18.1 °C. Generally, most of the commercial KHIs provide a maximum subcooling of
9-10 °C for slI-forming gas [4]. Therefore, such a high AT (18.1 °C) is very impressive for a KHI
and indicate that it is very powerful to prevent the formation of gas hydrates. However, with further
increase of hydrophobic groups in the structure of DPI3, its inhibitory activity decreased, and only
a AT value of 6 °C was observed. It might be due to steric hindrance between the branched
substituent and polymer chains in DPI3, suggesting propyl groups are the suitable size of the alkyl

group for a good performance of DPIs.
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Fig. 3. Pressure-temperature curves obtained from the constant cooling method for pure water and

DPI solutions.

Table 1. Hydrate formation temperatures and pressures in the absence and the presence of DPIs.

Concentration Hydrate onset Gas
Sample (ppm) oressure (MPa) To(°C) | AT (°C) consm(J(;g)ptlon

Pure water - 6.16 13.94 5.1 25.17
1250 6.30 14.03 5.0 27.94

DPI1 2500 6.20 9.69 9.4 9.60
5000 5.85 6.01 13.0 33.56

1250 6.20 14.13 5.0 28.70

DPI12 2500 6.07 12.98 6.1 33.09
5000 5.63 0.90 18.1 34.56

1250 6.31 13.05 6.0 23.82

DPI3 2500 6.35 15.15 3.9 28.32
5000 6.02 13.19 5.9 10.31

Moreover, the amount of gas consumption in pure water and DPI solutions was calculated using

Eq. (1) to study the effect of the inhibitors on the growth step of SNG hydrate crystals [54,55].

a=22"" % 100 1)
Pp

Where Pr and Py are the actual pressure in the cell at a given time and the hypothetical pressure at
the beginning of the test, respectively. The results of gas consumption in different systems are
presented in Table 1 and Fig. 4. Furthermore, the appearance of SNG hydrate formed in pure water
and DPIs are depicted in Fig. 5. Table 1 exhibits that DPIs have a different effect on SNG hydrate
formation. For example, DPI2 showed the best inhibition activity on the nucleation step of hydrate

crystals as it delayed their formation by a AT value of 18.1 °C at 5000 ppm.

12



Gas consumption (%) Gas consumption (%)

Gas consumption (%)

Al

40

| m—Pure water
35 | = DPI1 (1250 ppm)
| = DPI1 (2500 ppm)
30— DPI1 (5000 ppm)
25 ]
20:
15—.
10
5
. ]
0 '160'200'300'400'500'600 700
Time (min)
40

35 | = DPI2 (1250 ppm)

30~ PP (5000 ppm)
25 1
20~
15+
10
5

0 100 200 300 400 500 600 700

— Pure water

= DPI2 (2500 ppm)

Time (min)

— Pure water

m—— DP|3 (1250 ppm)
m DPI3 (2500 ppm)
e DPI3 (5000 ppm)

0 100 200 300 400 500 600 700

Time (min)

13



Fig. 4. Gas consumption ratio curves for pure water and DPI solutions.

In contrast, DPI3 had a lower inhibition effect on the nucleation of hydrate than DPI2, but it
considerably inhibited the growth of SNG hydrate. DPI3 decreased gas consumption from 25.17%
in a pure water system to 10.31% at 5000 ppm. DPI1 acted as a good inhibitor for the nucleation
and growth of SNG hydrate crystals. It provided a AT value of 13.0 °C and reduced gas
consumption by 2.62 times compared to pure water (Fig. 5). Hence, it can be concluded that the
prominent inhibition effect of DPI3, DPI2, and DPI1 is on crystal growth, nucleation of hydrate,
and the whole process of SNG hydrate formation, respectively. A possible reason for the good
inhibitory activity of DPIs is that they contain efficient components for gas hydrate inhibition,
including the caprolactam ring, alkyl chains, many heteroatoms, and urethane bonds. DPIs can
interact with water molecules through amide, urethane bonds, and heteroatoms to form new
hydrogen bonds and reduce available water to form hydrate. Besides, the alkyl chains of DPIs

disrupt the water cavities and inhibit the crystal growth of SNG hydrates [65,67].
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Fig. 5. SNG hydrate formed in pure water (a), DPI1 (b), DPI2 (c), and DPI3 (d) solutions after

constant cooling experiments.

3.3. Mechanism of gas hydrate inhibition

The molecular dynamic simulation was performed to show the exact role of DPI molecules in the
hydrate growth and its behavior at the hydrate surface. The initial configuration of the simulation
boxes is shown in Fig. 6a. One molecule of DPI2, as the best sample, was placed to the right of
the liquid phase to examine the inhibitor’s effect on the surface of hydrate and compare it to what

occurs on the uninhibited side of the surface. Fig. 6b indicates the molecular structure of DPI2.

Fig. 6. Initial configuration of the simulation box (a). The molecular structure of the additive (b).
Methane molecules, nitrogen, sulfur, carbon, hydrogen, and oxygen atoms are shown with green,

blue, yellow, cyan, white and red colors, respectively.
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Fig. 7 shows the snapshots of the sl hydrate growth simulation on the (110) surface. During the
simulation, the migration of gas molecules to the interfaces of hydrate and solution caused the
hydrate growth due to the order of water molecules around those gas molecules in the
neighborhood of the hydrate interface. The hydrogen bond network involving water around the
gas molecules makes a stable hydrate structure. As seen in the figure, the right-side interface of
the hydrate phase was exposed to one DP12 molecule, and therefore it would be expected to have
a different growth process at two hydrate interfaces. For more clarification, the hydrogen bonding
of the hydrate slab and the solutions were differentiated in terms of color. Hydrate crystals grew
gradually up to 20 ns on both sides. However, more hydrate cages formed in the left-side interface
due to a higher tendency to order the water molecules around the gas molecules. While the
presence of DPI2 close to the right-side interface prevented the formation of the hydrogen-bonding
networks. It can be seen that one layer of the hydrate could not even be completed on the right-

side solution phase.

16



Fig. 7. Snapshots of sll mixed gas hydrate growth on the (110) surface over simulation time. Red

and pink colors, respectively, show the hydrate bonding in the hydrate and solution phases.

Furthermore, Fig. 8 displays DPI2 configurations on the (110) and (001) surfaces over simulation
time. The large anionic part of the DPI12 molecule stays close to the hydrate surface, while the

cationic part of the molecule tends to remain in the bulk solution. The orientation of the anionic
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part of the inhibitor during the simulation showed that it tends to be stretched along the hydrate
surface and adsorbed on it. The transportation of gas molecules to the growing hydrate cages was
disrupted due to DPI2 adsorption on the surface of the hydrate, which partially covered it and acted
as a mass transfer barrier [68]. The time-lapse snapshots showed that DPI2 has a lower tendency
to form the hydrate cages and that the incomplete hydrate cages might be disturbed by the inhibitor.
Therefore, the results visually demonstrated that DPI2 has a significant inhibition effect on gas
hydrate formation. The following calculations could help to quantify this statement well. The F3
order parameter was calculated for different cross-sections of the slab of the simulation cell
perpendicular to the z-direction. Fig. 9a demonstrates the variation of this parameter over time for
the layers of Ly, Lo, H, Ry, and Rz of the simulation box, so that they indicate the left-side (L1 and
L») and right-side (R1 and R2) solutions of the hydrate phase (H). It is clear that the value of F3
parameter for layers L> and R2, which are away from the growing crystal surface, remains almost
constant at around 0.065 with some fluctuations. It confirms that the water molecules at these
layers are in a liquid-like amorphous phase. In addition, layer H showed a nearly constant value of
about 0.007 for F3 parameter implying the water molecules were arranged into the hydrate
structure. However, despite the F3 value for layers Lo, R2, and H remaining nearly unchanged
during the simulation, Fs parameter of layers L; and Ri gradually decrease since they are the
closest layers to the hydrate slab. At the early stage of the hydrate growth, the partial cages on the
interfaces start to get completed, and thus the F3 value was dropped quickly. Then, the liquid water
began to rearrange into an orderly hydrate crystal structure, and decreasing the F3 value continued
until the end of the simulation. The goal is to compare the decreasing rate of the F3 value for layers

L, and Ry because DPI2 was located in one of them.
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Fig. 8. The configurations of DPI2 molecule during the simulation on the surfaces (110) and (001).

The water molecules in the initial hydrate phase are presented in red hydrogen bonding lines.

As seen in Fig. 9a, the Fs order parameter of layer L1 decreased faster than that of layer R1. After
around 20 ns, a value of ~0.03 was obtained for the Fsz of layer Li, while this value was
approximately 0.05 for layer R:. It can be concluded that the DPI2 prevented hydrate growth

process by disrupting the order of water molecules to form hydrate networks.
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Fig. 9. F3 order parameter of sll mixed gas hydrate growth in the different slabs of the simulation
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Variation of MSD at the layers of L1 and R: during the simulation (b).

MSD was calculated for the molecules at L1 and Ry, which are the closest layers to the hydrate

surfaces, and is shown in Fig. 9b. The mobility of the free water and gas molecules in the local
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environment may be affected by the conversion of the water molecules from the liquid-like to the
solid-like for forming the hydrate cages and the gas molecules involved in these cages. Thus, a
reduction in the value of MSD is observed. The diffusion coefficient of the diffusing atoms is
proportional to the slope of the MSD versus time. Comparing MSD for two layers illustrates that
layer L1 showed a lower MSD slope than another one. It indicates that the hydrate growth has a
faster rate in the layer free of DPI2, while Ry can be affected by the inhibitor due to the slower
hydrate growth rate. Therefore, the molecules can diffuse and move more accessible and faster.
As known, the injection of an inhibitor indirectly eliminates the free water when much of the free
water is hydrogen-bonded to it. In this condition, the water activity is decreased, and more severe
thermodynamic conditions are required for hydrate formation at lower concentrations of free water
[7]; however, it is not sometimes the structural property solely responsible for inhibition activity
[68]. Therefore, it is good to know whether the additive can be involved in hydrogen bonding with
water molecules and how strong it is. If the distance between the donor atom (D) and acceptor
atom (A) is less than the cutoff distance (3.0 A), and the angle of D-H-A is less than the cutoff
angle (20%), a hydrogen bond is formed between them. Fig. 10a exhibits the number of hydrogen
bonds of water molecules with DPI12 during the simulation. This signifies that hydrogen bonds are
formed between DPI2 and the nearest neighboring water molecules. A stronger proton-accepting
hydrogen bond suggests that DPI2 tends to accept the proton from the free water, disrupting the
incomplete hydrogen bonding networks formed by the water molecules, and/or lowering the water
activity to form such networks. Moreover, the strength of the acceptor atoms of DPI2 was
compared together. The oxygen atoms in the single (ether group) and double bonds (carbonyl
group) and nitrogen atoms of the inhibitor were considered the acceptor of water’s protons. Fig.

10b illustrates that the oxygen carbonyl group can form the strongest hydrogen bonds with water
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molecules. There is visual evidence of hydrogen bonding between DPI2 and free water molecules
when it is a proton acceptor. Fig. 11 shows some interactions between water molecules and the
inhibitor atoms close to the hydrate surface. It confirms the interaction of DPI12 with the water

molecules around it by forming hydrogen bonds, as shown by the black blocks.
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Fig. 10. The number of hydrogen bonds between DPI2 and water molecules (a) and the acceptor

atoms of DPI12 and protons of water molecules (b).
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Fig. 11. The formation of hydrogen bonds between DPI2 and water molecules of the hydrate cages

(black blocks).

3.4. Corrosion studies

3.4.1 Potentiodynamic polarization study

Before all electrochemical measurements, the variation of open circuit potential (OCP) of MS was
recorded over 60 min. The OCP curves for blank and DPI media are shown in Fig. S1. The figure
indicates that the potential of the systems reached equilibrium after 40 min, and the value of OCP
in the presence of DPIs was more positive than blank, especially at the beginning of the
measurement. Such a positive shift in the OCP curves suggests that the susceptibility of MS to
dissolution in H2S-COz solution was decreased due to the adsorption of DPIs on the metal surface
[69,70]. To investigate the inhibition activity of MS corrosion in H.S-CO; oilfield-produced water,
PDP experiments were carried out as a direct current method. PDP curves of MS in the aggressive
medium for blank and DPI solutions are depicted in Fig. 12. As seen in the figure, anodic and
cathodic reactions on the surface of MS are affected in the presence of DPIs, and the corrosion
potential (Ecorr) is displaced toward both positive and negative directions. The maximum observed
shifts in Ecorr for DPI1, DPI2, and DPI3 are 34 mV, 31 mV, and 32 mV, respectively. Therefore,

DPIs can be classified as mixed-type corrosion inhibitors as the changes in Ecorr is lower than 85
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mV [46]. The PDP parameters, such as corrosion current density (icorr), Tafel slopes (Ba, fc),
corrosion rate (CR), polarization resistance (Rp), and Ecorr, are calculated by Tafel extrapolation
(Table 2). In addition, the inhibition efficiency value (nppp%) of DPIs were calculated using Eq.

(2) [40,52,71]:

— igorr - icorr
Npop == o X 100 2)

corr

where i2,,.. and i, represent, respectively, the corrosion current densities for blank and DPIs
systems. According to Table 2, adding DPIs to the corrosive solution significantly suppressed the
corrosion of MS. DPIs improved the resistance to a polarization of MS up to 7.32 kQ cm?
compared to a blank (0.44 kQ cm?). The corrosion rate decreased from 18.90 mpy in the
uninhibited system to 1.11 mpy, 0.70 mpy, and 1.34 mpy in solutions containing 1000 ppm of
DPI1, DPI2, and DPI3, respectively. The inhibitors prevented H.S-CO> corrosion by adsorbing
the active sites of the MS surface. DPIs can exchange free electrons via their heteroatoms and n—
bonds within the aromatic groups with Fe atoms. Therefore, they reduce the transfer of electrons
from the cathodic to the anodic site. Moreover, DPIs electrostatically interact with CI™ ions that are
initially adsorbed on the surface of MS due to the generation of Fe?*. Thus, the value of icorr
considerably lowered from 41.38 pA cm™ in blank solution to 1.53 pA cm™ in the presence of
DPI2. These results indicate that DPIs can be considered efficient inhibitors for mitigating MS
corrosion in H2S-CO> oilfield-produced water as the maximum 7 values of 94.2%, 96.3%, and

92.9% achieved by adding 1000 ppm of DPI1, DPI2, and DPI3, respectively.
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Fig. 12. PDP plots of MS in H>S-CO: oilfield-produced water for blank and DPI solutions.

Table 2. PDP parameters of MS for blank and DPI solutions in the H2S-CO. oilfield-produced

water.

Sample Cinh -Ecorr ﬁa ‘ﬁc (Efpl (icog CR Nppp
P 1 (ppm) | (MVisce) | (mV/dec) | (mV/dec) o) | cm?) | @) | ()
Blank | - 483 52 205 | 044 | 4138 ] 1890 | -
100 | 491 61 137 | 106 | 1732 | 791 | 582

op. | 250 | 513 58 135 | 201 | 879 | 401 | 788
500 | 449 48 122 [ 379 | 395 | 180 | 905

1000 | 469 39 111 | 518 | 242 | 111 | 942

100 | 486 54 131 | 106 | 1566 | 715 | 622

oplp | 250 | 452 42 129 | 225 | 611 | 279 | 852
500 | 455 35 122 | 488 | 242 | 111 | 942

1000 | 478 33 117 | 732 | 153 | 070 | 963

100 | 479 54 125 | 101 | 1642 | 750 | 603

opja 250 | 507 48 121 | 135 [ 11.08 | 506 | 732
500 | 451 41 119 | 217 | 612 | 279 | 852

1000 | 459 34 112 | 387 | 293 | 134 | 929

3.4.2. Electrochemical impedance spectroscopy study

EIS measurements were performed to approve further the inhibition ability of DPIs to prevent MS
corrosion in H2S-CO> oilfield-produced water. Nyquist and Bode-phase plots of MS in the
corrosive medium for blank and DPI solutions are presented in Fig. 13 and 14, respectively. In
both uninhibited and inhibited solutions, the depressed semi-circles observed, and their size
increased by adding DPIs to a blank medium and became more significant in higher concentrations

of inhibitors (Fig. 13).
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Fig. 13. Nyquist plots of MS in H2S-CO: oilfield produced water for blank and DPI solutions.

Moreover, the absolute impedance values are seen in Bode plots (Fig. 14), which raised in
magnitude because of the addition of DPIs. Compared to the blank solution, broader and higher
phase angle peaks are observed in the presence of DPIs. A phase angle above 70° could be noticed
at all concentrations of DPIs, implying the enhanced resistance of MS to corrosion. Thus, the
adsorption of DPI molecules on the surface of MS creates a protective layer that separates the
metal surface from the corrosive environment, which leads to the larger phase angle maxima and
Nyquist semi-circle diameters. EIS data were analyzed using the Randles equivalent and two-time
constant circuits, respectively, for blank and DPI solutions, as shown in Fig. S2 [46,69,70]. In
equivalent circuits, CPE, Rp, Rf, Rs, Ret, and CPEs are constant phase elements, polarization
resistance, film resistance, solution resistance, charge transfer resistance, and non-ideal

capacitance of the DPI film, respectively. Equation (3) defines the impedance of CPE (Zcre) [52]:

Zepp = Yo tjw)™ (3)

where n, Yo, j, and e represent phase shift, CPE constant, the imaginary unit (j> = -1), and angular

frequency, respectively. The inhibition efficiency of DPI was calculated using Eq. (4) [46,70]:

Ro

Nes = (1 - 22) x 100 @)

where Ro and R are, respectively, the polarization resistances for the blank and DPI solutions. All
extracted fitted results of EIS tests are summarized in Table 3. The table reveals that adding DPIs
to the aggressive environment increased the value of Rc, especially when the inhibitor
concentration reached 1000 ppm. The obtained small values of %2 confirmed the excellent fitting

of Nyquist curves with the applied equivalent circuit.
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Fig. 14. Bode-phase plots of MS in H2S-CO: oilfield produced water for blank and DPI solutions.

DPI12 showed the best inhibition effect similar to PDP measurements and improved the value of
Rt from 0.25 kQ cm? for the blank solution to 4.31 kQ cm? However, DPI film provided the
additional resistance (Ry) for MS and enhanced its total resistance. In addition, the electric double-
layer capacitance and values of n decreased in the presence of DPIs, indicating that the inhibitors
adsorbed on the MS surface [46,69,72]. Table 3 demonstrates that DP11, DPI2, and DPI3 inhibited
MS corrosion by 94.0%, 94.2%, and 92.0% efficiency at 1000 ppm. These results indicate that the
surface of MS is covered by DPI molecules and prevents direct contact between the metal and
corrosive medium, thereby inhibiting the corrosion process. The results of EIS tests are in line with
PDP experiments and show that DPIs can be considered efficient inhibitors for suppressing MS

corrosion in H2S-CO: oilfield-produced water.

Table 3. EIS parameters of MS for blank and DPI solutions in the H2S-CO; oilfield-produced

water.

Cs Rt Cul ){2

Cinh Rs Rt - | TEIS -

Sample 2 2 Nt (n (kQ na | (MFcm A x 10
(ppm) | (2 cm?) | (Q cm?) cm'z) sz) 2) (%) 3

Blank - 5.39 - - - 025 |091| 688 - 0.3
100 2.29 1791 | 090 | 8365 | 154 |078| 253 | 771 | 05

opy 250 3.01 2286 |0.91| 7023 | 1.96 |0.79| 219 | 820 | 0.2
500 4.90 4101 |092] 6684 | 261 |081| 187 | 865 | 0.8

1000 | 6.19 4783 | 093] 3029 | 380 |[081| 16.1 | 940 | 06

100 2.48 091 |088| 366 129 |086| 343 | 727 | 04

oplp 250 3.82 123 |091] 305 253 | 087| 238 [ 861 01
500 5.58 149 [093| 29.1 347 087 199 | 898 | 0.9

1000 | 2.83 159 |094] 279 431 [088] 152 [ 942 | 0.1

100 4.87 13.43 | 0.90 | 55.8 064 |078| 88 |451 | 01

DPI3 | 250 2.88 2827 | 091 416 095 |[079| 73 63.2 | 0.2
500 3.69 40.76 | 092 | 29.6 241 079 23 |854] 05
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1000 3.72 46.73 | 0.92 | 301 296 | 0.80 2.1 920 | 0.2

3.4. Corrosion theoretical study

3.4.1 FMO analysis

The electro-donation and electro-acceptance interactions between the molecules and the metallic
surface are determined by both HOMO and LUMO, which are crucial for inhibitor
adsorption. Even though the HOMO electron density of DPI2 is primarily fixed in purlieu in
carbon-oxygen bonds near the anion, as illustrated in Fig. 15, its LUMO electron density is
dispersed in the nearby area of the phenyl rings of the molecule. The HOMO electron density is
spread out towards the molecules’ heteroatoms (O) in Fig. 15, indicating the inhibitor's capacity
to deliver electrons to the iron surface. This electron sharing creates an organic barrier coating on
the metal surface, which protects the metal surface from corrosion [73,74]. Another kind of
electron acceptor part of DPI2, known as the LUMO, is connected with sections of the inhibitor

that receive electrons from a metal surface [73,75].

— -1.205 eV

| |
AE=3.961 eV
3

B -5.166 eV

Energy [eV]

Fig. 15. HOMO, LUMO, and ESP surface of DPI2.
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In principle, the inhibitor should reflect a little increased tendency for surface adsorption onto the
metal because heteroatoms (N and O) interchange lone pair electrons with the unoccupied iron d-
orbital [76]. The most frequently computed descriptors from DFT simulations are included in
Table S2. These parameters are essential for better understanding the adsorptive behavior of
corrosion inhibitors [74,77]. The low electron affinity and high ionization potential values of the
inhibitors are commonly assumed to explain their adsorption on the Fe(110) surface, implying an
equivalent inclination to exchange electrons with the metal surface (Table S2) [78]. On the other
hand, high chemical softness and low hardness values indicate the adsorptive affinity of inhibitors
for the metal surface. The proportion of transferred electrons (4N) of the inhibitor reveals its
potential as an electron-receiving species from the Fe(110) surface [79,80]. Besides, Mulliken
Atomic Charges (MAC) are reliable and credible indices of metal adsorption inhibitory sites. At
the most negatively charged atom, the interaction between the Fe(110) surface and the inhibitor
molecules is commonly thought to be helpful [75,78]. The MAC result for DPI2 is presented in
Fig. S3. The negative charges of DPI2 on the O, N, and S atoms indicate that these centers have
the highest electron density and adhere to the metal surface. This is also evident in Fig. 15, which

shows the molecular electrostatic potential (MEP) of the inhibitor (area in red).
3.4.2. Monte Carlo and Molecular dynamic simulations

The interaction of DPI2 with the Fe(110) surface provides a simple method for analyzing the
adsorption energetics of the system. This may be measured using the equation (9) to calculate the

adsorption energy (Eads)[74,81,82] :

Eadsorption = EFe(llO)”inhibitor - (Fe(no) + Einhibitor) (5)
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where Ere(110))innivitor iIs the total energy of the simulated system, Ere, and E;,nipitor are the total

energy of the Fe(110) surface and the corresponding free inhibitor molecules, respectively. After
completing MC calculations, a direct analysis of the inhibitor’s adsorption geometry was
conducted. The steady-state energy value demonstrated that the MC simulation successfully
achieved equilibrium. The system attained its minimum energy state halfway through the
simulation session. Fig. 16 exhibits the actual placement of adsorbed DPI2 on a simulated Fe(110)

plane derived from MC and MD simulations.

Fig. 16. MC and MD with the lowest adsorption configurations for DP12 in the simulated corrosion

media on the Fe(110) substrate.
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Parallel to the inhibitor, the surface of Fe(110) is being embellished. The structure of the DPI2
molecule may be due to the backbone of the inhibitor interacting with the atoms on the surface of
the Fe (110) plane, leading it to adsorb across it. This adsorptive property is caused by the tendency
of a molecule to expose its heteroatoms and rich electron ring to the surface [83,84]. The Eads onto
the metal surface (Fig. 17a) for inhibitor adsorption is relatively high. Such high adsorption
energies indicate that DPI2 and metal have a strong adsorptive relationship. This contact allows
the formation of a protective layer on the metal surface that shields it from corrosion
[73,75,79,80,85]. MD is commonly regarded as a more realistic description of adsorption
dynamics. DPI2 adopts a very flat base onto the metal surface after several hundreds of ps of NVT
simulation and is securely adsorbed onto the Fe surface. Additionally, the RDF analysis of the MD
trajectory obtained during corrosion investigations has shown to be a simple way of
comprehending the nature of the inhibitor adsorption process on the metal surface [73,78,80]. The
type of adsorption process can be determined through the presence of peaks in the RDF graph at
some distance from the metal surface. For example, the peak at distances higher than 3.5 A and
between 1-3.5 A are expected for physisorption and chemisorption, respectively [73,79,82]. RDF
of O, N, and S atoms of DPI2 on the Fe(110) surface achieved from MD trajectory analysis is
displayed in Fig.17b. This example shows that the inhibitor appears to interact substantially with
the metal surface, as evidenced by its comparatively high negative energy value and RDF peaks.

As supported by MAC, this interaction is reliant on the O, N, and S atoms of the inhibitor.
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Conclusions
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In this study, a hybrid inhibition method for gas hydrate formation and corrosion management was
presented to reduce flow assurance operation costs in the oil and gas industry and overcome

compatibility concerns between inhibitors. The findings were summarized as follows:

1. DPIs decreased the onset temperature of hydrate formation from 13.94 °C in uninhibited
solution to 6.01 °C and 0.90 °C in the solution containing 5000 ppm of DPI1 and DPI2,
respectively, which are equal to 13.0 °C and 18.1 °C subcooling temperatures.

2. The hydrate growth step of natural gas hydrate formation was affected in the presence of
DPIs as they reduced the amount of gas consumption.

3. Some evidence from the MD simulation results confirmed that the DPI2 molecule behaved
as an inhibitor at the hydrate surface. The tetrahedral ordering of the water molecules at
the interface lowered in the presence of DPI2, implying it can be worked as an effective
gas hydrate inhibitor.

4. The anion part of the inhibitor tends to interact with the water molecules around it by
forming new hydrogen bonds, which lowers the order of the hydrate network and disrupts
the hydrate growth process.

5. The results of corrosion measurements indicated that DPIs effectively mitigated MS
corrosion in the H2S-CO: oilfield-produced water. The corrosion rate of MS was reduced
from 18.90 mpy for blank to 1.11, 0.70, and 1.34 mpy in the presence of DPI1, DPI12, and
DPI3, respectively.

6. The inhibitors considerably improved the polarization resistance of MS up to 7.32 kQ cm?
with the highest inhibition efficiency of 96.3%.

7. The simulation results revealed that phenyl rings and heteroatoms in the DPI structure

played the main role in its adsorption on the MS surface. The adsorption energy of DPI2
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on the metal surface was very high, which allowed the formation of a protective layer on

the metal surface to shield it from corrosion.

These results indicate that the design of a single inhibitor that contains active functional groups
for both gas hydrate and corrosion inhibition can be considered a promising strategy for flow

assurance applications.
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