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Pipeline blockage by gas hydrates is a serious problem in the petroleum industry. Low-dosage inhibitors have been developed 
for its cost-effective and environmentally acceptable characteristics. In a 1.072-L reactor with methane, ethane and propane gas 
mixture under the pressure of about 8.5 MPa at 4 °C, hydrate formation was investigated with low-dosage hydrate inhibitors 
PVP and GHI1, the change of the compressibility factor and gas composition in the gas phase was analyzed, the gas contents in 
hydrates were compared with PVP and GHI1 added, and the inhibition mechanism of GHI1 was discussed. The results show 
that PVP and GHI1 could effectively inhibit the growth of gas hydrates but not nucleation. Under the experimental condition 
with PVP added, methane and ethane occupied the small cavities of the hydrate crystal unit and the ability of ethane entering 
into hydrate cavities was weaker than that of methane. GHI1 could effectively inhibit molecules which could more readily 
form hydrates. The ether and hydroxy group of diethylene glycol monobutyl ether have the responsibility for stronger inhibi-
tion ability of GHI1 than PVP. 
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1  Introduction 

Gas hydrates are ice-like crystalline inclusion compounds 
that form at high pressure and low temperature conditions 
by hydrogen bonds of water molecules, with the assistance 
of gases such as methane, ethane, or propane. There are 
three common crystal structures for gas hydrates SI, SII and 
SH. The cell unit of SI hydrate contains 46 water molecules 
which form two small cages and six large cages. SII hydrate 
is composed of sixteen small cages and eight large cages 
formed by 136 water molecules per cell unit. For SH hy-
drate cell unit there are three different cages formed by 34 
water molecules [1, 2]. 

Since Hammerschmidt reported the formation of hy-
drates in gas pipelines in 1934, the problem of hydrate 
blockage of flow channels has been of major significance to 
the energy industry [3]. The oil and gas industry has ex-
panded into deepwater and frozen areas for exploration and 
production of oil and gas. Thus the problem of hydrate 
blockages has become more challenging. Conventional 
thermodynamic hydrate inhibitors such as methanol, glycol 
or electrolyte have been widely used. These inhibitors are 
effective, but large concentrations are required, which im-
pacts the project profits [4]. Additives such as methanol are 
harmful to the environment.  

Low dosage hydrate inhibitors (LDHIs) have been pro-
posed as a new means for preventing hydrate blockage in 
flow channels [5]. LDHIs include anti-agglomerants (AAs) 
and kinetic hydrate inhibitors (KHIs). Neither of them could 
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change the thermodynamic condition of gas hydrate forma-
tion, but they could inhibit and delay hydrate nucleation and 
growth. These inhibitors are added at a low concentration, 
often less than 1 wt% active concentration. Environmentally 
friendly LDHIs have been used in many fields due to its 
cost-effectiveness [6–10]. 

Development of LDHIs has been studied by many re-
searchers [6, 11–15], but the mechanism still remains un-
clear. Hutter et al. [16] used small-angle neutron scattering 
and contrast variation techniques to characterize the polymer 
conformations of two non-ionic water soluble polymers, 
poly(ethylene oxide) and poly(N-vinyl-2-pyrollidone), and 
thought there was strong perturbation in the conformation of 
the inhibitor polymer upon crystallization of the hydrate. 
Kvamme et al. [17] investigated possible effects of kinetic 
hydrate inhibitors at the hydrate surface by molecular dy-
namics simulations. They found that PVPCAP had more 
favorable interaction properties with hydrate water and bet-
ter properties as a kinetic hydrate inhibitor than PVP. A 
modified version of the PVP monomer, where a hydroxyl 
group was added to the ring, could increase the attachment 
to the hydrate surface further. Kelland et al. [18] suggested 
that most kinetic inhibitors were polymers with the alkyla-
mide group, so the alkyl group could penetrate an open cav-
ity and then the amide group hydrogen bonding to the hy-
drate surface via the carbonyl group locking the alkylamide 
to the surface. Makogon and Sloan [19] regarded inhibitor 
polymer side groups adsorbed to the hydrate crystal surface 
by hydrogen bonding. By adsorbing on the hydrate crystal, 
the polymer forced the crystal to grow around and between 
the polymer stands, with a small radius of crystal curvature. 
The inhibitors also sterically blocked methane from entering 
and completing a hydrate cavity. Gómez Gualdrón and 
Balbuena [20] performed classical molecular dynamics 
simulations of lathrate-methane-water and an inhibitor of 
clathrate formation and regarded at the initial stages of 
clathrate formation the hydrophobic inhibitors might block 
the surface of the nascent crystals, whereas the hydrophilic 
ones act mainly by disruption of the water structure. Jensen 
et al. [21] found addition of polyvinylpyrrolidone (PVP) to 
the aqueous phase could slightly reduce the gas dissolution 
rate, but the induction times were substantially prolonged 
upon addition of PVP. The prolongation of induction times 
according to the model was regarded to be due to a change 
in the nuclei-substrate contact angle. The latest data showed 
the presence of VC-713 lowered the interfacial tension, in-
creased the concentration of methane on the surface of the 
aqueous phase, and thus was favorable for the nucleation of 
hydrates at the gas/liquid interface to some extent [22]. 

Those studies about the mechanism are based on structures 
of LDHIs mostly by molecular modeling. Investigation of 
the mechanism of LDHI with a synergist is rare, especially 
for the influence of the synergist. In this work we focused 
on guest molecules, with the main purpose of investigating 
the influence of different components of gas mixture on the 

inhibition ability of LDHIs and discussing the mechanism 
of GHI1, a LDHI with a synergist. 

2  Apparatus and experimental procedure 

The experimental apparatus includes the reaction cell, the 
temperature controller, temperature and pressure measure 
system and data acquisition system [12]. A cylindrical high- 
pressure cell, made of stainless steel, was used to produce 
gas hydrates. A stainless-steel flange, which has appropriate 
ports for access to the interior, was used to seal the cell on 
the top. The cell was designed to operate at pressures up to 
20 MPa and temperatures in the range of 15–50 °C with its 
available volume of 1072 cm3. The interlayer of the cell was 
cooled using circulated cooling water from the coolant bath. 
The cell was enclosed by insulation. A stirrer with a speed 
of 0–1250 r/min was used to agitate the liquid. Two plati-
num resistance thermometers were used to measure the ex-
perimental temperature with an accuracy of ±0.1 °C. One 
thermometer extended into the bottom of the cell, and the 
other extended into the gas phase at the top. The pressure of 
the cell was measured using a 10-MPa pressure sensor with 
an accuracy of ±0.5%. The data was logged by the Agilent 
34901A. Components of gases were measured by HP6890 
gas chromatogram. 

A typical procedure was as follows. Approximately 
198.0 g of the aqueous phase was injected into the cell for 
each test. The cell was subsequently pressurized by natural 
gas to a pressure less than 1.0 MPa. When the system was 
cooled to 4 °C, the cell pressure was increased to the experi-      
mental pressure 8.5 MPa over a span of 3–5 min into the cell. 
The gas input valve was turned off and the stirrer turned on.  

In all the tests, the reactor liquid content was about 198.0 

± 1.0 g. The cell was maintained at 4 °C and the pressure at 
8.5 MPa. The estimated subcooling was at 14.7 °C calcu-
lated by CSMHYD software. However, for the limit of 
pressure apparatus, the experimental pressure was kept at 
8.5–9.0 MPa. The chemical concentration for all additives 
was 0.5 wt% based on distilled water mass. 

The gas composition and chemicals used in experiments 
were as follows. Natural gas was composed by 3.05 vol% 
ropane, 5.00 vol% ethane and methane balance from Fushan 
Kede Gas Co. Diethylene glycol monobutyl ether (C8H18O3) 
was more than 99.0 wt% purity from Tianjin Bodi Chemi-
cals Co., Ltd. PVP, Inhibex 100 and Inhibex 501 were 
kindly provided by ISP Asia Pacific Co., Ltd. In all the tests 
DI water was used. 

3  Results and discussion 

The point of t = 0 is defined as the moment that the pressure 
reaches 8.5 MPa and magnetic stirring begins. The formation 
time in this paper is a significant parameter and is regarded 
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as time from zero to the moment of abruptly rising tem-
perature. It is catastrophic hydrate formation time. Gas was 
supplied without pre-cooling. 

A typical plot of pressure and temperature data in the cell 
for a test carried out using distilled water during the hydrate 
formation process is available in another paper [12]. GHI1 
contained polyvinylpyrrolidone and diethylene glycol 
monobutyl ether in the weight ratio of 1:1. 

3.1  Process of gas hydrate formation 

Gas hydrate formation is expressed by the equation as fol-
lows:  

2 2G H O G H On n    

Here G represents natural gas molecules, n represents the 
mole of water when 1 mol gas is consumed, and G·nH2O 
represents gas hydrates. Formation of G·nH2O experienced 
these stages, from gas dissolution through metastable struc-
tures to stable gas hydrates, shown in Figure 1. 

Gas hydrate formation can be divided into gas dissolu-
tion, hydrate nucleation and agglomeration stages as shown 
in Figure 1. Under the condition of gas hydrate formation, 
water molecules form quasi-cavities by hydrogen bonds. 
When gases dissolve, gas molecules are entrapped into 
these quasi-cavities to form labile clusters. These clusters 
could agglomerate together, which are in quasi-equilibrium 
with labile clusters until the species reach a critical radius to 
form stable hydrate nuclei. Finally the hydrates grow catas-
trophically when hydrate nuclei agglomerate. LDHIs could 
inhibit gas hydrate formation during nucleation and ag-
glomeration stages. 

3.2  Formation time 

Formation time is a significant parameter in this investiga-
tion or for selecting inhibitors in the field. Time is not a 
good means to assess the inhibitors for low repetition, but in 
practice time is a significant factor which should be consid-
ered. Therefore, experiments were repeated at least four 
times, and each time the cell was cleaned and fresh fluid 
was added. Table 1 shows the exact formation time for each 
run of different inhibitors.  

It seems the longer the formation time is, the worse the 
repeat is. The influence of disturbing conditions on the re-
sults would be more apparent with the experimental time 
increasing. In the aggregate, the repetition is good and time 
could distinguish among different inhibitors. The experi-
mental result for commercial inhibitors of Inhibex 100, In-
hibex 501 and PVP shows that the tendency of inhibition 
ability in the lab is the same as the effect in the field. For-
mation time could be the basis of the next analysis. 

3.3  Analysis of gas hydrate reactions with PVP 

PVP is one of the earliest kinetic inhibitors with a relatively 
simple structure and the main component of GHI1. First the 
gas hydrate reaction with PVP was analyzed. 

The content of each gas component in the gas phase was 
detected by Gas Chromatography, and calculated by Redkich- 
Kwong-Soave equation. Gas contents in the gas phase and 
hydrates and compressibility factor Z could be obtained. It 
is noteworthy that the speed of stirring decreases to prolong 
the reaction process in order to get enough formation time 
to investigate the whole reaction. Stirring speed is regarded 
not to change the mechanism of gas hydrate formation with  

 

Figure 1  Gas hydrate formation process. 

Table 1  Formation time with different inhibitors (min)  

Additives Run 1 Run 2 Run 3 Run 4 Average Standard errors 

PVP 650 650 670 660 658 8 

Inhibex 100 1140 1000 770 1060 993 138 

Inhibex 501 1740 2500 1800 2200 2060 310 

GHI1 4750 4530 6200 5500 5245 658 
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LDHIs. In Figures 2 and 3 the gas hydrate formation time is 
about 800 min with PVP added. 

Figure 2 shows compressibility factor Z is high at first as 
gas dissolution has not reached the equilibrium state. With 
the stirrer beginning, the speed of gas dissolution increases 
and temperature and pressure decrease, which leads to de-
creasing of Z. When decreasing to some extent, Z turns to 
increase. As temperature is stable at this time, the change of 
gas contents and pressure decreasing result in increase of Z. 
In other words, gases are consumed, so PVP cannot effec-
tively inhibit gas hydrate nucleation, but hydrates have not 
formed catastrophically as there is no drastic temperature 
rising.  

The change of a sample plot of gas phase components 
with time is shown in Figure 3. The contents of each com-
ponent keep decreasing. This demonstrates that PVP cannot 
effectively inhibit gas hydrate nucleation. Comparison of 
three gas contents shows that of methane decreases more 
significantly than propane and ethane. This result may be 
caused by the much greater amount of methane than that of 
ethane and propane.  

When natural gas hydrates are formed, the gas contents 
significantly decrease, especially for methane and propane, 
but for ethane the change is mild. Perhaps the crystal struc-       

 

Figure 2  The change of compressibility factor with reaction time with 
0.5 wt% PVP. 

 

Figure 3  Gas contents in the gas phase with 0.5 wt% PVP added. 

ture of gas hydrate formed determines it. SⅡhydrates form 
under this condition, which have eight large cavities and 
sixteen small cavities shown in Figure 4. The average cavity 
radius is respectively 3.91 Å and 4.73 Å for the two kinds of 
cavities. According to natural gas components, the propor-
tion of each component in gas hydrates is 0.6034:0.0299: 
0.3667 calculated by CSMHYD software. In other words 
methane and ethane occupy the small cavities and propane 
occupies the large cavities in this condition. A ratio of lower 
bound of molecule diameter to cavity’s diameter is about 
0.76, below which the molecular attractive force cannot 
contribute to cavity stability. Above the upper bound ratio 
of about 1.0, the guest molecule cannot fit into a cavity 
without distortion. The van der Waals diameter of ethane is 
5.5 Å, and the ratio of molecule diameter to cavity’s diame-
ter is 1.10. Therefore, ethane can not occupy small cavity 
unless distortion. The diameter of methane molecule is 4.36 
with the ratio of molecule diameter to cavity’s diameter 
being 0.868, so the stable cavity could be obtained [1]. 
Methane molecules could apparently occupy small cavities 
prior to ethane, and have a much larger content, which leads 
to a little proportion in small cavities and mild decrease in 
Figure 3 for ethane at the catastrophic gas hydrate formation.  

3.4  Analysis of gas hydrate reaction with GHI1 

The gas sample in the run 4 in Table 1 with GHI1 was ana-
lyzed. The calculated method is the same as with PVP, the 
corresponding results are shown in Figures 5 and 6.  

The curve change tendency is similar in Figure 5 to Fig-
ure 1. Therefore, neither GHI1 nor PVP could effectively 
inhibit gas hydrate nucleation. Z’s change is smaller with 
GHI1 than PVP before gas hydrates’ catastrophic formation, 
which implies that the inhibition ability of GHI1 is better 
than that of PVP.  

Figure 6 shows contents of methane decrease more sig-
nificantly than that of propane and ethane especially before 
the catastrophic growth in Figure 3. This result can be ex-
plained by two reasons: the amount of methane is much 
more than that of ethane and propane, and GHI may inhibit 
ethane and propane to form hydrates more effectively than 
methane. It is noteworthy that the gas hydrate formation 
time with GHI1 is much longer than that with PVP. When 
natural gas hydrates are formed, the gas contents significantly  

 

Figure 4  A view of the large and the small cavity of cubic structure II. 
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Figure 5  The change of compressibility factor with reaction time with 
0.5wt% GHI1. 

 

Figure 6  The plot of free gas versus time for the test with 0.5% GHI1. 

decrease, so gases are consumed rapidly and gas hydrates 
form catastrophically. More ethane and propane are con-
sumed after GHI1 loses its effect. Perhaps the contents 
which are favorable for hydrate formation could be inhib-
ited by GHI more effectively than those which form hy-
drates with a severe condition. 

Two samples are proposed at 88.8 h and 104.8 h and gas 
hydrates’ catastrophic formation is at 91.6 h. Components 
of gases are shown in Table 2. In the experiment more than 
66% of the total propane and more than 47% ethane and 
26% methane were consumed. Propane remains the most 
readily hydrated form among methane, ethane and propane. 
Therefore, except using inhibitors, to separate the components  

Table 2  Components of gas data during reactions 

Mole in hydrates (mol)  Consumption (%) 
 

t = 0 t = 88.8 h t = 104.8 h  t = 0 t = 88.8 h t = 104.8 h 

Methane 0 0.58 0.94  0 16.4 26.6 

Ethane 0 0.04 0.09  0 21.1 47.4 

Propane 0 0.04 0.08  0 33.3 66.7 

which readily form hydrates is a good method to avoid hy-
drate formation. 

3.5  Gas hydrate reaction degree 

It is challenging to compare the amount of hydrates at dif-
ferent formation time with GHI1 or PVP added. Therefore, 
reaction degree D is suggested and defined as D = t/tf, where 
t represents any time during the reaction and tf is the forma-
tion time. 

The change of gas contents in the hydrate phase with re-
action degree is shown in Figure 7. The contents increase 
with reaction time, which is also shown in figures about Z. 
Because of different formation time the gas contents in hy-
drates with GHI1 are larger than that with PVP at the same 
reaction degree. It seems that GHI1 is similar to an anti- 
agglomerant which is regarded as a kinetic inhibitor.  

3.6  Inhibition mechanism of GHI1 

The chemical structures of GHI1 and water are shown in 
Figure 8, in which all oxygen and nitrogen atoms could 
form hydrogen bonds with hydrogen in water molecules. 
Hydrogen bonds could also be formed between water 
molecules, which are the basis of hydrate cavities. Gas hy-
drate formation is delayed by hydrogen bonds between PVP 
and the surface of cavities. The side alkylamide group 
penetrates an open cavity, and long chains as space resis-
tance inhibit agglomeration of hydrate nuclei. Diethylene 
glycol monobutyl ether cannot occupy the hydrate cavities 
of SⅡfor large van der Walls’ radius. The ether and alcohol 
structure could help to form hydrogen bonds, especially 
hydroxyl groups which could form stronger hydrogen bonds 
as water.  

Comparing PVP and GHI1 as LDHIs, it si suggested the 
difference of inhibition ability is caused by diethylene gly-
col monobutyl ether. Diethylene glycol monobutyl ether is 
water-soluble liquid and has not been used as a LDHI, but 
has the ability to form hydrogen bonds with water molecules.  

 

Figure 7  Gas contents in hydrates at different D with GHI1 and PVP. 
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Figure 8  Chemical structures of GHI1 and water. 

Whether the hydrogen bonds are strong depends on the 
electron cloud density of a lone pair of electrons and naked 
hydrogen. The hydrogen nucleus appears nearly naked from 
outside the water molecule. Cloud density of oxygen with a 
single bond is higher than a double bond. Therefore, hydro-
gen bonds between PVP and water molecules are weaker 
than diethylene glycol monobutyl ether and water. Diethyl-
ene glycol monobutyl ether may force gas hydrate forma-
tion to go across a high energy barrier through space resis-
tance caused by strengthened hydrogen bonds, which is the 
basis of hydrate cavities and the key factor to inhibit hydrate 
formation. 

4  Conclusions 

In a high pressure cell at 14.7 °C supercooling gas hydrate 
formation was investigated with inhibitors GHI1 and PVP. 
Results were obtained concerning the compressibility factor 
and gas distribution in gas and hydrate phases. 

The change tendency of Z is similar with GHI1 to PVP. 
Neither GHI1 nor PVP could effectively inhibit gas hydrate 
nucleation, but the inhibition ability of GHI1 is better than 
that of PVP. 

According to the gas composition, structure II gas hy-
drates form at these tests. Through calculation it is regarded 
that methane and ethane occupy the small cavities and pro-
pane occupies the large cavities. Methane molecules could 
occupy small cavities prior to ethane. 

Methane contents decrease more significantly than pro-
pane and ethane, especially before the catastrophic growth 
during the reaction. Perhaps the contents which are favor-
able for hydrate formation could be inhibited by GHI more 
effectively than those which form hydrates with a severe 
condition. This provided a means to separate methane, eth-
ane and propane.  

The difference of inhibition ability between GHI1 and 
PVP is caused by diethylene glycol monobutyl ether. The 
ether and alcohol structure could help to form hydrogen 
bonding with water molecules. Diethylene glycol monobu-
tyl ether may force gas hydrate formation to go across a 
high energy barrier through space resistance caused by hy-
drogen bonding.  
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