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Abstract

Controlled injection of kinetic hydrate inhibitors (KHIs) is one of the most
effective flow-assurance strategies for delaying hydrate nucleation and crystal
growth in multiphase natural gas pipelines. To enhance the structure of the
kinetic inhibitor polyvinyl caprolactam (PVCap), oxyethyl and ester functional
groups were introduced, resulting in the development of a new inhibitor, PVCap-
XA1l. PVCap-XA1l has been applied to achieve enhanced inhibition performance
against methane hydrate formation. The structural and morphological changes in
methane hydrates formed in the presence of PVCap-XA1l were investigated using
advanced characterization techniques, including PXRD, low-temperature Raman
spectroscopy, and cryo-SEM. Under identical experimental conditions, PVCap-
XAl demonstrates higher kinetic inhibition efficiency compared with PVCap.
Microscopic analysis indicates that the clathrate structure of methane hydrate
remains unchanged; however, PVCap-XA1l induces lattice-plane distortions that
result in smaller crystallites. In the presence of PVCap-XA1, the induction time for
hydrate formation was extended to approximately 240 min, and the maximum
subcoolingincreased to 10.8 °C, compared with 8.1 °Cfor PVCap. In addition, PVCap-
XA1 alters the cage occupancy ratio (IL/IS), making it more difficult for methane
molecules to occupy hydrate cages. PVCap-XA1l also modifies the microscopic
morphology of methane hydrate, shifting it from a porous to a dense, compact
structure. This densification blocks gas flow through the hydrate layer, further
enhancing inhibition efficiency. Overall, the results demonstrate that PVCap-XAl is
a promising kinetic inhibitor capable of addressing industrial challenges associated
with methane hydrate formation in pipelines.

1. Introduction

These well-studied materials have significant
potential as future energy sources and gas-storage

Natural gas hydrates are crystalline clathrates
— frozen solids that form under high-pressure,
low-temperature conditions when water encap-
sulates small guest gas molecules (e.g., CH,, C,H,,
CO,, H,S). The water phase organizes into a hydro-
gen-bonded network of polyhedral cavities that en-
capsulate the gas guests [1, 2]. Based on lattice to-
pology, hydrates can be structure | (sl), structure Il
(sll), or structure H (sH) [3].
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carriers; however, they also present operation-
al challenges for oil and gas production systems.
The formation of solid hydrates within pipelines
and equipment during drilling, transportation, and
processing can cause severe blockages, equipment
failures, and costly downtime. Such incidents are
not only dangerous but may also lead to substan-
tial economic losses and environmental risks [4, 5].
These issues are addressed through various preven-
tive measures, such as pressure control, pipeline
heating, and chemical inhibitor injection. Among
these approaches, chemical inhibitors are the most
effective and commonly used solution. These com-
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pounds act at the early stages of hydrate formation
by preventing crystal nucleation and limiting subse-
guent growth, thereby delaying or even preventing
hydrate buildup [6]. Hydrate inhibitors are generally
classified into two major groups: thermodynamic in-
hibitors (THIs) and low-dose kinetic hydrate inhibi-
tors (KHIs). THIs, such as methanol, ethylene glycol,
and aqueous electrolyte solutions, suppress hydrate
formation by shifting the thermodynamic equilibri-
um toward lower temperatures and/or higher pres-
sures. These inhibitors must be added in substantial
quantities, typically 10-50% of the water phase by
mass, which makes the process expensive. More-
over, methanol, the most widely used THI, is toxic
and poses environmental concerns (7, 8].

Low-dose hydrate inhibitors, including KHIs and
anti-agglomerants, offer a more economical and
environmentally favorable alternative. Anti-agglom-
erants prevent the agglomeration of hydrate parti-
cles into larger masses, while KHIs suppress hydrate
formation by inhibiting nucleation and growth. Of
these, KHIs are favored in natural gas pipelines due
to their effectiveness at much lower concentrations,
typically in the range of 0.01-5% by mass [9].

Water-soluble polymers, especially polyvinylpyr-
rolidone (PVP) and polyvinylcaprolactam (PVCap),
are widely used as kinetic hydrate inhibitors [10].
PVP is one of the first-generation KHIs and prevents
crystal growth by adsorbing onto advancing hydrate
faces via five-membered lactam-ring-mediated in-
teractions [11]. However, its inhibitory effectiveness
is highly temperature-dependent and diminishes
below 12 °C [12]. A second-generation inhibitor, PV-
Cap, is a polymer based on a seven-membered lac-
tam ring and exhibits better inhibition performance
than PVP [13]. It has been reported that 0.5% PVCap
by mass at a supercooling degree of 8-9 °C can delay
hydrate nucleation for up to 24 h, although its effec-
tiveness decreases over time [14].

Despite these advances, most existing kinetic in-
hibitors, such as PVCap, suffer from limitations un-
der variable industrial environmental and operating
conditions [15]. Consequently, recent research has
focused on modifying these polymers to enhance
their inhibitory efficiency. One approach involves
introducing functional groups to improve inhibitor
properties [16, 17]. For example, hydrophilic groups
such as carboxyl groups have been added to PVCap,
resulting in derivatives with enhanced methane
hydrate inhibition efficiency [18]. Similarly, hydro-
phobic modifications of PVP-based inhibitors, such
as the incorporation of alkyl groups, have also im-
proved overall performance [19].

Additionally, copolymerization methods have
proven effective for enhancing inhibitor performance
[20]. For example, copolymerizing PVCap with mono-
mers such as ethylene glycol methyl ether, methac-
rylate, or vinylimidazole has yielded new inhibitors
with improved ability to delay hydrate nucleation
and growth [21]. However, most investigations have
focused on introducing a single functional group or
implementing only limited structural modifications.

Although these studies demonstrate that PVCap
modification can enhance performance, a compre-
hensive understanding of the synergistic effects re-
sulting from multiple functional-group alterations
remains limited [22]. In particular, the simultaneous
introduction of both hydrophilic and hydrophobic
groups to PVCap has not been widely studied. To
date, fewer than five studies have reported PVCap
derivatives containing dual terminal functionalities,
highlighting a significant knowledge gap regard-
ing their combined influence on hydrate inhibition.
More importantly, only a few of these reports have
related such molecular modifications to changes in
hydrate crystal structure and morphology, which are
critical for optimizing inhibitor performance.

The newly synthesized inhibitor, PVCap-XAl, car-
ries oxyethylene (hydrophilic) and ester (hydropho-
bic) functional groups at the polymer chain termini.
These groups were introduced to achieve an opti-
mal balance between polarity and molecular flexi-
bility. The oxyethylene moieties enhance hydrogen
bonding with interfacial water molecules, thereby
strengthening polymer—hydrate surface interac-
tions, whereas the ester groups create localized hy-
drophobic domains that disrupt the structured hy-
drogen-bond network of water and reduce its ability
to form stable hydrate cages. In this dual-functional
configuration, the inhibitor is expected to provide
superior kinetic performance by simultaneously pro-
moting surface adsorption and locally perturbing the
water structure.

This study addresses these gaps by synthesizing
the modified kinetic inhibitor PVCap-XAl, which
bears both oxyethylene (hydrophilic) and ester (hy-
drophobic) groups at the polymer chain termini. Fou-
rier-transform infrared (FTIR) spectroscopy and *H
NMR spectroscopy confirmed the successful incorpo-
ration of the target functional groups in PVCap-XA1l.
Performance evaluation was conducted under con-
trolled laboratory conditions using constant-volume/
constant-temperature and uniform-cooling proce-
dures to assess inhibition of methane hydrate forma-
tion. Additional characterization methods, including
powder X-ray diffraction (PXRD), low-temperature
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Raman spectroscopy, and cryo-SEM, were employed
to determine lattice order, guest—host interactions,
and microstructural morphology, respectively.

The study confirms that PVCap-XA1l is a more ef-
fective inhibitor than PVCap and induces notable mi-
crostructural changes, including reduced crystallite
size and increased compaction. Collectively, these re-
sults provide valuable guidance for designing and ap-
plying next-generation hydrate inhibitors in flow-as-
surance processes, supporting the development of
more environmentally friendly applications.

2. Experimental materials and methods
2.1. Material

All chemicals were of analytical grade and used
as received to ensure consistency across all ex-
periments. Potassium ethyl xanthate (98%), meth-
yl 2-bromopropionate (87%), ethanol (299.7%),
methylene chloride (>99.8%), sterilized water
(299.99%), anhydrous magnesium sulfate (99.99%),
and 2,2'-azobisisobutyronitrile (AIBN, 298.0%) were
obtained from Sigma-Aldrich (Malaysia). N-vinyl-
caprolactam (NVCap, 298.0%) was purchased from
Shanghai Tixiai Chemical Industry Co., Ltd.; 1,4-di-
oxane (299.5%) from Shanghai Aladdin Biochemical
Technology Co., Ltd.; n-hexane (97%) from Shang-
hai McLean Company; and methane gas (299.0%)
from Sigma-Aldrich. Distilled water was prepared
in-house at Universiti Malaysia Pahang and used
without further purification.

g
ﬁ
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N-vinylcaprolactam
NVCap

2.2. Inhibitor synthesis

The chain transfer agent XA1 was purified by ro-
tary evaporation under reduced pressure at 85 °C to
remove the bulk solvent. The cooled residue was di-
luted with 25 mL of deionized water, transferred to
a separatory funnel, and extracted three times with
50 mL of methylene chloride (CH,Cl,). The combined
extracts were washed with water, dried over anhy-
drous MgSQ0,, filtered, and concentrated in vacuo to
yield a yellow oil (Fig. 1).

All syntheses were performed in triplicate to
assess reproducibility. The average isolated yields
were 69.7 + 1.2% for PVCap-XA1 and 63.2 + 1.5% for
PVCap, with consistent recoveries across runs, con-
firming reproducibility. These results indicate that
XAl improved molecular control while maintaining
consistent reaction efficiency.

Modified inhibitors were synthesized under air-
free conditions. To prepare PVCap-XA1, NVCap (13.92
g, 0.1 mol), AIBN (16.67 mg, 0.1 mmol), and XAl
(50 mg, 0.24 mmol) were dissolved in 5 mL of 1,4-di-
oxane in a 50-mL round-bottom flask. The flask was
tightly sealed and purged with nitrogen three times to
ensure complete isolation from atmospheric air.

The reaction mixture was heated at 60 °Cin an oil
bath under a continuous nitrogen flow to maintain
an inert atmosphere. The reaction proceeded for
approximately 6 h, after which the flask was cooled
to 2 °C for 20 min. The product was purified by pre-
cipitation in hexane, yielding PVCap-XA1l in 69.7%

_BOH_ Y\)KO/\ KBr

25C

w

Poly (N-vinylcaprolactam)
PVCap

Fig. 1. Route Development and Synthesis of XA1, PVCap, and PVCap-XALl.
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yield (Fig. 1b). Unmodified PVCap was synthesized
following the same procedure, without the addition
of XA1, and obtained in 63.2% vyield (Fig. 1c). These
results demonstrate that the synthetic protocol is
efficient and that the use of XAl improves molec-
ular control while maintaining consistent reaction
efficiency.

2.3. Inhibition performance test
2.3.1. Experimental device

Briefly, the equipment includes a stainless-steel
reactor with a high-pressure trap, a water bath
maintained at a constant temperature, a pre-cooled
gas buffer tank, a magnetically coupled stirrer, and
a data-acquisition system linked to a computer for
logging every 10 seconds. Induction times were mea-
sured under isothermal, constant-volume conditions
in @ 100 mL reactor (MAWP 20 MPa) built accord-
ing to Tang et al. [22]. To determine the maximum
subcooling under constant-volume, uniform-cooling
conditions (Fig. 2), a 40 mL sapphire reactor rated at
12 MPa was used. Agitation was controlled from 0 to
1200 rpm. Pressure was measured using a CYB-20S
transducer (0—20 MPa, +0.025 MPa), and tempera-
ture was measured with a PT100 RTD (-40 to 100 °C,
+0.1 °C). The reactor assembly was housed inside a
WGD/J-108 low-temperature test chamber.

2.3.2. Experimental process

The constant-temperature, constant-volume
method quantifies the induction time of inhibitor
solutions, a critical parameter for understanding the
kinetics of hydrate formation in the presence of in-
hibitors. This experimental setup fills the high-pres-
sure stainless-steel reaction vessel with 30 mL of the
inhibitor solution. This vessel is subsequently placed
in a constant-temperature bath maintained at 4 °C.
Once the solution reaches thermal equilibrium at
this temperature, the system should be evacuated
to a vacuum, and methane gas is then introduced
until the internal pressure reaches 8 MPa. After tem-
perature and pressure stabilize, valve A is closed,
and the magnetic stirrer is turned on at 1000 r/min.
The induction time (t;) is defined as the period be-
tween the start of stirring and the subsequent de-
velopment of a pressure drop, signaling the onset
of hydrate nucleation, i.e., the formation of the first
hydrate crystal. This timeframe is crucial for assess-
ing how effectively an inhibitor delays hydrate for-
mation under controlled conditions.

In this method, constant-volume, constant-rate
cooling is applied to measure the maximum sub-
cooling of inhibitor solutions, reflecting the degree
to which the solutions can be subcooled before hy-
drate formation below the equilibrium hydrate for-
mation temperature. This technique adds 10 mL of
the inhibitor solution to a sapphire reactor. First, the
reactor is evacuated to a vacuum; then, methane
gas is fed into the reactor up to a pressure of 9 MPa.
After stabilizing the pressure, the gas inlet valve is
closed, and the magnetic stirrer is turned on at 900
rpm. Afterward, the system undergoes programmed
cooling in an air bath at a constant rate of 1 °C/h.
The temperature gradually decreases from +20 °C to
-10 °C to induce hydrate formation.

During cooling, the formation of methane hy-
drates is indicated by two key indicators: a sudden
pressure drop and a slight temperature rise. The
pressure drop is a result of hydrate formation, while
the temperature rise is attributed to the exothermic
nature of hydrate crystallization. The temperature
at which hydrate formation starts is recorded as T,
assumed to be the onset temperature of hydrate
formation. The maximum degree of subcooling
was then calculated as the difference between the
hydrate equilibrium temperature at the observed
pressure and the recorded temperature (T,). This
maximum subcooling value is a crucial metric for
evaluating the solution's inhibitory efficiency in de-
laying hydrate formation during cooling.

These two methods, the constant-temperature,
volume method and the continuous-rate cooling
method, quantify induction time and subcooling
capability and provide essential data on the perfor-
mance of hydrate inhibitors. Such data are critical
for evaluating inhibitor effectiveness and guiding the
development of more efficient strategies for hydrate
control in natural gas and petroleum systems.

2.3.3. Preparation of hydrate samples

Thirty milliliters of inhibitive solution were load-
ed into a high-pressure stainless-steel reactor, which
was then equilibrated at 4 °C in a constant-tempera-
ture water bath. After thermal stabilization, the re-
actor was evacuated and charged with methane to
10 MPa. The gas line was closed, and the mixture
was agitated at 1000 rpm. Hydrate formation was
indicated by an abrupt pressure drop accompanied
by a gradual temperature increase. The reactor
pressure subsequently stabilized, and the system
remained undisturbed for approximately one week.
After one week, the reactor was removed from the
water bath, and its outer surface was quickly dried
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Fig. 2. Schematic representation of the laboratory setup employed in kinetic hydrate inhibition measurements.

to remove residual moisture. The hydrate sample
was immediately immersed in an insulated container
filled with liquid nitrogen for rapid freezing (2 min).
The sample was then transferred under liquid nitro-
gen protection into a pre-cooled cryogenic tube and
stored in a liquid nitrogen tank.

For powder X-ray diffraction (XRD) analysis, the
cryogenic tube was removed, and the hydrate sam-
ple was placed in a pre-cooled mortar filled with
liquid nitrogen. The sample was briefly frozen and
then ground into a fine powder under continuous ni-
trogen protection. The powder was promptly trans-
ferred to the groove of the XRD sample stage for
analysis.

For Raman spectroscopy, the hydrate sample was
similarly transferred from the cryogenic tube into a
pre-cooled mortar, where it was gently ground into
particles approximately 1 mm in diameter. The par-
ticles were then transferred to a quartz crucible,
sealed, and analyzed under a liquid nitrogen purge.

For low-temperature scanning electron micros-
copy (SEM), the hydrate was ground in a pre-cooled
mortar to particles approximately 1-2 mm in size.
The particles were placed into a pre-folded tinfoil
groove under nitrogen protection, tightly packed,
and pre-processed in the refrigerated conveying sys-
tem prior to imaging.

2.4. Structural characterization

PVCap-XAl, PVCap, and the monomer NVCap
were characterized using Fourier Transform Infrared

Eurasian Chemico-Technologica

(FTIR) and Nuclear Magnetic Resonance (NMR) spec-
troscopy. FTIR spectra were recorded on a Bruker
TENSOR27 spectrometer, with samples prepared as
potassium bromide (KBr) pellets to ensure consisten-
cy and improve spectral quality.

"H NMR spectra of PVCap-XAl and PVCap were
recorded using a Bruker AVANCE Ill spectrometer.
Samples were dissolved in deuterated chloroform
(CDCl,) as the solvent. The spectra provided detailed
information on the hydrogen environments within
the polymers, confirming their molecular structures

The crystallography of methane hydrate was an-
alyzed using a powder X-ray diffractometer (X’Pert
Pro MPD, PANalytical) at 50 °C and atmospheric
pressure. Diffraction patterns were recorded over
a 20 range of 5°-80°, allowing determination of the
crystal structure and lattice parameters of the hy-
drate phase.

The occupancy of the hydrate cages was assessed
using low-temperature Raman spectroscopy. Spectra
were recorded at —196 °C and atmospheric pressure
using an Ar* laser (532 nm) at 50 mMW. The Raman
spectra provided detailed information on the spatial
arrangement and occupancy of the hydrate cages.

Cryo-scanning electron microscopy (cryo-SEM,
Hitachi S-4800) was used to investigate the morphol-
ogy of gas hydrate crystals. Imaging was performed
at =140 °C under vacuum to minimize thermal or
pressure-induced artifacts, providing high-resolution
images of hydrate surfaces and enabling analysis of
crystal growth patterns and physical characteristics.

I Journal 27 (2025) 289-303
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3. Results and Discussion

3.1. Structural characterization of XA1, PVCap-XA1
and PVCap

3.1.1. FTIR characterization results

Figure 3 shows the FTIR spectra of NVCap, PV-
Cap, and PVCap-XA1l. The 1080 cm™™ and 1195 cm™
peaks correspond to C—N bending vibrations with-
in the caprolactam ring, while the 1626 cm™ peak
is associated with lactam C=0 stretching [23, 24].
In NVCap, the 1665 cm™ band corresponds to C=C
stretching in the monomer, and the 3109 cm™ peak
is assigned to C—H stretching.

The spectra of PVCap and PVCap-XAl confirm
that the core PVCap structure is preserved, as the
C=0 and C—N bands remain. The disappearance of
the 1665 cm™ and 3109 cm™ peaks in PVCap-XAl
indicates that the monomer reacted during polym-
erization.

A prominent band at 1046 cm™ in PVCap-XAl
is attributed to C=S stretching introduced via the
XA1 chain-transfer agent. The broad O—H stretching
band around 3447 cm™ reflects increased hydro-
philicity due to oxyethylene incorporation. These
features, absent in unmodified PVCap, confirm suc-
cessful terminal modification while retaining the
core lactam structure.

3.1.2. *H NMR characterization results

Figure 4 shows the H NMR spectra of N-vinyl-

caprolactam (NVCap), poly(N-vinylcaprolactam)
PVCap-XAl
w
PVCap 1195 1080
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Fig. 3. FTIR spectra of N-vinylcaprolactam (NVCap),
poly(N-vinylcaprolactam) (PVCap), and PVCap-XA1l.
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Fig. 4. 'H NMR spectra of N-vinylcaprolactam (NVCap),
poly(N-vinylcaprolactam) (PVCap), and PVCap-XAl.

(PVCap), and the modified PVCap-XA1l. In the spec-
trum of the chain transfer agent XA1, characteristic
chemical shifts are observed at 6§ = 3.75 ppm (3H, s,
—OCH;), 4.38 ppm (1H, g, —CHCH;S-), and 4.62 ppm
(2H, g, —OCH,CH,).

In PVCap-XA1l:

e § = 4.25-4.65 ppm represents the peaks (“7, 8,
10”) of —CH— protons in —NCH—, —OCH,—,
and —CHCH,—

e § = 3.65 ppm corresponds to —OCH; protons
from ester linkages (“12”).

e §=2.88-3.46 ppm corresponds to —NCH,— pro-
tons (“1”).

e § =2.23-2.70 ppm corresponds to —COCH,—
protons (“5”).

e § =1.50-2.00 ppm corresponds to caprolactam
ring —CH,— protons (“2, 3, 4”).

e § =1.00-1.50 ppm corresponds to —CH; in —
OCH,CH;, —CHCH;—, and main-chain—CH,—
protons (“6, 9, 11”).

In PVCap, the chemical shifts of the backbone
protons are similar, indicating that the main PVCap
structure is preserved.

Comparison of PVCap and PVCap-XAl confirms
that the polymer backbone remains intact. New
peaks at 6 = 3.65 ppm and 6 = 4.25-4.65 ppm in PV-
Cap-XA1l correspond to ester and oxyethylene link-
ages introduced via the XAl chain-transfer agent;
these peaks are absent in unmodified PVCap, con-
firming the introduction of both hydrophilic and hy-
drophobic substituents.

The chemical shifts of lactam ring protons (6 =
1.0-2.8 ppm) remain unchanged in both polymers.

Eurasian Chemico-Technological Journal 27 (2025) 289-303
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Additionally, the FTIR spectrum of PVCap-XAl shows
a band at 1046 cm™ assigned to C=S stretching, fur-
ther confirming successful synthesis.

Together, the FTIR and '"H NMR data confirm the
dual-functional modification of PVCap while pre-
serving the integrity of its backbone.

3.2. Inhibitory effect of PVCap-XA1 on the formation
of methane hydrate

3.2.1. Constant temperature and constant volume
method

Induction time was recorded for the inhibitor
solution in an isothermal, constant-volume system.
Figure 5 illustrates the hydrate formation process in
pure water with the addition of 2.0 wt.% PVCap-XA1l.
The PVCap-XA1 system exhibits a pronounced delay
in hydrate nucleation compared to the blank test,
confirming its strong kinetic-inhibitory performance.
Upon initiating stirring, the system containing 2.0
wt.% PVCap-XAl shows an immediate slight pres-
sure drop of approximately 0.1 MPa, accompanied
by a minor temperature rise, likely due to the dis-
solution of methane gas into the aqueous phase.
For approximately 240 min, both temperature and
pressure remain nearly constant, followed by a sud-
den pressure drop and a concurrent temperature in-
crease, indicating rapid methane hydrate formation.
This exothermic process results from the absorption
of methane by the water phase to form clathrate hy-
drates. In contrast, the induction time in the meth-
ane—water system without inhibitor is nearly zero,
as hydrate formation begins immediately upon stir-
ring. These observations demonstrate the efficien-
cy of 2.0 wt.% PVCap-XAl in delaying the onset of
methane hydrate formation and confirm its effec-
tiveness as a potent kinetic inhibitor.

9.0

85}

P/MPa

The inhibition efficiency was quantified as the in-
duction-time delay relative to the blank system (Eq.
1). The calculated efficiencies increased with inhibi-
tor concentration, reaching 94% for PVCap-XA1l and
62% for PVCap at 2.0 wt.%. These results confirm
that the modified polymer provides a more substan-
tial kinetic barrier to hydrate nucleation. As shown
in Table 2, PVCap-XA1l consistently requires longer
induction times to initiate hydrate formation, re-
flecting its enhanced surface adsorption and interfa-
cial inhibition properties.

77 (%) — tinh _tblank X 100

blank

where t;,, is the induction time in the presence of the
inhibitor and ty,. is that of pure water.

3.2.2. Maximum subcooling

Maximum subcooling is defined as the extent
to which an inhibitor-containing solution can be
cooled below the hydrate equilibrium temperature
before the onset of hydrate formation. It is deter-
mined under an isochoric, constant-rate cooling
process. Operationally, subcooling is quantified as
the temperature difference between the equilibri-
um hydrate temperature at the observed pressure
and the onset temperature (T,) at which hydrate
formation is first detected [25]. Higher values of
maximum subcooling indicate stronger inhibition,
reflecting a more pronounced downward shift of
the hydrate formation temperature from its equi-
librium value.

Figure 6 presents a typical hydrate formation
curve for a system containing 2.0 wt.% PVCap-XAl
inhibitor, measured using the constant-cooling
method. The curve shows a considerably lower on-

-6.5
—#— P(2% PVCap-XAl)
—eo— P(pure water)
—— T(2% PVCap-XAl) - 6.0

-5.5

-5.0

T/°C

6.0}

55

<3.5

0 200 400

t/min

600 800 10 0300

Fig. 5. Pressure—temperature behavior during methane-hydrate formation with and without 2.0 wt % PVCap-XA1l.
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Fig. 6. Constant-cooling hydrate-formation path for 2.0 wt.% PVCap-XA1l.

set temperature and a larger subcooling margin, re-
flecting enhanced resistance to hydrate formation
under identical cooling conditions. Upon the start of
stirring, both pressure and temperature in the reac-
tion vessel decrease linearly at a constant rate. Af-
ter approximately 1460 min, a steep pressure drop
indicates the onset of hydrate formation. A mod-
erate temperature increase is observed due to the
initially small hydrate fraction and the rapid dissipa-
tion of heat released during crystallization. Hydrate
formation is identified at the inflection point of the
pressure—time curve, where the sharp pressure drop
occurs; the onset pressure and temperature are re-
corded at this point. Maximum subcooling is defined
as the difference between the equilibrium hydrate
temperature at the onset pressure and the observed
onset temperature. For the system with 2.0 wt.%
PVCap-XAl, the onset occurred at 0.9 °C, and the
maximum subcooling reached up to 10.5 °C, indicat-
ing that PVCap-XA1l offers strong resistance to hy-
drate formation.

The crystallization temperature of hydrate (T,)
and maximum subcooling degree for systems con-
taining 0.5%, 1.0%, and 2.0% (mass) PVCap and PV-
Cap-XA1l are listed in Table 1. All values reported
in Table 1 are the mean * standard deviation (n =
3) of independent experiments performed under
the same operating conditions. The low deviations
(<3.5%) reflect the excellent reproducibility of the
hydrate-inhibition tests and confirm the precision
of the measurements. Pure water serves as the
blank control group, without the addition of any ki-
netic inhibitor. For the inhibitor-free system (pure
water), the hydrate onset occurs at 8.8 °C, with a
corresponding subcooling of 3.0 °C. These values
are consistent with previously reported results in

the literature [18, 26]. More importantly, with the
addition of the inhibitor PVCap or PVCap-XA1l, even
at different mass fractions, the degree of subcooling
in the system is significantly greater than that of the
pure water sample. This result demonstrates the ef-
ficiency of these inhibitors in delaying hydrate for-
mation by increasing the subcooling threshold. The
system with 2.0% (mass) PVCap-XA1l exhibits the
greatest subcooling of 10.5 °C. This indicates a gain
of 7.5 °C relative to the pure methane hydrate sys-
tem, indicating that PVCap and PVCap-XA1 strongly
inhibit methane hydrate formation.

Figure 7 shows the maximum subcooling degree
for PVCap-XA1l and PVCap at different concentra-
tions. Data are presented as mean = SD (n = 3). Both
polymers exhibit increased subcooling with concen-
tration, but PVCap-XA1l consistently demonstrates
higher inhibition efficiency, reflecting enhanced in-
terfacial activity due to its dual-functional modifica-
tion. As the concentration increases from 1.0 wt.%
to 2.0 wt.%, the maximum subcooling degree rises
by 1.4 °C for PVCap-XAl and by 2.2 °C for PVCap.
At 1.0 wt.%, the subcooling of PVCap-XAl is 3.4 °C
higher than that of PVCap. These results indicate
that PVCap-XA1l exhibits significantly improved in-
hibitory performance, particularly at lower concen-
trations, demonstrating its effectiveness in mitigat-
ing methane hydrate formation.

The data in Table 1 represent the experimental
values closest to the average across three repeated
runs. PVCap-XA1l was used as a representative mod-
ified inhibitor to analyze data variability. Figure 8
shows the maximum subcooling values and the av-
erage deviation for repeated experiments, with data
presented as mean + SD (n = 3). Small deviation bars
indicate excellent repeatability and stability of the
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Effect of Concentration on Maximum Subcooling
(Mean £ SD, n = 3)
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Fig. 7. Influence of inhibitor concentration on maximum subcooling.

Table 1. T, the maximum subcooling of PVCap and PVCap-XA1 at different concentrations

Sample Concentration Induction time Crystallization Maximum subcooling
(% mass) (min) temperature (°C) temperature (°C)

Pure water - 15+1.0 9.06+0.3 3.09+0.3
PVCap 0.5 62+3.0 7.4210.4 4.64+0.2
PVCap 1.0 118 +4.0 5.46+0.3 5.87+0.2
PVCap 2.0 220+5.0 3.50+0.3 8.14+0.3
PVCap—XAl 0.5 120+4.0 4.43+0.2 7.21+0.3
PVCap—XAl 1.0 180+5.0 2.58+0.2 9.37+0.3
PVCap—XA1l PVCap—XAl 2.0 255+6.0 0.9310.1 10.82+0.2

experimental results. Each run (1-3) shows an in-
dependent experiment conducted under the same
conditions. The bold yellow line indicates the aver-
age * standard deviation (n = 3), demonstrating ex-
cellent reproducibility with minimal differences be-
tween runs. As shown in Fig. 8, the measured values
in Table 1 are very close to the averages. In terms
of absolute error, the maximum occurs at 0.5 wt.%,
which is 0.9 °C away from the average value. At this
time, the relative error is 12.9%. Relative errors for
the other data points were within 3.5%, confirming
the high reproducibility of the measurements.
Experimental reproducibility was ensured by
performing triplicate runs for each induction time
and subcooling measurement. The values reported
in Table 1 and Figs. 5-8 were obtained from the av-
erage of triplicate runs, with error bars used to show
standard deviations. Only at 0.5 wt.% was the high-
est relative deviation of 12.9% observed; all other
data points had deviations within +3.5%, indicating
excellent repeatability in inhibition performance.

3.3. Effect of PVCap-XA1 on the crystal morphology
of methane hydrate

X-ray powder diffraction (XRD) of powdered
crystalline materials can be used effectively to de-
termine the crystallography of methane hydrates.
Figure 9 shows PXRD patterns for methane hydrate
formation with and without a 2.0 wt.% additive of
PVCap-XALl inhibitor; this illustrates that the meth-
ane hydrate formed is a type | hydrate [26]. All the
samples have the sl hydrate structure, but in the PV-
Cap-XA1l pattern, the peak-intensity ratio of (321)/
(320) is reduced, demonstrating suppression of
anisotropic growth and smaller crystallite dimen-
sions. The characteristic peaks at 26 = 27.3°, 28.4°,
30.4°, 31.4°, and 32.3° correspond to the respective
crystal planes of (320), (321), (400), (410), and (411)
crystal planes, respectively [27]. The star (*) marked
peak in Fig. 9 indicates the presence of ice, while the
numerically marked peaks correspond to methane
hydrate [28].
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Reproducibility of Maximum Subcooling (PVCap-XAl, n = 3)
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Fig. 8. Reproducibility of maximum-subcooling measurements for PVCap-XALl.

Comparison of the PXRD patterns for hydrates
formed in neat water and with the addition of 2.0
wt.% PVCap-XA1l shows no change in the crystallo-
graphic structure of methane hydrate: peak posi-
tions (and their indices) are the same as those for
the neat hydrate within experimental resolution.
PVCap-XA1l thus primarily acts as a kinetic inhibitor,
suppressing nucleation and growth without altering
the underlying lattice topology.

X-ray diffraction peak intensities depend on the
type of atom, the number of atoms, and their posi-
tions in the unit cell. Based on this, the peak inten-
sity in a pure water system is higher; hence, the hy-
drate purity in the pure water sample is also higher.
Since it was impossible to control all factors affecting
sample-specific variations, relative peak intensities
within the same sample were compared to ensure
consistency in the analysis. The intensity ratio of
the diffraction peaks of the crystal planes (321) and
(320) is 2.6 in the pure water-methane system, while
this ratio decreases to 2.15 in the system containing
2.0% (mass) PVCap-XAl. The decrease in the (321)/
(320) peak-intensity ratio indicates preferential ad-
sorption of PVCap-XA1 on specific planes, which al-
ters the relative diffracted intensities and leads to
anisotropic growth kinetics in methane hydrate.

Raman spectroscopy clearly reveals the distri-
bution of guest molecules within hydrate cages. As
shown in Fig. 10, methane hydrates formed in pure
water and PVCap-XAl—containing media both ex-
hibit a prominent band near 2905 cm™ (CH, in large
51262 cages) and a weaker one near 2915 cm™ (CH,
in small 52 cages). In a related manner, increased in-
hibition efficiency and decreased cage occupancy of
methane with rising inhibitor loading are mirrored

by a progressive decrease in the IL/IS (large-to-small
cage) ratio. Their local positions and relative inten-
sities, which vary with PVCap-XAl concentration,
provide insights into cage occupancy and regional
structure, enabling direct assessment of structural
properties under formation conditions.

PXRD patterns of pure methane hydrate and PV-
Cap-XAl-treated samples were evaluated for any
guantifiable changes in crystallographic orientation.
The I3,4/155 intensity ratio between the (321) and
(320) diffraction peaks decreased from 2.60 + 0.05
in the pure hydrate to 2.15 £+ 0.04 in the PVCap-XAl
sample. The reported values show the mean + SD of
three independent measurements. A Student's t-test
(a=0.05) confirmed that this reduction is statistical-
ly significant (p < 0.05), hence, that PVCap-XA1 elic-
its a measurable change in lattice orientation and
preferred growth direction during hydrate forma-
tion. The reduced ratio suggests inhibition of growth
of the (321) plane, leading to smaller, more isotropic
crystallites, as observed by SEM.

The v; symmetric stretching band of the 5! (small-
cage) framework [29, 30] was analyzed by compar-
ing Raman peak positions of hydrates formed in PV-
Cap-XA1 solutions at different concentrations with
those formed in neat water. There was no significant
difference, which suggests that PVCap-XA1 does not
alter the crystal structure of methane hydrate. This
observation is consistent with the conclusions from
the earlier PXRD analysis. It can be considered the
ratio of large cages to small cages. The measure is
the large-to-small-cage ratio, defined by the 526 to
512 Raman intensity ratio IL/IS. The theoretical ratio
is 3.02 [31, 32]. In the methane water reference, the
measured value is 2.97, which is close to the theoret-
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Fig. 9. PXRD patterns of methane hydrates formed in pure water, with PVCap, and with PVCap-XA1l.

ical value, indicating that the measurements are val-
id. For PVCap-XA1 solutions at 0.5, 1.0, and 2.0 wt.%,
the ratios decreased to 2.88, 2.71, and 2.54, respec-
tively, all lower than the neat-water baseline. These
results suggest that free methane molecules prefer-
entially occupy the small cages during hydrate for-
mation. This is in agreement with literature reports
[32, 33], which attribute this preferential occupation
to methane's significantly higher binding energy
within small cages (E, = —8.10 kcal/mol; 1 cal = 4.18J)
compared with large cages (E, = —5.28 kcal/mol). The
higher the binding energy, the more thermodynam-
ically favorable it is for methane to occupy the small
cages. This analysis clarifies how PVCap-XA1l affects
cage occupancy during methane hydrate formation.
It demonstrates that the inhibitor alters guest distri-
bution rather than the crystal lattice itself, support-
ing the proposed inhibitory mechanism.

PVCap-XA1 reduces the IL/IS ratio by restrict-
ing methane access to hydrate cages. The copoly-
mer attaches to forming hydrate surfaces through
hydrogen bonds, forming steric barriers that hin-
der methane diffusion through cage openings. As
a result, CH, is selectively trapped in the smaller,
more stable cages, leaving many larger cages emp-
ty, thereby lowering the IL/IS ratio and enhancing
lattice stability. Kinetically, PVCap-XAl prevents hy-
drate formation by disrupting even cage occupancy
and maintaining fewer large cages. These results
agree with earlier research on steric hindrance con-
trolling hydrate kinetics [32].

The IL/IS ratio, which reflects the relative occu-
pancy of large to small hydrate cages, decreased
with increasing PVCap-XAl concentration — from
2.97 (blank) to 2.54 (2.0 wt.%). This decrease cor-
relates well with the increased induction time (from

25k 1 | 1 1 |
CH,4 in 51262
2.0 CH, in 512 _
ol Ii/ls=2.54
2.0%(mass) PVCap-XAl A
1.5F =
I/ls=271
1.0%(mass) PVCap-XAl A
1.0F =
0.5F =
I/ls=2.97
pure water A
0.0
1 | 1 ] 1
2860 2880 2900 2920 2940 2960

Raman shift/cm=!

Fig. 10. Raman spectra of methane hydrates at different PVCap-XA1 concentrations.
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15 to 240 min) and higher maximum subcooling,
confirming that structural distortion, as directly de-
tected in Raman spectra, corresponds to enhanced
inhibition efficiency. A strong correlation (R? = 0.93)
was obtained between IL/IS ratio and inhibition ef-
ficiency, showing that PVCap-XA1l acts not only to
change cage occupancy but also to delay hydrate
nucleation effectively. These results confirm that PV-
Cap-XA1l not only alters hydrate cage occupancy but
also effectively delays hydrate nucleation.

3.4. Influence of PVCap-XAl on Methane Hydrate
Morphology

The micromorphology of methane hydrate was
examined using cryogenic scanning electron micros-
copy (cryo-SEM). Figure 11 shows the crystal mor-
phologies of methane hydrates formed in pure wa-
ter and in a system containing 2.0 wt.% PVCap-XALl.
In pure water, the methane hydrate crystals exhibit
a dense, highly regular pore structure, characteris-
tic of submicron-scale porosity [33, 34]. This porous
architecture facilitates methane diffusion into the
crystals, thereby promoting the formation of addi-
tional hydrate cages.

In contrast, the addition of 2.0 wt.% PVCap-XAl
markedly alters the crystal morphology. Hydrate
crystals in this system display a fish-scale-like struc-
ture, with particles accumulating in dense, layered
formations. This layered morphology forms a thick-
er, less permeable surface, effectively hindering
the diffusion of methane gas into the hydrate lat-
tice. Consequently, PVCap-XA1l suppresses hydrate
formation by physically obstructing the methane
molecules from accessing the hydrate cages. The

observed trend highlights PVCap-XAl's inhibition of
methane hydrate formation by altering crystal mor-
phology, thereby disrupting the required porosity
for gas diffusion within the hydrate structure.

3.5. Mechanistic Insight into PVCap-XA1 Inhibition
of Methane Hydrate Formation

The chemical backbones of PVCap-XAl and PV-
Cap (Fig. 1b—c) both contain highly hydrophilic am-
ide groups. During and before nucleation, these am-
ide groups hydrogen-bond with interfacial water,
anchoring the polymers to form hydrate surfaces
[35]. Continuous surface adsorption blocks crystal
growth by creating steric obstacles at cage entranc-
es, thus preventing CH, entry and inhibiting meth-
ane hydrate nucleation and growth [36].

PVCap-XA1l inhibits more effectively than PVCap
because its backbone also contains hydrophobic
ester and alkoxy groups. Consistent with previous
findings that hydrophobic blocks improve kinetic
hydrate inhibitors [37]. These groups disrupt the
local hydrogen-bond network of water, increase
structural distortions, and further slowdown cage
growth and formation [38]. Zou et al. [39] demon-
strated that hydrophobic alkoxy functionalities im-
prove inhibitor chain conformation, increase surface
area, and strengthen interfacial interactions with
hydrate cages. In PVCap-XA1l, the amide groups an-
chor to the hydrate surface, while the hydrophobic
ester and alkoxy segments reorganize nearby water
molecules, disrupting the well-coordinated hydra-
tion network required for cage formation. This am-
phiphilic action effectively prevents nucleation and
subsequent crystal growth.

kV 5,00,0 SEM)2020-10-21 11:15 10 um @ 20,00 2020 kV 1,000 /2021/07/26

Fig. 11. Microstructural images of methane hydrate crystals formed in the presence of 2.0 wt.% PVCap-XAl

compared to those formed in pure water.
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4, Conclusion

In this work, a novel kinetic hydrate inhibitor, PV-
Cap-XA1l, was synthesized. Its molecular structure is
similar to that of the existing inhibitor PVCap, with
a modified terminal chain containing oxyethylene
and ester groups. The inhibitory performance, crys-
tal structure, and micromorphology of methane hy-
drates formed in the presence of PVCap-XAl were
systematically investigated.

1. Inhibitory performance. Under identical con-
ditions, adding 2.0 wt.% PVCap-XAl extended the
hydrate induction time to approximately 240 min
compared to pure water and methane controls. This
concentration also resulted in a significantly high-
er maximum subcooling than PVCap alone, indicat-
ing superior kinetic inhibition. Mechanistically, the
hydrophobic ester and alkoxy groups along the PV-
Cap-XA1 backbone disrupt the local hydrogen-bond
network of water that is essential for hydrate cage
formation, thereby suppressing nucleation and
slowing subsequent hydrate growth.

2. Crystal structure effects. X-ray diffraction con-
firmed that methane hydrate retains its clathrate
crystal structure in the presence of PVCap-XAl. The
inhibitor induces a redistribution of relative diffrac-
tion intensities, particularly at the (321) and (320)
reflections, suggesting facet-specific interactions
with the growing crystal. Correspondingly, the CH,
Raman I/l ratio (5'62 large cages: 5" small cages)
decreases with the addition of PVCap-XA1, which
aligns with inhibited methane incorporation into
large cages. Overall, these results support a kinetic
model in which PVCap-XA1l blocks large-cage occu-
pation and, consequently, slows hydrate growth.

3. Micromorphology analysis. Cryogenic scanning
electron microscopy disclosed dramatic changes in
the morphology of hydrate crystals upon adding PV-
Cap-XAl. Methane hydrates formed in pure water
are porous and highly favorable for the diffusion of
methane gas and hydrate formation. On the con-
trary, methane hydrates formed with PVCap-XAl
exhibited a characteristic "fish scale" morphology
with a very dense, layered structure. This denser
morphology most likely acts as a barrier, preventing
methane gas from entering the hydrate cages and
thereby further inhibiting hydrate formation.

These findings demonstrate that PVCap-XAl
inhibits methane hydrate formation through its
unique molecular structure and selective interac-
tion with hydrate crystal planes. Delayed nucle-
ation, selective interaction with the crystal plane,
and morphological changes in hydrates established

PVCap-XA1l as a highly effective kinetic inhibitor for
methane hydrate formation.

Although the present study clearly establishes
that PVCap-XA1l exhibits superior kinetic inhibition
of hydrate formation under the more controlled
conditions of the laboratory, further work is needed
to explore its performance under conditions clos-
er to those of real operations. Additional research
on PVCap-XA1l should focus on dynamic flow-loop
systems and realistic gas-mixture compositions,
with gas composition, flow turbulence, and pres-
sure fluctuations closer to those in the field. These
studies would yield much-needed information on
the long-term stability, regeneration capability, and
scalability of PVCap-XA1 for industrial hydrate miti-
gation applications.
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