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Interfacial interactions between liquid-solid and solid-solid phases/surfaces are of fundamental 

importance to the formation of hydrate deposits in oil and gas pipelines. This work establishes 

the effect of five categories of physical and chemical modification to steel on clathrate hydrate 

adhesive force: oleamide, graphite, citric acid ester, nonanedithiol, and Rain-X anti-wetting 

agent. Hydrate adhesive forces were measured using a micromechanical force apparatus, under 

both dry and water-wet surface conditions. The results show that the graphite coating reduced 

hydrate-steel adhesion force by 79%, due to an increase in the water wetting angle from 42±8° 

to 154±7°. Two chemical surface coatings (nonanedithiol and the citric acid ester) induced 

rapid hydrate growth in the hydrate particles; nonanedithiol increased hydrate adhesive force 

by 49% from the baseline, while the citric acid ester coating reduced hydrate adhesion force by 

98%. This result suggests that crystal growth may enable a strong adhesive pathway between 

hydrate and other crystalline structures, however this effect may be negated in cases where 

water-hydrocarbon interfacial tension is minimised. When a liquid water droplet was placed on 

the modified steel surfaces, the graphite and citric acid ester became less effective at reducing 

adhesive force. In pipelines containing a free water phase wetting the steel surface, chemical or 

physical surface modifications alone may be insufficient to eliminate hydrate deposition risk. 

In further tests, the citric acid ester reduced hydrate cohesive forces by 50%, suggesting mild 

activity as a hybrid anti-agglomerant suppressing both hydrate deposition and particle 

agglomeration. These results demonstrate a new capability to develop polyfunctional 

surfactants, which simultaneously limit the capability for hydrate particles to aggregate and 

deposit on the pipeline wall. 

 

 

Introduction 

Gas hydrates are solid inclusion compounds, where molecular 

cages of water surround small hydrocarbon species at high 

pressure and low temperature.1 In oil and gas transportation, 

hydrate may form as oil- or gas-dominant process fluids 

exchange heat with seawater leading to complete pipeline 

blockage. The present work focuses on hydrate blockage risk in 

early- to mid-life oil systems, which may be characterised by a 

low to moderate water fraction emulsified/dispersed in a bulk 

oil phase. In such systems, liquid water may be partially or 

fully dispersed in the liquid hydrocarbon phase, enabling 

hydrate formation at the oil-water interface.2 Turner et al.3 

proposed that the initial growth of a hydrate film across the oil-

water interface is limited to approximately 100 µm. That is, 

dispersed water droplets with radii less than 50 µm may convert 

to solid particles during the initial hydrate growth period, while 

larger droplets may retain a liquid water core that shrinks with 

time.4 The dispersion of solid particles in oil has been observed 

to increase the effective viscosity of the liquid phase5, 6 and, by 

extension, the pressure drop required to maintain a given 

flowrate.7 Yang et al.8 presented the first measurements of 

strong cohesive force between hydrate particles 

(tetrahydrofuran), which may be generally characterised as a 

granulation-type phenomenon.9 Sinquin et al.6 inferred that 

strong interparticle interactions may result in fractal hydrate 

aggregates10, 11 that further increase slurry viscosity. Recent 

studies have suggested a jamming-type failure mechanism,12 

where large hydrate/particle aggregates13 may fully occlude 

flow in the pipeline. 

 

The avoidance of hydrate plug formation is currently achieved 

by either (i) removing the system from hydrate forming 

conditions in terms of pressure and temperature, or (ii) injecting 

hydrate surface active chemicals that interfere with hydrate 

agglomeration tendancy. The latter class, low dosage hydrate 

inhibitors (LDHIs), are discussed in detail by Kelland,14 and 

include hydrate anti-agglomerants (AAs). AAs are typically 

ionic surfactants that, as a possible mechanism, adsorb to the 

hydrate-oil interface, effectively creating hydrophobic hydrate 
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surfaces that minimise hydrate cohesive force. To date, AAs 

have not been validated for use in reducing hydrate film growth 

or deposition on the pipeline wall, which represents a critical 

failure mechanism in mid- to late-term hydrate plug formation 

with oil systems.15 The hydrate-steel adhesive forces discussed 

in this study are also critical to describing the formation of 

hydrate deposits on the pipeline wall. While the preliminary 

studies described below have provided order-of-magnitude 

estimates for hydrate adhesive force, this study introduces the 

first experimental evidence of surface coatings that may be 

used to simultaneously control hydrate agglomeration and 

deposition on the pipeline wall.  

 

Joshi et al.16 measured pressure drop hysteresis during hydrate 

plug formation and dissociation in a four-inch flowloop, where 

heating from the pipeline wall may have dislodged hydrate 

deposits that grew during the later stages of hydrate plug 

formation. Substantial effort has been expended to quantify 

hydrate formation and growth in oil and water phases, however 

the mechanisms behind hydrate deposition, and its affect on the 

formation of a complete hydrate blockage, remain largely 

unknown. Hydrate film growth on, and particle adhesion17 to, 

the pipeline wall have been discussed in literature as potential 

mechanisms18 to support the formation and growth of a hydrate 

deposit. Aman et al.19 presented a hydrate interparticle force 

model with fundamental input of interfacial properties, 

including hydrate growth rate and the interfacial tension 

between hydrate-oil,20, 21 hydrate-water and water-oil phases; 

surfactants may be used to manipulate these interfacial tension 

values, to exert a fundamental control on hydrate plug 

formation. Nicholas et al.22 flowed water-saturated condensate 

in a single-pass flowloop under hydrate-forming conditions, 

measuring uniform pressure drop increases (<70 mbar/hr) with 

water fractions at or below the saturation limit in condensate. 

This pressure drop behaviour was hypothesized to be the result 

of growing a hydrate film on the cool pipeline wall, where 

dissolved water may allow for the slow growth and thickening 

of the deposit. Rao et al.23 provided the first visual confirmation 

of hydrate film growth by flowing water-saturated methane 

over a cold surface in a single-pass configuration. Both 

Nicholas et al.22 and Rao et al.23 reported that the hydrate film 

increased heat transfer resistance in the system, with the latter 

study estimating a decrease in film porosity from 80 to 0% over 

a 60-hour period. The heat transfer limitations observed in both 

studies suggest that additional mechanisms, such as hydrate 

particle deposition from the liquid slurry, may contribute 

toward the formation of a complete hydrate blockage in the 

pipeline.  

 

 

Figure 1. Mechanisms of hydrate-substrate adhesion adapted 

from Aman et al.:19 (a) solid-solid adhesion force is governed 

by the product of interfacial area created by separation and 

solid-fluid interfacial tension; (b) capillary adhesion force is 

governed by the strength of the water bridge connecting both 

solids, which is a function of the three noted interfacial 

tensions; and (c) sintering adhesion force is a function of both 

the size of the growing hydrate bridge and hydrate tensile 
strength. 

 

As a first approximation, adhesive interactions between hydrate 

particles and substrates may be extended from three 

fundamental hydrate cohesive mechanisms discussed by 

Rabinovich et al.24, 25 and  Aman et al.19 (shown in Figure 1). 

Solid-solid adhesion is the dominant mechanism in water-

continuous systems,26 while capillary adhesion27, 28 is the 

dominant mechanism in oil-continuous systems, with a liquid 

water bridge29, 30 binding hydrate particles together. Hydrate 

growth or sintering31, 32 is a third ad/cohesive force mechanism 

in both water and oil phases, pending the availability of 

reactants at the contact point. Rabinovich et al.24 demonstrated 

that the capillary force of adhesion between a particle and 

substrate may follow the same geometric principles as the 

cohesive (particle-particle) force, with the addition of the 

substrate’s energetic contribution to the capillary bridge.  

 

As discussed by Aman et al.,19 the capillary cohesive or 

adhesive force (FA) is described by equation 1: 

 

         (1) 

 

where R* is the radius of the particle (or particle pair, when 

applicable), γ is the interfacial tension between water and oil, θp 

is the wetting angle of water on the hydrate and substrate 

surfaces, and α describes the maximum embracing angle of the 

water bridge on the hydrate surface with height H and 

immersion depth d. The surface coatings deployed are all 

expected to increase the wetting angle of the steel surface (θp) 

toward an oil-wetting condition, thereby reducing adhesive 

force. Surface coatings that are surfactant-based may duly 

reduce the interfacial tension between water and oil (γ), 

providing a further reduction in measured adhesive force.  As 

an example calculation of eq (1) provided by Aman et al.,19 a 

normalised cohesive force of 4.3 mN/m is obtained for 

cyclopentane hydrate in liquid cyclopentane, where interfacial 

tension (γ) is approximately 51 mN/m, the water wetting angle 

(θp) is 29°, with a 50 nm water layer (H) that results in 

embracing angle (α) of 0.1° and immersion depth (d) of 0.7 nm.  

 

Nicholas et al.33 used a micromechanical force (MMF) 

apparatus to measure the adhesive force between cyclopentane 

hydrate particles on stainless steel, concluding pipeline shear 

stresses were sufficient to disrupt hydrate adhesion to dry 

pipeline walls (i.e. without a water layer). Aspenes et al.34 

extended these MMF measurements to water-wetted steel, 

concluding the presence of a capillary bridge increased hydrate 

adhesive force by a factor of 50×. When the bulk cyclopentane 

phase contained 0.6 wt% of naphthenic acid,35-37 Aspenes et 

al.34 measured a 50% decrease in this wetted adhesive force. 

These experiments suggest that the surface wetting condition 

may represent a critical risk to hydrate particle deposition.18  

 

The present investigation builds upon the work above by 

measuring cyclopentane hydrate adhesive force with a series of 

chemically and physically modified stainless steel surfaces, to 

identify conditions that minimize the hydrate-solid adhesion 

interactions, and hence risk of hydrate deposition. The 

combination of reducing adhesion and cohesion interactions is 

also examined for the most effective chemically modified 

substrate. The work deploys a MMF apparatus with short 

contact durations in preference to static adhesion methods 
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reported in the literature,38 which focus attention on the strength 

of fully-sintered hydrate. 

 

Experimental Methods 

Micromechanical Force Measurements 
The MMF apparatus consisted of an inverted light microscope 

(Zeiss Axiovert Observer), with an experimental cell (internal 

volume of 10 ml) placed on the microscope stage (Figure 2). 

The cell consisted of an aluminium dish with a transparent glass 

centrepiece to allow the microscope light path through 

experimental fluids. The cell was outfitted with a glycol-water 

cooling jacket with a temperature range of -5 to 20 °C and a 

precision of ±0.1 °C. Hydrate particles were placed on the tips 

of calibrated glass cantilevers with 35 µm external diameter, 

which were secured inside capillary holders and attached to an 

external micromanipulation system. The left-hand cantilever 

(Figure 2) was controlled by a manual micromanipulator, while 

the right-hand cantilever position was controlled with a 

remotely-operated Eppendorf Patchman micromanipulator (1 

µm precision). The microscope and micromanipulators were 

placed in a dry box filled with cyclopentane-saturated nitrogen 

gas, atop an active pneumatic vibration isolation table. A 

comprehensive description of the MMF design and operation 

apparatus is provided in the literature.19  

 

To generate the hydrate particle, a droplet of deionized water 

(500-1000 µm diameter) was placed on the tip of the glass 

cantilever. This droplet was quenched in liquid nitrogen to form 

ice, and was placed in the experimental cell, which was filled 

with liquid cyclopentane (99%; Sigma-Aldrich) maintained at -

5 °C. The cell temperature was then raised to 3.2 °C over the 

course of 30 minutes. The melting ice provided a consistent 

growth pathway for a cyclopentane hydrate. Previous 

experiments using this hydrate formation technique19 have 

demonstrated that a thin cyclopentane hydrate shell (50-100 

µm) forms at the water-cyclopentane interface, while the 

particle interior remains liquid water due to mass transfer 

limitations across the shell. The hydrate shell was annealed for 

one hour before beginning the experiment. 

 

 

 
 

Figure 2. (left) Schematic of the experimental cell from above, 

where a substrate is brought into contact with a cyclopentane 
hydrate particle, adapted from Aman et al.19 

 

 

In each adhesive force trial, 40 pull-off measurements were 

performed according to the four-step procedure in Figure 3. 

Aman et al.39 established the reproducibility of MMF 

measurements through a systematic study of cohesive force, 

establishing the use of normal error bounds to describe 

confidence in the average pull-off value obtained. The 

maximum displacement in each pull-off (∆D in Figure 3) was 

multiplied by the spring constant of the bottom cantilever, to 

obtain the adhesive force (i.e. deploying Hooke’s law). The 

final adhesive force is reported as the average of all pull-off 

trials from three independent experiments (with 40 pull-off 

trials each).  

 

To confirm the repeatability of these measurements, two 

independent hydrate adhesion tests were performed with 

different oleamide-coated substrates and calibration constants; 

the average force values were within agreement at 95% 

confidence (0.34 ± 0.29 mN/m, and 0.39 ± 0.07 mN/m). These 

pull-off steps were also deployed to study hydrate cohesion 

force, by replacing the top substrate with a second hydrate 

particle. Only one hydrate-steel contact point was used in each 

experiment, which was identified from the visually smoothest 

point of both surfaces. 

 

 

Figure 3. Experimental steps in pull-off measurement of 

hydrate adhesion, where the substrate is moved from a resting 

position (step 1) to apply a pre-load displacement (∆p in step 2). 

After a 10-second contact time, the substrate is raised (step 3) 

to a maximum displacement (∆D) which is captured visually 
(step 4). 

 

Cyclopentane hydrate adhesive force was measured for each 

stainless steel wafer before any chemical or physical 

modification was applied, to establish a baseline force for 

comparison with Aspenes et al.34 The ratio between the baseline 

force of each steel wafer and the established average34 was then 

used to linearly scale all data collected with the wafer (at the 

same particle-steel contact point) after the chemical/physical 

coating was applied. This calibration technique was also 

deployed by Aman et al.40 to ensure consistency between 

cohesive force measurements, which accounted for variable 

surface roughness (hydrate and substrate) and water saturation 

in the liquid cyclopentane bulk phase.  

 

Surface Coatings 
Stainless steel (grade 309) was selected as the baseline surface, 

based on an established hydrate adhesive force of 0.83±0.12 

mN/m.34 Square wafers of steel (1 cm2) were cleaned according 

to a three-step procedure: (i) steel surfaces were rinsed for 10 

seconds with a Sodosil alkaline solution (10 vol% in water); (ii) 

the steel was then rinsed for 60 seconds with high-purity 

ethanol; and (iii) the steel was finally rinsed for 60 seconds in 

acetone. After this rinsing procedure, the wafers were placed in 

a sealed container for storage to minimize contact with the 

environment. Five surface modifications were selected: (i) 

oleamide (CH3)(CH2)8(CH)2(CH2)7CONH2; (ii) a citric acid 

ester, based on HOC(COOH)(CH2COOH)2; (iii) nonanedithiol 

HSCH2(CH2)7CH2SH; (iv) commercial Rain-X®; and (v) 

graphite, based on planar sheets of carbon. These surface 
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coatings were chosen as representatives of three functional 

categories, with a goal of establishing a basis for whether 

surface modifications could ultimately be used to 

simultaneously control hydrate agglomeration and deposition 

phenomena. Oleamide, citric acid ester, and nonanedithiol were 

selected  based on studies by Aman et al.,41 which demonstrated 

the importance of a surfactant hydrophilic head in reducing 

hydrate interparticle force. These three chemistries each 

provide a functional aliphatic hydrophobic group, while 

respectively testing the effectiveness of carbon (carboxyl), 

nitrogen (amide), and sulphur (thiol) hydrophilic head groups. 

Commercial Rain-X was added to this list as a comparison 

against a commercial agent used to modify substrate 

hydrophilicity. Similarly, graphite was chosen to enable direct 

comparison of the functional chemistries with a strong 

hydrophobic surface; the practical requirements of continuously 

injecting graphite in flowlines to combat erosion would 

preclude its use. The first four modifications were chemical in 

nature, where each stainless steel wafer was submerged in the 

liquid chemical (at room temperature) for five seconds, 

removed, and placed in a dry environment for at least 24 hours 

prior to use. The fifth modification was physical, where the 

steel surface was etched with a graphite sample until visibly 

darker; excess graphite was removed by gently passing a paper 

towel over the surface. Multiple modified steel wafers were 

prepared with each modification, and were removed from use 

after each experiment. 

 

Contact Angle and Interfacial Tension 
The static wetting angle of deionized water (sessile drop) on 

stainless steel surfaces was measured visually on an interfacial 

tensiometer (KSV Instruments) at room temperature and 

ambient pressure. Wetting angle data were only used 

qualitatively in select experiments, to aid in interpreting MMF 

adhesive force data. With select chemical modifications, 

varying fractions of surfactant were mixed in the mineral oil 

phase at 60 °C until it was visibly homogeneous; further details 

on the mineral oil and a detailed measurement procedure are 

provided in Aman et al.40 In each wetting angle experiment, a 

deionised water droplet (~ 20 microliters in volume) was placed 

atop the coated surface with a Hamilton gastight syringe in the 

presence of air; images of the droplet were recorded from a 

precision stand (KSV surface tensiometer instrument), mounted 

directly in front of the droplet. The wetting angle was measured 

until it achieved a steady-state value; the reported wetting angle 

represents an average of at least six independent experiments, 

with 95% confidence boundaries. The interfacial tension 

between a droplet of deionized water in modified mineral oil 

was measured visually (pendant drop) on an interfacial 

tensiometer (KSV Instruments) with one-second recording 

interval that started immediately after creating the water 

droplet. 

 

Results and DiscussionHydrate adhesive forces were measured 

for each chemically or physically modified stainless steel 

surface, with three independent experiments for each. Rain-X®, 

graphite and oleamide modifications were tested with 40 pull-

off trials per experiment (120 pull-off trials total), however the 

nonanedithiol and citric acid ester modifications were tested 

over a total of 42 and 80 pull-off trials, respectively, due to both 

chemicals resulting in hydrate morphological changes 

(discussed below). Each surface modification was observed to 

change the average hydrate adhesive force from the established 

baseline (Figure 4). Average adhesive force on Rain-X® and 

oleamide surfaces decreased by 32 and 33% from the baseline 

(plain steel),34 respectively, which is within one standard 

deviation of the plain steel force. Contact between the hydrate 

and nonanedithiol surface resulted in a 49% increase in hydrate 

adhesive force, due to significant hydrate growth observed at 

the particle-steel contact point (discussed below). The lowest 

adhesive forces were obtained with the graphite and citric acid 

ester surfaces, respectively 79 and 98% below the plain steel 

baseline. 

 

 

Figure 4. Cyclopentane hydrate adhesive force measurements 

for untreated and physically/chemically modified stainless steel 

surfaces; error bounds represent one standard deviation of 40-
120 pull-off measurements. 

 

An example of the hydrate growth observed with nonanedithiol 

is shown in Figure 5, where a cylindrical hydrate feature grew 

at the particle-substrate contact point. The growth of this 

feature was observed in three independent experiments, and 

began immediately after contact with the particle, and increased 

hydrate adhesive force as per Figure 4. In the third experiment 

(bottom row of Figure 5), the adhesive force between the 

cylindrical hydrate growth and nonanedithiol-coated steel was 

sufficiently large to result in fracture at the particle-feature 

interface. Chemical additives42, 43 and subcooling from 

equilibrium44 have been previously observed to affect hydrate 

morphology; as demonstrated by Aman et al.,19 this hydrate 

growth behaviour may be the result of liquid water migrating 

from the particle core to the surface. 

 

 

Figure 5. Three examples (each row) of hydrate growth and 

morphology change during contact with nonanedithiol-coated 

surface, where a cylindrical hydrate feature was observed to 
grow at the hydrate-steel contact point over time. 
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For the stainless steel coated with the citric acid ester, hydrate 

morphology was observed to change immediately after the 

hydrate particles were exposed to the steel surface. For both 

trials shown in Figure 6, hydrate morphology changed within 

30 seconds of introducing the substrate to the experimental cell, 

and occurred before the substrate had contacted the hydrate 

particle. This behaviour may suggest that the citric acid ester 

diffused through the liquid cyclopentane to reach the hydrate 

particle surface; diffusion through the liquid phase may have 

been accelerated due to turbulence in the liquid generated by 

inserting the substrate. After 60 seconds of exposure (top row, 

Figure 6) droplets of liquid cyclopentane were observed inside 

the hydrate particle core; within 100 seconds, the hydrate 

particle began growing beyond the original hydrate shell. Over 

the course of the experiment, the particle shade consistently 

changed from light to dark, which may be the result of 

enhanced hydrate conversion. Hydrate growth of this kind, 

where liquid cyclopentane droplets were observed to form 

inside the hydrate shell, is similar to observations from Aman et 

al.19 when cyclopentane hydrate was exposed to alkyl benzene 

sulfonic acid. Similar to nonanedithiol measurements, the 

specific mechanism behind how chemical additives interact 

with the hydrate interface to encourage growth is not well 

understood and is an on-going subject of investigation. One 

possible hypothesis to explain why the citric acid ester both 

decreased adhesive force and encouraged hydrate growth is that 

the citric acid ester is a much stronger surfactant than 

nonanedithiol (discussed further below), which may 

substantially weaken the hydrate-steel capillary bridge (Figure 

1).19 In sufficient quantity, a strong surfactant may reduce the 

interfacial energy barrier to growth, enabling the rapid 

morphological changes observed in Figure 6. 

 

Recent studies from Lo et al.45, 46 and Zhang et al.47 have 

investigated the dependence of zeta potential of hydrate slurries 

on the concentration of surfactant (e.g. sodium dodecyl 

sulphate) in the liquid phase, extracting estimates on the 

amount of surfactant adsorbed to the hydrate. Aman et al.40 

similarly deployed both interfacial tensiometry and 

micromechanical force measurements to estimate the 

dependence of hydrate-oil interfacial tension on surfactant 

concentration. These methods may be used to identify the 

respective hydro- and hydrate-philicity for morphology-

changing chemical additives (e.g., nonanedithiol), and to 

provide insight as to where the additive will adsorb in a 

multiphase system. 

 

 

Figure 6. Two examples (each row) of hydrate growth and 

morphology change during contact with a citric acid ester-
coated stainless steel surface. 

 

Effect of Water on Adhesive Force 

As discussed above, the severity of hydrate deposition on 

pipeline walls may be linked to the wetting condition of the 

wall.18 To study this condition, adhesion forces were measured 

for the plain, graphite-coated, and citric acid ester-coated 

stainless steel during water-wet conditions. To first probe this 

effect, a small droplet (approximately 200 µm diameter) of 

deionized water was placed on the substrate surface with a 

pipette; the hydrate particle was contacted directly with this 

droplet during stages 2 and 3 of the pull-off trial (Figure 3). As 

the substrate surface was raised, a large water bridge (200 µm 

diameter) was observed visually; the eventual rupture of this 

bridge resulted in a small fraction of water partitioning to the 

hydrate particle, corresponding to the “wet particle, wet 

surface” condition in the middle pane of Figure 8. Four pull-off 

trials were performed for each surface in this wet condition, and 

the average forces are provided in Figure 8. For reference, the 

static wetting angles of deionized water (in a bulk phase of air) 

on each surface are also provided for reference, with error 

bounds representing 95% confidence intervals over six repeat 

trials. After these four trials, an additional 40 pull-off trials 

were performed where the wetted hydrate particle (i.e. the 

hydrate particle retained an unconverted water layer after 

contacting the deionised water droplet) was contacted with a 

“dry” position on the substrate surface (i.e. a minimum of 5000 

µm away from the water droplet position). An example 

experimental image of the “wet particle, dry surface” 

conditions is shown in Figure 7 with the data reported in the 

right-hand pane of Figure 8, and provide a qualitative indication 

of how effectively the surface will repel a capillary bridge from 

the hydrate particle. 

 

The results in Figure 8 demonstrate that the presence of a water 

droplet on each surface increased hydrate adhesive forces by a 

factor of 50 (plain steel) to 500 (citric acid ester). The wetting 

angle of water on the steel surface did not strongly affect these 

wetted adhesion forces, which strictly represents only a non-

flowing condition within the pipeline. The effect of surface 

wettability is seen more clearly in the right-hand pane of Figure 

8, where adhesive forces on the graphite-coated surface is 

similar for dry and water-wet hydrate particles. Contact 

between the wet hydrate particle and citric acid ester-coated 

surfaces results in a larger adhesive force, approximately 10× 

that of the dry hydrate particle. All pull-off trials corresponding 

to dry and water-wet hydrate (with the citric acid ester-coated 

surface) are plotted in Figure 9, for two independent 

experiments.  

 

 

Figure 7. Example of wetted hydrate adhesion force tests, 

where the hydrate particle is first contacted with a water droplet 

to generate a wetted hydrate condition, and adhesion forces are 

subsequently measured with a dry steel surface. The continuous 
fluid is high-purity liquid cyclopentane in all experiments. 
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Figure 8. Cyclopentane hydrate adhesive force on uncoated 

(baseline condition), graphite-coated and citric acid ester-coated 

stainless steel under three wetting conditions (as illustrated in 

Figure 7).  A visual key is given for the wetting condition in 

each stage:  

(1) a dry hydrate particle contacting a clean steel surface, 

shown in the left panel;  

(2) a hydrate particle contacting a water droplet on the steel 

surface, shown in the middle panel; and  

(3) a water-coated hydrate particle contacting a clean steel 

surface, shown in the right panel.  

The experimental images report average wetting angle, and 

correspond only to the middle panel condition with a wet 

surface. Error bounds represent one standard deviation of all 
data collected. 

 

The results demonstrate that, prior to wetting the hydrate 

particle with water, no trend is observed in the pull-off trials. 

Immediately after the wetting period (i.e. contact with a water 

droplet on the substrate surface), hydrate adhesion forces 

increased by a factor of 10-25×. During the first 20 pull-off 

trials after the water wetting period (i.e. pull-offs 45-64 in 

Figure 9), hydrate adhesive forces were observed to decrease to 

a steady-state value that was approximately 10× larger than the 

average force prior to contact with the water droplet. The 

introduction of a water droplet means the system will not be at 

chemical equilibrium, however the force measurements are 

resolved through only a requirement of mechanical stability. 

The goal of these measurements is to resolve the temporal 

effect of the reacting water droplet on the ultimate hydrate 

cohesive force (Figure 9). 

 

The data presented in Figure 8 suggest two important 

consequences of water-coated pipeline walls on hydrate 

adhesion force and deposition potential. First, control of the 

pipeline wettability may be insufficient to prevent hydrate 

adhesion during periods with minimal (or without) flow; the 

formation of a liquid water phase at the oil-pipeline boundary 

may increase the hydrate adhesive force by 2-3 orders of 

magnitude. Second, exposing hydrate particles to a liquid water 

phase may irreversibly affect the hydrate adhesive force (within 

the residence time of the pipeline); each experiment presented 

in Figure 9 required approximately 90 minutes of experimental 

time. This understanding may be critical in considering hydrate 

control during restart operations, where liquid water has 

segregated and wetted the pipeline wall. 

 

 

 

Figure 9. Hydrate adhesive forces on citric acid ester-coated 

steel over two experiments (● and ■) under two wetting 

conditions: dry particle on dry surface (pull-off trials 0-40), and 
wet particle on dry surface (pull-off trials 45-84). 

 

 

Citric Acid Ester Effect on Cohesive Force 

The citric acid ester surface modification reduced hydrate 

adhesive force by 98% under dry conditions (Figure 4) while 

the chemical demonstrated excellent solubility in the liquid 

cyclopentane phase. This data raised a natural question of 

whether the citric acid ester may be suitable to use as a hydrate 

anti-agglomerant,14, 48 by reducing the aggregation force 

between hydrate particles, in addition to reducing surface-

particle interactions. To probe this question, water-oil 

interfacial tension (IFT) and hydrate interparticle cohesive 

force were measured with varying concentrations of citric acid 

ester in the liquid hydrocarbon phase.  

 

At the lowest concentration tested (250 ppm by mass), the citric 

acid ester significantly reduced the IFT between deionized 

water and mineral oil from a baseline of 55 mN/m (Figure 10-

A). The initial and steady-state (final) IFT values decreased 

monotonically with increasing concentration of citric acid ester 

in the mineral oil (through 1000 ppm). The water droplets could 

be only captured for a limited amount of time, as the IFT values 

decreased to a point that droplets were no longer stable on the 

syringe tip (approaching a limiting capability of this method);40 

this limitation prevented the measurements from reaching 

steady-state in the 750 and 1000 ppm systems (Figure 10-A).  

 

The average steady-state IFT values are plotted in Figure 10-B 

as a function of citric acid ester concentration for six 

independent trials, alongside hydrate cohesive force 

measurements (in a liquid cyclopentane bulk phase) over a 

similar mass fraction range. With a baseline (0 ppm) IFT value 

of 55 mN/m, the data in Figure 10-B demonstrate that decreases 

in both IFT and cohesive forces are not proportional. That is, 

the addition of 200 ppm citric acid ester decreases water-oil IFT 

by 85%, while the same amount of acid decreases hydrate 

cohesive force by approximately 50%. This comparison 

qualitatively suggests that the citric acid ester may exhibit 

higher affinity for water-oil than hydrate-oil interfaces; this 

hypothesis may be further explored by measuring adsorption 

isotherms per the above-described methods.40, 45-47 
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Figure 10. (A) dynamic interfacial tension between deionized 

water and mineral oil containing 250-1000 ppm (by mass) of 

the citric acid ester additive; (B) steady-state interfacial tension 

(■) and hydrate interparticle cohesive force (●) as a function of 

citric acid ester fraction in the bulk phase (by mass); ordinate 

error bounds correspond to 95% confidence intervals, while 

abscissa error bounds represent the range of mass fractions 
tested. Dashed curves are provided to guide the eye. 

 

Both datasets in Figure 10-B suggest that the effect of citric 

acid ester reaches an asymptotic value close to 1000 ppm, after 

which the cohesive force and interfacial tension may not 

substantially decrease with the addition of citric acid ester. 

While the acid decreased hydrate adhesive force by 98%, the 

chemical was not determined to be as effective at reducing 

hydrate cohesive force compared with previous studies by 

Aman et al.40 with various surfactant types. 

 

The application of this insight requires validation in a high-

pressure micromechanical force apparatus, to compare the 

cohesive and adhesive behaviour of cyclopentane and natural 

gas hydrate. The performance of anti-agglomeration and 

deposition coatings may be scaled using a high-pressure 

flowloop apparatus in the future. 

 

 

 

 

Conclusions 

Using a micromechanical force (MMF) method, hydrate-steel 

adhesive forces were tested with five different chemical or 

physical modifications, with the goal of identifying methods to 

reduce hydrate particle deposition on the wall of oil and gas 

pipelines. The addition of graphite on the steel surface reduced 

adhesion force by 79% compared to plain stainless steel, which 

may be due to a change in the water wetting angle on steel: 

154±7° with graphite-coated steel, and 42±8° for plain steel. 

Coating the stainless steel with a citric acid ester decreased 

baseline adhesive force by 98% and resulted in severe 

morphology changes that accelerated growth in the hydrate 

particle; these morphology changes did not increase the hydrate 

adhesive force, as adsorption of the citric acid ester surfactant 

will decrease water-oil interfacial tension and, by extension, the 

hydrate-steel capillary bridge. Hydrate contact with 

nonanedithiol-coated surfaces resulted in a different class of 

morphological growth, where a cylindrical hydrate feature 

formed at the particle-surface contact point that increased 

adhesive force by 49% from the baseline. 

  

The effectiveness of citric acid ester and graphite coatings 

decreased when a droplet of deionized water was placed on the 

substrate surface; the coatings reduced average adhesive force 

by 7 and 55%, respectively, with water-wetted surfaces. 

Hydrate particle contact with a liquid water phase irreversibly 

increased hydrate-steel adhesive forces, which were 

approximately 10× larger than trials with a dry hydrate particle. 

Interfacial studies were deployed to identify why the citric acid 

ester reduced hydrate-steel adhesion force, which suggested 

qualitatively that the chemical may adsorb more readily to the 

hydrate-oil interface than the water-oil interface. That is, 

hydrate-philic chemical structures may preferentially order at 

periodic hydrogen bonding sites on the hydrate surface, which 

may be identified by changes to the adsorption isotherm for 

water-oil and hydrate-oil interfaces.14  
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