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Using acrylic acid advanced ester and styrene as raw materials, the long-chain polyester polymer, 
polyacrylic acid advanced ester-styrene pour point depressant (P-PPD), was synthesized by molecular 
design, and its structure was characterized by infrared spectroscopy and nuclear magnetic resonance. 
In addition, this study experimentally investigated the effect of P-PPD on the phase equilibrium and 
induction time of natural gas hydrate inhibitors in deionized water (DW) and crude oil/water (O/W) 
systems, respectively. Polyvinylpyrrolidone (PVP) and mono ethylene glycol (EG) were selected 
as representatives of kinetic hydrate inhibitor (KHIs) and thermodynamic hydrate inhibitor (THIs), 
respectively. The results exhibit that P-PPD played a sight role in the phase equilibrium of hydrate, 
while the addition of P-PPD significantly prolonged the induction time of methane hydrate both in 
O/W + PVP, OW + EG and O/W + PVP + EG system, indicating that the addition of as-synthesized 
PPD has a synergistic inhibition effect on the nucleation ability of methane hydrate and can prevent 
hydrate from formatting during oil and gas transport process, and thus guarantee the flow assurance. 
The findings of this work will provide a data reference for the hybrid use of hydrate inhibitors and pour 
point depressants in oil and gas transport.
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Gas hydrate is a kind of nonstoichiometric crystalline substance with a cage-like structure that forms from 
small gaseous water molecules at low temperatures and high pressures1,2. Water molecules are complexed into 
water cages with hydrogen bonds. The gas molecules trapped in cages are held together by hydrogen bonds and 
are stabilized by van der Waals forces2,3. In nature, gas hydrates typically exist under extreme environmental 
conditions such as permafrost and deep sea. Typical hydrate sources observed under deep-sea conditions 
include CH4, CO2, C2H6, C3H8, H2S, i-C4H10, and other small-chain hydrocarbons4–6. The abundance of small 
gas and water molecules that tend to be present near or across the entire deep-sea oil and gas extraction site and 
low-temperature, high-pressure environment affords thermodynamically favorable conditions for gas hydrate 
generation, which leads to the formation of caged hydrates in oil and gas transportation pipelines7–9.

Natural gas hydrates can cause pipeline flow problems9,10. They often clog them and slow down the 
production of petroleum. Methanol and ethylene glycol (EG) are thermodynamic inhibitors (THIs) to control 
natural gas hydrates in petroleum production lines11,12. These inhibitors alter water activity and thus reduce 
the thermodynamic generation temperature of gas hydrates13,14. However, thermodynamic inhibition requires 
a high dosage of inhibitors and can be very costly. Low-dosage hydrate kinetic inhibitors (KHIs), for instance, 
Polyvinylpyrrolidone (PVP) and polyvinylcaprolactam (PVCap), etc. are a class of water-soluble macromolecules 
in which the polymerization units comprise hydrophobic alkane chains and hydrophilic carbonyl groups15,16. 
The inhibitors hinder the bulk production of hydrates by preventing the growth of hydrate nuclei via adsorption. 
The dosage of kinetic inhibitors ranges from 1 to 5% in contrast to thermodynamic inhibitors17,18. The polar 
functional groups in hydrate inhibitors can be adsorbed on the hydrate unit cells surface through hydrogen 
bonds, occupying the position of water molecules, while hydrophobic polymer chains can prevent water 
molecules from approaching hydrate unit cells, thereby inhibiting the growth of hydrate. The inhibition 
principle of such polymer hydrate inhibitors has been verified in all structure of I, structure II, and structure 
H19–21. Kinetic inhibitors are generally mixed with thermodynamic inhibitors to prevent gas hydrate blockages 
more effectively22,23. In addition to avoiding blockages during oil and gas transmission, it was reported that the 
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addition of a small amount (0.1–0.5%) of pour point depressants (PPD) could prevent pipeline deposition of 
recombinant components of crude oil24,25.

The chemical modification of waxy crude oil by adding small doses of polymer-based pour point depressants 
effectively improves the efficiency of natural oil pipeline transmission26–28. Widely used polymer-based PPD 
include ethylene polymers and their copolymers, comb-like polymers, as well as polymers containing long-
chain alkyl groups. PPD is generally composed of oil-soluble organic compounds or polymers29–31. In addition, 
polymer-based PPD molecules generally contain polar and non-polar parts, and non-polar groups (usually 
long alkyl chains) can be co-precipitated with wax by van der Waals forces and interact with solubilized wax 
molecules32,33. The actual crude oil transport is a process of mixed injection using pour point depressants and gas 
hydrate inhibitors. During easy oil transport, mixing multiple chemicals affects the effectiveness of gas hydrate 
inhibition17,34. Negatively charged clay particles chemically and physically adsorb kinetic inhibitors, and the 
adsorbed inhibitors lose their ability to inhibit hydrates35,36. Acidification of the crude oil transport environment 
can cause the polar groups of the hydrate kinetic inhibitor polymer to be occupied by the hydrogen protons and 
weaken the inhibitor’s effect on gas hydrates37,38. There is a lack of studies on the impact of the addition of PPD 
to crude oil systems on gas hydrate inhibition. The effect of hydrate inhibitors on gas hydrate inhibition in two-
phase systems where multiple inhibitors coexist above the freezing point of crude oil and in three-phase systems 
with recombined crude oil-water (O/W) systems below the freezing point is a fundamental parameter for the use 
of additives for oil and gas transport safety39,40.

In this study, we designed and synthesized polyacrylic acid advanced ester-styrene PPD (P-PPD) product. 
The phase equilibrium conditions of CH4 hydrate in P-PPD and gas hydrate inhibitor systems were investigated 
by lowering the temperature while maintaining a constant volume. We also studied the induction time (tind) of 
CH4 hydrate in the O/W, O/W + PVP, O/W + PVP + P-PPD, O/W + EG, O/W + EG + P-PPD, O/W + PVP + EG 
and O/W + PVP + EG + P-PPD systems. The results verified that the as-synthesized PPD effectively enhanced 
the inhibitory influence of gas hydrate inhibitors in crude oil emulsification system.

Materials and methods
Materials
The advanced esters of acrylic acid (purity > 99.7%), styrene (purity: 99%), vinyl acetate (purity: 99%), maleic 
anhydride (purity > 99.0%), benzoyl peroxide (purity: 75%), carbon tetrachloride (purity > 99.90%), methanol 
(purity: purity > 99.5%), cyclohexane (purity > 99%), azo diisobutyronitrile (purity: 98%) used in the experiment 
are all provided by Energy Chemical Reagent Company, and the reagents used are directly used without further 
treatment. Methane gas (purity > 99.90%) and deionized water (DW) prepared through the purified water 
instrument with an electrical conductivity of 18.5 MΩ·cm− 1 were used to form hydrates. PVP with a purity of 
98.0 mol% and a molecular weight ranging from 3000 to 7000, and EG (monor ethylene glycol) with 99% purity 
were obtained from Sinopharm Chemical Reagent Co., China. The crude oil was available from the State Key 
Laboratory of Natural Gas Hydrates. The density, waxing point, and freezing point of crude oil are 0.854 g/cm3, 
17.5 °C and 4.3 °C, respectively.

Synthesis procedure and reaction formula of P-PPD
The advanced acrylic ester and styrene (monomer ratio of 3:2) were added to a three-mouth flask equipped 
with a reflux condenser and agitator, heated until melted, and the solvent toluene was added and stirred to make 
the system mix evenly. Under the protection of nitrogen, 1.0% wt of benzoyl peroxide initiator was added to 
the reaction system after stirring and heating to the polymerization temperature (85 °C), and the reaction was 
terminated after 6 h. After the temperature was reduced to room temperature, the polymerization product was 
washed with methanol many times, and the precipitate was vacuum filtered and dried at 70 °C in vacuum for 4 h 
to obtain polyacrylic acid advanced ester-styrene PPD (P-PPD) product. The reaction formula is shown in Fig. 1.

Analysis methods
Infrared spectrometer, nuclear magnetic resonance hydrogen spectrometer, and gel permeation chromatography 
(GPC) are utilized to determine the molecular structure of P-PPD. Saturates, aromatics, resins, and asphaltenes 
(SARA) components were separated through the solvent precipitation and chromatographic column (SPCC) 
method based on ASTM D 412441, and the detailed process is exhibited in Fig. 2. The C, H, S, and N concentrations 

Fig. 1.  Reaction formula of P-PPD.
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in each component of saturates, aromatics, and gums were quantified using elemental analysis. The oxygen 
content was obtained by using the difference reduction method. Fourier transforms infrared (FTIR) spectroscopy 
(6700, Thermo Fisher Scientific, USA) within 500–3500 cm− 1 was used to study the chemical properties of the 
inhibitor and pour point depressant using the KBr pellet technique. 10 mg P-PPD was dissolved in deuterated 
chloroform, centrifuged at 8000 rpm and 4 °C for 1 min, and 200 µL transferred into 3 mm outer diameter NMR 
tubes using a glass pipet, and the 1H NMR spectra of P-PPD was obtained on a 500 MHz NMR spectrometer 
Bruker Avance III 500. The elemental compositions of crude oil were investigated by elemental analyser (Vairo 
EL cube03030402, Elementar Analysensysteme, Germany), and differential scanning calorimetry (DSC-204, 
NETZSCH, Germany) was employed to investigate the pour point of crude oil.

Experimental procedure
Test method for the hydrate phase equilibrium
The CH4 hydrate phase equilibrium is determined based on the constant volume method in which the pressure 
varies with temperature. 100 mL of solution was transferred to the autoclave with a volume of 150 mL, the air 
was removed from the system with a vacuum pump, and the system was flushed with the experimental gas three 
times. The gas booster pump was utilized to pressure the gas in the system to the desired pressure, and residual 
gas was removed. The cooling liquid in the refrigeration system was a glycol-water mixture, and the stirrer speed 
was set to 500  rpm. Four temperature control processes were carried out during the test: (1) Rapid cooling 
process: pressure-temperature data show a linear pattern (cooling rate of 5 K/h), and hydrates are not generated 
in this process; (2) Generation of hydrates starts with a sudden drop in the system pressure and a sudden increase 

Fig. 2.  Detailed separation process of Saturates, aromatics, resins, and asphaltenes.
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in the system temperature. The system then starts to warm up after a large amount of hydrates is generated, and 
the system pressure decreases by 1 MPa; (3) The system goes through a rapid heating process after a large amount 
of hydrate is generated (heating rate of 5 K/h); and (4) The system is slowly heated when approaching the hydrate 
phase equilibrium point to restore the hydrate decomposition system to its initial state. In step (4), the system 
pressure is kept at a steady state at each temperature point by maintaining the temperature for 2 h with every 
increment of 0.2 K. The pressure sensor and temperature sensor modes used in this experiment are GE Druck 
UNIK5000 and PT100 with an accuracy of ± 0.04% FS and 0.1 K, respectively.

Test method for the hydrate induction time
A pressure vessel made of 316 stainless steel with a maximum pressure of 15 MPa and a volume of 150 mL 
(diameter 10 cm, height 19 cm, and thickness 0.75 cm) was designed to determine the tind of CH4 hydrates. 
The schematic diagram of the high-pressure autoclave system is exhibited in Fig. 3. Both sides of the autoclave 
were equipped with transparent glass windows for the observation of hydrate formation. Refrigerated liquid 
circulator (PolyScience, USA) was utilized to control the system temperature. A cylindrical rotor with a 
length and diameter of 3 cm and 50 mm coated with polytetrafluoroethylene (PTFE) was used as a stirrer. The 
temperature sensor mode and pressure sensors with accuracy of ± 0.01 °C and ± 0.01 MPa, respectively, were 
utilized to monitor the temperature and pressure in the pressure unit, respectively. The cooling process was 
as follows: (1) 2% PVP, 2% PVP + 0.1% P-PPD, 5% EG, 5% EG + 0.1% P-PPD, and 2% PVP + 5% EG + 0.01% 
P-PPD was added to the autoclave containing an oil-water mixture with a water content of 30%, respectively; 
(2) The vacuum pump was used for 10 min and CH4 gas was added until the pressure reached 3 MPa; then, the 
process was repeated; (3) The pressure in the autoclave was increased to 12 MPa. The stirrer was started, and 
the speed was adjusted to 500 revolutions per minute; (4) The autoclave was cooled from 10 to 0.5 °C at a rate 
of 2  °C/h, and the temperature was kept constant for 1000 min; (5) The autoclave pressure and temperature 
were recorded on the computer. To reduce the experimental error, the experiments were conducted 5 times, and 
the error bars are the standard deviation (SD) of replicates. In addition, between each tind run, the sample was 
refreshed to eliminate the memory effect.

Results and discussion
Structure characters of P-PPD
The infrared spectroscopic characterization of the P-PPD was carried out, and the results are shown in Fig. 4. In 
the infrared spectrum, the telescopic peaks of CH2 and CH3 appeared at 2925 cm− 1 and 2854 cm− 1, respectively42. 
The characteristic peak of ester carbonyl C = O appeared at 1740 cm− 1. The C-O-C antisymmetric stretching 
vibration and symmetrical stretching vibration peak appeared at 1242 and 1127  cm− 1, respectively43. The 
olefin C = C absorption peak at 1640 cm− 1 in acrylates disappeared, and the absorption peaks of double bonds 
in the benzene ring appeared at 1607 cm− 1, 1460 cm− 1, and 1375 cm− 144. The in-plane vibration absorption 
peaks of olefin CH2 at 990 cm− 1 disappeared, and the characteristic peak of polymerized long carbon chains 
characterizing -[-CH2-CH-CH2-CH]-(x > 4) appeared at 723 cm− 1, indicating that the double bond in styrene 
and acrylate was broken and a new polymer was formed45. The peak at 783 cm− 1 and 849 cm− 1 contributed to the 

Fig. 3.  Schematic diagram of the high-pressure autoclave system.
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substituted rocking vibration absorption peak and out-of-plane bending vibrations of C-H bond in the aromatic 
ring, which indicates that styrene was involved in the reaction46.

The 1H NMR spectrum is shown in Fig. 5, in which the characteristic hydrogen in the structure is marked in 
the spectrum, the chemical shift of the characteristic hydrogen is reasonable, and the integral value is correct, 
confirming the polymer structure47–49. It can be observed that the characteristic peak of the C = C double bond 
does not appear in the spectrum, indicating the polymerization was complete. In addition, the GPC analysis of 
P-PPD was performed and the results are as exhibited in the inset figure of Fig. 5, in which the Mn and Mw of the 
polymer were calculated as 65,899 and 90,202, respectively.

Physical properties of crude oil
There are many components in crude oil, and there may be interaction forces between components, PPD, 
and hydrate inhibitors, which can affect the inhibitory effect, so it is necessary to identify different chemical 
components in crude oil by SARA analysis. The results are exhibited in Table 1. It shows that the wax content was 
3.573 wt%, the asphaltene content was 1.174 wt%, and the recombinant component content was low.

The element analysis results are shown in Table 2, and it can be found that the C, H, S, O, and N compositions 
of saturates and aromatics are similar, and only have minor differences. In contrast to the saturates and 
aromatics, the proportions of carbon and hydrogen atoms in gums are higher, which indicates that the aromatic 
and saturated hydrocarbons contain more heteroatoms.

Effect of pour point depressants on the systemic equilibrium of methane hydrate inhibitors
To evaluate the effect of pour point depressants on the thermodynamics of gas hydrate generation, the phase 
equilibrium conditions of CH4 hydrate for the systems DW, DW + 2% PVP, DW + 2% PVP + 0.1% P-PPD, 
DW + 5% EG, DW + 5% EG + 0.1% P-PPD, DW + 2% PVP + 5% EG, and DW + 2% PVP + 5% EG + 0.1% P-PPD 
were obtained at pressures ranging from 3 to 10 MPa and temperatures varying from 276 to 290 K, as shown 
in Fig. 6. It shows that adding 2% PVP and 2% PVP + 0.1% P-PPD to DW leads to a smaller differential phase 
equilibrium pressure change in CH4 hydrate compared with the DW system. This is because hydrate kinetics 
inhibition primarily hindered hydrate nucleation generation, which only played a small role in the hydrate 

Fig. 4.  FT-IR patterns of P-PPD.
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thermodynamics. EG, as a thermodynamic inhibitor of hydrate, its main function is to prevent and control 
water and hydrate generation by changing the hydrate generation conditions. Therefore, the CH4 hydrate phase 
equilibrium conditions of the systems containing EG are significantly more demanding than those without EG.

In addition, the phase equilibrium results in different inhibitor and pour point depressant systems are 
shown in Table 3. It shows that the DW + 5% EG + 0.1% P-PPD, DW + 2% PVP + 5% EG, DW + 2% PVP + 5% 
EG + 0.1% P-PPD systems change less than the DW + 5% EG methane hydrate system. Therefore, it can be 
deduced that the phase equilibrium conditions of CH4 hydrate mainly depend on EG, and the addition of PVP 
and PPD has only a minor effect on the phase equilibrium conditions.

The P-T conditions for the equilibrium of phases in the H-Lw-V system can be described by a Clapeyron-type 
equation50.

Components C% H% S% O% N%

Saturates 77.8430 9.8950 0.0232 11.0810 1.1578

Aromatics 75.6980 7.6760 0.0278 14.2890 2.3092

Gums 86.5280 8.6580 0.0152 3.4580 1.3408

Table 2.  Results of the elemental composition analysis of crude oil components.

 

Components Content (wt%)

Saturates 74.249

Aromatics 17.902

Gums 3.102

nC7-asphaltene 1.174

Wax content 3.573

Table 1.  Analysis of crude oil components.

 

Fig. 5.  1H NMR and (inset) GPC spectrum of P-PPD.
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	 lnP = A/T + B� (1)

where P is the pressure in MPa and P is the temperature in K. A and B are parameters. The experiment data 
obtained in this study are plotted in Fig. 6. Data points were fitted to Eq. (1), yielding A and B for each inhibitor 
as shown in Table 4. The high R2 values for each fitting listed in Table 4 suggest that the Clapeyron-type equation 
can well predict the phase equilibrium of CH4 hydrate in solutions with different inhibitor.

Hydrate inhibiting effects of PPD and PVP mixtures in crude oil–water systems
The induction time of CH4 hydrate was used to evaluate the effects of inhibitors on hydrate inhibition. The tind 
of CH4 hydrate in different systems was measured by reducing the temperature while maintaining a constant 
volume. When CH4 hydrate was generated in large quantities, a large amount of heat was released in a short period, 
which contributed to a significant increase in the system temperature. The temperature then returned to the set 
temperature with the exchange of heat in the system, as shown in Fig. 7. It shows that the temperature instantly 
increased from 0.5 to ~ 4 ℃ when hydrates were generated in large quantities. This significant temperature 
change indicates that CH4 hydrate was instantaneously generated in large amounts. In addition, based on the 
hydrate tind measurements, it confirms that the inhibitor significantly hinders the hydrate formation.

The tind statistics of CH4 hydrate in the three systems O/W, O/W + 2% PVP, and O/W + 2% PVP + 0.1% P-PPD 
are shown in Fig. 8. It exhibits that all induction times of CH4 hydrate in the three systems are within 400 min. 
The average tind of CH4 hydrate in the O/W system is 92 min, whereas the tind of CH4 hydrate significantly 
increased after the addition of 2% PVP CH4 hydrate in O/W. CH4 hydrate was only generated after 205 min. 
PVP significantly inhibits hydrate nucleation growth, although it does not affect the inhibitor’s effectiveness 

Fig. 6.  Phase equilibrium of CH4 hydrate with the presence of different inhibitor and pour point depressant 
systems.
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on hydrate in the O/W system. The tind of CH4 hydrate was delayed to 275 min after adding 0.1% P-PPD to the 
O/W + 2% PVP system. The tind of hydrate in the O/W + 2% PVP + 0.1% P-PPD system significantly increased 
compared with that in the O/W and O/W + 2% PVP systems, which indicates that the addition of the P-PPD has 
a synergistic inhibitory effect on the nucleation ability of CH4 hydrate.

Hydrate inhibiting effect of pour point depressants, PVP, and ethylene glycol mixtures in 
crude oil-water systems
During oil and gas transport in the deep sea and extremely cold regions, THIs and KHIs are simultaneously 
used to prevent and control hydrates. A certain amount of PPD is generally added to the injection to avoid the 
blockage of pipelines by depositing recombinant components in the crude oil. The effect of gas hydrate inhibitors 
in a mixed injection system with multiple types of injection agents is one of the leading indicators of hydrate flow 
safety and regulatory management. Figure 9 shows the CH4 hydrate tind for the systems of O/W containing 5% 
EG, 2% PVP + 5% EG, and 2% PVP + 5% EG + 0.1% P-PPD.

Based on Fig. 9, the tind of O/W + 5% EG is 125 min, representing a slight change in the hydrate tind compared 
with the 92 min of the O/W system shown in Fig. 8. This change is due to EG, which inhibits hydrate generation 
the most, mainly by altering the phase equilibrium conditions, and inhibiting the nucleation and growth of 
hydrate. The tind of O/W + 5% EG + 0.1% P-PPD system increased to 186 min, indicating that P-PPD also played 

Fig. 7.  Temperature change during the CH4 hydrate generation process in the pour point depressant and PVP.

 

Solution A B R2

DW -8138.83 30.738 0.99981

DW + 2% PVP -8215.16 31.019 0.99939

DW + 2%PVP + 0.1% P-PPD -8295.12 31.321 0.99957

DW + 5% EG -9028.83 34.126 0.99986

DW + 2%PVP + 5% EG -8840.04 33.467 0.99823

DW + 2%PVP + 5% EG + 0.1% P-PPD -9037.3 34.167 0.99826

Table 4.  Parameters a and B in Eq. (1) obtained from fitting experimental data.
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a synergistic inhibiting effect with THIs. Adding 2% PVP to the O/W + 5% EG system significantly enhances 
the hydrate inhibition, prolonging the hydrate tind to 320 min. In contrast to 205 min in the O/W + 2% PVP 
system displayed in Fig. 8, the prevention and control of the hydrate tind significantly increased in the mixed 
system of THIs and KHIs. The tind of CH4 hydrate was delayed to 385 min after adding 0.1% P-PPD to the 
O/W + 2% PVP + 5% EG system, representing a more significant inhibiting effect on CH4 hydrate compared 
with the O/W + 5% EG and O/W + 2% PVP + 5% EG systems. All the above results verified that in the mixed 
oil-water system, adding pour point depressants could effectively enhance the effects of gas hydrate inhibitors, 
whether it is KHIs, THIs, or mixed KHIs and THIs. This may be because pour point depressants mainly promote 
dispersion and are rich in many polar functional groups, some of which dissolve in the aqueous phase, inhibit 
hydrate nucleation by generating hydrogen bond complexes with water molecules, and subsequently inhibit gas 
hydrate nucleation.

Conclusion
In this study, long-chain polyester polymer, polyacrylic acid advanced ester-styrene pour point depressant 
(P-PPD) was synthesized by molecular design. The phase equilibrium of hydrate in different systems was 
determined using the equal gradient temperature increase method in the temperature and pressure ranges of 
273.3–84.3  K and 3.6–9.37  MPa, and the results indicate that the phase equilibrium conditions of methane 
hydrate mainly depend on EG, and the addition of PVP and PPD have only a minor effect on the phase 
equilibrium conditions. The induction times of CH4 hydrate in the systems O/W, O/W + 2% PVP, O/W + 2% 
PVP + 0.1% P-PPD, O/W + 5% EG, O/W + 5% EG + 0.1% P-PPD, O/W + 2% PVP + 5% EG, and O/W + 2% 
PVP + 5% EG + 0.1% P-PPD with a water content of 30% were determined by lowering the temperature while 
maintaining a constant volume. The results show that the addition of P-PPD all prolonged the tind in O/W + 2% 
PVP, O/W + 5% EG, and O/W + 2% PVP + 5% EG systems, indicating that the PPD in the mixed oil-water 
system synergistically enhances the effect of KHIs, THIs, as well as mixed KHIs and THIs. These experimental 

Fig. 8.  Induction time of CH4 hydrate with the presence of pour point depressant and PVP.

 

Scientific Reports |        2024 14:27028 10| https://doi.org/10.1038/s41598-024-76740-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


results provide data supporting the injection of mixed inhibitors in hydrate to control oil and gas transport in 
transmission pipelines.

Data availability
The data that support the findings of this study are available on request from the corresponding author, upon 
reasonable request.
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