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a b s t r a c t

The stability of oil-dominated emulsions, including oil-based drilling fluids and crude oils, is crucial for 
mitigating gas hydrate risks in the petroleum and natural gas industries. Nanoparticles can stabilize oil- 
water systems (Pickering emulsions) by residing at the oil-water interface. However, their effects on the 
kinetics of hydrate formation in these systems remain unclear. To address this, we experimentally 
investigated how hydrophilic and hydrophobic nano-CaCO3 influence  CH4 hydrate formation within 
dynamic oil-water systems. A series of hydrate formation experiments were conducted with varying 
water cuts and different concentrations of nano-CaCO3 at a particle size of 20 nm, under 3 ◦C and 6 MPa. 
The induction time, hydrate formation volume, and hydrate growth rate were measured and calculated. 
The results indicate that hydrophilic nano-CaCO3 generally inhibits hydrate formation, particularly at 
high water cuts, while hydrophobic nano-CaCO3 can significantly  inhibit or even prevent hydrate for
mation at low water cuts. Water cut strongly influences  the kinetics of hydrate formation, and nano
particle concentration also impacts the results, likely due to changes in oil-water interface stability 
caused by nanoparticle distribution. This study will offer valuable insights for designing deepwater oil- 
based drilling fluids  using nanoparticles and ensuring safe multiphase flow  in deepwater oil and gas 
operations.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Natural gas hydrates are nonstoichiometric inclusion com
pounds created when water molecules combine with natural gas 
under conditions of low temperature and high pressure (Sloan, 
2003). They are commonly found in petrochemical pipelines and 
extreme environments like submarine sediments, polar regions, 
and even on other planets (Chastain and Chevrier, 2007; Chong 
et al., 2016; Hammerschmidt, 1934; Makogon, 2010). Beyond 
their energy potential and environmental significance,  gas hy
drates have promising applications in gas storage and transport 

(Veluswamy et al., 2017), CO2 capture (Ma et al., 2016; Ndlovu 
et al., 2024), desalination (Lim et al., 2023; Park et al., 2011), air 
conditioning (Park et al., 2023), and ion separation (Seo et al., 
2024). Despite these advantages, gas hydrates pose a significant 
risk to offshore oil and gas operations, particularly as water depths 
increase. The low-temperature, high-pressure conditions in 
deepwater drilling promote hydrate formation, which can lead to 
blockages in pipelines, annular spaces, or blowout preventers, 
disrupting drilling activities (Kar et al., 2016; Sloan and Koh, 2008). 
Oil-based drilling fluids  (OBDF) and synthetic-based fluids,  both 
classified  as oil-water (OW) emulsions, are commonly used in 
these environments due to their strong inhibitory properties, high 
temperature resistance, and reservoir protection (Mikhienkova 
et al., 2022; Ning et al., 2011; Smith et al., 2014). However, hy
drate formation and agglomeration can negatively impact the 
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stability and performance of these emulsions, creating additional 
challenges for deepwater drilling.

Although completely avoiding hydrate formation in pipelines is 
challenging, researchers have proposed a solution: allowing hy
drates to form but keeping them under control. Chemical in
hibitors like anti-agglomerants (AAs) are often used to ensure flow 
in pipelines (Aman et al., 2010; Aman and Koh, 2016; Ning et al., 
2022; Wang et al., 2023). However, these additives raise con
cerns about cost and environmental impact. Recently, particle- 
stabilized emulsions (Pickering emulsions) have attracted atten
tion due to their environmental benefits and reduced reliance on 
harmful surfactants (Ortiz et al., 2020; Wu and Ma, 2016; Zhao 
et al., 2022). Emulsion stability is a key factor in hydrate agglom
eration under both static and flowing conditions (Guo et al., 2020; 
Lachance et al., 2008). Studies have shown that Pickering emul
sions, formed by nanoparticle adsorption at specific temperatures 
and pressures, outperform traditional surfactant-stabilized emul
sions in pipeline applications (Ahuja et al., 2018; Chevalier and 
Bolzinger, 2013; Zhang et al., 2022). For instance, Raman et al. 
(2016) found that emulsions with moderately hydrophobic solid 
particles maintain stability after hydrate formation and 
dissociation.

Nanoparticles have been increasingly applied to prevent 
hydrate-induced blockages (Baek et al., 2015; Cha et al., 2014; Ma 
et al., 2016; Zhang et al., 2022). Hydrophobic silica nanoparticles, 
for example, can form a particle layer at the oil-water interface, 
limiting the contact area where hydrates form (Cha et al., 2014). 
This phenomenon has been replicated in systems using propane- 
cyclopentane-water with activated carbon, where the particle 
layer restricts both hydrate crystallization and further growth by 
covering the oil-water interface (Baek et al., 2015). Similarly, 
nanoparticle layers can delay or prevent adhesion of hydrate 
probes, offering greater anti-adhesion force compared to tradi
tional surfactants like Span 20 (Ma et al., 2016). Moreover, nano
particles significantly influence hydrate formation kinetics in OW 
systems (Ahuja, 2015, Ahuja et al., 2018; Baek et al., 2015; Cha 
et al., 2014; Song et al., 2020). Song et al. (2020) reported that 
cellulose nanocrystals prolong hydrate induction time and in
crease residual pressure. Hydrophobic nanoparticles at the OW 
interface can also inhibit gas and liquid molecule migration, 
delaying hydrate nucleation and growth (Ahuja, 2015; 2018; Baek 
et al., 2015; Cha et al., 2014). Interestingly, low concentrations of 
hydrophobic silica nanoparticles act as hydrate inhibitors in water- 
in-oil emulsions, but at higher concentrations (above 0.5 wt%), the 
formation rate increases (Baek et al., 2019). In addition, some 
studies have also considered the recovery of nanoparticles to avoid 
adverse effects caused by particle deposition, such as using recy
clable magnetic nanoparticles as hydrate inhibitors and anti- 
agglomerants (Min et al., 2020). While many studies demon
strate the inhibition effect of nanoparticles in OW systems, other 
research suggests that hydrophobic particles may promote hydrate 
formation in bulk water systems by adsorbing gas molecules and 
orienting water molecules to form hydrate cages (Aliabadi et al., 
2015; Deng et al., 2023; Farhang et al., 2014; Guo et al., 2022; 
Park et al., 2012; Wang et al., 2019; Wei and Maeda, 2023; Zhou 
et al., 2014).

Studies have shown that nanoparticles distributed at the OW 
interface can enhance emulsion stability, thereby inhibiting hy
drate agglomeration in OW systems. However, in pure water sys
tems, nanoparticles often accelerate hydrate formation. The effects 
of nanoparticles on hydrate formation kinetics in OW systems 
remain unclear, and the role of nanoparticle surface wettability 
has not been fully understood. Surface wettability is crucial as it 
influences the type of OW emulsion, which in turn affects the anti- 
agglomeration behavior of hydrates (Zhang et al., 2022). To address 

this gap, this study explores the impact of hydrophilic and hy
drophobic nano-CaCO3 particles (20 nm) on hydrate nucleation, 
growth kinetics, and aggregation in OW systems with varying 
water cuts (10%–50%, considering both oil-based drilling fluids and 
crude oil conditions). The choice of nano-CaCO3 as the solid 
emulsifier  in this study is driven by considerations of environ
mental protection and reservoir preservation. Nano-CaCO3 is non- 
toxic, ensuring it will not harm marine or permafrost environ
ments. Additionally, compared to nano-SiO2, nano-CaCO3 is more 
easily decomposed and treated, making it a better option for 
preserving reservoir permeability (Guo et al., 2022). Experiments 
were conducted at 3 ◦C and 6 MPa to measure induction time, 
hydrate formation amount, and average formation rate. Compar
ative analyses were performed to evaluate the effects of nano
particle wettability on hydrate behavior. This research will provide 
valuable insights into the mechanisms behind nanoparticle- 
induced anti-agglomeration and inhibition effects, with implica
tions for their application in deep-water oil and gas drilling and 
multiphase flow transport.

2. Experimental section

2.1. Materials

The CH4 gas (99.9% purity) used in this study was supplied by 
Wuhan Niuruide Trading Co., Ltd. Hydrophilic and hydrophobic 
CaCO3 nanoparticles (20 nm) were obtained from American Spe
cialty Minerals Inc. The reason for selecting 20 nm CaCO3 is that in 
pure water systems, both hydrophilic and hydrophobic nano
particles exhibited the best inhibitory or promoting effects at a 
particle size of 20 nm, compared to 70 and 700 nm (Guo et al., 
2022). The hydrophilic CaCO3 nanoparticles were produced via 
sedimentation, while the hydrophobic particles were derived by 
coating the hydrophilic ones with a coupling agent. These nano
particles are irregularly shaped and prone to forming agglomer
ates. Full characterization including scanning electron microscopy 
(SEM) images of the nano-CaCO3 particles can be found in our 
previous work (Guo et al., 2022). Ultra-pure water (UPW) with a 
resistivity greater than 18.25 MΩ cm was prepared using a UPW-S 
Millipore unit. The mineral oil, supplied by Dongguan Lubricating 
Oil Ltd., consists mainly of n-alkanes (C14–C18), as analyzed using 
gas chromatography-mass spectrometry (GC/MS, Agilent 7890A/ 
5975C, USA) (Guo et al., 2020).

2.2. Experimental apparatus

The experimental setup for hydrate formation is illustrated in 
Fig. 1, which was previously used in our studies (Guo et al., 
2022; Wang et al., 2019). The system consists of a cylindrical 
stainless-steel autoclave (50 mm internal diameter, 330 mm 
height, ~650 mL volume) immersed in a temperature-controlled 
water bath. The autoclave has two opposing Pyrex-glass win
dows (30 mm diameter) at mid-height. A gas supply line, equipped 
with a pressure regulator, connects the autoclave to a high- 
pressure methane cylinder. Temperature sensors placed at the 
top and bottom of the autoclave monitor the liquid and gas phases, 
respectively, while a pressure sensor with ±5 kPa accuracy records 
pressure data. Sensor readings are captured every 2 s by a data 
acquisition system for further analysis.

2.3. Experimental procedure

In this study, the constant volume method was employed, 
where the system remains closed, and pressure drop in the auto
clave indicates gas hydrate formation (Abay and Svartaas, 2010; 
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Guo et al., 2022; Sloan and Koh, 2008; Zhang et al., 2007). This 
approach was used to investigate the effects of nanoparticle 
wettability and concentration on the kinetics of CH4 hydrate for
mation in OW systems.

The experimental procedures are as follows: (1) Thoroughly 
clean the apparatus several times with UPW + detergent, followed 
by rinsing with UPW; (2) Inject 99.9% pure N2 into the pressure 
autoclave to test the seal, then use a vacuum pump to remove as 
much N2 as possible; (3) Prepare OW systems with varying water 
cuts and nanoparticle concentrations (0.1, 0.5, 1.0, 2.0 wt%) using a 
high-speed blender set at 20,000 rpm. Hydrophilic nanoparticles 
are first mixed with water, followed by the oil phase (water and oil 
volumes are calculated based on the water cut; hydrophilic nano- 
CaCO3 is added to the water phase and stirred for 30 s, then mixed 
with oil and stirred three times for 30 s each). Hydrophobic 
nanoparticles are first mixed with the oil, then combined with the 
water phase (hydrophobic nano-CaCO3 is stirred into the oil for 
30 s, followed by the addition of UPW, stirred three times for 30 s 
each); (4) Observe the formation of the emulsion and its size 
distribution using an optical microscope; (5) Introduce approxi
mately 300 mL of the prepared fluid  or UPW into the autoclave 
under vacuum, then close the valve and apply vacuum again for at 
least 10 min; (6) Pressurize the buffer vessel to 10.0 MPa with CH4, 
and maintain both the buffer vessel and autoclave at 3 ◦C in a 

water bath to expedite hydrate formation and reduce induction 
time. Stir the fluid in the autoclave at 800 rpm to enhance cooling 
and prevent nanoparticle aggregation. (7) Once the system tem
perature stabilizes at 3 ◦C, close the stirrer and open the gas inlet 
valve to pressurize the autoclave with CH4 from the buffer vessel 
until reaching 6.0 MPa (the phase-equilibrium pressure Peq at 3 ◦C 
is 3.49 MPa, with a driving force of 2.51 MPa). Then, close the valve 
and stir at 800 rpm to accelerate hydrate formation; (8) Begin 
recording temperature and pressure data every 2 s using a data 
acquisition system, marking this as time zero for the experiment.

2.4. Data processing for kinetics of the hydrate formation

The temperature and pressure curves over time during hydrate 
formation in OW systems, both with and without nanoparticles, 
were obtained to visually represent the changes in the autoclave 
during the experiment (Guo et al., 2022). For instance, Fig. 2 shows 
the profiles of temperature and pressure during hydrate formation 
in a 30% OW system containing 0.5 wt% hydrophobic nano-CaCO3. 
A sudden change in pressure and temperature, referred to as the 
“sudden pressure drop” and “temperature increase” indicates the 
onset of large-scale hydrate formation. When the pressure stabi
lizes and no longer decreases, it signifies that the hydrate forma
tion process is nearing completion. This time is recorded as the end 
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Fig. 1. Schematic representation of the experimental setup for hydrate formation in OW systems with varying water cuts and nanoparticle concentrations: (a) vertical view of the 
setup; (b) front view of the setup.
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of hydrate formation. Each experiment was repeated three times 
to minimize errors, and the average results are presented.

The induction time of hydrate formation is a critical parameter 
for evaluating the inhibition or acceleration of hydrate crystalli
zation (Guo et al., 2022; Natarajan et al., 1994). Since the formation 
of a critical-sized hydrate nucleus cannot be directly observed at 
the macroscopic level (Kashchiev and Firoozabadi, 2003), this 
study defines the apparent induction time as the period between 
the complete dissolution of CH4 and the onset of the sudden 
pressure drop, as shown in Fig. 2.

Methane consumption is another critical indicator for assessing 
the inhibition or promotion of hydrate formation (Guo et al., 2022; 
Park et al., 2012). The quantity of gas consumed during hydrate 
formation can be determined from the pressure and temperature 
data using the real gas equation of state (Kakati et al., 2016; Park 
et al., 2012): 

Δn=n1 − n2 =

(
P1V1

Z1
−

P2V2
Z2

)

×
1

RT
(1) 

where, n1 and n2 are the initial and final amount of CH4 consumed, 
mol; Δn represents the amount of CH4 consumed, mol; P1 and P2 
are the initial and final pressures, MPa, respectively, after complete 
CH4 dissolution and after hydrate formation has ceased; R is the 
universal gas constant, 8.31441 J⋅mol− 1⋅K− 1; T is the CH4 temper
ature, K; V1 and V2 are the initial and final volumes of CH4, m3, with 
V1 approximately 400 mL and V2 about 370 mL (the total volume of 
the autoclave is 650 mL, containing 250 mL of liquid; during hy
drate formation, fluid volume expands by approximately 12% un
der the experimental conditions (Guo et al., 2022)); Z1, Z2 
represent the initial and final compressibility factors, respectively. 
The compressibility factor (Z) is calculated using the following 
equation (Ahmed, 1989; Sloan and Koh, 2008): 

Z =1+

(
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where Ai is given parameters (A1 = 0.31506237, A2 = − 1.0467099, 
A3 = − 0.57832729, A4 = 0.53530771, A5 = − 0.61232032, 
A6 = − 0.10488813, A7 = 0.68157001, A8 = 0.68446549); Ppr is 
comparative pressure; Tpr is comparative temperature; ρr is 

methane comparative density. Ppr, Tpr and ρr are calculated as 
follows: 

Ppr =
P
Pc
; Tpr =

T
Tc
; ρr =0:27

(
Ppr

ZTpr

)

(3) 

where, P is the pressure of CH4, MPa; Pc is the critical pressure of 
CH4, about 4.60 MPa (Ahmed, 1989; Sloan and Koh, 2008); T is the 
temperature of CH4, K; Tc is the critical temperature of CH4 gas, 
about 191.11 K (Ahmed, 1989; Sloan and Koh, 2008). Thus, the 
consumption of CH4 can be calculated by substituting the experi
mental data into Eqs. (1)–(3).

The rate of hydrate formation is closely linked to the amount of 
gas consumed during the experimental process (Guo et al., 2022; 
Park et al., 2012). This parameter offers valuable insights into the 
kinetics of continuously growing hydrate crystals. In this study, the 
hydrate formation rate is expressed as the average CH4 con
sumption rate, calculated from the end of the induction time to the 
conclusion of the formation process. The hydrate formation rate 
can be derived using the following equation (Guo et al., 2022; Park 
et al., 2012): 

v=
Δn

(t2 − t1)
(4) 

where, v represents the average CH4 consumption rate, mol/min; 
t2 denotes the end time of hydrate formation, min; t1 accounts for 
the sum of the induction time and the time taken for CH4 disso
lution, min. A lower formation rate is preferred to enhance the 
safety of the hydrate drilling process. The detailed calculation 
procedure can be found in our previous studies (Guo et al., 2022; 
Wang et al., 2019).

3. Results

Using the experimental data acquisition method described 
above, we obtained data on CH4 hydrate formation across various 
water cuts in OW systems with different concentrations of hy
drophilic and hydrophobic nano-CaCO3 particles (see Tables 1 and 
2). Table 1 summarizes the kinetic parameters for hydrate for
mation in OW systems containing hydrophilic nano-CaCO3, while 
Table 2 presents the experimental results regarding the impact 
of hydrophobic nano-CaCO3 particles on hydrate formation.

In this study, alongside the pressure and temperature change 
curves for hydrate formation in various OW systems, the experi
mental phenomena within the reactor were monitored and 
recorded via video. This visual documentation highlights the in
fluence of nanoparticles on hydrate formation and agglomeration, 
providing valuable support for analyzing hydrate kinetic parame
ters. Figs. 3 and 4 illustrate the effects of hydrophilic and hydro
phobic nanoparticles (at concentrations of 0.1, 0.5, 1.0, and 2.0 wt%) 
on hydrate formation and agglomeration across different water 
cuts (10%–50%). Although the images captured are not entirely 
clear due to the presence of the oil phase and the immersion of the 
visualization window in the water bath, they still offer some in
formation to explain and analyze the influence of hydrophilic and 
hydrophobic nanoparticles on hydrate formation and 
agglomeration.

4. Discussion

4.1. Induction time

A comprehensive evaluation of the effects of hydrophilic and 
hydrophobic nano-CaCO3 on CH4 hydrate formation in OW 
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systems is conducted by calculating three key kinetic parameters: 
induction time, hydrate formation amount, and average formation 
rate. These parameters are derived from the average values for 
each experiment set, as presented in Tables 1 and 2.

The induction time for each experiment group is directly 
available in Tables 1 and 2, with a comparative analysis shown in 
Fig. 5. Fig. 5 highlights the induction times for OW systems both 
with and without hydrophilic and hydrophobic nano-CaCO3 par
ticles. Without nanoparticles, the induction times for hydrate 
formation in OW systems with water cuts of 50%, 40%, 30%, 20%, 
and 10% are 0, 79.23, 85.34, 179.72, and 0 min, respectively. This 

indicates that the induction time first increases and then decreases 
as the water cut drops. This trend can be ascribed to the enhanced 
interfacial contact in the presence of the oil phase, which provides 
a large number of sites for heterogeneous hydrate nucleation. 
Nevertheless, as the volume fraction of the oil phase rises (that is, 
as the water cut declines), the induction time becomes longer, 
probably because of the decreased availability of water molecules 
needed for hydrate nucleation. Interestingly, when the water cut 
decreases further from 20% to 10%, the water molecules are more 
finely  dispersed in the oil phase under agitation, allowing rapid 
formation of hydrate nucleus. This confirms  that the oil phase 

Table 1 
The data on hydrate formation kinetics in various water cuts of OW systems, both with and without hydrophilic nano-CaCO3, were recorded at 3 ◦C and 6 MPa. The standard 
deviation is used to represent the uncertainty of data.

Water cut, % Concentration, wt% t1, min t2, min P1, MPa P2, MPa With/without hydrate

10 0.0 0.00 ± 0.00 84.22 ± 3.01 6.000 ± 0.004 4.752 ± 0.012 with
0.1 67.49 ± 23.25 1304.05 ± 333.90 4.826 ± 0.110 4.734 ± 0.570 with
0.5 0.00 ± 0.00 104.26 ± 11.45 6.004 ± 0.004 4.821 ± 0.016 with (very few)
1.0 0.00 ± 0.00 87.48 ± 1.07 6.006 ± 0.003 4.863 ± 0.001 with (very few)
2.0 0.00 ± 0.00 81.57 ± 1.24 6.006 ± 0.002 4.865 ± 0.003 with (very few)

20 0.0 179.72 ± 25.26 233.45 ± 49.98 4.894 ± 0.048 4.806 ± 0.047 with
0.1 128.45 ± 42.69 199.42 ± 34.84 4.856 ± 0.004 4.706 ± 0.093 with
0.5 0.00 ± 0.00 81.13 ± 13.64 6.002 ± 0.006 4.875 ± 0.170 with
1.0 0.00 ± 0.00 79.08 ± 0.70 5.997 ± 0.002 4.848 ± 0.162 with
2.0 0.00 ± 0.00 93.65 ± 8.72 5.990 ± 0.003 4.938 ± 0.097 with

30 0.0 85.34 ± 29.75 205.48 ± 39.31 4.981 ± 0.039 4.844 ± 0.019 with
0.1 0.00 ± 0.00 189.65 ± 26.73 6.008 ± 0.002 4.433 ± 0.051 with
0.5 0.00 ± 0.00 266.33 ± 55.37 6.008 ± 0.004 4.781 ± 0.143 with
1.0 0.00 ± 0.00 94.72 ± 27.62 6.000 ± 0.003 4.917 ± 0.158 with
2.0 0.00 ± 0.00 643.37 ± 64.95 5.798 ± 0.016 4.972 ± 0.042 with

40 0.0 79.23 ± 34.80 911.81 ± 313.20 5.022 ± 0.277 4.508 ± 0.390 with
0.1 239.74 ± 7.65 326.25 ± 15.37 5.124 ± 0.048 4.732 ± 0.091 with
0.5 0.00 ± 0.00 50.82 ± 6.82 6.012 ± 0.005 5.183 ± 0.078 without
1.0 266.89 ± 39.00 1289.47 ± 128.20 5.120 ± 0.018 4.770 ± 0.165 with
2.0 261.54 ± 40.44 315.85 ± 20.35 5.145 ± 0.047 5.005 ± 0.083 with

50 0.0 0.00 ± 0.00 602.06 ± 299.20 6.003 ± 0.004 4.751 ± 0.061 with
0.1 0.00 ± 0.00 227.08 ± 6.01 6.008 ± 0.006 5.295 ± 0.037 without
0.5 342.45 ± 95.02 1238.42 ± 238.40 5.184 ± 0.072 4.926 ± 0.438 with
1.0 311.03 ± 175.30 1266.74 ± 539.30 5.158 ± 0.513 4.756 ± 0.065 with
2.0 203.68 ± 114.40 1030.09 ± 25.82 5.187 ± 0.059 4.978 ± 0.099 with

Table 2 
The data on hydrate formation kinetics in various water cuts of OW systems, both with and without hydrophobic nano-CaCO3, were collected at 3 ◦C and 6 MPa. The standard 
deviation is used to represent the uncertainty of data.

Water cut, % Concentration, wt% t1, min t2, min P1, MPa P2, MPa With/without hydrate

10 0.0 0.00 ± 0.00 84.22 ± 3.01 6.000 ± 0.004 4.752 ± 0.012 with
0.1 0.00 ± 0.00 139.82 ± 10.48 6.001 ± 0.003 4.809 ± 0.015 with
0.5 0.00 ± 0.00 105.30 ± 9.27 6.008 ± 0.006 4.917 ± 0.009 without
1.0 0.00 ± 0.00 97.62 ± 8.03 6.003 ± 0.005 4.904 ± 0.001 without
2.0 0.00 ± 0.00 115.93 ± 11.02 6.002 ± 0.004 4.905 ± 0.003 without

20 0.0 179.72 ± 25.26 233.45 ± 49.98 4.894 ± 0.048 4.806 ± 0.047 with
0.1 0.00 ± 0.00 98.18 ± 10.36 6.000 ± 0.003 4.967 ± 0.003 with
0.5 738.87 ± 59.42 957.97 ± 174.50 4.979 ± 0.027 4.404 ± 0.380 with
1.0 0.00 ± 0.00 111.85 ± 5.13 5.997 ± 0.001 5.072 ± 0.019 without
2.0 0.00 ± 0.00 114.40 ± 6.20 5.994 ± 0.001 5.091 ± 0.022 without

30 0.0 85.34 ± 29.75 205.48 ± 39.31 4.981 ± 0.039 4.844 ± 0.019 with
0.1 91.48 ± 34.68 384.00 ± 61.89 4.974 ± 0.045 4.422 ± 0.296 with
0.5 166.35 ± 55.88 1329.57 ± 241.30 5.010 ± 0.253 4.188 ± 0.333 with
1.0 146.48 ± 13.58 538.16 ± 49.94 5.078 ± 0.028 4.516 ± 0.023 with
2.0 72.10 ± 34.21 1065.30 ± 256.40 5.074 ± 0.411 4.388 ± 0.412 with

40 0.0 79.23 ± 34.80 911.81 ± 313.20 5.022 ± 0.277 4.508 ± 0.390 with
0.1 423.75 ± 62.46 1288.63 ± 195.30 5.005 ± 0.204 4.511 ± 0.301 with
0.5 0.00 ± 0.00 76.46 ± 6.97 6.006 ± 0.011 5.130 ± 0.010 without
1.0 547.19 ± 126.08 1291.56 ± 2.91 5.167 ± 0.006 4.426 ± 0.417 with
2.0 0.00 ± 0.00 2138.25 ± 251.40 6.017 ± 0.019 3.880 ± 0.291 with

50 0.0 0.00 ± 0.00 602.06 ± 299.20 6.003 ± 0.004 4.751 ± 0.061 with
0.1 129.78 ± 69.94 767.75 ± 353.40 5.194 ± 0.056 4.241 ± 0.209 with
0.5 233.20 ± 119.80 930.28 ± 191.10 5.188 ± 0.093 4.187 ± 0.355 with
1.0 0.00 ± 0.00 138.48 ± 29.96 5.991 ± 0.009 5.252 ± 0.029 without
2.0 0.00 ± 0.00 1148.12 ± 342.30 6.004 ± 0.003 4.747 ± 0.153 with
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Fig. 3. The influence of hydrophilic nano-CaCO3 on hydrate formation and agglomeration across various water cuts in OW systems at 3 ◦C and 6 MPa is depicted as follows: (a) 10% 
and 20% OW; (b) 30% and 40% OW; (c) 50% OW. “H" denotes the presence of hydrates, while “No HF” indicates the absence of hydrate formation.
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volume fraction (or water cut) plays a critical role in hydrate for
mation in OW systems (Ning et al., 2022).

When hydrophilic nano-CaCO3 particles are introduced into 
OW systems, the induction time of hydrate formation changes 
based on both the nanoparticle concentration (0.1, 0.5, 1.0, and 
2.0 wt%) and the water cut. In the 10% OW system, the 0.5 wt% 
concentration of hydrophilic nano-CaCO3 particles inhibits hy
drate nucleation, but this inhibitory effect diminishes at other 
concentrations. As the water cut increases to 20% and 30%, the 
particles tend to promote hydrate nucleation, often resulting in an 
induction time of 0 min in most cases. However, in systems with 
higher water cuts of 40% and 50%, hydrophilic nano-CaCO3 pro
longs the induction time and can even completely prevent hydrate 
nucleation in certain cases (e.g., 40% OW + 1.0 wt%, 50% 
OW + 0.5 wt%) (Fig. 5(a)).

The variations in induction time across different OW systems 
likely stem from the interplay between nanoparticles and the OW 
interface. Firstly, a specific concentration of both hydrophilic and 
hydrophobic nano-CaCO3 particles can significantly influence hy
drate nucleation in a pure water system (Guo et al., 2022). More
over, the distribution of the oil and water phases influenced  by 
different water cuts, and the localization of nanoparticles at the 
OW interface, can further affect the system's overall ability to 
inhibit hydrate nucleation (Baek et al., 2015). Observations during 
the experiments (Figs. 3 and 6(a)) and reveal that systems with 
stronger inhibition properties typically exhibit improved emulsi
fication.  Previous studies have shown that small solid particles, 
including nanoparticles, can act as effective emulsifiers.  Hydro
philic nanoparticles tend to form O/W emulsions in OW systems, 
while hydrophobic nanoparticles favor the formation of W/O 
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Fig. 4. The influence of hydrophobic nano-CaCO3 on hydrate formation and agglomeration in various water cuts of OW systems at 3 ◦C and 6 MPa is illustrated as follows: (a) 10% 
and 20% OW; (b) 30% and 40% OW; (c) 50% OW. “H" indicates the presence of hydrates, while “No HF” signifies the absence of hydrate formation.
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emulsions (Gavrielatos et al., 2019). Therefore, enhancing the 
emulsification of OW systems is key to utilizing nano-CaCO3 par
ticles for inhibiting hydrate formation.

Further analysis indicates that hydrophilic nano-CaCO3 parti
cles exhibit a stronger inhibitory effect in systems with higher 
water cuts, which is attributed to their dispersion within the 
water and oil phases and their coverage density at the OW 
interface (Fig. 7). The majority of hydrophilic nano-CaCO3 parti
cles distribute within the aqueous phase and accumulate at the 
OW interface. Their arrangement at the interface is influenced by 
stirring, the order of sample preparation, and particle concen
tration. When the water cut is high (e.g., 40% and 50%), OW 
systems tend to form O/W emulsions under appropriate condi
tions (Fig. 6(a)). As demonstrated in earlier studies (Guo et al., 
2022), hydrophilic nano-CaCO3 particles can inhibit hydrate 
nucleation in the water phase. If these particles form a dense 
layer at the OW interface, it further suppresses hydrate nucle
ation. In systems with lower water cuts (e.g., 10% and 20%), 
however, hydrophilic nano-CaCO3 particles may fail to form a 
dense layer at the interface (Fig. 7(b)). Instead, under stirring 
conditions, they can disrupt the OW interface, lower the inter

facial tension, and boost hydrate nucleation. Additionally, the 
concentration of nanoparticles affects their density at the inter
face and the overall emulsification  process. These complex in
teractions and cumulative effects likely explain the varying 
impacts of hydrophilic nano-CaCO3 particles on hydrate nucle
ation in OW systems.

When varying concentrations of hydrophobic nano-CaCO3 
particles (0.1, 0.5, 1.0, and 2.0 wt%) are introduced into the OW 
system, most cases (except for 20% OW + 0.1 wt%; 30% 
OW + 2.0 wt%) show that these nanoparticles inhibit hydrate 
nucleation, resulting in prolonged induction times. Notably, in 
certain instances, such as 10% OW systems combined with 0.5, 1.0, 
and 2.0 wt% concentrations, hydrate formation is entirely sup
pressed (Fig. 5(b)). The data indicate that lower water cuts and 
higher concentrations of hydrophobic nanoparticles enhance the 
inhibition effect on hydrate nucleation. Observations from Fig. 4
and the experimental process (Fig. 6(b)) reveal that systems 
exhibiting stronger inhibition also demonstrate superior emulsi
fication, as illustrated in Fig. 4(c). Thus, enhancing emulsification is 
crucial for utilizing hydrophobic nano-CaCO3 particles to prevent 
hydrate formation and agglomeration in OW systems.
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Fig. 5. Induction time for hydrate formation in each set of experiment. (a) OW systems with varying water cuts containing hydrophilic nano-CaCO3; (b) OW systems with varying 
water cuts containing hydrophobic nano-CaCO3. The lined vertical bar signifies the absence of hydrate formation, with “No HF” denoting that no hydrates were formed, and it does 
not represent any specific induction time. For clarity, instances of 0 min induction time have been displayed as 5 min. Initial temperature and pressure conditions are set to 3 ◦C 
and 6 MPa.

(a) (b)

Fig. 6. Optical microscope pictures (50×) of Pickering emulsion formed by hydrophilic and hydrophobic nanoparticles: (a) 50% OW system with 0.5 wt% hydrophilic nano-CaCO3, 
where hydrophilic nanoparticles stabilize the O/W emulsion by dispersing within the water phase and enhancing the stability of the oil-water interface; (b) 50% OW system with 
0.5 wt% hydrophobic nano-CaCO3, showing a W/O emulsion where hydrophobic nanoparticles reside predominantly in the oil phase, stabilizing the dispersed water droplets.
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Furthermore, these hydrophobic nanoparticles exhibit better 
emulsification at low water cuts, which relates to their distribution 
within the water and oil phases, as well as their coverage at the 
OW interface (Fig. 7(d)). At lower water cuts, the OW system forms 
a water-in-oil (W/O) Pickering emulsion under the influence  of 
hydrophobic nanoparticles. This emulsion effectively reduces 
interfacial tension and establishes a dense interfacial film 
(Chevalier and Bolzinger, 2013; Gavrielatos et al., 2019). This 
configuration  hinders methane gas diffusion into the aqueous 
phase and physically obstructs hydrate crystal formation by 
occupying nucleation sites, thereby inhibiting hydrate formation.

Conversely, at higher water cuts, the same concentration of 
hydrophobic nanoparticles does not lead to the formation of a 
closed-packed adsorbed layer at the interface (Fig. 7(c)). The 
resulting W/O emulsion may lack stability, leading to a weaker 
inhibition effect on hydrate nucleation. Additionally, while hy
drophobic nano-CaCO3 particles may not inhibit hydrate forma
tion at higher water cuts, the emulsification  improves with 
increasing nanoparticle concentration, preventing large agglom
erations even if hydrate is formed (Fig. 4). Instead, small hydrate 
particles remain dispersed in the oil phase, which contributes to 
the overall stability of the OW systems and mitigates potential 
hazards in practical applications.

4.2. Amount of hydrate formation

Consistent with our previous research (Ning et al., 2022), some 
systems exhibit no hydrate formation under specific  water cut 

conditions, while others do form hydrates with distinct induction 
times (see Tables 1 and 2; Figs. 3 and 4). Consequently, in the 
absence of hydrate formation, the final  equilibrium pressure is 
defined  as the equilibrium pressure for gas solubility. Moreover, 
the equilibrium pressure at the end of the induction phase can also 
be regarded as the equilibrium pressure for gas solubility. Subse
quently, the amounts of saturated dissolved CH4 in different water- 
cut systems can be determined by using the equation of state 
specific to each system (Table 3). Therefore, ignoring the influence 
of hydrophilic and hydrophobic nanoparticles on the solubility of 
CH4 molecules, the amounts of hydrate formation (Fig. 8) in 
different water cuts of OW systems—whether containing hydro
philic and hydrophobic nano-CaCO3 or not—can be determined 
using Eq. (1) and Table 3.

It can be concluded that, in the absence of any nano-CaCO3 
particles, the amount of hydrate formation initially increases with 
the water cut but experiences a slight decrease once the water cut 
reaches 50% (Fig. 8). This trend is primarily influenced  by the 
varying water cuts of different OW systems. For instance, the water 
volume in a 40% OW system is double that in a 20% OW system. 
However, when the water cut reaches a certain threshold, the 
system may transition from a W/O to an O/W configuration. The 
hydrate that forms initially can impede subsequent hydrate for
mation, potentially reducing the conversion of water to hydrate. 
Consequently, the amount of hydrate formation in the 50% OW 
system is marginally lower than in the 40% OW system, but the 
likelihood of hydrate blockage remains significant.

When hydrophilic nano-CaCO3 particles at various concentra
tions (0.1, 0.5, 1.0, and 2.0 wt%) are added to the OW systems (Fig. 8
(a)), distinct trends in hydrate formation are observed. At low 
concentrations (0.1 wt%), the addition of hydrophilic nano-CaCO3 
enhances hydrate formation in 10% and 20% water cut systems. 
However, at higher concentrations (0.5–2.0 wt%), these particles 
reduce the amount of hydrate formation. Similarly, in the 30% OW 
system, low concentrations (0.1 and 0.5 wt%) promote hydrate 
formation, while higher concentrations (1.0 and 2.0 wt%) inhibit it. 
In systems with high water cuts (40% and 50%), the presence of 
hydrophilic nano-CaCO3 reduces the amount of hydrate formation 
in comparison to systems without these nanoparticles. In some 
instances, such as 40% OW with 1.0 wt% and 50% OW with 0.5 wt%, 
hydrate formation is completely suppressed (Fig. 8(a)). This pro
motion of hydrate conversion at lower concentrations may result 
from the disruption of initial hydrate shells if the emulsification is 
poor, allowing better contact between water and gas. Conversely, 
the steric hindrance of nanoparticles at the OW interface (Fig. 7), 
along with similar inhibition mechanisms observed in pure water 
systems (Guo et al., 2022), leads to decreased hydrate formation. 
Further analysis indicates that the inhibitory effect of hydrophilic 
nano-CaCO3 particles on hydrate formation is more pronounced at 
higher water cuts, paralleling the observations for induction time.

Therefore, compared with the system with poor emulsification 
effect, the proportion of water phase converted to hydrate in OW 
system with good emulsification  is higher. However, when the 
water cut is low, it is difficult to destroy the interfacial film even 
the hydrate is formed. The nanoparticle film can still form a steric 
hindrance to prevent further hydrate formation.

Except in cases where hydrate formation is completely pre
vented (e.g., 10% OW with 0.5, 1.0, and 2.0 wt%), hydrophobic nano- 
CaCO3 particles tend to promote hydrate formation amount in OW 
systems with high water cuts (30%, 40%, and 50%). Conversely, in 
lower water cut systems (10% and 20%), even if hydrates form, 
hydrophobic nanoparticles generally reduce the amount of hy
drate produced (Fig. 8(b)). This behavior may arise because 

Methane Water Oil
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Hydrophobic
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Fig. 7. Mechanism diagram of the distribution of hydrophilic and hydrophobic 
nanoparticles in OW systems with different water cuts. (a) Hydrophilic nanoparticles 
in high water cut system; (b) hydrophilic nanoparticles in low water cut system; (c) 
hydrophobic nanoparticles in high water cut system; (d) hydrophobic nanoparticles 
in low water cut system.
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hydrophobic nanoparticles can emulsify the OW systems, creating 
dense films at the interface. Once hydrates form, these interfacial 
films can easily break, releasing water from the dispersed phase, 
which then facilitates further hydrate formation (Guo et al., 2020). 
Additionally, since hydrophobic nanoparticles can enhance hy
drate formation in pure water, they similarly promote hydrate 
formation at high water cuts (Guo et al., 2022). The internal water 
phase is more effectively dispersed within the oil phase due to 
nanoparticle emulsification,  leading to a higher proportion of 
water converting to hydrates in well-emulsified  OW systems. 
However, at low water cuts, the interfacial film  is less likely to 
break, even with hydrate formation. In these cases, the nano
particle film  continues to provide steric hindrance, inhibiting 
further hydrate formation.

4.3. The average hydrate growth rate

Fig. 9 illustrates the average hydrate growth rate in OW systems 
with varying water cuts at 3 ◦C and 6 MPa, both with and without 
the addition of hydrophilic and hydrophobic nano-CaCO3 particles. 
The findings indicate that, in systems lacking nano-CaCO3, a lower 
water cut corresponds to a faster rate of hydrate formation. This 
phenomenon occurs because the introduction of a specific volume 
of oil phase significantly increases the interfacial area. As a result, 
more nucleation sites are created and the mass transfer process is 
enhanced, thus speeding up the rate of hydrate growth.

When hydrophilic nano-CaCO3 particles at various concentra
tions (0.1, 0.5, 1.0, and 2.0 wt%) are introduced into OW systems, 
the hydrate formation rate generally decreases compared to the 

Table 3 
At 3 ◦C and 6 MPa, the saturated dissolved CH4 quantities in various water cuts of OW systems (both those with hydrophilic and hydrophobic nanoparticles and those 
without) were computed by means of the equation of state unique to each system.

Various water cuts of OW systems 50% OW 40% OW 30% OW 20% OW 10% OW

Pressure at equilibrium of CH4 dissolution, MPa 5.111 5.022 4.981 4.879 4.864
The saturated dissolved CH4 amounts, mol 0.184 0.202 0.210 0.227 0.234
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Fig. 9. The average hydrate growth rate in each experimental set is presented as follows: (a) various water cuts of OW systems with added hydrophilic nano-CaCO3; (b) various 
water cuts of OW systems with added hydrophobic nano-CaCO3. The striped vertical bars indicate no hydrate formation and should not be interpreted as representing the 
formation of any number of hydrates (“No HF” signifies no hydrate formation). The initial experimental conditions were a temperature of 3 ◦C and a pressure of 6 MPa.

D.-D. Guo, W.-J. Ou, Y.-H. Zhang et al. Petroleum Science 22 (2025) 3817–3829

3826



pure OW system without nanoparticles. In certain cases, hydrate 
formation is entirely prevented (e.g., 40% OW with 1.0 wt%; 50% 
OW with 0.5 wt%) (Fig. 9(a)). However, the addition of 0.1 wt% 
hydrophilic nano-CaCO3 particles promotes the hydrate formation 
rate in systems with medium water cuts (20%–40%), whereas 
higher concentrations (0.5–2.0 wt%) lead to a reduced formation 
rate. The underlying inhibition and promotion mechanisms are 
consistent with those discussed in previous sections (4.1 and 4.2). 
Further analysis also indicates that hydrophilic nano-CaCO3 par
ticles exhibit stronger inhibitory effects on hydrate formation at 
higher water cuts and higher concentrations.

When hydrophobic nano-CaCO3 particles at varying concen
trations are introduced into the OW systems (Fig. 9(b)), their 
overall effect on the hydrate growth rate at high water cuts (30%– 
50% OW) is less pronounced, with some systems showing hydrate 
promotion while others exhibit inhibition. At lower water cuts 
(10% and 20%), hydrophobic nanoparticles generally reduce the 
hydrate growth rate. However, in certain cases, such as 20% OW 
with 0.5 wt%, the nucleation of hydrates disrupts the OW interface, 
leading to a rapid acceleration in hydrate growth due to the 
presence of hydrophobic nanoparticles. The mechanisms under
lying these inhibition and promotion effects align with those dis
cussed previously, though the balance between these effects can 
vary depending on system parameters. Hydrophobic nano-CaCO3 
particles tend to show stronger inhibition on hydrate growth rates 
at low water cuts and higher concentrations. This is likely due to 
particle saturation at the interface, where nanoparticles aggregate 
and form a stable, thick layer on the W/O emulsion (Baek et al., 
2019). The oil film  becomes occupied by nanoparticles differ
ently at low and high concentrations, contributing to the observed 
retardation or enhancement in hydrate formation.

Based on the results, it can be deduced that in the absence of 
nano-CaCO3 particles, hydrates form and aggregate readily in OW 
systems, whether the water cut is high or low, potentially leading 
to negative impacts on flow assurance and production operations. 
However, the introduction of various concentrations of hydrophilic 
nano-CaCO3 particles inhibits hydrate formation in most cases, 
and in some instances (40% OW + 1.0 wt%; 50% OW + 0.5 wt%), 
hydrate formation is completely prevented. The data suggest that 
hydrophilic nano-CaCO3 particles exhibit stronger inhibition ef
fects at higher water cuts and concentrations. Similarly, hydro
phobic nano-CaCO3 particles can also inhibit hydrate formation 
under specific conditions, with their inhibitory effect being more 
pronounced at lower water cuts. While the concentration of 
nanoparticles affects the experimental outcomes, the trend is not 
entirely consistent. Therefore, by selecting the appropriate type 
and concentration of nanoparticles based on specific conditions (e. 
g., water cut), it is possible to effectively inhibit hydrate formation 
and aggregation.

4.4. Limitations and future work

The type (composition) of oil can significantly  influence  the 
system's ability to inhibit hydrate formation and agglomeration, 
and many studies have corroborated this viewpoint (Almashwali 
et al., 2022; Daraboina et al., 2015; Fadnes, 1996; Meng et al., 
2025). Crude oil is a complex mixture, primarily composed of al
kanes, aromatic hydrocarbons, asphaltenes, and other colloidal 
compounds (Meng et al., 2025). Research indicates that the ability 
of crude oils to form hydrate plugs can vary greatly, mainly due to 
the presence of polar components (such as resins and asphal
tenes), which have been shown to inhibit hydrate formation and 

aggregation (Fadnes, 1996). The inhibition potential varies 
depending on the crude oil type, likely due to a combination of 
different inhibition mechanisms, and possibly due to competition 
between inhibitive and promotive effects (Daraboina et al., 2015; 
Meng et al., 2025). Additionally, oil components with small par
ticle sizes and charged surfaces can interact with nanoparticles 
through adsorption or electrostatic forces (Arab et al., 2018; 
Talatori and Barth, 2011). Surface-active molecules present in the 
oil may modify interfacial tension and nanoparticle wettability, 
thereby affecting their distribution in both the bulk phase and at 
OW interface. These interactions can destabilize the interface, 
compromising the effectiveness of nanoparticles and the overall 
system in mitigating hydrate formation and aggregation (Chen 
et al., 2019; Guo et al., 2024; Talatori and Barth, 2011).

The selection of mineral oil was based on its chemical stability, 
low volatility, excellent lubricating properties, and its ability to 
facilitate clear observation of experimental phenomena. While the 
current work primarily investigates the effects of nanoparticles on 
hydrate formation and agglomeration in OW systems, it is 
acknowledged that incorporating a broader range of oil composi
tions is essential to improve the generalizability of the findings. To 
this end, future studies will explore the influence of different oil 
compositions on hydrate inhibition behavior using both macro
scopic and microscopic evaluation methods. Furthermore, the 
present study considers key variables known to affect hydrate 
formation and aggregation in OW systems, including water cut 
(10%–50%) and nanoparticle concentration (0.1, 0.5, 1.0, and 2.0 wt 
%), to examine their impact on experimental outcomes. However, 
the current analysis primarily emphasizes kinetic behavior and 
trend observations. The underlying mechanisms through which 
these factors influence  hydrate inhibition remain insufficiently 
understood and warrant further investigation (Fig. 10).

Building on the current research, future investigations will 
examine the effects of various factors, including water cut (5%– 
100%), oil composition, water salinity, nanoparticle properties 
(such as type, particle size, and wettability), and the emulsification 
process (e.g., stirring rate and addition sequence), on the distri
bution and relative positioning of oil, water, and nanoparticles 
within the system (Fig. 10(a) and (b)). These factors will be studied 
in depth to elucidate their influence on emulsion type (W/O or O/ 
W), OW interface stability, and overall system stability (Fig. 10(c)). 
Ultimately, a relationship will be established between emulsion 
system properties (e.g., kinetics inhibition and anti-agglomeration 
efficiency)  and the aforementioned influencing  factors, thereby 
enabling parameter optimization for enhanced hydrate inhibition 
performance (Fig. 10).

To determine emulsion type and phase distribution, dye- 
tracing techniques combined with microscopic imaging will be 
employed, with particular emphasis on identifying threshold 
conditions (e.g., critical water cut or nanoparticle concentration) 
that induce phase inversion. Emulsion stability will be evaluated 
through both qualitative observations and quantitative analyses, 
including droplet size distribution and demulsification  voltage 
measurements. Although capturing dynamic changes during hy
drate formation remains challenging due to experimental limita
tions, emphasis will be placed on analyzing emulsion stability 
prior to hydrate formation and following dissociation (Fig. 10(c)). 
Furthermore, to gain deeper insights into the underlying inhibition 
mechanisms, a combination of macroscopic experiments, micro
scopic imaging, and molecular dynamics (MD) simulations will be 
utilized to investigate the interactions among oil, water, nano
particles, and gas molecules (Fig. 10(b)).
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5. Conclusions

In this study, experiments were conducted on methane hydrate 
formation in OW systems, both with and without hydrophilic and 
hydrophobic nano-CaCO3 particles, at 3 ◦C and 6 MPa. The results 
showed that in the absence of nano-CaCO3 particles, hydrates 
readily form and aggregate in OW systems, regardless of water cut, 
which can negatively affect flow assurance and production pro
cesses. When hydrophilic nano-CaCO3 particles were added at 
concentrations ranging from 0.1 to 2.0 wt%, they inhibited hydrate 
formation in systems with 10%–50% water cut, with complete 
prevention observed in certain cases (e.g., 40% OW + 1.0 wt%; 50% 
OW + 0.5 wt%). The inhibition effect was stronger at higher water 
cuts, making hydrophilic nano-CaCO3 particles particularly suit
able for high-water-cut systems. Hydrophobic nano-CaCO3 parti
cles also suppressed hydrate formation, with a more pronounced 
effect at lower water cuts, indicating their potential use in low- 
water-cut systems. While the concentration of nanoparticles 
affected the results, the pattern of this influence was not entirely 
consistent. This study provides valuable insight into how hydro
philic and hydrophobic nanoparticles influence methane hydrate 
formation and aggregation, offering a potential mechanism for 
their use in hydrate management during well drilling and flow 
assurance. Future work will focus on uncovering the molecular- 
scale mechanisms of these effects and exploring the combination 
of nanoparticles with other additives, such as anti-agglomerants 
(AAs), to enhance hydrate inhibition.
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