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a b s t r a c t

The impact of wax on the formation of hydrates has not yet been established due to the inherent 
complexity of oil–water (O/W) mixtures. The O/W system has not been as extensively studied. In light of 
the considerations above, the present study involved the preparation of O/W emulsions through the 
addition of Tween-80. The investigation encompasses the impact of wax on hydrate formation in the 
presence or absence of Tween-80 under the influence of varying wax contents. The coupling of Tween-
80 and waxes facilitated nucleation because of the heterogeneous nucleation effect of the hydrates. The 
induction period of hydrates first increased and then decreased with increasing wax content. At low wax 
content, the emulsion was in an W/O/W state, and the wax crystals precipitated in the oil encapsulated 
some of the water droplets, leading to a reduction of water in the outer phase of the emulsion, which 
was unfavorable for hydrate nucleation. Differences in the contribution of waxes to hydrate formation in 
non-emulsified, water-dominated and oil-dominated systems were clarified in conjunction with our 
previous studies. This study contributes to a comprehensive understanding of the effect of wax on 
hydrate formation.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

In multiphase mixed transport pipelines, solid-phase deposi-
tion may result in blockage, which represents a significant threat 
to the safe operation of these pipelines (Liu et al., 2022b; Ma et al., 
2023; Melchuna et al., 2020; Xu et al., 2023). At lower ambient 
temperatures, waxes and hydrates may occur simultaneously (Liao 
et al., 2022; Liu et al., 2022c; Shi et al., 2018). They may interact 
with each other and affect the normal operation of the pipeline, 
and their interactions have received much attention from the ac-
ademic community (Chen et al., 2021; Liu et al., 2022a; Song et al., 
2020, 2021; Wang et al., 2020a). Studies have focused on the effect 
of waxes on hydrates since waxes generally precede hydrates 
under common experimental conditions (Liu et al., 2019; Shi et al., 
2018; Tong et al., 2023; Zhang et al., 2021). Nevertheless, there is

no consensus on wax's effect and mechanism on hydrates (Zhang 
et al., 2022). Therefore, ongoing research is necessary.

There are several key reasons why the influence of waxes on 
hydrate formation remains a topic of contention. It is commonly 
accepted that waxes facilitate the attainment of phase equilibrium 

in hydrates, which is thermodynamically conducive to hydrate 
formation (Ji, 2004; Mahabadian et al., 2016). However, the actual 
hydrate nucleation is more rigorous than the phase equilibrium 

conditions, as evidenced by an induction period for hydrate 
nucleation (Chen et al., 2019a; Wang et al., 2016). The original 
concept of the induction period was the time elapsed from phase 
equilibrium to the appearance of the first critical nucleus 
(Natarajan et al., 1994). The temperature difference between the 
actual nucleation and equilibrium temperatures is called sub-
cooling (Kashchiev and Firoozabadi, 2002). This parameter is 
important in measuring the nucleation-driving force (Kashchieva 
and Firoozabadi, 2003). However, since the critical nucleation is 
difficult to observe, an alternative method is typically employed to 
determine the induction period. This method still takes phase 
equilibrium as the starting point of the induction period but takes 
the temperature increase and pressure decrease due to massive
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hydrate nucleation as the end point of the induction period (Lv 
et al., 2015). In the analysis of the induction period, waxes 
exhibited both lengthening and shortening effects under different 
experimental conditions, which introduced uncertainty regarding 
the impact of waxes on hydrate nucleation (Brown et al., 2020; Jing 
et al., 2023b; Shi et al., 2018; Xiao et al., 2023).

The study of waxes' effects on hydrates typically involves dis-
solving waxes in oil, creating an oil–water two-phase system 

(Huang et al., 2023; Wang et al., 2024a; Zhang et al., 2021, 2023). 
Under agitation, this mixture can form emulsions with waxes and/ 
or surfactants. Emulsion type depends on water content and 
emulsifier type (Wang et al., 2021). While crude oil contains nat-
ural emulsifiers (Raya et al., 2020), diesel and mineral oils require 
added surfactants to form stable emulsions for hydrate studies 
(Wang et al., 2024a; Zi et al., 2019). Some studies employ non-
emulsified systems where oil and water are mechanically 
dispersed through stirring or flow (Jing et al., 2023b; Xiao et al., 
2023; Zhou et al., 2018). This leads to the fact that the experi-
mental systems are different, and although all are investigating the 
effect of waxes on hydrates. The systems studied include 
emulsifier-stabilized water-in-oil (W/O) emulsion, oil-in-water 
(O/W) emulsion, and stirred dispersed systems of oil–water 
mixture. The involvement of waxes will further complicate the 
system because emulsifiers may not only affect the dispersion of 
waxes (Ma et al., 2022) but may also adsorb at the oil–water 
interface to form Pickering emulsions (Gomes et al., 2024; Haj-
shafiei et al., 2013; Xia et al., 2021). To summarize, it is foresee-
able that the effect of waxes on hydrates cannot be determined 
because different conclusions may be obtained in variable research 
systems.

Therefore, it would be irresponsible to present only the 
conclusion that the effect of waxes on hydrates cannot be deter-
mined, as partial agreement already exists on a more precise 
range. For example, the inhibitory effect of waxes on hydrates in 
stable wax-containing W/O systems containing emulsifiers has 
been widely demonstrated (Chen et al., 2019b; Liu et al., 2019; 
Wang et al., 2020b). For instance, experiments conducted in the 
cell by Wang et al. (2020b) demonstrated that wax prolongs the 
induction period, and the degree of inhibition is positively corre-
lated with wax content. Their experimental system was the waxy 
W/O emulsion, where water droplets were stably dispersed in the 
oil by Span 80. Other researchers have reached the same conclu-
sion using CH 4 and CO 2 as hydrate guest molecules in similar 
experimental systems (Wang et al., 2022, 2024b; Zhang et al., 
2021). Chen et al., (2019b, 2021) and Jing et al. (2023c) also 
observed the negative effect of wax on hydrate nucleation in W/O 
system using cyclopentane as the hydrate guest molecule. It has 
been suggested that waxes adsorbed at the gas–liquid interface 
hinder mass transfer and negatively impact hydrate nucleation 
(Liu et al., 2019). There is currently a lack of studies of the O/W 

system. The underlying mechanism remains unelucidated and is 
inferred from W/O system without the benefit of tangible evidence 
(Wang et al., 2024a). This phenomenon suggests differences in the 
effect of wax on hydrate nucleation across different types of 
emulsions. Due to the inadequacy of the current study of waxes on 
hydrate formation in the O/W system, including establishing the 
mechanism of influence and the effect of different wax contents, a 
more in-depth analysis is necessary.

The dispersion of oil and water achieved by stirring without an 
emulsifier is poorly characterized, which leads to a lack of 
consensus when studying the effect of waxes on hydrate formation 
in this system. However, it is generally believed that small quan-
tities of waxes favor hydrate nucleation, while high concentrations 
impede hydrate nucleation in the current study (Xiao et al., 2023).

In contrast, some researchers maintain that waxes are always 
unfavorable for hydrate nucleation (Jing et al., 2023b). The 
mechanism remains unconfirmed, as is the case with the O/W 

systems. In this instance, the promotion or inhibition mechanism 

is inferred, but lacks evidence to support it. Since waxes need to be 
dissolved in oil to study the effect of waxes on hydrates. This leads 
to another question: the oil or water content also affect the 
nucleation of hydrates. It has been shown that the higher the water 
content, the easier it is for hydrates to nucleate when the total 
liquid load is kept without the addition of emulsifiers (Zheng et al., 
2017). Nevertheless, this does not demonstrate that oil is detri-
mental to hydrate formation, as a higher water content may also 
influence hydrate nucleation. Thus, the impact of oil on hydrates 
must also be further investigated.

A predominant scenario in crude oil production is the forma-
tion of W/O emulsions, where water droplets are dispersed within 
a continuous oil phase. This represents the classic and most 
extensively studied system for hydrate risk assessment in flow 

assurance (Jing et al., 2023a). Water droplets dispersed in the oil 
phase can rapidly convert into hydrate particles, transforming a 
stable emulsion into a hydrate-in-oil slurry (Jing et al., 2024). 
Conversely, in later stages of production or in specific processing 
facilities, the flow regime can invert to form O/W emulsions, 
where oil droplets are dispersed within a continuous water phase. 
This scenario is particularly relevant in systems with high water 
cuts, which are increasingly common as oil fields mature. The 
continuous water phase provides an extensive network for hydrate 
growth, potentially leading to rapid formation of solid hydrate 
masses that can deposit on pipe walls or form large plugs. The 
mechanisms of hydrate formation, film growth, and deposition in 
O/W emulsions are fundamentally different from those in W/O 
systems and require dedicated study to develop effective mitiga-
tion strategies (Jing et al., 2025). Beyond these well-defined 
emulsions, real-world pipelines often handle complex and dy-
namic oil–water mixtures that may not form stable emulsions but 
rather exist as stratified or dispersed flows with evolving mor-
phologies. Therefore, research investigating hydrate kinetics, 
morphology, and rheology across this spectrum—from stable W/O 
and O/W emulsions to transient oil–water mixtures—is of para-
mount practical significance.

In conclusion, further investigation is required to elucidate the 
impact of wax on hydrate formation. It is essential to distinguish 
wax's influence and the underlying mechanisms in different sce-
narios, thereby comprehensively delineating its effects across 
various systems. Due to the differential effects of wax on hydrates 
in W/O and O/W emulsions, the mechanism of wax influence on 
hydrate formation in O/W systems must be clarified. We have 
conducted a preliminary study examining the effect of wax on 
hydrates in the presence or absence of Span 80 at low water 
content (Jing et al., 2024). However, studies of the impact of waxes 
on hydrates at high water contents, particularly in O/W systems, 
lack both breadth and depth. Tween-80 is a nonionic surfactant 
with a hydrophilic-lipophilic balance (HLB) of 15. The HLB value 
determines emulsifier type, with values of 2–8 favoring W/O 
emulsions and 8–15 favoring O/W emulsions. This indicates that 
Tween-80 promotes O/W emulsion formation and maintains good 
emulsification performance under low-temperature and high-
pressure conditions (Wang et al., 2024a) Therefore, this study 
was conducted at high water content to investigate first the impact 
of experimental oil on hydrate formation at constant water vol-
ume. Subsequently, the effect of wax on hydrates in the presence 
and absence of Tween-80 was examined, and the mechanism of 
action was discussed. This research will help clarify the impact of 
waxes on hydrates under O/W conditions.
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2. Experimental section

2.1. Apparatus and materials

The hydrate formation experiments were carried out in a cell, 
as shown in Fig. 1. The design parameters refer to our published 
manuscript (Jing et al., 2024; Yang et al., 2024). The emulsion was 
prepared using a magnetic stirrer with a blade diameter of 5.4 cm. 
The microstructure of the emulsions was observed using an optical 
microscope of XPF-500 (Caikon Optical Instrument, Shanghai, 
China) with a 10x eyepiece and 10x–60x objective lens.

The preparation of emulsions requires oil, water, and emulsi-
fiers. 3# mineral oil (Shanghai Saichu Specialty Lubricants Co., Ltd, 
Shanghai, China) was chosen to avoid interference from waxes, 
asphaltenes, resins, and other components of crude oil. The carbon 
number distribution of 3# mineral oil and the method for 
measuring the freezing point of waxy oil were described in our 
previous study (Jing et al., 2024). The freezing point of oils with 
different wax contents is shown in Fig. 2. The deionized water used 
for the experiment was laboratory made. The emulsion was 
configured using Tween-80 (AR, Jiangsu Yatai Chemical CO., Ltd), a 
commonly used O/W emulsifier. The #58 full-refined paraffin wax 
(Kunlun brand, Fushun, China) was used in the experiments. The 
safer and cheaper CO 2 (99.9%, Zhengrong gas, Chengdu, China) was 
used as a guest molecule for hydrates, as it forms hydrates with the 
same structure as those formed from methane.

2.2. Conditions and procedures

Hydrate formation experiments were conducted at an initial 
pressure of 3.10±0.01 MPa at 20 ◦ C in all systems with a stirring 
rate of 500 rpm. The temperature of the experiments was 
controlled to 1.0 ◦ C by a water bath. The cooling rate is 0.13 ◦ C/min. 
The materials for the different hydrate experiments are shown in 
Table 1. The gas–liquid interface was the primary site of hydrate 
formation when the total liquid volume was 1.5 L and appropriate 
positioning of the temperature sensor. Prior to experimentation, 
the cell's tightness was verified using high-pressure nitrogen, and 
the system was thoroughly cleaned. The experimental procedure 
was as follows: First, the emulsion (400 mL of mineral oil and 
1100 mL of water) was prepared by adding 500 ppm of Tween-80. 
The concentration screening of Tween-80 was shown in the ap-
pendix (Fig. S3). Mechanical stirring was performed with a rotor

Fig. 1. Hydrate formation cell: (a) picture of hydrate formation apparatus, (b) schematic diagram of hydrate formation apparatus.

Fig. 2. Freezing point of mineral oils with different wax contents.

Table 1
The materials for the different hydrate experiments.

Experiment No. Materials Ratio

Exp. 1 Deionized water, CO 2 1100 mL of water
Exp. 2 Mineral oil, deionized water,

CO 2
1100 mL of water, 400 mL
of oil

Exp. 3 Mineral oil, deionized water, 
wax, CO 2

1100 mL of water, 400 mL 
of oil, 10 wt% wax in oil 

Exp. 4 Mineral oil, deionized water, 
Tween-80, CO 2

1100 mL of water, 400 mL 
of oil, 500 ppm Tween-80 

Exp. 5 Mineral oil, deionized water, 
wax, Tween-80, CO 2

1100 mL of water, 400 mL 
of oil, 500 ppm Tween-80, 
10 wt% wax

Exp. 6 Mineral oil, deionized water, 
wax, Tween-80, CO 2

1100 mL of water, 400 mL 
of oil, 500 ppm Tween-80, 
2.5 wt% wax

Exp. 7 Mineral oil, deionized water, 
wax, Tween-80, CO 2

1100 mL of water, 400 mL 
of oil, 500 ppm Tween-80, 
5 wt% wax

Exp. 8 Mineral oil, deionized water, 
wax, Tween-80, CO 2

1100 mL of water, 400 mL 
of oil, 500 ppm Tween-80, 
7.5 wt% wax
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diameter of 5.4 cm, a stirring time of 30 min, and a stirring speed of 
685 rpm to obtain the same linear velocity as the cell stirring. Next, 
the prepared emulsion was poured into the cell, and the pressure 
was raised to 3.10 MPa after injecting CO 2 several times to clean 
the air. The system was then cooled using a water bath set to 1.0 ◦ C, 
with continuous cooling until hydrate formation occurred. 
Following complete hydrate formation, the gas was vented, and 
freshly prepared liquid was reinjected. This procedure was 
repeated three times to obtain three independent measurements 
of the hydrate formation induction period. The results of the 
repeated experiments can be found in Table S1 in the appendix. 
The phase equilibrium model for hydrates is Ng-Robinson, and the 
state equation is SRK.

3. Results and discussion

3.1. Influence of waxy mineral oil and Tween-80 on hydrate 
formation

3.1.1. Hydrate formation induction time and gas consumption 
Previously, the effect of hydrate formation from oil was re-

flected in the water content. Zheng et al. (2017) maintained a 
constant quantity of carrier fluid and investigated the impact of 
mineral oil on hydrate formation under varying water content 
conditions. Their study found that increased water content facili-
tated hydrate nucleation. However, since this approach altered the 
water quantity, the observed enhancement in hydrate formation 
may simply result from the increased availability of water, rather 
than specifically reflecting oil's effects. To ensure experimental 
rigor, we maintained a constant water volume (1100 mL) across all 
systems, both with and without oil, as illustrated in Fig. 3. The 
experiments for the mineral oil–CO 2 –water systems were carried 
out in Fig. 3(a), where the volume of oil was 400 mL and the vol-
ume of water was 1100 mL. Aluminum alloy blocks were used 
instead of the volume occupied by oil to exclude oil interference, as 
shown in Fig. 3(b). The volume of a single block was 200 mL, and 
two blocks were the maximum amount that could be placed. Any 
further increase would cause the magnetic stirrer to come into 
contact with the metal block thus affecting the operation of the 
stirrer. This constraint determined our selection of 400 mL oil 
volume for all experiments. Experiments for the CO 2 –water system 

were performed in Fig. 3(c). Since the volume of oil was occupied 
by the metal blocks and the metal blocks were not directly 
involved in hydrate formation, this ensured that the amount of 
water and gas remained constant compared to oil-containing 
systems.

The induction period affected by oil, wax and Tween-80 was 
plotted in Fig. 4. The induction period was the shortest at 24.0

±7.7 min in the water–CO 2 system. The addition of oil was detri-
mental to hydrate nucleation to 37.2±6.7 min, which was consis-
tent with the previous conclusion (Zheng et al., 2017). The 
induction period was prolonged to 60.0±34.0 min by Tween-80. It 
suggested that Tween-80 was not favorable for hydrate nucleation. 
However, the system with the longest average induction period 
was wax–oil–water–CO 2 of 294.9±233.8 min, but the induction 
period shortened to 56.2±11.8 min after adding Tween-80. This 
phenomenon significantly differed from the Span-80, which en-
hances the inhibitory effect of wax (Jing et al., 2024). The findings 
demonstrated that using disparate emulsifiers resulted in varying 
effects on the nucleation of hydrates in wax-containing oil 
systems.

The gas consumption during hydrate formation in different 
systems is shown in Fig. 5. It was calculated using the same 
method as Liu et al. (2019). It shown that the pure water system 

maintained the maximum gas consumption throughout the 
experiment, with a final gas consumption of 0.864 mol. After 
adding oil, wax, and Tween-80, the gas consumption was signifi-
cantly reduced, with a final gas consumption of 0.785 mol for the 
oil–water system, 0.688 mol for the oil–water–wax system, 
0.717 mol for the oil–water–Tween-80 system, and 0.688 mol for 
the oil–water–wax–Tween-80 system. The final gas consumption 
was 0.688 mol for oil–water–wax–Tween-80 system, 0.717 mol for 
oil–water–Tween-80 system, and 0.688 mol for oil–water–Tween-
80 system. From the view of the final gas consumption, the effects 
of oil, wax, and Tween-80 on the hydrate growth were basically

Fig. 3. The inside of the hydrate formation cell: (a) empty cell, (b) aluminum alloy block, (c) cell with metal blocks.

Fig. 4. Induction period influenced by mineral oil, wax, Tween-80, and their 
combination.
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the same as that of nucleation. Compared with the oil–water–wax 
system, the gas consumption was unchanged after the addition of 
Tween-80, which indicated that Tween-80 mainly promoted the 
hydrate nucleation but had no effect on the hydrate growth under 
wax-containing system. From the variation of gas consumption 
with time, it could be seen that for the wax-containing system, the 
gas consumption of hydrate was always larger than that of the 
wax-containing system only after the addition of Tween-80, while 
for the non-wax system, although the final gas consumption was 
smaller after the addition of Tween-80, the gas consumption was 
larger compared with that in the first 50 min, which was similar to 
that of Span-80. It indicated that Tween-80 favored the rapid 
growth, but would reduce the final generation.

3.1.2. Macroscopic properties of hydrate formation
Hydrate growth was observed for different systems through the 

visual window, as shown in Fig. 6. At the end of the induction 
period, hydrates began to appear. Photographs were taken to re-
cord the hydrate growth morphology of 60 min after they began to 
form. When the system pressure remained stable for 30 min, it 
was considered as the end point of growth. Fig. 6(a) showed the 
viewable window observation of the CO 2 –water system. Hydrates 
were formed quickly and they grew upward along both sides of the 
viewable window. Then, the hydrate gradually grew from the sides 
towards the center, finally covering the viewable window. This 
phenomenon of hydrate climbing up the viewable window is 
similar to the observation of Liu et al. (2022c). It was because the 
viscosity of water was low. The stirring effect caused the liquid in 
the cell to swirl near the wall, which made direct contact with the 
gas. Moreover, the hydrate that formed at the interface tended to 
migrate as the hydrate formed and adsorbed to the edge of the slit 
at the opening of the viewable window due to the dynamic nature 
of the system. The homogenized liquid with Tween-80 in Fig. 6(d) 
and (e) had a similar formation process. Fig. 6(b) illustrates the 
variation in the hydrate formation of the CO 2 –mineral oil–water 
system over the visual window. The experimental liquids exhibi-
ted inhomogeneity due to the difficulty of uniformly mixing 
mineral oil and water without an emulsifier. Hydrates first 
appeared in different morphology than homogeneous liquids. 
Water droplets splashed due to agitation and adhered to the 
viewable window. As a result of the gas, the droplets were trans-
formed into hydrates. Hydrates can grow upward, but cannot 
adhere tightly to the window due to the presence of mineral oil at

the interface. This similar barrier effect occurred in the equally 
inhomogeneous wax-containing system (Fig. 6(c)). It suggests that 
oil can somewhat hinder hydrate adsorption on the wall in a non-
homogeneous system.

In addition to monitoring the hydrate growth process through 
the visual window, the cell was opened to observe the macroscopic 
morphology of the internal hydrate after the experiment, as 
illustrated in Fig. 7. Free water was still present in all systems due 
to the low initial system pressure setting. It was unavoidable that 
changes in the system's state would occur due to depressurization. 
These changes might potentially lead to partial hydrate decom-
position. However, the results obtained could still be utilized as a 
reference. The venting process was relatively smooth for non-
homogeneous systems, and a fast rate was used to remove all 
the gas as much as possible. In homogeneous systems, the pres-
ence of Tween-80 during the CO 2 discharge process resulted in the 
generation of a considerable quantity of foam, potentially leading 
to the venting pipe's freezing. Therefore, it was crucial to maintain 
a reasonable venting speed during this process to prevent such an 
occurrence. By controlling the exhaust speed of the system 

without Tween-80, the venting time can be maintained at 
approximately 20 min in all systems. It could be observed that the 
hydrate existed in a sheet-like aggregation state in both the 
gas–water and oil–gas–water systems. In contrast, hydrates were 
like foam under the wax–oil–gas–water system. Following the 
addition of Tween-80, the hydrates of wax-containing and non-
wax-containing systems exhibited a more loosely packed struc-
ture. It indicated that both wax and Tween-80 were not conducive 
to hydrate aggregation.

3.1.3. Morphology of oil–water mixture
The macroscopic morphology of hydrates could not explain the 

variations in hydrate formation induction periods, as discussed in 
Section 3.1.1. Furthermore, direct observation of microscopic 
changes in gas hydrates proved challenging. Therefore, we inves-
tigated the morphology of oil–water mixtures to address this 
question. Fig. 8 showed the oil–water cooling and mixing simula-
tion device. The oil–water stirring simulation experiment was 
conducted in a beaker, which facilitated the observation of the 
distribution of the liquid during the cooling process. The beaker 
was placed in a water bath to simulate the distribution of oil and 
water during the cooling process. Then, the temperature was set to 
the target temperature to disperse the oil and water, employing a 
stirrer with a direct blade of about 5.4 cm. The stirring rate was 
685 rpm to obtain the same stirring linear velocity. The stirring 
time was 120 min to ensure that the liquid in the beaker cooled 
down to the target temperature. The water in the system was 
275 mL, and the oil was 100 mL.

The beaker was removed from the water bath after stirring was 
completed, and stirring continued to be observed as fast as 
possible. The macroscopic morphology of the liquid was observed 
and photographed promptly, as illustrated in Fig. 9. It could be 
found that the oil and water distribution was relatively homoge-
neous in all the systems except for the waxy oil–water system 

depicted in Fig. 9(b). The white upper layer was identified as the 
solidified waxy oil, and the transparent layer was the water. Hy-
drate formation was most challenging in the waxy oil–water–CO 2 
system. It was attributed to waxy oil forming a particularly thick 
hindering layer between the gas and water. The results of the 
stirring experiments could also explain the prolongation of the 
hydrate induction period following the addition of oil in water–CO 2 
system. The presence of oil droplets at the gas–water interface 
during mixing resulted in the replacement of water by the oil 
droplets, thereby reducing the total amount of water in direct

Fig. 5. Variation of gas consumption under the influence of oil, wax, and Tween-80.
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Fig. 6. Hydrate formation and growth processes in different systems: (a) CO 2 –water system, (b) mineral oil–CO 2 –water system, (c) waxy oil–CO 2 –water system, (d) mineral 
oil–CO 2 –water–Tween-80 system, (e) waxy oil–CO 2 –water–Tween-80 system.
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contact with the gas. This reduced the probability of hydrate 
nucleation, which in turn prolonged the induction period. 

Despite the lack of explanation for the promotion of waxes in 
the emulsion system based on macroscopic observations, the 
objective was to obtain results from the microstructure of the 
emulsion, as illustrated in Fig. 10. The emulsion was of O/W type in 
the system with the addition of Tween-80 only, as shown in Fig. 10 
(a). The particle size distribution of oil droplets in systems without 
wax and with 2.5 wt% wax was shown in Fig. S1 in the appendix. 
The ROImanager module of ImageJ was used to measure the

particle size distribution, and a total of 336 oil droplets were 
identified, with an average size of 8.28 μm, a maximum size of 
65.43 μm, and a minimum size of 0.76 μm, which indicates that the 
O/W emulsion oil droplets sampled under the combined effect of 
agitation and Tween-80 were more homogeneous in distribution. 
In comparison, the emulsion changed after the addition of 10 wt% 
wax. The particle size distribution of water droplets in a wax 
system containing 5.0–10.0 wt% was shown in Fig. S2 in the ap-
pendix. After macroscopic and microscopic observation, the 
mixture was divided into two parts: water with little or no 
encapsulated oil, and other showed a W/O morphology. Analysis of 
the droplet distribution using ImageJ measurements shows that 
the average particle size of the 229 identified droplets is 10.06 μm, 
with a minimum diameter of 1.08 μm and a maximum diameter of 
103.42 μm. It could be categorized as a broader water-in-oil-in-
water (W/O/W) emulsion. However, the oil did not take on a 
droplet shape. Instead, they appeared capillary. This capillary-like 
oil was encapsulated by water as a whole. The capillary-like 
appearance of the oil was because the oil was well below the 
freezing point and assumed a solid-like form at lower tempera-
tures, which was stabilized in water by the action of Tween-80. 
This was similar to the oleogel-in-water Pickering emulsions 
(OPEs) (Qi et al., 2020, 2021). The low stabilizing strength of 
Tween-80 resulted in the oil droplets appearing to be heavily 
agglomerated and connected rather than dispersed as oil droplets. 
It was corroborated by what we found in our initial start-up ex-
periments, where O/W emulsions were not stabilized after stop-
ping mixing, even at addition levels above 10,000 ppm. However, 
the emulsion was stabilized by the synergistic effect of agitation 
and Tween-80. This mechanism explains the reduced hydrate in-
duction period in wax-containing systems: Solid-like oil droplets 
suspended in water provided heterogeneous nucleation sites for 
hydrates, promoting formation compared to wax-free systems (Ji, 
2004). Critically, the solid phase existed not as pure oil but as a W/

Fig. 7. Hydrate morphology inside the cell: (a) CO 2 –water system, (b) mineral oil–CO 2 –water system, (c) waxy oil–CO 2 –water system, (d) mineral oil–CO 2 –water–Tween-80 
system, (e) waxy oil–CO 2 –water–Tween-80 system.

Fig. 8. Oil–water cooling and mixing device.

Fig. 9. Macroscopic morphology of oil and water after stirring: (a) mineral oil–water system, (b) waxy oil–water system, (c) mineral oil–water–Tween-80 system, (d) waxy 
oil–water–Tween-80 system.
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O emulsion gel that sequestered free water. Waxes within the oil 
phase stabilized the oil gel structure, while waxes adsorbed at the 
oil–water interface stabilized the interface through Pickering 
emulsion formation, as shown in Fig. 10(b).

3.2. Influence of wax content on hydrate formation under O/W 

systems

3.2.1. Hydrate formation induction time and gas consumption 
Since the effect of wax content on hydrates in emulsifier-free 

systems had been widely discussed (Xiao et al., 2023; Zhou et al., 
2022, 2023), we only investigated the effect of wax on the induc-
tion period of hydrate formation in the presence of Tween-80. The 
specific experimental conditions were listed in Table 1. The 
average induction period under different wax content conditions 
was shown in Fig. 11. It indicated that lower wax content increased 
the average induction period, and higher levels shortened the

average induction period. When the wax content was 2.5 wt%, the 
wax greatly prolonged the average induction period and inhibited 
hydrate nucleation. At a wax content of 5.0 wt%, waxes still had an 
inhibitory effect, although this inhibitory effect was attenuated. In 
contrast, at 7.5 and 10.0 wt% wax contents, the induction period 
shortened, demonstrating that wax promotes hydrate nucleation 
at higher concentrations. When considering only wax-containing 
systems, increasing wax content generally reduced the induction 
period, facilitating nucleation. However, the difference between 
7.5 and 10.0 wt% wax contents was statistically insignificant, 
suggesting that wax's promotional effect reaches a plateau at 
higher concentrations.

Fig. 12 shows the temporal variation in gas consumption at 
different wax concentrations. When the wax content is 2.5 wt%, 
the trend of gas consumption of hydrate with time is basically the 
same compared with the wax-free system. The rate of gas con-
sumption exhibited a notable increase prior to the 50-min mark,

Fig. 10. Microscopic morphology of oil and water: (a) mineral oil–water–Tween-80 system, (b) waxy oil–water–Tween-80 system (green molecular: Tween-80; brown liquid: oil; 
light blue liquid: water).
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while a slight uptick was observed following the 50-min threshold. 
The final gas consumption was 0.717 mol for the wax-free system 

and 0.720 mol for the system with 2.5 wt% wax, with only a very 
small increase in gas consumption. The 5.0 wt% wax content was 
found to be generally consistent with the 2.5 wt% wax content. 
However, an increase in gas consumption was observed after 
50 min, reaching 0.776 mol. At a wax concentration of 7.5 wt%, the 
observed increase in gas consumption exhibited a distinct change 
in trend. Initially, it was linear, rising steadily for the first 125 min. 
However, after this point, the rate of increase slowed down grad-
ually. The gas consumption in this system was markedly higher 
than that observed in the other systems, at 0.869 mol, and 
exhibited an upward trend. However, it should be noted that the 
gas consumption was only measured for a relatively short duration 
of 160 min. The trend of gas consumption in the system with 10 wt 
% of wax was consistent with that observed in the systems with 0, 
2.5, and 5 wt% wax. However, the final gas consumption was only 
0.688 mol. In general, the hydrate growth tends to increase with

increasing wax content and reaches a maximum at 7.5 wt%, after 
which the increase in wax content leads to the inhibition of hy-
drate growth.

3.2.2. Macroscopic properties of emulsion
Moreover, the effect of the wax on the hydrate was found to be 

dependent on the morphology of the emulsion. The initial step 
involved the observation of the emulsification of the oil–water 
mixture through the macroscopic approach. Fig. 13 listed the 
oil–water distribution of emulsions with different wax contents 
when stirred and left to stand for 1 min. It showed that 2.5 wt% 
wax content presented a clear delamination phenomenon. The 
emulsion exhibited a high degree of instability, as evidenced by 
the rapid settling of water to the bottom of the beaker. At 5 wt% 
wax content, the amount of water partitioning was significantly 
reduced, but there was still a clear oil–water interface. The 
oil–water interface was no longer discernible at a wax content of 
7.5 wt%, and only a minimal quantity of water was separated. The 
emulsion was stable and homogeneous on a macroscopic scale at a 
10 wt% wax content. In general, the stability of the emulsion rises 
as the wax content increases. This phenomenon occurred due to 
the precipitation of wax crystals from the oil at lower tempera-
tures. These crystals could adsorb at the oil–water interface, 
thereby stabilizing the emulsion. This action had been extensively 
studied with the Pickering emulsion. At lower wax content, the 
effect of wax on the emulsion was minimal. However, with the 
increase in wax crystals, the effect gradually increased. The 
emulsion could already be stabilized for 1 min at 7.5 wt%. 
Observing over a longer period, we find that the emulsion can be 
stabilized for 30 min when the wax content is 10 wt%. This seems 
to correspond to the effect of wax on hydrates. The more stable this 
emulsion was, the better it was for hydrate nucleation.

It was also important whether the emulsion was water-
continuous or oil-continuous in the presence of wax. This was 
first verified by adding oil and water separately in the emulsion. 
The addition of water did not alter the emulsion's appearance, 
indicating it was water-continuous. In addition, microscopic 
observation slides were made, as shown in Fig. 14 (10 wt% see 
Fig. 10). The emulsion was removed at 1 ◦ C. The system was 
agitated, and the emulsion was sampled by dipping the near 
beaker wall through a glass rod and dropping it to the slide, sub-
sequently covering it with a coverslip. The waxy oil was white and 
the water was transparent in the picture. The mineral oil was 
encapsulated by transparent water, proving it's an O/W emulsion 
consistent with the results of the dilution method. Its micro-
structure will be further characterized by microscopic observa-
tions in the next section, which will further determine the nature 
of the emulsion, thus clarifying the effect of waxes on hydrate 
formation.

3.2.3. Microscopic properties of emulsion
The microstructure of the emulsion was observed to further 

characterize the mechanism of wax on hydrate nucleation. Typical 
microstructures of oil–water emulsions with different wax con-
tents were shown in Fig. 15 (10 wt% see Fig. 10). At a wax content of 
2.5 wt%, the emulsion showed an W/O/W structure, as shown in 
Fig. 15(a). The overall presentation of the structure was predict-
able because Tween-80 facilitated to formation of the O/W 

emulsions. However, wax crystals precipitated in the oil at low 

temperatures. Water droplets were carried into the oil. The wax 
crystals trapped water droplets in the oil since they could adsorb at

Fig. 11. Induction period of different wax contents.

Fig. 12. Effect of wax content on gas consumption of systems containing Tween-80.
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the oil–water interface with agitation, thus forming an W/O/W 

structure. Using ImageJ to analyze the distribution of oil droplets 
in the system, 1157 oil droplets were identified, with an average 
particle size of 8.14 μm, a maximum particle size of 60.77 μm, and a 
minimum particle size of 0.76 μm. Compared with the wax-free 
system, the average particle size was reduced by 19.09 %, and the 
maximum particle size by 42.65 μm, which showed that the waxes 
were beneficial to the homogeneous dispersion of the emulsion. 

When the wax content rose to 5 wt%, the oil was no longer 
distributed in the water as droplets. The oil was divided into two 
parts: one part was dispersed in the water in smaller droplets than 
the droplets at 2.5 wt%. The other part took on a monolithic shape. 
Due to the waxes' precipitation, the waxy oil's structure stabilized, 
solidified, and suspended in the water. The suspended oil (W/O 
emulsion) assumed a gelled state in the presence of a large amount 
of wax. In conclusion, oil–water mixtures exhibited an O/W state. 
The oil existed in two forms; one was the oil droplets dispersed in 
the water, showing a regular round (spherical) shape. The other

existed as suspended gelled W/O emulsions, suspended as a 
whole, and encapsulated in water. Measurement of oil droplets 
within the continuous aqueous phase in the lower right corner 
using ImageJ revealed that a total of 201 oil droplets were iden-
tified, with an average particle size of 4.31 μm, a maximum particle 
size of 26.73 μm, and a minimum particle size of 1.479 μm, which is 
significantly smaller compared to the wax content of 2.5 wt% and 
the droplets are more dispersed in the water, and droplets at a 
distance are not favorable for aggregation and formation of a 
continuous phase.

The waxy oil encapsulated more water as the wax content 
continued to rise, and a continuous aqueous phase was difficult to 
observe throughout the field of view, as shown in Figs. 14(c) and 10 
(b), which were microscopically similar for 7.5 and 10 wt% wax-
containing morphology. The ImageJ was used to measure the 
distribution of water droplets in the continuous phase of oil. Due 
to the solidification of the waxy oil at low temperatures, some 
small droplets were difficult to distinguish, and oil droplets with 
diameters smaller than 3 μm and droplets that were extremely 
difficult to be identified were ignored in the identification process. 
Under the condition of 5 wt% wax content, 98 water droplets were 
identified, with an average particle size of 14.16 μm. Considering 
the water droplets as standard spheres, the total volume of oil-
coated droplets was calculated to be 1.74 × 10 6 μm 3 . The average 
particle size of oil-coated droplets was 18.60 μm at 7.5 wt% wax 
content, with a total of 134 droplets identified, and the total vol-
ume of droplets was calculated to be 3.41 × 10 6 μm 3 . Under the 
condition of 10 wt% wax content, it identified a total of 142 
droplets, the average particle size of 16.87 μm, with the total vol-
ume of water droplets is 3.98 × 10 6 μm 3 . From the average particle 
size can be seen, the average particle size of the wax is not much 
different. Since the magnification is the same, the area of water 
droplets wrapped in oil can reflect the amount of water droplets 
wrapped in oil to a certain extent. The amount of encapsulated 
water droplets increased by 95.98% when the wax content 
increased from 5 to 7.5 wt%, while the amount of encapsulated 
water droplets increased by only a small amount as the wax con-
tent continued to increase to 10 wt%. According to the scale 
calculation, the image is 802 μm long and 534 μm wide, with an 
area of 4.28 × 10 6 μm 2 in the field of view, and the thickness of the 
observed layer in terms of the maximum particle size (139.38, 
116.58, and 114.84 μm, respectively, at 5–10 wt%), in which the area 
of the oil phase at 5 wt% wax content is selected and calculated 
using the ImageJ polygon tool and the area is 2.89 × 10 6 μm 2 , it can

Fig. 13. Macroscopic morphology of waxy oil–water–Tween-80 under different wax content: (a) 2.5 wt%, (b) 5.0 wt%, (c) 7.5 wt%, (d) 10 wt%.

Fig. 14. Microscopic morphology of waxy oil–water–Tween-80 under different wax 
content: (a) 2.5 wt%, (b) 5.0 wt%, (c) 7.5 wt%.
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be seen that the total volume of waxy oil in the field of view is 
4.03 × 10 7 , 4.99 × 10 7 , and 4.92 × 10 7 μm 3 at 5–10 wt% wax content, 
and the proportion of water wrapped in the oil is 4.31%, 6.83%, and 
8.09%, respectively. From the total amount and percentage com-
bined, more water droplets were encapsulated by the continuous 
oil phase as the wax content increased, which can explain the 
slowing down of the static oil–water layer with increasing wax 
content after stirring in Fig. 13, and the reason for this is due to the 
continuous water phase being absorbed and stabilized in the 
continuous oil phase, which resulted in the emulsion becoming 
better with increasing wax content on a macroscopic scale.

3.3. Hydrate formation mechanism influenced by wax

As indicated in Section 3.2, the induction period exhibited a 
dual trend following Tween-80 addition: it initially increased but 
subsequently decreased compared to the wax-free system. We 
conducted a study to examine the macroscopic and microscopic 
structures of the emulsion and to hypothesize the effect of waxes 
on hydrate nucleation based on their structural characteristics due 
to the difficulty of observing the hydrate formation process. Fig. 16 
illustrated the impact of waxes on emulsions with and without 
Tween-80, thereby allowing for further elucidation of the mech-
anism by which wax influences the nucleation of hydrates. In the 
absence of an emulsifier, the waxy oil solidified and accumulated 
at the top of the liquid phase, as illustrated in Fig. 16(a). It pre-
vented direct gas–water contact, which was detrimental to hydrate 
formation. Fig. 16(b) demonstrated that oil droplets could be 
dispersed in water in the presence of Tween-80. Wax significantly 
prolonged the induction period at lower wax content (2.5 wt%) in 
the presence of Tween-80. From the microstructure of the emul-
sion, the wax crystals precipitated in the oil adsorbed at the 
oil–water interface. The waxy oil encapsulated water droplets and 
changed the emulsions from O/W to W/O/W, as shown in Fig. 16(c). 
Further, this encapsulation effectively eliminated the free water. 
The nucleation probability decreased and resulted in an 
augmented induction period. This was similar to when adding oil. 
Although the total amount of water remains unchanged, hydrates 
were more difficult to nucleate because there is less effective 
water at the interface. It should be noted that at 2.5 wt% wax 
content, the freezing point of the waxy oil is 2 ◦ C, whereas the 
average temperature at hydrate formation is 3.1 ◦ C. It meant that 
wax crystals precipitated in the oil when hydrate formation, but 
this portion of the wax crystals could not provide hydrate nucle-
ation sites for the successive aqueous phases because the wax 
crystals were encapsulated in the oil, which was in the liquid state. 
Moreover, from a macroscopic perspective, the emulsion could not 
be fully stabilized even when it contained waxes, which might 
result in oil–water stratification. This phenomenon occurred when 
the upper layer of the emulsion was dominated by oil while the 
lower layer was dominated by water. There was a situation where 
the oil isolated the gas from the water, which would be detri-
mental to hydrate nucleation compared to when the water was in 
direct contact with the gas. Thus, this combined effect resulted in 
the inhibition of hydrate nucleation by 2.5 wt% wax. For the 5 wt% 
wax content, the oil droplets no longer existed in a dispersed form. 
They became a continuous block, as shown in Fig. 16(d). This form 

differed from the standard O/W because the freezing point of waxy 
oil was higher than the hydrate formation temperature when the 
wax content was higher than 5 wt%. However, the macroscopic 
judgment made it possible to determine that water was the 
external phase. It was still an O/W emulsion. The presence of more 
waxes, which precipitated in the oil, made the oil appear in a 
gelatinous state. It was the reason for the continuous presence of 
the oil. As the wax crystal content rises, the water droplets become 
more encapsulated in the waxy oil. It was not conducive to hydrate 
nucleation. However, due to the heterogeneous nucleation prop-
erties of hydrates, this gelatinous continuum of oil presenting a 
solid state was favorable to provide sites for hydrate nucleation. 
This promoted hydrate nucleation. The competition between the 
two effects ultimately determines the effect of the wax on the 
hydrate. At a wax content of 5 wt%, wax's inhibition of hydrate 
nucleation is due to a stronger impact of reduced water volume. As

Fig. 15. Microscopic morphology of waxy oil–water–Tween-80 under different wax 
contents: (a) 2.5 wt%, (b) 5.0 wt%, (c) 7.5 wt%.
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the wax crystal content increased, the hydrate heterogeneous 
nucleation effect gradually dominated and eventually promoted 
hydrate nucleation. This explains the effect of wax on hydrate 
nucleation in the range of 5–10 wt% wax content. In contrast, at 
2.5 wt% wax content, heterogeneous nucleation was negligible, 
resulting in a significantly longer induction period than other 
conditions.

3.4. Comparison of wax distribution and effect on hydrate 
formation in varying oil–water systems

Oil–water mixtures could be classified into three distinct cat-
egories: non-emulsified systems, W/O emulsion systems, and O/W 

emulsion systems. In conjunction with a previous study (Jing et al., 
2024), a summary of the five possible forms of wax was provided 
herein. This finding indicated that the various forms of wax pre-
sent in oil–water mixtures exert distinct effects on hydrate for-
mation, as illustrated in Fig. 17. When water droplets were 
dispersed in the oil phase, wax crystals adsorbed at the oil–water 
interface (WAX-I) or aggregated in the oil phase (WAX-II). This 
phenomenon hindered the diffusion of gas from the oil phase into 
water droplets, leading to a mass transfer inhibition effect. As the 
oil droplets were dispersed in the aqueous phase, a large number 
of wax crystals precipitated (WAX-III) at low temperatures leading 
to gelling of the waxy oil. The solid phase wax/gelatinized oil 
droplets facilitated heterogeneous nucleation of hydrates.

In oil-dominated systems, as depicted in Fig. 17(b), the incor-
poration of an emulsifier led to a modification in the distribution 
pattern of the wax crystals. This alteration resulted in the complete 
encapsulation of water droplets at high wax concentrations, a 
condition that was not conducive to the processes of hydrate 
nucleation and aggregation. The distribution of waxes in the 
water-dominated system is illustrated in Fig. 17(c). The presence of 
wax crystals or agglomerates was evident at the water–oil inter-
face of wax-containing O/W emulsions, as illustrated in WAX-V. 
The distribution of wax crystals within the oil phase was observed, 
and at low wax contents, the crystals were found to stabilize water 
droplets at low temperatures, leading to the formation of an W/O/ 
W emulsion. Additionally, some of the outer-phase water was 
encapsulated by the oil droplets, which resulted in a reduction of

the continuous aqueous phase. This led to a decrease in the 
nucleation probability of the hydrate and showed inhibition to 
hydrate nucleation. When the wax content was high, the wax 
crystals form a lattice structure in the aggregated oil droplets. This 
structure was relatively stable, and the stirring action could not 
destroy them into water droplets. As a result, they were suspended 
in water as a solid whole at low temperature. This is favorable to 
the heterogeneous hydrate nucleation.

The underlying cause of the inability to ascertain the effect of 
waxes on hydrates is the presence of waxes in diverse forms within 
oil–water mixtures. The most fundamental reason for this 
complexity is the inherent complexity of the liquid phase. The 
presence of emulsifiers further complicates the matter, resulting in 
wax morphology that is more difficult to predict. Consequently, 
elucidating the impact of waxes on hydrate formation necessitates 
a comprehensive examination of the oil–water distribution within 
the system.

4. Conclusions

This study investigates the effects of waxes on hydrate nucle-
ation under the combined influence of Tween-80 and wax, com-
plementing existing research on wax-related hydrate nucleation. It 
enables a comprehensive examination of wax impacts across 
different systems: W/O emulsions, O/W emulsions, and additive-
free dispersed liquids under stirring. By clarifying wax effects 
under varied conditions, this work challenges the widely accepted 
but indeterminate conclusion that wax effects on hydrate nucle-
ation are non-deterministic. We obtained the following findings.

(1) Oil is unfavorable for hydrate nucleation at a certain total 
water content. The reason for this is that hydrates nucleate 
at the gas–liquid interface. Oil will inevitably be present at 
the oil–water interface due to the addition of oil, which re-
duces the quantity of water in direct contact with the gas 
and diminishes the probability of nucleation, thereby 
extending the induction period.

(2) Both waxes and Tween-80 were detrimental to hydrate 
nucleation, but the coexistence of waxes and Tween-80 had 
a shorter induction period than when they were present

Fig. 16. Distribution of emulsions of different systems in the cell: (a) wax only, (b) Tween-80 only, (c) lower wax content, (d) higher wax content. The red circles in the diagram are 
oxygen atoms, the black circles are carbon atoms, the dark red color is oil, and the light blue is water.
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alone, and the order of the induction period was wax 
only > Tween-80 only > coexistence. The longest induction 
period for wax-only systems is because waxy oils solidify at 
low temperatures and are suspended above the water due to 
their lower density, separating the oil from the water. The 
shortening of the induction period when wax and Tween-80 
coexist is because freezing waxy oil favors heterogeneous 
nucleation of the hydrate. 

(3) With the addition of Tween-80, the induction period tended 
to increase and then decrease compared to the blank group. 
If the blank group is not considered, the induction period of

hydrate is shortened with the increase in wax content. Since 
waxes facilitate the formation of Pickering emulsions, when 
the wax content is low, it does not allow the oil to solidify 
completely. The oil is dispersed in the water as oil droplets, 
and the waxes precipitated in the oil facilitate the stabili-
zation of the water, resulting in the formation of W/O/W 

emulsions. As there is less water in the outer phase, the 
chances of nucleation are reduced, which is detrimental to 
hydrate nucleation. However, as the wax content rises, the 
waxy oil exists as a continuous solid phase, which facilitates 
heterogeneous nucleation of the hydrate, and a sufficiently

Fig. 17. Wax distribution and effect on hydrate formation: (a) non-emulsifying systems, (b) W/O, (c) O/W.
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high wax content counteracts the inhibition brought about 
by the encapsulated water, thus exhibiting nucleation 
facilitation. This confirms a difference between wax's effect 
on hydrate nucleation in the O/W and W/O systems.
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