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Dual functionality of ultralow levels of a model kinetic hydrate inhibitor on 
hydrate particle morphology and interparticle force 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Interparticle hydrate forces at short 
contact times are reduced by 40–54 % 
with ultralow levels of PVP (ul-PVP). 

• Sintering forces at contact times up to 
an hour are decreased by 20–40 % with 
ul-PVP. 

• Hydrate film growth rates are retarded 
by 30–50 % and long and short-term 
morphology changes are induced with 
ul-PVP. 

• Nucleation and growth inhibition begins 
at concentrations as low as 0.01 wt% 
PVP.  

Key effects of low concentration polyvinylpyrrolidone (PVP) on cyclopentane hydrates.
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A B S T R A C T   

Gas hydrate plug formation is a major concern in oil and gas exploitation efforts, wherein line blockages can pose 
major safety, economic, and environmental risks. Kinetic hydrate inhibitors (KHIs) are a promising class of 
hydrate management chemicals, which are potentially cleaner, cheaper, and greener than traditional thermo
dynamic hydrate inhibitors (THIs). Therefore, understanding the effects that KHIs have on hydrate particles is 
vital to their application. In this study, polyvinylpyrrolidone (PVP), a model KHI, was investigated at ultralow 
concentrations to determine its effect on the properties of hydrates and elucidate when nucleation and growth 
inhibition begins. It was found that PVP can adsorb at the hydrate particle surface to reduce interparticle force by 
40–54 %. Low concentration PVP continues to affect interparticle forces at prolonged contact times, reducing 
forces at 30-minutes to 1-hour of contact by 20–40 % and reducing sintering rate. PVP also reduces film growth 
rates by 30–50 % depending on the concentration of PVP in the water phase. The onset of major nucleation and 
growth effects was observed to occur at 0.01 wt% PVP in the water phase, two orders of magnitude below 
concentrations typically employed in hydrate management. It was discovered that low dosage PVP can cause 
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major morphological changes to the hydrate particles in both the short and long term, which can influence 
interparticle forces and particle agglomeration, and may serve as a morphological screening tool for KHIs. A 
proposed mechanism for the observed morphology changes explains how the heterogenous adsorption of 
chemicals at the particle surface can lead directly to the newly observed particle morphology. The results pre
sented in this paper show that ultralow concentrations of KHIs (0.0005 wt%) can have combined effects on the 
interfacial activity and crystal growth and morphology of hydrates, showing KHIs to be a dual function inhibitor 
of both interparticle interactions and hydrate growth. These results can inform KHI applications from industrial 
flow assurance to carbon dioxide transport for unimpeded carbon capture and sequestration.   

1. Introduction 

Gas hydrates are clathrate inclusion compounds generally formed at 
high pressures and low temperatures when small guest molecules (such 
as methane and carbon dioxide) are surrounded by stabilized water 
cages [1]. These compounds hold promise as vessels for carbon 
sequestration, clean hydrogen transport, and future clean energy sour
ces in the form of natural deposits of methane hydrate [2–6]. However, 
gas hydrates also pose major economic, safety, and environmental 
concerns to current energy supplies. They are often encountered in the 
oil and gas industry, specifically in undersea oil and gas exploration, 
where prime conditions for hydrate formation are often encountered [7, 
8]. The prevention and control of hydrates in subsea pipelines has thus 
become a major area of research in the energy industry. 

THIs are traditionally employed to shift the pipeline fluids out of the 
hydrate stability region. This often requires large volumes (e.g., 40 % or 
more) of chemical additives, such as methanol or glycol, which increases 
both environmental concerns and operating costs, as well as making 
downstream separations more difficult and expensive. Further, as 
reservoir conditions change, so does the required volume of THIs, hence 
total hydrate inhibition is not viable as a preventative measure.[9,10] 
Thus, research has shifted to focus on hydrate management, rather than 

hydrate prevention [7,11]. In hydrate management schemes, hydrate 
particles are allowed to form, but low dosage additives are added to 
either lower interparticle forces (anti-agglomerants, AAs) or slow the 
formation of the hydrate particles (kinetic hydrate inhibitors, KHIs), 
such that the time to formation is longer than the residence time of the 
fluid in the hydrate forming region [12]. These low dosage inhibitors 
generally target different steps during the formation of hydrate block
ages, the overall process of which is depicted in Fig. 1, with the areas 
which KHIs target highlighted. AAs target the agglomeration step, while 
KHIs target the induction and film growth steps. 

AAs are surfactants which adsorb onto the surface of the hydrate 
particles and reduce the cohesion forces. They allow hydrates to form, 
but keep the particles small and dispersed in the bulk phase, forming a 
transportable slurry [15]. AAs are often required in very small volume, 
(generally 2–3 wt% but sometimes less than 0.5 wt%), and have been 
proven effective at reducing the interparticle cohesive forces, sometimes 
to unmeasurable levels, even at long contact times before the onset of 
sintering [16,17]. AAs work at both high and low subcooling and can 
remain effective at preventing plug formation even during shut-in pe
riods [18]. However, AAs often fail at high water content (e.g., above 
~50 vol%), and require that there be a bulk hydrocarbon phase to 
properly align themselves at the interface and prevent interparticle 

Fig. 1. Hydrate plug formation mechanisms in liquid hydrocarbon dominated systems with KHI targets highlighted. Green represents gas phase, brown represents 
the liquid hydrocarbon phase, blue represents the aqueous phase, and white represents gas hydrate. 
Modified from Turner [13]; Stoner and Koh.[14]. 

J.E. Worley et al.                                                                                                                                                                                                                               



Colloids and Surfaces A: Physicochemical and Engineering Aspects 652 (2022) 129825

3

interactions [19]. The water content limitation can be especially chal
lenging in mature fields with higher water content, and in enhanced oil 
recovery applications. Further, the requirement of a liquid hydrocarbon 
phase makes AAs unusable in gas dominated systems. 

KHIs are typically water-soluble polymers which extend the time 
required for hydrate shell formation and growth. It has been proposed 
that most KHIs operate through surface adsorption and steric hindrance 
during hydrate formation or through a perturbation-inhibition mecha
nism [20–22]. It is also possible that there is a combination of inhibition 
mechanisms contributing to the total inhibitory effect [23]. KHIs often 
struggle to prevent hydrate formation at the high subcoolings (>10 ◦C) 
encountered in deep sea pipelines, and their efficacy may diminish 
during shut-in conditions, which can extend beyond the induction time 
delay induced by the KHI. However, unlike AAs, KHIs can function in 
systems with high water content and in gas dominant systems, as they 
dissolve in the water phase [24]. KHIs target hydrate formation before 
the onset of major particle formation and may also introduce changes to 
the interface, which could affect interparticle interactions. 

A study by Wu et al. [25] suggested that some KHIs may have 
anti-agglomerant properties. The addition of polyvinyl caprolactam 
(PVCap) was shown to reduce hydrate interparticle cohesive forces by 
45–54% depending on dosing procedure. The reduction in force did not 
vary widely as a function of PVCap concentration (in the range of 
0.005–0.5 wt%) or temperature at a contact time of 10 s. The time to 
total film coverage when contacting a hydrate particle and a water 
droplet containing PVCap at 0.5 wt% was significantly longer than pure 
water film growth at large subcooling [25]. Wu et al. also applied a 
dosing procedure for their PVCap experiments which involved a 
replacement of the bulk fluid surrounding the hydrate particles. How
ever, due to problems with hydrate dissociation during the fluid 
replacement, the current study developed a new dosing procedure that 
avoided potential partial hydrate dissociation and uncertainty in KHI 
concentration by avoiding the replacement of the bulk solution the hy
drate particles were placed in. 

These previous results did not directly show that KHIs could serve 
dual purpose (AA and KHI) as hydrate management chemicals at 
extended contact times. Contact time plays a vital role in determining 
the mechanism of interparticle interactions, determining the cross over 
between capillary liquid bridge forces and sintering interactions [26]. 
AAs have been shown to be effective even at long contact times, but KHIs 
have not been studied for their effects on interparticle force at long 
contact times. Since KHIs reduce the film growth rate, it is reasonable to 
propose that they could slow the sintering behavior of hydrate particles, 
which would be important for shut in scenarios involving hydrates with 
surface adsorbed KHIs. Therefore, part of this study aimed to correlate 
the reduction in film growth rate with reduction in sintering force at 
contact times of up to an hour. 

Many studies have shown that AAs have a pronounced effect on the 
hydrate morphology, and that this morphological change can be used as 
a screening tool for effective AAs [27–30]. Generally, the more 
morphological change that is experienced, the better the AA is suggested 
to function. However, these morphology effects have not been well 
documented for KHIs, except in limited single crystal and film growth 
studies [31–34]. The present study aims to show that even ultralow KHI 
dosages can cause drastic changes to hydrate particle morphology on 
both short and long timescales and give a conceptual understanding of 
why these morphological changes occur. This is important to document 
for KHIs, as changes in morphology can contribute to changes in the 
interparticle force and agglomeration behavior. This study further aims 
to show that the morphological changes, as well as the changes in 
interparticle force, can be explained by stochastic adsorption of PVP to 
the surface of the hydrate particle, with areas of high concentration 
showing drastic morphology changes and differing interaction behavior. 

The morphology of hydrate particles can have an effect on particle 
interactions, and can be influenced by the addition of chemicals, such as 
surfactants, AA’s, and KHIs [35,36]. Morphology changes are generally 

attributed to changes in the hydrate growth behavior, crystal 
morphology, mass and heat transfer characteristics, or the formation, 
interaction, and growth of hydrate crystals at water-hydrate former in
terfaces. In some cases, completely new morphologies are observed with 
just small changes in the system. Visualizing and documenting the 
morphology changes caused by single chemical additives (such as KHIs) 
is thus vital to understanding the totality of the effects of the additive on 
the hydrate forming system. 

A large body of previous work has examined the effect of KHI con
centration (generally in the range of 1–3 wt%) on hydrate nucleation 
and growth. However, no previous study has looked at ultralow con
centrations of KHI where the induction delay may not be large, but 
macroscopic effects to morphology, film growth rate, and interparticle 
force can still be observed. Thus, this present study aims to investigate 
how concentrations of KHI less than 0.01 wt% can affect macroscopic 
quantities, like film growth rate, morphology, and interparticle force. 
Further, this study aims to provide a lower bound on the concentration 
at which a kinetic inhibitor begins to affect nucleation and growth of the 
hydrate particles. 

This paper advances fundamental knowledge of the effects of ultra
low levels of KHIs on hydrate particles. The results conferred will aid in 
the development of better, cheaper, and greener hydrate prevention 
strategies, which could be applied in flow assurance and could also be of 
major use in advancing carbon dioxide transportation for sequestration 
and hydrogen transportation for clean energy. 

2. Materials and methods 

2.1. Materials 

Cyclopentane hydrates were formed utilizing 99.8 % pure cyclo
pentane (purchased from OmniSolv). Deionized water utilized in the 
experimentation and in making the KHI solutions was produced with a 
Millipore filtration system. The polyvinylpyrrolidone (C6H9NO)n used as 
the model KHI in the studies (purchased from VWR Life Sciences) has a 
purity of 99% and molecular weight of 40,000. All experiments were 
performed at a temperature of 1.2 degrees Celsius (ΔTsub of 6.5 degrees 
Celsius). 

2.2. Low pressure MMF apparatus 

Hydrate cohesive forces were all measured utilizing an in-house Low- 
Pressure Micro Mechanical Force (MMF) apparatus, described in detail 
by Yang et al. and Taylor et al. [37,38]. A camera (resolution of 
3.75 µm/pixel, 10 frames/second capture rate) and microscope were 
oriented above a 50 mL aluminum cell surrounded by a glycol-water 
cooling jacket. The cell was filled with cyclopentane which was cooled 
and monitored with a Type T thermocouple. The MMF apparatus is 
maintained in a dry box to remove moisture effects. The apparatus 
contains two cantilevers which hold the hydrate particles: a stationary 
cantilever with known spring constant and a precision manipulated 
cantilever, which can be brought into contact with the stationary one. 
Water droplets are placed on each cantilever and submerged in liquid 
nitrogen to form ice particles, which are placed into the cooled bulk 
cyclopentane. Once both cantilevers were in the cell, the temperature of 
the cyclopentane was slowly brought up to the experimental tempera
ture, whereupon the ice particles melted, and hydrates formed. At the 
observed onset of hydrate formation, a timer was set for 30 min, during 
which the hydrate particles continued to grow - this is referred to as the 
annealing time and was held constant at 30 min for all tests performed. 

2.3. Dosing procedures for PVP 

Since PVP is not directly soluble in the oil phase, a controllable water 
dosing mechanism had to be developed. Wu et. al [25] dosed PVCap by 
creating aqueous solutions of PVCap at the experimental concentrations 
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and adding this mixture to cyclopentane to create a water saturated 
cyclopentane bulk which they formed their hydrate particles in. To 
avoid the potential influence of added water on force results coupled 
with the uncertainty of the concentration of the KHI at the interface and 
the difficulty associated with replacement of the cyclopentane bulk 
without dissociating the hydrate particles, a new method was developed 
for better experimental control. As such, in this study, PVP was directly 
dosed into the water phase at low enough concentrations to allow for 
hydrate particle formation from PVP solutions, bypassing issues with 
bulk replacement and allowing tighter control of experimental 
conditions. 

Powdered PVP was first weighed out to create 50 mL of a 1 wt% 
stock solution. This PVP was slowly added to a 50 mL volumetric flask 
containing 30 mL of DI water, which was agitated to help partially 
dissolve the PVP. Then, DI water was added to the 50 mL mark, and the 
flask was further agitated until all of the PVP dissolved, and the solution 
was clear (~10–20 min). The PVP solutions utilized ranged in concen
tration from 0.0005 to 0.01 wt%, these were prepared by diluting the 
1 wt% stock solution to reach the desired concentration. The concen
trations selected were much lower than those traditionally used in hy
drate mitigation and provided insight into the long-term behavior of 
KHI’s adsorbed onto the surface of the gas hydrate particles. Fig. 2 
provides an overview of the dosing and hydrate formation procedure. 

2.4. Particle-particle force measurements 

To measure the force between the newly formed hydrate particles, 
the movable cantilever was manipulated such that the particles were 
brought into contact for a specified contact time. In this study, contact 
times of 10 s were used for the baseline force measurements and contact 
times of 1–60 min were used for the sintering inhibition tests. A full 
explanation of the procedure for the pull off measurements and the 
determination of the cohesive force is given by Aman et. al.[26] For the 
short contact time measurements, 40 pull offs were performed per 
particle pair to obtain good statistics for the average cohesive force. For 
the long contact time sintering measurements, one pull-off per particle 
pair was generally performed, except for the 1-minute trials during 
which a maximum of 10 pull offs per particle pair were performed (to 
reduce the effects of extended annealing time on the final results). As 
such, multiple data sets had to be combined during the analysis of the 
sintering data in order to obtain adequate statistics/error estimates. 
Further, the 30 min and 1 h sintered particles would sometimes separate 
slightly off screen due to the very strong forces holding them together, so 
estimates of the total separation distance were made in these cases. A 
brief sensitivity analysis yielded that there was no major change in the 
calculated average force as a function of separation distance estimates in 
a 10–20 pixel (30–60 µm) range, giving confidence that the estimation 
procedure for these special cases was accurate. Interparticle forces are 
implied by the capillary bridge model to be functions of the contact 
angle and are normalized by the harmonic radius of the two particles to 
remove particle size dependency [39]. 

At the end of the pull off measurements, the video was analyzed 
using ImageJ [40]. 

2.5. Film growth rate measurements 

To quantify the effects of KHI concentration on the film growth rate 
of cyclopentane hydrates, hydrate particles of differing concentration 
were brought into contact with a liquid water phase containing different 
concentrations of PVP. Hydrate particles were formed with and without 
PVP to allow comparison of film growth rate and morphology as a 
function of surface adsorbed KHI concentration. After the hydrate par
ticles were formed, small droplets of water with and without PVP were 
carefully placed on the hydrate surface and allowed to grow hydrate 
films. ImageJ [40] was used to track the advancing film front over 
varying time intervals, and an average growth rate was calculated for 
each droplet. The entire procedure was repeated for a minimum of 20 
growth rate measurements for each case. The film growth measurement 
process is illustrated in Fig. 3. 

Hydrate film growth rates are assumed to be functions of heat and 
mass transfer resistances [41–44] with very weak dependence on par
ticle/interfacial area or film thickness (which are both hard to determine 
exactly from videos). As such, film growth rates are not normalized by 
area in line with other literature [45–48]. 

2.6. Particle morphology studies 

The changes in morphology of the hydrate particles induced by the 
presence of PVP were studied throughout the experiments. Two separate 
morphological phenomena were observed. The first included morpho
logical changes observed during the particle annealing process, termed 
initial growth morphology effects. The second type of morphological 
effects were gradual changes observed in the particle morphologies 
during 45-minute to 2-hour observation periods. These were referred to 
as long-term morphology effects/long-term shell effects. Videos and still 
images of both morphological phenomena were captured and sped up 
utilizing ImageJ [40] and online editing software. 

3. Results and discussion 

3.1. Baseline Cohesive Force 

Baseline cohesive force measurements for 10 s contact times were 
performed with and without the presence of PVP and compared to the 
force documented by Aman et al. [26] Fig. 4 represents the average force 
across five experiments with 40 pull offs each for particles with 0, 
0.0005, and 0.001 wt% PVP in the water phase. The error bars represent 
combined 95% confidence intervals calculated from the combined 
standard deviation and number of trials across the five experiments per 
particle pair. 

Pure cyclopentane hydrate particles were prepared and tested first. 
The measurements produced a baseline cohesive force of 4.5mN/m 

Fig. 2. PVP dosing method developed in this study. 1. Mix PVP in water at desired concentration and stir until completely dissolved. 2. Sample water and form 
droplets on cantilevers. 3. Fully submerge water droplets in liquid nitrogen to form ice. 4. Place cantilevers in cooled cyclopentane and slowly increase temperature to 
experimental temperature, allowing hydrates to form. 
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which matches the 4.2mN/m baseline presented by Aman et al. [26] 
Next, measurements were repeated with the addition of PVP. Only the 
two lowest concentrations, 0.0005 and 0.001 wt% PVP, were utilized 
due to the difficulty of forming hydrates when the PVP concentration 
was 0.01 wt% or above. The 10 s baseline force measurements, provided 
in Fig. 4, produced cohesive force values of 2.0 and 2.7 mN/m for the 
0.0005 and 0.001 wt% PVP hydrates, respectively. These forces are 
40–54 % lower than the pure cyclopentane baseline and seemed to be 
concentration independent, with both PVP systems experiencing similar 
decreases in force, which is consistent with previous studies [25]. 
Intuitively, the 0.001 wt% PVP particles should have lower forces than 
the particles with lower concentration since more polymer will be 
adsorbed at the interface. However, a combination of increased porosity, 
slower water conversion, and stochastic adsorption could explain why 
this is not the case. Most likely, there is more water at the surface of the 
hydrate particle of higher PVP concentration since, in the same 
annealing time, the particle containing the higher concentration of PVP 
would not have experienced water conversion as rapidly. Further, 
potentially increased shell porosity could allow more water to escape 
from the interior of the particle and form a layer at the surface, which 
would add to the liquid available for capillary bridge formation. As 
interparticle force is a strong function of the free water on the surface, 

these two mechanisms would serve to increase the force experienced at 
the higher concentration of PVP. Stochastic PVP adsorption could also 
play a small part in increasing the force seen at the higher concentration. 
Due to the random adsorption of the polymer on the hydrate surface, 
some areas could have little or no exposed PVP, and would act more like 
hydrate particles formed with 0 wt% PVP, which could increase the 
force experienced. 

3.2. Film growth 

Film growth experiments were performed by placing droplets of 
water with and without PVP onto the surface of pre-formed gas hydrate 
particles of varying concentrations to determine the effect of both the 
adsorbed PVP concentration (on the hydrate surface) and the concen
tration of PVP in the water on the film growth rate. The hydrate particles 
were formed with the standard procedure, and droplets of pure DI water 
and water with three concentrations of PVP were placed on the surface 
of the particles and monitored for 30 min to an hour. The film growth 
rate was then measured, and the results are presented in Fig. 5 with 95% 

Fig. 3. Procedure for measurement of average film growth rate displaying measured quantities and equations used.  

Fig. 4. Average cohesive force for 10 s contact time at two PVP concentrations 
on the hydrate surface compared to baseline pure hydrates. Error bars represent 
95% confidence intervals over 3–5 sets of 30–40 trials for each concentration. 
Average force for each concentration: 0 wt% PVP 4.46 ± 0.22, 0.0005 wt% PVP 
2.03 ± 0.13, 0.001 wt% PVP 2.65 ± 0.15. The percentage reductions in force 
are 54.6 ± 0.8 % for 0.0005 wt% PVP and 40.6 ± 0.5 wt% for 0.001 wt% PVP. 

Fig. 5. Film growth rate of water droplets of varying PVP concentration placed 
on pure hydrate particles (red), and particles formed with 0.0005 wt% PVP 
(blue) and 0.001 wt% PVP (gray). Error bars represent 95 % confidence in
tervals of 20–30 measurements across 2–3 film growth trials for each hydrate 
particle. The overall decrease in film growth rate from 0 wt% PVP in the water 
droplet to 0.001 wt% PVP in the water droplet was 34.4 ± 2.0% for the pure 
hydrate particles, 55.2 ± 1.4 % for the 0.0005 wt% hydrate particles, and 35.5 
± 1.5% for the 0.001 wt% hydrate particles. 
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confidence intervals. 
Only the two lower concentrations of PVP were utilized, since 

nucleation inhibition caused by the 0.01 wt% PVP made film growth 
measurements impossible (mostly) in a reasonable timeframe (~2 h). At 
the 0.0005 and 0.001 wt% concentrations, there was no major visual 
delay in the initial hydrate nucleation/film formation indicating a fail
ure to function as induction inhibitors at such low concentrations. Three 
sets of film growth experiments were performed with particles formed 
with 0, 0.0005, and 0.001 wt% PVP and with water droplets of 0, 
0.0005, and 0.01 wt% PVP. The concentration of PVP in which the hy
drate particle was formed did not have significant effect on the film 
growth rate, but the concentration of PVP in the water droplets did have 
pronounced effect (Fig. 5). This is inferred from the similar average 
values for film growth rate for all three hydrate particle concentrations 
at each of the three aqueous concentrations (~2.2 µm/s for all three 
particles with pure DI water as the droplet, ~1.6 µm/s for all three 
particles with 0.0005 wt% PVP in the water droplet, and ~1.5 µm/s for 
all three particles with 0.001 wt% PVP in the water droplet). However, 
the film growth rate decreases significantly as the concentration of PVP 
in the water droplets increases for the three particle concentrations 
tested. For the pure hydrate particles, the film growth rate decreased 
34% from the pure water droplet trial to the 0.001 wt% PVP water 
droplet trial. The 0.0005 wt% particles saw a 55 % decrease from the 
pure water case to the 0.001 wt% PVP water droplet case, and the 
0.001 wt% particle experienced a 35% decrease in film growth rate from 
the pure water case to the 0.001 wt% PVP water case. Water spreading 
was not observed to occur during the course of the film growth mea
surements and even slight, unobservable water spreading would not be 
expected to greatly affect results or reproducibility [48]. 

Film growth rates are an important factor in hydrate management, as 
the formation of films on suspended water droplets and on water 
droplets in contact with pre-formed hydrate particles influences the rate 
at which hydrate particles and agglomerates can form and become 
strong/stable in the system. Slowing the film growth rates is thus a major 
impact of KHIs in flow assurance scenarios. This study suggests that 
perturbation inhibition, the ability of KHIs to inhibit hydrate nucleation 
by perturbing water structuring, may be a more effective film growth 
inhibition mechanism, since the aqueous concentration of PVP had 
greater effect on the film growth rate. This is an important observation 
for many reasons, but the largest is that, if designed correctly, lower 
dosages of KHIs can help manage hydrate formation risk, hence 
decreasing operating cost and environmental concerns associated with 
hydrate management. 

3.3. Particle sintering 

Sintering experiments were performed to examine the effect of PVP 
on interparticle force at long contact times which could be encountered 
in shut-in scenarios. The same procedure for the 10 s particle force 
measurements was followed for contact times ranging from 1 min to 1 h. 
Three concentrations of PVP, 0 wt%, 0.0005 wt%, and 0.001 wt%, were 
utilized, and their results given in Fig. 6 (representing the average sin
tering force for each concentration with error bars representing standard 
deviations calculated by combining data from all (5 or more) particle 
pair experiments for a particular concentration). 

Since sintering depends on the growth of a film of hydrate across the 
liquid bridge between the hydrate particles, the film growth results 
suggest that the experiments where PVP is present in the system would 
have lower overall sintering forces due to slower and potentially weaker 
film formation. Further, the effects of the PVP on the hydrate shell, 
evidenced by the morphological changes documented, suggest that 
there should be effects on the sintering force. 

On average, the particles with PVP exhibit lower sintering forces 
than the pure hydrate particles, a phenomenon that becomes more 
apparent as the contact time increases. At 1 min of contact, the pure 
hydrate particles exhibit an average force of 3.4 mN/m, while the 

0.0005 and 0.001 wt% particles exhibit average forces of 2.0 and 2.5 
mN/m respectively, representing 42 % and 27 % decreases from the 
pure hydrate case. At 30 min of contact, the forces start to deviate 
further. For the pure hydrate particles, the average force at 30 min of 
contact was 36.1 mN/m, while for the 0.0005 and 0.001 wt% particles, 
the average forces are 28.3 and 26.4 mN/m respectively, representing 
22 % and 27% decreases. At 1 h of contact, the pure hydrate displayed 
an average force of 43.0 mN/m, while the 0.0005 and 0.001 wt% par
ticles displayed average forces of 28.8 and 27.1 mN/m, representing 
33% and 37% decreases, respectively. Though both concentrations of 
PVP performed similarly, the 0.001 wt% PVP starts to induce further 
force reductions as the contact time increases. It was also observed that, 
in some tests, the sintering force was too low to be measured (0/15 trials 
for 0 wt% PVP, 6/18 for 0.0005 wt% PVP, and 3/13 for 0.001 wt%PVP), 
while in others, the particles could not be separated or separated entirely 
outside of the observation window (3/15 trials for 0 wt% PVP, 3/18 for 
0.0005 wt% PVP, and 2/13 for 0.001 wt% PVP). These phenomena 
indicate stochasticity in the behavior of the particles when PVP is 
adsorbed at the surface, but they could not be added to the average force 
and error determinations. 

More information can be extracted from this data by looking at the 
increases in force across individual time steps. From the 1-minute 
experiment to the 30-minute experiment, all the sintering forces 
increased by between 11 and 14 times their measured 1-minute force. 
The reason for the similar initial sintering force increase is not fully 
understood, but it could be due to similar contributions to the force by 
the initial films that grow across the capillary bridge or interactions 
between the adsorbed PVP while it rearranges during initial film growth. 
However, from the 30-minute to the 60-minute experiments, the sin
tering force for the pure hydrate particles increased 19 % while the 
particles with PVP showed increases of only 1.8 % and 2.5 % for the 
0.0005 and 0.001 wt% particles respectively. This data indicates that 
the PVP has a more visible impact on the interparticle interaction as 
contact time increases due to film growth rate reductions and potential 
film weakening as well as a potential change in the entropic or mass 
transfer resistances to growth caused by the PVP. PVP reduces the rate at 
which particles sinter by 15–17 % and reduces total sintering force by 
22–37 %. 

Fig. 6. Hydrate sintering force versus time for particles formed with 0 wt% PVP 
(red), 0.0005 wt% PVP (blue), and 0.001 wt% PVP (gray). Particles were 
annealed for 30 min and then put in contact for 1 min, 30 min, and 60 min to 
allow for sintering growth. Error bars represent standard deviations calculated 
by combining data across pull off measurements at each concentration. Since 
particles were all of similar size (diameters within 50–100 µm) effects of par
ticle size on force is likely negligible. At least 5 experiments were conducted for 
each concentration at each annealing time. Measured sintering forces in mN/m 
are as follows: 1 min – 0 wt% PVP 3.40 ± 2.41, 0.0005 wt% PVP 1.98 ± 1.42, 
0.001 wt% PVP 2.48 ± 1.58; 30 min- 0 wt% PVP 36.14 ± 4.17, 0.0005 wt% 
PVP 28.27 ± 8.69, 0.001 wt% PVP 26.43 ± 7.87; 60 min – 0 wt% PVP 43.03 
± 9.91, 0.0005 wt% PVP 28.79 ± 10.81, 0.001 wt% PVP 27.10 ± 6.54. 
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3.4. PVP effects on hydrate particle morphology 

Changes in the macroscopic morphology of hydrate particles in the 
presence of AAs has been well documented and even proposed as a 
method for evaluating the efficacy of new AA chemicals or chemical 

mixtures.[28] KHIs have not been as widely studied for their morpho
logical effects, especially at concentrations below those traditionally 
explored in hydrate research. As such, a major focus of this work was to 
document changes in particle-scale morphology with the addition of 
low-dosage PVP, and to provide theoretical explanation for the 

Fig. 7. Images of initial growth morphology at various concentrations taken during testing chosen to best illustrate the extent and diversity of morphological changes 
caused by surface adsorbed PVP. 
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morphology changes. 
Images and videos were collected from several repeat experiments 

for all concentrations tested. During experimentation, it was noted that 
the morphology changes did not all occur at the same time. In some 
cases, the craters, or bumps on the surface of the particles were formed 
immediately or early on during the annealing period (Fig. 7). In other 
cases, the morphology of the particles continued to change throughout 
the course of the experiments, forming new craters or other new features 
all together. Such changes generally occurred from 45 min to two hours 
after the end of the particle annealing period and were referred to as 
long-term morphological/shell effects (Fig. 8). 

For the initial growth morphology observations, morphologies were 
recorded immediately after the end of the annealing time. Fig. 7 pro
vides images of the initial morphologies from separate experiments at all 
concentrations of PVP tested. 

There are major morphological changes, namely increased rough
ness, and large craters, upon addition of PVP to the hydrate forming 
system, and the changes are similar across PVP concentrations. The 
rough morphology is also similar to some of the morphologies docu
mented in water droplet growth experiments performed on structure I 
hydrates with antifreeze proteins (AFPs), [34,49] as well as planar hy
drate film growth studies [33]. However, none of the previous work 
reported similar long-term morphological changes to those seen in this 
present work, and only Udegbunam et al. [49] observed crater forma
tions similar to those seen here. Further, none of the polymeric KHIs 
previously tested display such major morphology changes that PVP has 
caused in this work. The lowest concentration of PVP mainly causes 
crater formation in the hydrate particles with little effect on the rest of 
the hydrate shell, apart from a few instances of increased surface 
roughness. For the intermediate concentration, many of the particles 
also experience this crater formation, and some of the particles become 
rough, with small pits and bumps in the hydrate film across the entire 
particle. At the highest concentration, film growth does not usually 
envelop the entire surface of the droplet, indicating film growth inhi
bition by PVP. However, the parts of the film that do form are rough like 
some of the intermediate and low concentration particles and show 
smaller scale craters like those seen in the other concentrations. Such 
morphology is not generally seen in the case of pure cyclopentane hy
drates, meaning that morphology observations can allow for the 

detection of chemicals present in the system even at concentrations as 
low as 0.0005 wt% (5 ppm). It is further likely that more drastic changes 
to the particle morphology (or changes to the particle growth behavior) 
indicate higher concentrations of chemical were present, which would 
have direct effect on the hydrate properties including shell strength and 
interparticle force. The extent of morphology changes could potentially 
be used as a mechanism to rank the efficacy of the KHI. 

To better quantify the observed initial morphological changes, all the 
videos for a particular concentration were examined, and the number of 
instances of morphological changes during the annealing period were 
recorded. These were then tabulated and are presented in Table 1. This 
analysis does not include particles which experienced long-term 
morphological changes to separate the morphological phenomena and 
prevent double counting of particles. 

From Table 1, it is inferred that increasing the amount of PVP present 
increases the frequency with which particles experience morphology 
changes. Further, these morphology changes can be used to detect even 
trace amounts of kinetic inhibitors relatively easily. 

Fig. 8 shows an image series extracted during long term observations 
of particles which demonstrate some of the long-term morphology 
changes that PVP can cause in the particles. The accompanying sped up 
videos of these phenomena are provided as videos S1-S4 in the 

Fig. 8. Image series extracted over experimental duration for particles of varying concentration experiencing morphology changes separate from initial growth 
morphology. Times given are the times after the end of the annealing period over which morphology changes occurred. These images and the long-term changes to 
morphology indicate lasting impact of PVP on the shell properties. 

Table 1 
Particle morphology changes. Determined by summing total number of particles 
of each concentration which experienced morphology changes and dividing by 
the total number of particles of each concentration formed during 
experimentation.   

Percentage of Particles Experiencing Morphology Changes Across 
Experiments  

Total Number 
of Particles 

Particles with 
Morphology 
Changes 

Fraction of Particles 
with Morphology 
Changes 

Pure Hydrate 
Particles 

68 28 41 % 

0.0005 wt% 
Particles 

42 27 64 % 

0.001 wt% 
Particles 

43 34 79 %  
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supplementary materials. 
Fig. 8 indicates that PVP induces prolonged effect on the hydrate 

shell and growth properties which could be important in field applica
tions of KHIs. When PVP is present, the strength of the shell is inferred to 
be less than that of a pure cyclopentane hydrate, and the effect is long 
lasting. Further, when PVP is present, the shell is likely more porous, 
allowing water from the interior of the particle to escape. This has major 
implications for flow assurance, as the weaker shells could lead to easier 
hydrate breakup in turbulent lines, and the porosity of the shells could 
cause there to be larger water layers on the exterior of the particles. 

Perhaps one of the more interesting observations of long-term 
morphological changes is that of the 0.0005 wt% film growth experi
ment (given as the final series in Fig. 8, and provided as video S4. Here, 
during film growth experiments, droplets of two different concentra
tions were placed on the particle surface and observed for two hours. 
The ‘ear’ on the left contained 0.0005 wt% PVP while the ‘ear’ on the 
right was DI water. Over the course of the observation, the droplet that 
contained PVP experienced a collapse/cave-in consistent with the 
observed changes in initial morphology for other particles, while the DI 
water droplet experienced no change to the shell morphology. This 
provides direct visual evidence that the PVP present in the system has 
long term effects on the shell strength. It also provides evidence that the 
retardation of water to hydrate conversion could be prolonged with PVP 
present, since the pressure equalization required to cause such 
morphological changes only occurs as water from the interior of the 
particle escapes and causes pressure differences. This further indicates 
that the effects of KHIs are long lasting and extend beyond just the initial 
slowing of nucleation and film growth. 

A conceptual mechanism behind the morphology changes seen in the 
particles was developed to aid in understanding KHI working mecha
nisms (Fig. 9). 

It is known that kinetic inhibitors have effects on the thickness of the 
hydrate film which can directly impact the strength of the film [49–51]. 
The morphological changes that were observed can be explained by the 
presence of PVP. PVP adsorbs stochastically to the hydrate surface, with 
areas of higher and lower concentration. The areas of higher concen
tration may have higher porosity and lower mechanical strength since 
thickening growth is slowed by the PVP. Other areas of the hydrate shell 
with lower relative concentration of PVP would likely be more porous 
than pure hydrate shells but would not experience extreme growth in
hibition. The increased porosity of the hydrate shell allows water on the 
interior of the particle (which is slow to convert to hydrate due to the 

KHI and mass transfer limitations) to diffuse out of the particle more 
easily, causing the interior pressure to decrease. Since the shell is weaker 
in some areas, this pressure decrease causes the hydrate shell to cave-in 
and form craters at the sites of higher adsorption to establish pressure 
equilibrium. These cave-ins can then propagate in surrounding areas 
where the shell is still affected by the kinetic inhibitor, forming larger 
craters on the hydrate surface. A similar phenomenon can also apply to 
hydrates formed with low concentrations of natural AAs at low sub
coolings as seen in a small number of experiments performed by the 
Center for Hydrate Research. Similar crater formations have been noted 
on hydrates grown with low concentrations of AAs likely due to the 
growth of weaker hydrate shells at lower subcoolings influenced by the 
interfacial adsorption of the AA molecules. 

There is strong evidence that PVP can adsorb to solid surfaces in such 
a way that relatively large areas can have non-homogenous concentra
tion. Flemming et al. [52] utilized soft-contact AFM to analyze the 
adsorption of PVP (10–200 ppm) at the solid graphite-liquid water 
interface. Though not exactly the same as the conditions of adsorption in 
this study, the random arrangement of the PVP into island-like struc
tures before surface deposition/adsorption is analogous to the 
arrangement of the PVP at the hydrate surface in the current work and 
gives clear evidence for the natural formation of areas of high and low 
concentration on the surface of the hydrate particle. PVP forms a patchy 
film across the solid surface, with island-like structures of high and low 
concentration arising from polymer globule formation in solution before 
surface adsorption (Fig. 10A). This is very similar to the adsorption of 
PVP in this work. 

The same phenomenon can take place at the surface of hydrates 
formed in the presence of AFPs, as evidenced by Fig. 10B from Gor
dienko et al. [53] In this study, Gordienko et al. formed hydrates with 
luminescent tagged AFPs (~60–700 ppm) and imaged them under a 
blacklight to examine if the AFP had adsorbed on the surface of the 
hydrate. The images show that there are brighter and darker spots on the 
surface of the hydrate particles, indicating areas of higher and lower 
protein adsorption respectively, and demonstrating that the “concen
tration islands” are observable in hydrate forming systems as well. 

Explanations for these differing adsorption patterns on the solid 
surfaces seem to hinge on two primary mechanisms: polymer self- 
interaction and differing attachment to the solid surface, though these 
are likely compounded by molecular weight and concentration effects, 
which are explored in other articles [54,55]. In the current study, 
mass/diffusion limitations caused by the low concentration of PVP 

Fig. 9. Hypothesized mechanism for PVP induced morphological changes. Areas of increased concentration have weaker films which are prone to buckling, bulging, 
or caving-in/forming craters. 
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available to adsorb to the surface could magnify the effects of polymer 
aggregate formation seen in higher concentration systems. 

3.5. Effects of higher PVP concentration 

The 0.01 wt% particles are not included in Table 1, since inhibition 
(in several cases) of nucleation and growth made it difficult to sort these 
particles into those with simple morphology changes and those without. 
Fig. 7 shows four images of 0.01 wt% particles exhibiting full or partial 
film formation. These were rare exceptions for the 0.01 wt% particles. In 
the majority of cases, at 0.01 wt% PVP and above, nucleation inhibition 
or extremely low growth rates precluded the particles from growing 
strong enough films for testing in reasonable time frames. Therefore, 
separate morphological observations were made for the 0.01 wt% PVP 
trials. Videos S5-S7 presented in the supplementary materials show 
more commonly observed phenomena for this concentration, including 
sped up video clips of observations over 1 h or more displaying negli
gible film growth and nucleation. For a more in-depth look at the effects 
of the 0.01 wt% PVP on hydrate growth and morphology, a separate set 
of observations was tabulated and is presented in Table 2. 

To better understand the effect of the 0.01 wt% PVP on the cyclo
pentane hydrates, a separate criterion was developed for this concen
tration and given in Table 2. In about 53% of the experiments performed 
with 0.01 wt% PVP, no nucleation or no significant film growth 
occurred. This was manifested in ice particles melting rather than 
serving as nucleation templates, lack of bulk nucleation on the water 
droplets, and lack of partial/complete film growth (even over 30 min to 
an hour of observation). In some cases, rather than growing a film when 
placed on the surface of a hydrate particle, the 0.01 wt% water droplets 
would begin to spread over the surface of the hydrate particle as seen in 
supplementary video S6 (2-hour observation). In about 27% of the 
0.01 wt% experiments, the particles would form a partial film which 
exhibited very rough morphology and was craterous like the films at 
other concentrations of PVP. This is demonstrated in the bottom right 

image of the 0.01 wt% morphology images in Fig. 7. In only 20% of the 
experiments performed at 0.01 wt% PVP, a full film was formed over the 
surface of the water droplet. These films also exhibited the rough 
morphology seen at the lower concentrations. However, even after the 
30-minute standard annealing time, these films were not strong enough 
to withstand even a single pull off as evidenced by video S7 in the 
supplementary material. 

Upon close review, it seems that, even in cases of full film formation 
with 0.01 wt% PVP in the system, there may have been small areas over 
which a film had not formed which were obscured by the rough 
morphology. In contrast, the pure hydrates and the lower concentration 
PVP particles all formed complete shells of sufficient strength to with
stand testing after half an hour of annealing. This is direct evidence for 
changes in the film properties (growth rate, porosity, shell strength/ 
thickness) brought about by the PVP and is an important phenomenon to 
document for the application of KHIs. It is not only difficult to form a 
shell of hydrate in the presence of kinetic inhibitors of sufficient con
centration, but the shell that does form is very weak, which could easily 
cause forming hydrates to break apart in turbulent flow. Further, if the 
particle film was destroyed, and the droplet surface was re-exposed, the 
time to hydrate formation would be extended, since a new film must 
grow over the exposed water surface. 

The lack of film growth and nucleation at 0.01 wt% PVP is important 
to note for hydrate management applications. It suggests that the onset 
of kinetic inhibitory action relevant to flow assurance, namely nucle
ation and growth inhibition, in addition to decreased film strength over 
long timeframes, occurs at or around 0.01 wt% for PVP. This is useful in 
determining required dosages for applications of PVP to hydrate 
management. 

4. Conclusion 

A series of interfacial experiments were performed to determine the 
effects of PVP, a model kinetic hydrate inhibitor, on hydrate particles. 
The effect of the PVP on hydrate nucleation is negligible until a con
centration of 0.01 wt%, which was found to be the onset concentration 
for nucleation and growth inhibition. For PVP concentrations of 0.0005 
and 0.001 wt%, the hydrates were able to grow films strong enough for 
testing in the standard 30-minute annealing time, allowing exploration 
of the effects of PVP on the interparticle force, film growth rate, sin
tering, and particle morphology. PVP reduced the baseline interparticle 
force by between 40 % and 54 %. PVP present in the water phase 
reduced film growth rates by between 34 % and 55%, while the particle 
concentration had little noticeable effect. The film growth retardation 
combined with the long-term shell strength/porosity effects led directly 
to a 20–40 % reduction in the magnitude of the force between sintered 

Fig. 10. A) Soft contact mode AFM images of 
PVP (200 ppm) adsorbed at a solid graphite 
surface displaying “islands” of localized con
centration. High concentration areas are indi
cated by the white patches, while lower 
concentration areas are represented by the 
black patches. Though the concentrations uti
lized were higher than those in this study, 
localized islands of higher concentration can be 
seen by the very bright areas and localized 
areas of low concentration are seen by the 
darker splotches. It is expected that this effect is 
magnified for the lower concentration PVP 
utilized in this study. 
(a) Utilized with permission from Flemming 
et al. [52] B) Surface distribution of fluo
rescently marked antifreeze proteins utilized as 
KHIs. (b) Utilized with permission from Gor
dienko et al. [53] copyright 2010 Gordienko 
et al. CCBY.   

Table 2 
Effects of 0.01 wt% PVP on hydrate particle formation detailing different phe
nomena observed during high concentration trials.   

Effect of 0.01 wt% PVP on Hydrate Morphology and Growth 

Total Number 
of Tests 

Number of 
Particles with 
Full Film 
Growth 

Number of 
Particles with 
Partial Film 
Growth 

Number of Particles 
Exhibiting no Nucleation 
or Negligible Film 
Growth 

15 3 4 8 
Percentage of 

Total 
20% 27% 53%  
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particles and a 15–17 % slowing of sintering rate between 30 min and 
1 h. The sintering results suggest that PVP adsorbed at the surface of the 
hydrate particles has anti-agglomerant like properties even at long 
contact times. This could be important in remediation or prevention of 
hydrate agglomerate formation, as the long-term effect of the PVP could 
allow more time to break up agglomerates. 

Ultralow concentration PVP has a pronounced effect on particle scale 
morphology. The particles formed with PVP were typically rough and 
experienced large crater-like formations during initial growth and 
annealing. Particle morphologies also continued to change over time
scales ranging from 45 min to 2 h, indicating that the effects that PVP 
has on the hydrate particles are long lasting and can lead to noticeable 
shape changes. This has important implications in management of hy
drate plug formation risk. A conceptual mechanism for the cause of the 
morphology changes was presented to aid in understanding how PVP 
altered the shapes of the hydrate particles. Areas of high PVP adsorption 
are hypothesized to have higher porosity and lower strength allowing 
diffusion of unconverted water out of the interior of the particle. This 
can cause a reduction in pressure within the particle, and the hydrate 
shell forms craters, which equalize the pressure. Understanding the ef
fects of KHIs at very low concentrations would be important in reducing 
cost and environmental concern associated with KHI application. This is 
especially important when looking at KHIs as hydrate management 
strategies and determining how the effects of KHIs vary when employed 
below 1–3 wt%, such as in the case of injection failure or over dilution. 
The results of this work could be utilized to develop a screening tool for 
new KHIs and/or elucidate novel effects of existing KHIs at low 
concentrations. 

Future work on the effect of subcooling on hydrate growth rates and 
morphology with a kinetic inhibitor would provide important infor
mation, though a different hydrate former may be considered to allow 
for a wider temperature range. Further, AFM or computational ap
proaches could shed light on the changes in porosity caused by the 
addition of KHIs to hydrate forming systems, supporting this and other 
works on KHI effects. 
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