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a b s t r a c t

Understanding the hydrate adhesion is important to tackling hydrate accretion in petro-pipelines.
Herein, the relationship between the Tetrahydrofuran (THF) hydrate adhesion strength (AS) and sur-
face stiffness on elastic coatings is systemically examined by experimental shear force measurements
and theoretical methods. The mechanical factor-elastic modulus of the coatings greatly dictates the
hydrate AS, which is explained by the adhesion mechanics theory, beyond the usual factors such as
wettability and structural roughness. Moreover, the hydrate AS increases with reducing the thickness of
the elastic coatings, resulted from the decrease of the apparent surface elastic modulus. The effect of
critical thickness for the elastic materials with variable elastic modulus on the hydrate AS is also
revealed. This study provides deep perspectives on the regulation of the hydrate AS by the elastic
modulus of elastic materials, which is of significance to design anti-hydrate surfaces for mitigation of
hydrate accretion in petro-pipelines.
© 2023 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

Clathrate hydrates are ice-like crystalline solids, in which water
molecules are uniquely arranged to form polyhedral cages that are
able to entrap diverse small molecules such as methane, carbon
dioxide, tetrahydrofuran (THF), and so forth (Fang et al., 2019; Nahri
et al., 2019;Wu et al., 2015, 2017; Xu et al., 2020). As one of themost
promising energy sources, natural gas hydrates (NGHs) possess a
high capacity to store natural gas, which is increasingly recognized
as an alternative fuel resource, thereby they attracted much
attention (Lin et al., 2022a, b; Pang et al., 2021; Wang et al., 2022b;
xiaomingchen@xjtu.edu.cn

y Elsevier B.V. on behalf of KeAi Co
Xu et al., 2022a, b; Yang et al., 2023). NGHs commonly occur in the
seafloor and subterranean permafrost sediments under harsh
conditions including high pressure and low temperature as well as
in oil and gas pipelines. However, the accretion of clathrate hy-
drates on the inner surface of pipelines blocks gas and oil trans-
portation, resulting in serious safety risks and enormous economic
losses (Li et al., 2016; Ning et al., 2012; Zhang et al., 2020).

To date, a number of approaches including insulation, dehy-
dration, heating and inhibition with chemicals have been imple-
mented to handle the hydrate formation in the pipelines to reduce
the safety hazards (Li et al., 2016; Zhang et al., 2020). Those ap-
proaches, however, are commonly regarded as active methods. To
prevent the formation of hydrate inside the gas and oil pipelines,
the method of heating pipes (Zhang et al., 2018), adding alcohols
such as methanol (Wang et al., 2019) to shift the thermodynamic
equilibrium away from the hydrate formation, while the utilization
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Schematic depiction of the shear adhesion equipment consisting of a linear
stage, force gauge and cooling stage.
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of kinetic inhibitors is to retard hydrate crystallization and growth
(Charlton et al., 2018; Hu et al., 2019). However, those active
methods to mitigate hydrate plugging in gas and oil pipelines are
usually costly, energy-consuming, andmay bring about detrimental
environmental problems (Sloan, 2003; Smith et al., 2012; Sum
et al., 2009). To alleviate the issue of hydrate blockage in oil and
gas pipelines, it is crucial to have a good understanding of factors
that affect the hydrate adhesion strength (AS) on solid surfaces and
develop eco-friendly, low-cost, and efficient way anti-hydrate
approaches.

Substantive interests have been focused on the development of
passive hydrate-phobic coatings on the petro-pipelines. Those
coatings can inhibit hydrate formation and/or reduce hydrate AS on
the petro-pipelines, allowing for hydrate removal without the
external force or energy (Fan et al., 2020; Ma et al., 2021;
Ragunathan et al., 2019; Smith et al., 2012; Sojoudi et al., 2018;
Zhang et al., 2021). On the basis of these studies, many external
factors influencing the hydrate AS were summarized (Liu et al.,
2020a, b, 2022). For example, the cyclopentane (CyC5) hydrate
deposits AS decreases dramatically with the concentration of hy-
drate inhibitors such as ethylene glycol or glycerol (Liu et al., 2022).
The coproduced solids including sand, scale and wax as well as
surface corrosion affect the sintered hydrate deposit AS (Liu et al.,
2020b). In additions, the effects of the subcooling, formation
time, roughness of surface and material types on the hydrate AS
were revealed, indicating that hydrate AS is determined by many
external factors (Liu et al., 2020a). Recently, the anti-hydrate sur-
faces were designed by learning from the design concepts of anti-
icing coatings (Dou et al., 2014; Li et al., 2019, 2020, 2022; Wang
et al., 2022a) on the basis of the adhesion mechanics proposed by
Griffith and further elaborated by Kendall (1971). According to this
adhesion mechanics theory, the critical shear stress required to
separate a rigid object (e.g., ice) from a film is as follows:

tf

ffiffiffiffiffiffiffiffi
Wm

t

r

where W, m and t are the work of adhesion between ice and the
surface, the shear modulus, and the thickness of the coating. For
isotropicmaterials, it is estimated that the shearmodulus is m¼ E/3,
where E is Young’s modulus (Ibanez-Ibanez et al., 2022;Wang et al.,
2014). It is revealed that the ice AS is tuned by tailoring the
chemical and physical characteristics of the substrate that the ice
adheres to. Recently, the design concept of reducing hydrate AS
using hydrophobicity through controlling surface factors including
chemical composition and surface structure has been widely
accepted, emerging the approaches such as the super-hydrophobic,
slippery surface for hydrate-phobicity (Aman et al., 2014; Fan et al.,
2020; Sojoudi et al., 2015). So far, these surfaces are still faced with
poor durability and mechanical weakness, restricting them from
practical application. The effects of materials’ mechanical factors
such as stiffness on the hydrate AS remain unexplored, although
there have been several reports on the ice AS (Ibanez-Ibanez et al.,
2022; Regulagadda et al., 2022). For example, the sandwich-like
PDMS was manufactured by a facile low-cost preparation method
for lowering the ice AS, showing that elastic modulus of elastomer
coating is controllable by adjusting the weight ratio of the PDMS
base-to-curing agent (Beemer et al., 2016). The effect of the elastic
modulus of elastomeric coating on ice AS were experimentally
investigated (Wang et al., 2014), providing the generalized concept
for the removal of ice from lowmodulus elastomers. On the basic of
the principles of adhesion mechanics, the effect of shear modulus
on ice AS was investigated, and the inexpensive, non-corrosive
PDMS gels with outstanding mechanical durability are developed
and applied to prevent icing (Beemer et al., 2016). Whereas for the
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hydrate accretion issue, there is an urgent need to develop the
surface based on the regulation of elastic modulus that possesses
low hydrate AS for practical applications in gas and oil pipelines.
However, the question is raised as to whether the design concept of
the anti-icing coating by mechanical factors can be borrowed for
the hydrate low-adhesion coating is still pending.

In this work, THF hydrate/ice directly forms on poly-
dimethysiloxane (PDMS) coatings at temperature of �20 �C for
examining the THF hydrate/ice AS. The THF hydrate/ice AS on the
PDMS coatings under shear load is investigated by experimental
shear forcemeasurements and theoretical method. The effect of the
elastic modulus of PDMS coatings on THF hydrate AS are compre-
hensively explored. In addition, the effect of thickness of materials
with variable elastic modulus on the hydrate AS is revealed, indi-
cating a clear relationship between hydrate AS and deformation
caused by coating thickness and elastic modulus. This work pro-
vides insights and perspective to the understanding of hydrate AS,
which is of great help to clear the blockage by hydrate accretion in
the gas and oil pipelines.
2. Experimental

2.1. Materials and chemicals

Tetrahydrofuran (THF, �99.9%), ethanol (99.7%) and acetone
(99.5%) were supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). PDMS (Sylgard 184) precursor was bought from
Dow Corning Co. Ltd. (USA). All chemicals were used as received
without any further purification. Glass slides were purchased from
Taobao Ltd. Deionized (DI) water with a resistivity higher than
15 MU cm was used in all experiments.
2.2. Methods

2.2.1. Shear adhesion strength test
The ice/THF hydrate AS on PDMS coatings was measured by a

homemade shear adhesion testing apparatus consisting of a linear
stage (X-LRT0100AL-E08C), force gauge (ZTS-500N) with force
sensor and cooling stage, as shown in Fig. 1. A polypropylene tube
with 15.0 mm inner diameter is placed on the rigid glass slide with
PDMS coatings in the refrigerator with �20 �C. Then, circa (ca.)
2 mL DI water/19 wt% THF solution is injected into the poly-
propylene tube. The preparation of 19 wt% THF solution can be
referred to Supporting Information. The samples frozen in the
refrigerator at �20 �C for more than 4 h to ensure complete
freezing. Before adhesion testing, the frozen samples with PDMS
coatings are moved to the cooling stage at �20 �C. Next, the probe
of the force sensor at a constant velocity of 0.075mm/s is propelled
into the THF hydrate/ice tube for obtaining the force required to
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detach each ice/THF hydrate. The probe velocity was controlled by
using an electric displacement stage. The force required to detach
each ice/THF hydrate tube from the PDMS coating was obtained.
The probe was located ca.1.0 mm above the PDMS coating to
minimize torque on the ice/THF hydrate sample. This distance
remained the same for all samples. The force measurement tests
are performed at least 3 times for each sample to improve accuracy.
The measured maximum fracture forces were converted into ice/
THF hydrate AS by dividing over the known cross-sectional area
(1.766 cm2) of the ice-/THF hydrate-PDMS coating interface.

2.2.2. Finite element (FE) simulations
To reveal the interfacial adhesion properties between hydrate

and elastomer coatings, the FE models are established by using the
commercial software ABAQUS to simulate the shear process, as
shown in Fig. 2. The Young’s Modulus of hydrate is set to be
600 MPa. In order to reveal the effect of the elastic modulus of the
PDMS coating on the hydrate AS, elastic modulus of 1.0, 1.5 and
2.0 MPa for the FE models are considered. The bottom of PDMS
coatings are fixed in all six degrees of freedom. As for the hydrate,
the velocity applied in the bottom area of the hydrate tube in x
direction is set to be 0.075 mm/s, whereas zero velocity is assigned
in the other two (y and z) directions, as indicated in Fig. 2(a). The
interfacial interaction between hydrates and PDMS coatings is
described by the cohesive elements. The tetrahedron element with
4 vertices, 6 edges, and bounded by 4 triangular faces have been
adopted for FE simulation because the tetrahedron elements
possess the advantages of simple geometric features and strong
description ability. As illustrated in Fig. 2(b), the parts were meshed
with tetrahedron elements using the FE mesh generator.

3. Results and discussions

3.1. Design and characterization of PDMS coatings

To examine the effects of the mechanical factor: stiffness on
hydrate AS, the Sylgard 184 is used to prepare silicone-based PDMS
coatings with varied elastic modulus by various weight ratios of
PDMS base-to-curing agent. The PDMS base and curing agent with
the weight ratio of 2:1, 5:1, 10:1, 20:1 and 30:1 were thoroughly
mixed, in which the preparation process of PDMS coatings is
illustrated in Fig. 3(a). Details of the preparation of PDMS coatings
and their characterization can be referred to in Supporting Infor-
mation. Fig. 3(b) shows the three-dimensional (3D) AFM images of
PDMS coatings composed of different weight ratios of PDMS base-
to-curing agent, in which the surface of 2:1 coating shows a
rougher morphology than other coatings. As is depicted in Fig. 3(c),
the root mean square (RMS) roughness of the 5:1e30:1 PDMS
coatings are lower than 5 nm and ranges in a quite low state, with
an estimation area of 5 mm � 5 mm from the AFM images. For PDMS
coating prepared with 2:1 wt ratio of PDMS base-to-curing agent,
Fig. 2. Hydrate-PDMS coating is modeled using FE method. (a) Boundary conditions
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large content of curing agent causes a liquid layer on the surface of
the coating (Golovin et al., 2016; Ibanez-Ibanez et al., 2022),
thereby observing a rougher surface than other samples because
the AFM probe may be largely deformed due to the interactions
between AFM probe and the liquid layer. For the other coatings, the
contact angles (CA) of water droplets on those PDMS coatings is
almost unchanged varying from 104� to 114� with the increase of
PDMS-base content. Moreover, the small difference between the
advancing/receding CA (see Fig. S1) of water droplets of the
5:1e30:1 coatings indicates that the surface energy plays a similar
role in the hydrate AS. Fig. 3(d) shows the elastic modulus of as-
obtained PDMS coatings as a function of the weight ratio of
PDMS base-to-curing agent. Intriguingly, there is “flipped behavior”
in the elastic modulus of PDMS coatings; the elastic modulus
initially increases, but then decreases with increasing the content
of PDMS base, with the maximum elastic modulus of around
1.80 MPa at the weight ratio of PDMS base-to-curing agent of 10:1.
In addition, the 10:1 and 2:1 coatings show the highest tensile
strength and the largest friction coefficient, respectively (see
Table S1).

3.2. Hydrate adhesion strength on PDMS coatings with variable
elastic modulus

Fig. 4(a) illustrates the schematic diagram for the measurement
of the AS, in which the probe of the force sensor into the ice/THF
hydrate tube is parallel to the ice-/hydrate-surface interface. Then, a
shear speed of 0.075 mm/s is imposed to propel the probe of the
force sensor into one side of the ice/THF hydrate tube. The peak
force required to break the ice-/hydrate-surface interface is recor-
ded. Here, the average AS of ice-/hydrate-surface interface is
defined by dividing the peak force by the cross-sectional area of ice/
hydrate. It should be noted that each sample is tested at least 3
times to improve accuracy. Fig. 4(b) shows the ice/THF hydrate AS
on the coatings as a function of the weight ratio of the PDMS base-
to-curing agent, as well as the ratio of the AS of ice-to-THF hydrate.
Apparently, the THF hydrate/ice on the PDMS coatings with vari-
able elastic modulus show different ASs (below 100 � 103 Pa) as
they are subjected to a shear load. Interestingly, there is also
“flipped behavior” in both ice and THF hydrate AS; with increasing
the content of PDMS base, the ice/THF hydrate AS initially increases
and then declines. The THF hydrate/ice AS increases from around
25.70/18.68 kPa to 75.42/62.46 kPa as the weight ratio of PDMS
base-to-curing agent varies from 2:1 to 10:1, but then decreases
from around 75.42/62.46 kPa to 37.70/26.98 kPa with the weight
ratio varying from 10:1 to 30:1. In addition, the AS of ice on the 2:1
coating with the surface liquid phase is around 1.35 times than that
of the THF hydrate. Whereas for other samples, it is observed that
the ratio of ice-to-THF hydrate AS varies from about 1.30 to 1.56,
depending on the elastic modulus of PDMS coating.

To reveal the role of the mechanical factor: stiffness on the shear
of FE model, the bottom of PDMS coating were fixed. (b) The meshed FE model.



Fig. 3. Schematic of the preparation and characterization of PDMS coatings. (a) Schematic diagram of the preparation process of PDMS coatings with various weight ratios of PDMS
base-to-curing agent. (b) AFMmorphologies of PDMS coatings with different weight ratios of PDMS base-to-curing agent. (c) The roughness and water CA and (d) elastic modulus of
PDMS coatings as a function of the weight ratio of PDMS base-to-curing agent.

Fig. 4. The AS of ice/THF hydrate on PDMS coatings prepared with varied weight ratios of PDMS base-to-curing agent. (a) Schematic diagram of ice/THF hydrate shear adhesion
tester. (b) The AS of ice/THF hydrate on PDMS coatings as a function of the weight ratio of PDMS base-to-curing agent. (c) Ice/THF hydrate AS as a function of the elastic modulus of
PDMS coatings. (d) The shear AS of THF hydrate is proportional to the 0.5th power of elastic modulus. Each sample is tested at least 3 times to improve the accuracy.
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AS, the abovementioned interfacial adhesion mechanics theory are
employed for analysis. Fig. 4(c) shows the ice/THF hydrate AS as a
function of the elastic modulus of the PDMS coatings. As is shown,
the ice/hydrate AS increases with the elastic modulus, revealing the
positive correlation of ice/hydrate AS with the elastic modulus. This
is indicative of the substrate stiffness that dictates the ice/hydrate AS.
As the THF hydrate is sheared on the PDMS coatings, the elastomer
coating is locally stretched and the elastic stretching increases the
elastic potential energy, thereby generating the maximum shear
force (Kim et al., 2007). When a shear force is imposed, stress
accumulation is concentrated in the vicinity of the ice/hydrate-
substrate interface, thereby promoting ice/hydrate detachment
from the coatings (Wang et al., 2014; Yeong et al., 2016, 2018).
Furthermore, the FE simulation results also indicate that the hydrate
AS increases with increasing of elastic modulus of PDMS coatings,
which is consistent with our experimental results, as shown in
Fig. S2. However, the hydrate AS predicted by FE simulation is
slightly lower than that measured by shear adhesion tests due to the
semi-empirical elastic constitutive model. The reason why the hy-
drate AS decreases greatly with the low elastic modulus is explained
as follows: the PDMS coating with low elastic modulus produces a
large stiffness mismatch between ice/hydrate and substrate; as a
result, cracks occurmore easily at the interface, thus exhibiting small
AS. As is shown in Fig. 4(d), the shear AS can be successfully pre-
dicted by a single line when they are plotted as a function of E0.5, in
which the value of R2 was 0.75, indicating that the adhesion failure of
hydrate is described by the abovementioned adhesion mechanics
theory. However, the deviation of the fitting curve is relatively large,
which can be explained as follows. First, the Young’s modulus of
PDMS composed of different weight ratios of base-to-curing agent
were obtained by uniaxial tensile tests, in which PDMS-based poly-
mers are bulk materials. On the basis of the adhesion mechanics
theory, interfacial AS is greatly dictated by the shear modulus and

the thickness of soft materials, with relationship as tf
ffiffiffiffiffiffi
Wm
t

q
. In our

work, it is estimated that the shear modulus is m ¼ E/3, where E is
Young’s modulus (Ibanez-Ibanez et al., 2022; Wang et al., 2014). In
our study, the shearmodulus is obtained according to this theoretical
formula. Therefore, there is difference between the shear modulus of
PDMS coating and that of PDMS bulkmaterial obtained by stretching
tests. In reality, during the shear adhesion tests, however, the hydrate
AS depends on the modulus of PDMS coating that is thickness
dependent. Nonetheless, the fitting curve does not hinder us to
reveal the changing trend of hydrate AS with E0.5. As is indicated, the
elastic modulus of the coatings is considered one of the main factors
that dictate the ice/THF hydrate AS on those PDMS coatings, beyond
the usual thinking that the chemical and structural factors such as
wettability and surface structures dominate the hydrate AS.
3.3. Hydrate adhesion strength on PDMS coatings with different
thicknesses

Herein, the effect of the thickness of the PDMS coatings on the
THF hydrate AS is investigated. The shear AS measurements of
hydrate are performed for the sample of the 10:1, 20:1 and 30:1
coating with different thicknesses subjected to a constant shear
rate of 0.075 mm/s, respectively. Fig. 5 shows the variation of hy-
drate AS with the thickness of the 10:1, 20:1 and 30:1 PDMS
coatings, in which the hydrate AS decreases with the increase of
thickness of PDMS coatings. For the 10:1 coating, THF hydrate AS
initially decreases with the increase of the PDMS coating thickness
but then tends to be constant. In particular, a sudden rapid increase
in THF hydrate AS is observed when the thickness of PDMS coatings
is below ca. 195 mm, which is defined as the critical thickness t0 at
this value of elastic modulus. Note that the t0 is defined as the
671
intersection of two lines, one is of the curve at the thickness of ca.
50 mm, and the other is the tangent line of the curve at the thickness
of 2000 mm. When the thickness of PDMS coatings is over ca.
195 mm, the THF hydrate AS slightly reduces. As for the 20:1 and
30:1 PDMS coatings, similar tendencies like the curve of 10:1
coating are observed in Fig. 5(a)e(c), in which the t0 for hydrate AS
increase to 418 and 517 mm, respectively. On the basic of the

interfacial adhesion theoretical formula, i.e., tf
ffiffiffiffiffiffi
Wm
t

q
, the fitting

curves between hydrate AS and (1/t)1/2 can more clearly reveal the
dependence between them. Therefore, Fig. 5(d)e(f) showed a linear
relationship between THF hydrate AS and (1/t)1/2 for these three
types of PDMS coatings with different elastic moduli, in good
agreement with the adhesion mechanics theory (Beemer et al.,
2016; Kim et al., 2007; Wang et al., 2014). As is observed, the
fitting curves based on AS and (1/t)1/2 for 20:1 coatings demon-
strate superior accuracy in predicting the changing trend of hydrate
AS, where their values of R2 are calculated to be 0.93, 0.97 and 0.92
for the 10:1, 20:1 and 30:1 PDMS coatings, respectively.

On the basis of the above experimental results, the reason for the
thicker coating with lower hydrate AS is analyzed. Fig. 6(a) shows
apparent elastic modulus varies with the different thicknesses of
10:1 PDMS coatings by nanoindentation tests. It is observed that the
apparent elastic modulus decrease with the increase of PDMS
coating thickness, which reflects the deformation ability of elastic
coatings on rigid glass substrates. Therefore, the effect of thicknesses
on the hydrate AS is mainly attributed to the apparent elastic
modulus, which is related to the stiffness mismatch at the interface.
The variation of the t0 for hydrate AS to varied elastic modulus is
discussed, as shown in Fig. 6(b). As is observed, the t0 for hydrate AS
increases with the decrease of elasticsmodulus for the 10:1, 20:1 and
30:1 PDMS coatings, corresponding to an increase of the t0 from 195
to 517 mm. In addition, themap between the critical thickness, elastic
modulus and hydrate AS was established, as shown in Fig. S3. It is
shown that the hydrate AS on higher elasticmodulus sample is more
sensitive by the thickness. For the different coatings (variable elastic
modulus) with the same thickness, they show varied deformational
abilities due to the different elastic moduli. Notably, the stiff glass
substrate restricts the deformation of PDMS coatings during the
shear detachment, thereby observing lower THF hydrate AS on
thicker coatings.

4. Conclusions

In summary, PDMS coatings with different elastic moduli are
synthesized and expected to be utilized to prevent hydrate accre-
tion in petro-pipelines. The mechanical factor: stiffness of PDMS
coatings on the THF hydrate adhesion strength is systemically
investigated by experimental shear force measurements and FE
simulation.

It is shown that THF hydrate AS is greatly dictated by the elastic
modulus and the thickness of the PDMS coatings. The hydrate AS
increases with increasing the elastic modulus but decreases with
increasing the PDMS coating thickness, originating from the
decrease of the apparent elastic modulus.

The critical thickness for THF hydrate AS increases with the
decrease of elastic modulus for the 10:1, 20:1 and 30:1 PDMS
coatings, which corresponds to an increase of critical thickness
from 195 to 517 mm for the 10:1 and 30:1 PDMS coatings, respec-
tively. This work provides an alternative to reducing the hydrate AS
by regulating the elastic modulus and thickness of solid coatings.
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Fig. 5. The THF hydrate AS on the (a) 10:1, (b) 20:1 and (c) 30:1 PDMS coating as a function of the thickness of the PDMS coatings. The THF hydrate AS decreases rapidly with the
thickness but then reaches a plateau for these three types of PDMS coating. The THF hydrate AS linearly increases with (1/t)1/2 on the (d) 10:1, (e) 20:1 and (f) 30:1 PDMS coatings.

Fig. 6. (a) The apparent elastic modulus decreases with the increase of the thickness for the 10:1 PDMS coating. (b) The changing trend of the t0 for the 10:1, 20:1 and 30:1 PDMS
coatings.
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