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Abstract
Flow assurance treatment with chemical have become more common as new natural polymers are being develop and are 
viable for inhibiting hydrate formation in production systems due to its eco-friendly and economical properties. Using high-
pressure micro-differential scanning calorimetry (HP-µDSC), the influence of kinetic inhibition on methane gas hydrate 
formation from synthetic polymer; polycaprolactam (PVCap) and organic polymers (low- and high-methoxylated pectin) 
was investigated. HP-µDSC was combined with the use of open-ended capillary tubes to counter the stochasticity of hydrate 
formation which often results in an inconclusive data set without numerous repetitions. By adding the capillary tubes within 
the cell, more data points on the performance of the inhibitors. Generally, the addition of these inhibitors increased the delay 
in formation of hydrates compared to the control sample which contained deionized water at 25˚C subcooling and 10 MPa 
pressure. However, the two types of organic inhibitors, which are distinguished primarily by the functional group ratios 
(carboxyl and ester), performed in contrast to one another. The results suggest that the presence of higher carboxyl func-
tional groups is affecting the overall polarity (i.e., low-methoxylated pectin) significantly improved the hydrate inhibition 
at optimum concentration where both high-methoxylated pectin and PVCap; a commercial inhibitor, performed relatively 
weaker. In comparison with PVCap, high-methoxylated pectin showed comparable trend and slightly better performances 
at most concentrations; however, the peak structures indicate discernible difference in the formation mechanism. The use 
of low-methoxylated pectin at optimum concentration may offer inhibition performance up to three times to that of PVCap 
at high subcooling.

Keywords  Polysaccharide · Low- and high-methoxylated pectin · Gas hydrates · Induction time · High-pressure micro-
differential scanning calorimetry

Introduction

Hydrate formation is one of the most prominent problems 
under flow assurance. Hydrate formation occurs where the 
pressure is high, or the temperature is very low; and these 
factors are interdependent (Makogon 2019). This means 

that in major oil and gas producing countries including 
Canada, Russia and the USA, where surface temperatures 
could drop below freezing temperature, hydrate formation 
mitigation plan is considered to maintain year-round produc-
tion. Furthermore, hydrate mitigation becomes more vital 
as the sector moves toward deep-water and arctic produc-
tion, where operational expenditures and conditions can 
be high and extreme, respectively (Makwashi et al. 2018). 
Conventional methods to control hydrate formation involve 
the use of glycol or methanol which are classified as ther-
modynamic hydrate inhibitors (THI). These THIs are used 
in massive quantities ranging from 30 to 60 wt%, through 
which the hydrate equilibrium is shifted away from the 
system operating profile. This makes them expensive and 
logistically inconvenient to be applied, especially in extreme 
and remote regions. Another issue stemming from THIs is 
pollution, which might develop if efficient regeneration 

 *	 Adam Daniel Effendi 
	 adam_20001972@utp.edu.my

	 Chee Wee Sia 
	 sia_cheewee@utp.edu.my

	 Mazuin Jasamai 
	 mazuin_jasamai@utp.edu.my

	 Muhammad Asad Hashmani 
	 asad.h_22222@utp.edu.my

1	 Department of Petroleum Engineering, Universiti Teknologi 
PETRONAS, Seri Iskandar, Malaysia

http://orcid.org/0000-0001-5816-4751
http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-022-01491-4&domain=pdf


3004	 Journal of Petroleum Exploration and Production Technology (2022) 12:3003–3019

1 3

facilities are not used. In the last 20 years, oil and gas indus-
try has been seeking alternative solutions using low-dosage 
hydrate inhibitors (LDHIs) which consists of two primary 
types of inhibitors: kinetic hydrate inhibitors (KHIs) and 
anti-agglomerants (AAs). As the name suggests, LDHIs 
are used in minute quantities ranging from 0.1 to 3.0 wt.% 
(Kelland 2016, 2018; Wang et al. 2019; S. Xu, et al. 2016a, 
b). Initially, the successful synthetic polymers under KHI 
class such as polyvinylpyrrolidone (PVP) and polycaprol-
actum (PVCap) were applied to mitigate hydrate formation. 
Although they may be inexpensive when compared to the 
use of thermodynamic inhibitors, these synthetic polymers 
still raise an environmental concern due to its toxicity and 
the inability to biodegrade (Kelland 2018). As a result, this 
problem statement encourages the industry to develop green 
LDHIs solutions that improve performance without harming 
the environment.

In the last decade, several biofriendly kinetic hydrate 
inhibitors have been researched to identify their potential 
such as polysaccharides (starch, pectin, cellulose, chitosan) 
and proteins (Yaqub, bin Mohd Shariff, Mellon 2019; Silva 
et al.; Kamal et al. 2016; P. Xu et al. 2016a, b; Daraboina, 
Malmos Perfeldt and von Solms 2015; Y. Xu, Yang, Yang 
2010). These studies have yielded encouraging findings, but 
the mechanism and impact of molecular structure and func-
tional group composition have yet been determined.

Properties that have been related to inhibitors’ perfor-
mance include operating pressure (Semenov et al. 2015), 
subcooling (Semenov et al. 2015), hydrophobicity (Baek 
et al. 2018; Sa et al. 2013), carbon chain length (Gupta and 
Sangwai 2017), molecular weight (Li et al. 2020; Farhadian 
and Varfolomeev 2019), gas composition (Tohidi, Ander-
son, Tohidi 2018) and water salinity (Jiménez-Ángeles and 
Firoozabadi 2018).

In this research, hydrophobicity due to the functional 
group is used to explained the different performance of the 
pectin. So far, the general interaction of hydrophobic and 
hydrophilic groups with gas hydrate has been understood. It 
has been discovered that the hydrophobic effect is important 
in the development of gas hydrates. The dissolved hydro-
phobe helps to promote hydrate formation by organizing 
the surrounding water molecules into a hydrate structure. 
Hydrophile, on the other hand, disturbs the surrounding 
water structure by vying for water with the gas (Nguyen and 
Nguyen 2017). As a result, the kinetic mechanism can be 
viewed as adsorption or perturbation similar to amino acid 
inhibition mechanism (Sa et al. 2014, 2013). Both mecha-
nisms would occur during the inhibition in both experiments 
and on the field. Therefore, a natural polymer that has inhibi-
tory property as well able to influence its hydrophobicity 
through influencing its functional group was chosen which 
is pectin also known as pectic polysaccharide. Pectin which 
is normally present in most plant parts, even in the peels 

and seeds of the fruits and vegetables which are normally 
considered a waste product (Vanitha and Khan 2019). This 
makes pectin, because of its abundance, a very high poten-
tial polymer. Several researches have been performed on 
pectin obtained from different sources (calamansi peels, 
citrus peels, etc.) which show favorable results as kinetic 
hydrate inhibitor (Idress et al. 2019; S. Xu, et al. 2016a, 
b). Yet, despite the amount of research performed on pec-
tin, specific study on the different classes of pectin has not 
been performed. Considering that pectin can be divided 
into two main categories, i.e., high-methoxylated pectin 
(HMP), which has a degree of esterification (%DE) higher 
than 50% (greater than 50% ester to carboxyl ratio) and 
low-methoxylated pectin (LMP) which has less than 50% 
degree of esterification (lesser than 50% carboxyl to ester 
ratio) (Sriamornsak 2003), it is important to identify which 
one of these categories is more suited to be used as hydrate 
inhibitor. Furthermore, pectin can be chemically modified 
to support its function as kinetic hydrate inhibitor (Chen 
et al. 2015). Therefore, this study starts base by representing 
two major classes of pectin which can lead to new potential 
hydrate inhibitor candidates.

Although high-pressure micro-differential scanning calo-
rimetry (HP-µDSC) used may not be reflective of field con-
ditions due to its static nature, it could still provide insight 
into its limit as the fluid flow regime in the pipeline encour-
ages hydrate growth, and thus the result obtained in a stag-
nant environment should be considered the upper bound of 
delaying hydrate growth (Maeda et al. 2018). Due to the 
stochastic nature of hydrate formation, which can necessi-
tate multiple retests before reporting, recent methodology 
optimization devised the use of closed-end capillary tubes 
(to obtain more results in a single run) and silica gel (to 
improve visibility of hydrate formation) with HP-µDSC to 
yield more statistical results which resulted in fewer runs 
(Daraboina et al. 2013).

This research has used HP-µDSC along with open-ended 
capillary tubes to obtain a statistical trend of hydrate inhi-
bition performance using three different concentrations 
(0.10, 0.50 and 1.00wt%) of each chemical: PVCap, HMP 
and LMP. The experiment was conducted under isothermal 
temperature setting to obtain the result as a function of time 
(referred to as induction time) at a subcooling of 25 °C and 
10 MPa pressure. This research attempts to enhance the 
development of green kinetic hydrate inhibitors, specifi-
cally pectin, by relating the function of molecular structure 
and composition of the two functional groups (–COOH 
and –COOCH3). The goal of this research is to quantify 
the effect of change caused by replacing one hydrophobic 
functional group with one hydrophilic group throughout 
the repeating unit of the polymer. By assessing this value, 
we can observe the optimum DE% and further improve the 
composition of pectin through several modifications that 
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are available for pectin. These chemical modifications can 
possibly improve the induction time over a higher range of 
operating parameters significantly while maintaining the 
biodegradability of the polymer.

Materials and methods

Materials

The two types of pectin, LMP (average degree of esterifi-
cation 25–35%) and HMP (average degree of esterification 
72–82%), were purchased from Henan Chemical Career 
Company. Synthetic KHI PVCap was purchased from 
Sigma-Aldrich Chemicals. Chemicals to perform titration, 
i.e., phenolphthalein, sodium hydroxide, hydrochloric acid 
and ethanol, were purchased from Sigma-Aldrich Chemi-
cals. Capillary tubes (length 5 mm x ⌀ 2 mm) were obtained 
from Xi De Technology Co., Ltd (Fig. 1). Deionized water 
used to prepare samples and methane gas for the experi-
ments was supplied by Universiti Teknologi PETRONAS. 
All materials were funded by Yayasan Universiti Teknologi 
PETRONAS under grant 015LC0-160.

Methodology

Degree of esterification

To further characterize the pectins, titration was performed 
on each type to precisely identify the degree of esterification 
using a methodology described in (Sayah et al. 2016).

A 0.25 g of pectin was soaked with 2 mL ethanol before 
being diluted to a 25 mL solution of water. The solution 

received two drops of phenolphthalein. To neutralize the 
free carboxyl acids from anhydro-galacturonic acid, the titra-
tion was initiated by progressively adding 0.25 M sodium 
hydroxide. The volume of 0.25 M sodium hydroxide used 
for this process was recorded as V1. Afterward, 10 mL of 
0.25 M sodium hydroxide was added and stirred for 30 min 
for hydrolysis, followed by the addition of 10 mL of 0.25 M 
hydrochloric acid and stirring until the complete disappear-
ance of pink color of the indicator. Hydrochloric acid excess 
was titrated using 0.1 M sodium hydroxide. The number of 
esterified carboxyl groups was calculated from the volume 
of 0.1 M sodium hydroxide used for the titration which was 
recorded as V2. The number of esterified carboxyl groups 
was calculated from the volume of 0.1 M sodium hydroxide 
used for the titration which was recorded as V2. The %DE 
of the pectin was calculated using Eq. 1.

The procedure was triplicate to average the %DE.

Hydrate equilibrium test

High-pressure micro-differential scanning calorimetry 
Evo7 (HP-µDSC VII Setaram, Inc.) containing two 1 cc 
high-pressure cells operated at 0.1 to 40 MPa and − 45 °C 
to + 100 °C. On separate runs, methodology using (1) deion-
ized water bulk sample (5µL) and (2) four capillary tubes 
(length 5 mm × ⌀ 2 mm) were applied. The capillary tubes 
were filled with 2-4µL pf deionized water using microsy-
ringe before transferring into the cell horizontally (to pre-
vent the pressure from expelling the sample from the tube 
into the cell). Primarily, capillary tubes are used because 

(1)%DE = V2∕
(

V1 + V2

)

× 100%

Fig. 1   The repeating unit of pectin (homogalacturonan acid). The figure displays the major difference in the a low %DE and b high %DE pectin. 
The difference can be observed in the carboxyl unit of the polymer
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hydrate nucleation in bulk stagnant solutions with no mix-
ing is restricted due to mass transfer limitations which leads 
to ice formation (Daraboina, Malmos Perfeldt, von Solms 
2015). In theory, with more surface exposure to the gas, 
more hydrate formation and dissociation should be observed 
as shown in Fig. 2(b). Hence, initial test was conducted to 
confirm this application when placing the capillary tube 
horizontally. A study done by Daraboina, Malmos Perfeldt, 
von Solms (2015), has shown that HP-µDSC methodology 
could be modified specifically for assisting and optimizing 
evaluation and investigation of hydrate with HP-µDSC.

This test was done to understand the difference in accu-
racy and visibility of the hydrate peaks using bulk sample 
and capillary tubes, while also obtaining precise value for 
hydrate equilibrium to set up the kinetic hydrate inhibitor 
performance test. HP-µDSC was used to experimentally 
determine the equilibrium temperature following a pre-
described temperature program (Nashed et al. 2014).

From Daraboina et al. (2013) findings, the method used 
are the ramping method and isothermal method. These both 
methods can be used complementarity to better form a meth-
odology. Similar to (Daraboina et al. 2013), the ramping 
method would allow determination of equilibrium temper-
ature for ice and hydrate formation. Also, it would allow 
researchers to determine the temperature where ice forms. 
This information lets the isothermal method to be used with 
reduced or completely without ice formation by putting the 
subcooling temperature approximately above the ice forma-
tion temperature. Difficult ice and hydration interpretation 
can be avoided by using this process.

It started with the cell pressurized to 10 MPa using meth-
ane gas. During the ramping method, after the desired pres-
sure was obtained in the cell, the temperature program was 
initiated. In the first 30 min, the temperature was cooled 
down to − 20 °C using 1.0 °C/min cooling rate and held 

at the temperature for 20 min to ensure formation of ice 
and hydrate. After the 10 min of isothermal condition, the 
temperature was slowly raised to 25 °C using 0.01 °C/min 
heating rate. This method of determining the equilibrium 
temperature was used based on description of equilibrium 
temperature in (Sloan Jr and Koh 2007). The formation 
peaks were observed to understand the immediate effect 
of capillary tubes to validate methodology and the disso-
ciation peaks of ice and hydrate were analyzed. The results 
were compared with experimental data from previous study 
to validate the equilibrium temperature (Gayet et al. 2005; 
Sloan Jr and Koh 2007; McCain 1990).

Kinetic hydrate inhibitor performance test

For the kinetic hydrate inhibitor performance test, isother-
mal temperature program was selected to visualize discrete 
nucleation events at 10 MPa and the specified subcooling of 
25 °C. In terms of subcooling, Del Villano, Kommedal and 
Kelland (2008) stated that current KHIs (commercial) appli-
cations offshore are limited to a ΔT subcooling maximum of 
about 10–12 °C. However, for experimentation, evaluation 
can be done at higher subcooling to further encourage the 
formation to occur to reduce time taken for each run and the 
use of new inhibitor may allow application at higher sub-
cooling. Once the hydrate equilibrium was established, the 
isothermal temperature was calculated using Eq. 2.

Using methodology from Daraboina et al. (Daraboina, 
Malmos Perfeldt, von Solms 2015; Daraboina et al. 2013) 
with slight modifications, for the isothermal method, the 
four capillary tubes placed inside the cell sample were 

(2)
Isothermal temperature = EquilibriumTemperature

− Subcooling Temperature

Fig. 2   a Conventional 
HP-µDSC sample (bulk). b Four 
open-ended borosilicate tubes 
are placed horizontally inside 
the HP-µDSC cell to promote 
hydrate formation
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pressurized to 10 MPa cooled at 1 °C/min to isothermal 
temperature, held constant (7 h for pure water sample and 
12 h for inhibitor samples) and reheated back to 20 °C at the 
heating rate of 1 °C/minute (Fig 3). Unlike from some ref-
erenced literature (Daraboina et al. 2011; Gayet et al. 2005), 
silica gel was not used in this experiment and instead of 
closed-end, open-ended capillary tubes were used. 

With entire focus on hydrate inhibition, deionized water 
(DW) and three different concentrations (0.1, 0.5 and 1.0 
wt%) of each chemical (LMP, HMP and PVCap) were tested 
three times each. A fresh sample was used each time to avoid 
memory effect (Rogers 2015). Due to the separation of sam-
ple within the cell, more nucleation events were captured 
which allowed the observation of trend in data with fewer 
runs.

Analysis

After obtaining the data from HP-µDSC for kinetic hydrate 
inhibition performance test, the onset time was noted for 
each peak. The nucleation time was calculated as shown in 
Eq. 3.

where equilibrium time is:
(3)

Nucleation Time = Peak Onset Time − EquilibriumTime

(4)

EquilibriumTime = (Initial Temperature−EquilibriumTemperature)

× (CoolingRate)

The nucleation time of all the peaks was accounted for 
and averaged to obtain an average nucleation time for each 
run.

where NT refers to the nucleation time.
Once the average nucleation time for all three runs was 

obtained, the average nucleation times from all three runs 
were further averaged to obtain the induction time for the 
sample.

where ANT refers to the average nucleation time.
Finally, the relative inhibitor performance (RIP) was cal-

culated using the formula as described in previous research 
(Yaqub et al. 2018).

Results

Degree of esterification

The degree of esterification was provided by the supplier in 
a range of ± 15%. Using the titration method, %DE of each 
pectin was experimentally measured precisely. With this sig-
nificant difference in %DE, the impact of functional group 
ratio (ester: carboxyl) can be studied clearly. Quite evidently, 
LMP holds more carboxyl functional group and lower ester 
and vice versa for HMP. Table 1. 

Hydrate equilibrium test

Hydrate formation during the equilibrium test was scanned 
to see the immediate effect of using the capillary tubes. As 
observed in Fig. 4, twice as many nucleation peaks were pre-
sent in the test using capillary tubes. The two different detect-
able heat-flow signals in both samples show ice and hydrate 
formation which can also be corelated to the dissociation.

(5)
AverageNucleation Time =

(

NT1 + NT2 +…+ NT
n

)

∕n

(6)Induction Time =
(

ANT1 + ANT2 + ANT3

)

∕3

(7)
RIP =

(

Induction Timesample−Induction Timewater
)

∕Induction Timewater

Fig. 3   Capillary Tubes containing sample placed inside the HP-µDSC 
cell

Table 1   Results obtained from 
titration

Pectin type Test V1 V2 %DE Average %DE Standard deviation

LMP 1 2.70 1.00 27.03 24.34  ± 2.51
2 3.20 0.85 20.99
3 2.40 0.80 25.00

HMP 1 0.80 2.20 73.33 74.99  ± 1.54
2 0.80 2.35 74.60
3 0.70 2.35 77.05
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With bulk sample, ice formation heat-flow signal was 
nearly three times as strong reducing the visibility of the 
hydrate formation signal. Using capillary tubes, only a por-
tion of the massive ice formation occurred, and the remain-
ing three peaks submit the value of hydrate nucleation 
events.

In bulk sample, a massive ice melting compared to 
hydrate melting is observed, whereas, in capillary tube 
sample four times as much energy were absorbed during 
hydrate dissociation as compared to ice. As dissociation of 
hydrates displays less stochasticity, it can be safely assumed 
that in terms of accuracy, capillary tubes reported a more 
precise equilibrium temperature compared to bulk sample. 
In terms of visibility of hydrate formation and dissociation, 
peaks became significantly more visible using capillary 
tubes. Therefore, the methodology using capillary tube for 
kinetic hydrate inhibition performance test is clearly identi-
fied to be better and was used for evaluating LMP (Fig. 5), 

HMP and PVCap performance. Data obtained from ice 
and hydrate dissociation peaks for both runs are tabulated 
below (Table 2): 

To further confirm the result obtained is viable, utilizing 
hydrate formation phase diagram from McCain (1990) as 
shown in Fig. 6. Additionally, through the ramping method, 
several runs were also done to confirm the equilibrium tem-
perature following the set experiment condition (100 MPa 
and temperature below − 8℃). Through this method, the 
approximate ice nucleation temperature was determined to 
be approximately at − 13.52 ℃ and − 11.40 ℃ for tube and 
bulk sample, respectively. This result is within expectation 
for bulk samples; ice nucleation is easier and has a higher 
tendency to form when compared to using capillary tubing 
where hydrate nucleation should form easily due to larger 
surface area of the fluid exposed. Also, to note that, when 
ice nucleation occurs, it would take the water required to 

Fig. 4   Hydrate formation using 
bulk and capillary tube samples 
in HP-µDSC The energy 
absorbed in the dissociation was 
also considered, which is reflec-
tive of the amount of ice and 
hydrate melting.

Fig. 5   Hydrate dissociation 
using bulk and capillary tube 
samples in HP-µDSC
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form hydrate, thus lowering the amount of hydrate nuclea-
tion which is something that should be avoided.

From Fig. 6, it is approximately at 12.78 ℃ ~ 13℃ (55℉) 
in which hydrate would start to form when only methane gas 
is present during cooling at 10 MPa. As a result, after com-
paring the acquired findings (Table 3), it is determined to be 
within appropriate range. After determination of the equilib-
rium temperature, isothermal temperature for kinetic hydrate 
inhibitor performance test was calculated using Eq. 2.

 

Isothermal Temperature

= 13.432 ◦C − 25 ◦C = −11.568 ◦C ≈ −12 ◦C

Isothermal Temperature = 13.432  °C—25  °C = 
—11.568 °C ≈ -12 °C .

The isothermal temperature would be set at -12℃ which 
is above the approximate ice nucleation. Therefore, during 
the isothermal method, it is expected that ice nucleation 
would not occur or at least reduced similarly to methodol-
ogy conducted by Daraboina et al. (2013).

Kinetic hydrate inhibitor performance test

Deionized water (DW)

To be able to calculate the relative inhibition power, the per-
formance testing was initiated with water samples without 
any inhibitor. Obtained charts are plotted in Fig. 7.   

With time taken to reach the hydrate equilibrium in 
account, nucleation events were captured mainly between 
30 and 180 min without any inhibitor. The earliest peak 
was observed at 36.66 min while the latest peak was noted 
at 152.89 min. Nucleation without any inhibitor displayed 
nucleation peaks within a narrow time range, with a stand-
ard deviation of only 37.48 min. The data are tabulated in 
Table 4, and the induction time is reported as shown below.

Polycaprolactum (PVCap)

Testing the industrial kinetic hydrate inhibitor, PVCap, 
allows benchmarking the performance of the proposed inhib-
itors, HMP and LMP. As PVCap has shown better perfor-
mance under high subcooling in experimental studies (Kang 
et al. 2014), it was chosen over PVP to standardize this test. 
Although three runs were performed for each concentration, 
the most representative runs are plotted in Fig. 8. Results 
for all three trials for the three concentrations of PVCap are 
shown in Fig. 13, 14, 15.

Using PVCap at 0.1 and 1.0 wt% yielded nearly similar 
results, unlike PVCap at 0.5 wt% where a significant part 
of hydrate formation was observed before 90 min. The first 
nucleation time (from all three repetitions) was observed at 
45.54, 36.90 and 57.66 min for 0.1, 0.5 and 1.0 wt%, respec-
tively. Higher variation in peak structures was observed 
using PVCap where, unlike HMP and LMP, broad peaks 

Table 2   Results obtained from 
dissociation of tube and bulk 
samples

1 Onset for both ice and hydrate peaks in the run with capillary tubes were averaged to obtain a singular 
value for dissociation temperature of each
2 The error% was calculated with respect to experimental results on methane hydrate equilibrium reported 
in previous study. (Gayet et al. 2005)

Sample Type Ice dissociation 
temperature1

(°C)

Hydrate dissocia-
tion temperature1

(°C)

Error2

(%)
Ice dissocia-
tion energy
(J)

Hydrate disso-
ciation energy
(J)

Ice to 
hydrate 
ratio

Bulk Sample − 0.672 13.059 4.81 1.62 × 106 3.49 × 105 4.642
Tube Sample − 0.345 12.658 1.59 6.97 × 105 2.613 × 106 0.267

Fig. 6   Hydrate Formation Phase Diagram (McCain 1990)
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described as two-phase hydrate inhibition. The phase one 
being disruption (perturbation) of water rings using hydro-
philic functionality of the polymer, and phase two being 
adsorption of PVCap onto the face of the water cage attrib-
uted to the hydrogen bonding and the hydrophobic part of 
PVCap (Liu et al. 2020). Analysis of results from all the runs 
is summarized in Table 5.

Taking in account of the first peaks and the calculated 
induction time, it can be safely assumed that the weakest 
performance using PVCap was noticed at 0.50 wt%. The 
data spread also indicate that the spread of nucleation peaks 
using 0.50 wt% is not wide as compared to 0.10 or 1.00 
wt%.

Table 3   Equilibrium temperature of ice and hydrate

Condition set Average ice equilib-
rium temperature
(℃)

Average hydrate 
equilibrium 
temperature
(℃)

100 Bar (10 MPa) – High 
Sub Cooling (Temperature 
below − 8℃)

− 0.0697 ~ 0 13.423 ~ 13

Fig. 7   Data obtained from 
HP-µDSC without using any 
inhibitor

Table 4   Results analyzed from KHI performance test in absence of kinetic hydrate inhibitor at 10 MPa and 25 °C subcooling

a Equilibrium Time was calculated to be 10.56 min using Eq. 4
b Standard deviation was calculated using Nucleation Time of all runs altogether

Sample name Peak onset time
(hr)

Peak onset time
(min)

Nucleation Timea

(min)
Average nuclea-
tion time
(min)

Induction time
(min)

Standard deviationb

(min)

DW1 0.611 36.66 26.10 43.28 72.34  ± 37.48
0.653 39.18 28.62
0.699 41.94 31.38
1.626 97.56 87.00

DW2 1.590 95.43 84.87 104.12
1.709 102.54 91.98
1.798 107.87 97.31
2.548 152.89 142.33

DW3 0.676 40.55 29.99 69.61
0.876 52.53 41.97
0.984 59.05 48.49
1.362 81.71 71.15
1.676 100.56 90.00
2.444 146.64 136.08

were also observed indicating nucleation events occurring 
over a slower rate of formation. Similar feature of PVCap 
was also captured in other previous research, where it is 
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High‑methoxylated pectin (HMP)

Like PVCap, HMP yielded poor results at 0.50 wt% sample, 
whereas the 0.10 wt% and 1.00 wt% samples statistically 
displayed better performance for HMP as shown in Fig. 9. 
Results for all three trials for the three concentrations of 
HMP are shown in Fig. 16–18.

The earliest nucleation for each sample was observed at 
20.4, 27.6 and 27.3 min for 0.10, 0.50 and 1.00wt%, respec-
tively, while the latest nucleation for each sample was 
observed at 395.20, 540.24 and 399.42 min. Even though 
HMP 0.50 wt% displayed better performance on one of the 
three trails, the other two runs displayed peaks in a narrow 
range between 30 and 150 min. Analysis of results from all 
the runs is summarized in Table 6.

Even though relatively much higher performance was 
expected from HMP compared to PVCap, results displayed 

nearly identical performances. This means that HMP, 
like PVCap, due to its high methyl esterification (–CH3) 
or hydrophobicity, does not inhibit methane hydrate well. 
Nonetheless, the poor performance of PVCap could also be 
related to the structural difference in the repeating units of 
the polymer.

Low‑methoxylated pectin (LMP)

As shown in Sect. 3.1, with a 25% DE, LMP technically 
has 50% more carboxyl functional groups than HMP (75% 
DE). This means LMP has a higher potential to attract 
water and gas molecules. With 0.10 wt% LMP the earliest 
peak observed was at as 7.14 min while the latest peak was 
observed at 162.72 min, which indicates at 0.10 wt% LMP 
performance was as good as inhibition without any inhibi-
tor. For 0.50 and 1.00 wt% LMP, nucleation as quick as 

Fig. 8   Data obtained from 
HP-µDSC for KHI performance 
test using 0.10–1.00wt.% 
PVCap

Table 5   Induction time obtained 
from testing 0.10–1.00wt% 
PVCap at 10 MPa and 25 °C 
subcooling

Sample Run Average 
nucleation time
(mins)

Induction time
(mins)

Standard deviation
(mins)

Relative inhibi-
tor perfor-
mance
(RIP)

PVCap 0.10wt % 1 98.43 143.69 137.56 0.97
2 249.90
3 82.73

PVCap 0.50wt% 1 133.56 104.07 93.22 0.44
2 111.65
3 67.00

PVCap 1.00wt % 1 100.66 149.12 122.88 1.06
2 257.31
3 89.40
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29.40 min and 26.16 min was observed, although the last 
nucleation peak was observed just as late at 681.96 min 
and 620.10 min, respectively. Collectively LMP 1.00 wt% 
performance was as good as PVCap or HMP at 0.50 wt%. 
Formation peaks were generally in a narrow time scale 
for both 0.10 and 1.00 wt%. However, LMP 0.50 wt% dis-
played outstanding performance in all three runs showing, 
both, average nucleation times and induction time above 
200 min. Results for all three trials for the three concen-
trations of LMP are shown in Fig. 19–21. Representative 
runs of each concentration for LMP are plotted in Fig. 10.

Data obtained from HP-µDSC for all the LMP runs are 
summarized in Table 7. The calculated induction time and 
relative inhibition performance agree with the conclusion 
drawn from the minimum and maximum nucleation peak 
times.

Discussion

Figure 11 displays the nucleation times obtained from all 
the tests conducted in this research. Interestingly, LMP 
0.5wt% displayed highest average and data scatter among 
all other tests conducted; however for the same chemical 0.1 
and 1.0wt% illustrate mean performance even weaker than 
sample without any inhibitor, whereas, by comparing PVCap 
and HMP it is seen that both chemicals have identical per-
formance except at 0.1wt% where PVCap outperforms HMP 
by 25% at its best. Slight promotion activity can be noticed 
by the fact that three out of nine average nucleation times 
from HMP were calculated to be below 0. Similarly, LMP 
also displayed RIP below 0 at 0.1 and 1.0wt% indicating 
minor hydrate promotion. Strikingly, PVCap despite hav-
ing generally poor performance only promoted hydrate at 
0.5wt%, the concentration where its performance is already 

Fig. 9   Data obtained from 
HP-µDSC for KHI performance 
test using 0.10–1.00wt.% HMP

Table 6   Induction Time 
obtained from testing 0.10–
1.00wt% HMP at 10 MPa and 
25 °C subcooling

Sample Run Average 
nucleation time
(mins)

Induction time
(mins)

Standard deviation
(mins)

Relative inhibi-
tor perfor-
mance
(RIP)

HMP 0.10wt % 1 196.25 134.07 118.73 0.80
2 150.80
3 55.16

HMP 0.50wt% 1 226.14 115.86 136.61 0.67
2 62.688
3 58.752

HMP 1.00wt% 1 228.87 156.35 134.45 1.16
2 185.02
3 55.16
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Fig. 10   Data obtained from 
HP-µDSC for KHI performance 
test using 0.10–1.00wt.% LMP

Table 7   Induction Time 
obtained from testing 0.10–
1.00wt% LMP at 10 MPa and 
25 °C subcooling

Sample Run Average 
nucleation time
(mins)

Induction time
(mins)

Standard deviation
(mins)

Relative inhibi-
tor perfor-
mance
(RIP)

LMP 0.10wt % 1 92.87 78.48 55.75 0.08
2 63.46
3 79.12

LMP 0.50wt% 1 368.09 285.77 240.78 2.95
2 263.18
3 226.06

LMP 1.00wt% 1 95.01 102.51 157.96 0.42
2 158.47
3 54.04

Fig. 11   Nucleation times 
observed from all samples 
Considering baseline as hydrate 
inhibition without any inhibitor, 
i,e. 0, the induction time cal-
culated from the performance 
test was also converted to RIP 
and plotted in Fig. 12 for all the 
chemicals
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adversely affected. It is also interesting to notice that LMP 
at both concentrations other than optimum, i.e., 0.1 and 
1.0wt% LMP, displays strong tendency to promote hydrate 
formation. At 0.1wt.% LMP, no data were captured above 
200 min, whereas 1.0wt% LMP exhibited a few nucleation 
events broadly spread between 250 and 650 min. Most of the 
nucleation events for 1.0wt% LMP, however, were captured 
at times similar to water samples’ nucleation time. Consider-
ing each peak is represented by a single capillary tube, there 
is only 15% chance that 1.0wt% LMP may succeed in inhibi-
tion and 85% possibility that it may not have any effect at all.

From Figs. 11 and 12, it can be observed that the LMP 
can perform better with methane gas hydrates. At optimum 
concentration of 0.5wt%, LMP may be able to inhibit meth-
ane hydrates up to three times longer than PVCap, whereas 
the RIP was calculated to be as high as six times that of 
PVCap. In comparison with HMP at 0.5wt%, LMP 0.5wt% 
performed four times better when performance was com-
pared using RIP; however, on average, twice as much induc-
tion time was observed with LMP. This is primarily due 
to higher polarity of the carboxyl functional group, which 
attracts water molecules and prevents entrapment of gas 
molecules to form methane clathrate. HMP and PVCap both 
have higher ratio of hydrophobic functional groups. How-
ever, the concentration other than the optimum 0.5wt% con-
centration significantly reduces the efficacy of LMP. It may 
be deduced that at lower concentrations LMP is not effective 
because of the low polar activity of the polymer, whereas at 
higher concentrations, hyperactivity of these polymers can 
lead to hydrate promotion. These results agree with previous 
research conducted on impact of functional group, where 
higher presence of carboxyl functional group increases the 

performance and higher presence of alkyl functional group 
decreases the performance (Zhang and Kelland 2018). How-
ever, key takeaways from this research are that applying this 
modification to a repeating unit instead of addition of these 
functional groups as side chains can significantly impact the 
performance and application of the polymer.

The performance of synthetic (Polycaprolactum) and 
organic (low- and high-methoxylated pectin) inhibitors on 
methane hydrate formation and dissociation was tested using 
HP-μDSC. Equilibrium test using capillary tubes proved that 
more hydrate formation can be observed with higher surface 
exposure, and with separate samples, more nucleation events 
can be captured which can reduce the experiment time and 
cost. However, even without the use of silica gel, experi-
ments conducted still displayed good visibility on hydrate 
formation and dissociation events due to the increased sur-
face exposure. In total, 12 samples for each inhibitor were 
done for each of the concentration (36 samples for each 
inhibitor).

Conclusion

The kinetic hydrate inhibitor performance test showed that 
all chemicals were able to delay the onset of hydrate nuclea-
tion, with LMP being the most effective at delaying nuclea-
tion with optimum concentration of 0.5 wt%. Complex and 
broad peaks were observed in the presence of synthetic 
inhibitor, PVCap, especially in the early periods of the test 
which continued to vary with subsequent repetitions. In con-
trast, LMP formed few slim peaks but with a wider range in 
time. Optimum concentration was 0.5wt% for LMP, but it is 

Fig. 12   Relative inhibitor 
performance of tested hydrate 
inhibitors with respect to con-
centration
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also the concentration where the other inhibitors displayed 
the weakest performance. Although these tests were con-
ducted on a high subcooling of 25 °C, under normal condi-
tions field conditions LMP 0.5 wt% proves a far better solu-
tion for mitigation of methane gas hydrates than industrially 
used polymer, PVCap which agrees with findings from (S. 
Xu, et al. 2016a, b). However, for HMP, due to its high per-
centage of ester functional groups, it may be applicable to 
hydrate inhibition in the presence of CO2 instead. Therefore, 
a study using a different gas composition to compare test 
HMP is suggested. Also, this also informs the importance 
of functional group present for hydrate inhibition. As pectin 

is chemically modifiable (by substitution, hydrolyzation, 
amidation and chain elongation) that increase its hydropho-
bicity and hydrophilic behavior, study using modified pec-
tin should be attempted for further research on pectin as a 
kinetic hydrate inhibitor.

Appendix

See appendix Figs. 13, 14, 15, 16, 17, 18, 19, 20, 21.

Fig. 13   Results obtained by 
using PVCap 0.10 wt%

Fig. 14   Results obtained by 
using PVCap 0.50 wt%
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Fig. 15   Results obtained by 
using PVCap 1.00 wt%

Fig. 16   Results obtained by 
using HMP 0.10 wt%

Fig. 17   Results obtained by 
using HMP 0.50 wt%
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Fig. 18   Results obtained by 
using HMP 1.00 wt%

Fig. 19   Results obtained by 
using LMP 0.10 wt%

Fig. 20   Results obtained by 
using LMP 0.50 wt%
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