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ABSTRACT: Asphaltene was fractionated into four subfractions with different polarities, and
used to conduct the hydrate formation and dissociation experiments. It was observed that the
more polar fraction could result in a higher tendency of self-aggregation and fewer asphaltenes
adsorbing at the water-oil interface mainly due to the larger C/H ratio, higher aromaticity, and
shorter length of the alkyl side chain. The nucleation rate decreased with the presence of
asphaltenes, and the induction time increased with a reduction in asphaltene polarity in water-in-
oil emulsions. The results showed that the formed amount of hydrates were reduced by the
addition of asphaltenes. For the asphaltene containing emulsions, less hydrate was formed with
the presence of a more polar asphaltene fraction. The presence of asphaltenes was also found to
affect the growth rate of hydrate, which varies with the polarity. Meanwhile, all four asphaltene

fractions were found to promote the dissociation of hydrate.
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1. Introduction

Gas hydrates are ice-like crystalline structures, and typically appear at low temperature under
high pressure.!? The deep offshore multiphase pipeline transporting oil, water, and natural gas
provides a suitable condition for hydrate formation as the ideal pressure and temperature.
Hydrates are considered as one of the major flow assurance threats, especially after the blockage
occurred in natural gas transportation pipelines.>* Hydrates plugging can cause huge economic
and time loss once occurred. In order to avert the issue, two methods are usually adopted. One is
thermodynamic hydrate inhibitors injection, aiming for the hydrate avoidance, including adding
methanol or monoethylene glycol et al. The other one is the risk-management strategy through
using the low dosage hydrate inhibitors, such as anti-agglomerants.* In under-water multiphase
pipelines, the presence of waxes, asphaltenes, and resins in crude oils can influence the formation
process of hydrate and consequently posing challenges to the management of hydrate. As a
result, the hydrate formation and dissociation processes in water-oil pipelines with the presence
of oil components, such as asphaltenes, need to be further investigated for the seeking of a
deeper understanding.

Water is usually co-produced with 0il.>¢ The fluids in deep offshore multiphase pipelines are
commonly in the form of water-in-oil emulsion due to the low water content and the existence of
natural surfactants.” Thus, hydrate formation in water-in-oil emulsions has been increasingly
investigated by researchers. Turner proposed a four-stage conceptual mechanism for explaining
hydrate plugging in a multiphase flow system, including the steps of water entrainment, hydrate
growth, agglomeration via capillary attraction, and catastrophic plugging.®!® In the past over
decade, some researchers have paid attention to the issues of hydrate formation and tried to
quantify the formation rate in water-in-oil emulsions. In 2009, Turner et al.!! developed a mass
transfer model to describe hydrate shell growth on the water droplet entrained in the oil phase,
wherein gas diffused through the inward migrating shell into the water phase for hydrate growth.
After that, an inward and outward shell model was presented to describe hydrate growth,

considering the intrinsic kinetics, mass transfer, and heat transfer limitations by Shi et al.!2.



Dalmazzone et al.'® hold that each droplet was an isolated micro-sized sample in the water-in-oil
emulsion, and hence proposed the induction time model based on the normal distribution. In
addition, the CSMHyK model was proposed and made a great contribution to a deeper
understanding of hydrate growth, agglomeration, and plugging in the oil-dominated system.!#!3
Three sub-models of it were proposed by Turner and Boxall et al.,?* i.e. the kinetics model,
transport model, and cold flow model.

In actual under-water multiphase pipelines, crude oil is a complex mixture of waxes,
asphaltenes, resins, and naphthenic acids, etc.!® The behavior of hydrate formation is difficult to
be completely understood and the formation models still cannot achieve good universality.
Therefore, in recent years, researchers are increasingly paying attention to the effect of crude oil
components on hydrate formation in water-in-oil emulsions.”!':'® As the heaviest and most polar
component of crude oils, asphaltenes have interfacial activity.!>* They can adsorb at the water-
oil interface and impede the coalescence of water droplets.?! Asphaltenes in the crude oils may
change the interfacial properties of water droplets and affect the behaviors of hydrates in the
water-in-oil emulsion systems. Several works have been reported to investigate the effect of
asphaltenes on hydrate formation in water-in-oil emulsions.'*?°?> By the method of MD
simulation, Zi et al.** found that asphaltenes can inhibit methane hydrate cage formation. They
proposed that the two primary reasons for the phenomenon were the inhibition of gas solution by
the asphaltene shell and the destruction of the hydrogen-bonded networks between water and gas
molecules by asphaltenes.”’ Sandoval et al.”? carried out CO, hydrate formation experiments
using crude oils by adding various contents of asphaltenes, finding that asphaltenes cannot avoid
hydrate formation but can increase the induction and growth time. They proposed that the
mechanism of asphaltenes on hydrate formation was similar to kinetic hydrate inhibitors (KHI).
For the formation process of the gas hydrates in the crude oils with different asphaltene contents,
Daraboina et al.'® observed that higher asphaltene and resin contents had a stronger inhibiting
effect on hydrate formation. However, Stoporev et al.® didn’t found a direct correlation between

asphaltene content and hydrate formation rate.



Till date, the work on the effects of asphaltenes on hydrates in water-in-oil emulsions is still
insufficient. To the best of our knowledge, crude oils or single “pseudo-component” asphaltenes
are used in experiments to investigate the effects of asphaltenes on hydrate formation in the
previous works. The influences of asphaltene polarity on gas hydrate nucleation, growth, and
dissociation are still an open work. Asphaltenes with various polarities may present different
interfacial activity, depending on their composition and structural characteristics. Fogler et al 2+
proposed the fractionation procedure for obtaining asphaltene subfractions with various
polarities, and fractionated four asphaltene subfractions with different polarities through
adjusting the volume ratio of a binary mixture of n-pentane and methylene chloride. They found
that the structural characteristics including C/H ratio, specific surface area, and stability of
asphaltene were demonstrated to be strongly related to the polarity. The asphaltene polarity has
been considered a research hotspot after that in the field of crude oil, especially in the study of
wax precipitation and deposition.2*? The particle diameters and aggregation behavior of
asphaltenes can be also influenced by the polarity of asphaltenes.?® Moreover, the different
polarity asphaltenes with various structural characteristics and existence states may influence the
adsorption process of asphaltenes and the interfacial properties of water droplets, which can lead
to different behaviors of hydrates in water-in-oil emulsions. The fundamental understanding of
the influence of asphaltene polarity on gas hydrate formation and dissociation processes, which is
currently lacking, will provide deeper insights into the interactions between hydrates and
asphaltenes in the flow assurance issues. The practical, as well as academic interest, encouraged
us to do this work.

In this study, the influences of asphaltene polarity on hydrate nucleation, growth, and
dissociation processes were investigated for preliminary understanding. Four subfractions of the
asphaltene with different polarities were fractionated and employed for the purpose. Synthetic
model oils were used for the control of asphaltene polarity and concentration, wherein the

asphaltene in the mode oil was maintained at 0.15 wt % 33!

2. Experimental section



2.1 Materials

In the present work, asphaltenes were separated from a Venezuela residue oil, following the
standard procedure of ASTM D6560-2017. The four subfractions were fractionated using an
adjusted fractionation procedure developed earlier in Folgler’s group.?*? The fractionation
procedure is outlined in Figure 1. The asphaltene was first dissolved in dichloromethane at 1:10
(w/w). Binary mixtures of n-pentane and dichloromethane solvents with various volume ratios
were used for fractionation. Pentane was added to the dichloromethane-asphaltene mixture until
the solvent ratio of dichloromethane and pentane at 33:67 (v/v), and then the fraction Fss; was
obtained by centrifuging for 30 min at 500 rpm. In a similar manner, the second, third, and fourth
subfraction, i.e. Fas;7s, Faos0, and Fiooo were achieved. As shown in the procedure, the most polar
fraction is F37.2* The key elemental and structural parameters of the four fractions are shown in
Table 1, more details of the characterization of the four asphaltene fractions can be found in the
previous work.”? CO, was supplied by HTJK Gas Technology Company, Limited (Beijing,
China), 99.99% purity. The 10# mineral oil obtained from Hasitai Oil Company, Limited
(Shanghai, China), cyclic n-alkanes dominate. DI-ionized water through the experimentation
collected from a water purification machine. O-xylene provided by Aladdin Group Company,
Limited (Shanghai, China).

Asphaltene Dichloromethane Pentane Pentane Pentane Pentane

S
AL

MIX 5000 rp 5000 rpm 7500 rpm 10000 rpm

F33/67 F 25/75 F20/80 F10/90

Polarity decrease

Figure 1. Fractionation procedure for different polarity subfractions, here, the ratios represent the

dichloromethane: pentane in the mixture.



Table 1. Elemental and structural parameters of the four subfractions.”

Definition Fass67 Fasps Faoss0 Fioo

C (wt %) carbon concentration 83.33 83.22 83.19 83.13
C/H ratio of carbon to hydrogen concentration 091 0.90 0.89 0.86
number of structure units per molecule 7.77 6.57 5.67 599

relative length of alkyl side chain 342 3.84 4.30 4.16

fa fraction of aromatic carbons (aromaticity) 0.52 051 0.50 0.48

2.2 Experimental apparatus

The hydrate investigation apparatus is a self-designed high-pressure autoclave, which can be
seen in Figure 2. A 16 cm inner diameter and 4.5 L effective volume chamber is the main
reaction part. A feature of the apparatus included an on-line viscometer.”? This allowed for
measurement of system viscosity and determination of hydrate growth onset. Temperature of the
system was controlled by the water bathes. The temperature, pressure, gas flow rate, and shear
rate were monitored by a PT100 platinum resistance thermometer, a pressure transducer, a gas
flow meter, and a tachometer, respectively. At the same time, the parameters were acquired and

recorded by a computer. The apparatus and operation principles of the on-line viscometer were

described in detail elsewhere.32-3
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Figure 2. Schematic of the high pressure autoclave used herein.

2.3 Model oil and emulsion preparation

Asphaltene was required to be dispersed into the oil to obtain model oil. According to previous
works of Li et al.??, asphaltene was first completely dispersed in o-xylene by ultrasonic treatment
at 65 °C for 15 min, and then mixed with the mineral oil using the IKARW 20 Digital to get the
model oil. Then the de-ionized water was added to the model oil and the emulsion was prepared
through stirring at 800 rpm for 30 min.* The ratio of water and model oil was kept at 20:80 (v/v)
through the experimentation.?> Moreover, droplet size distribution was measured to reflect the
stability of the asphaltene containing emulsions. A Nikon OPTIPHOT2-POL polarizing

microscope equipped with a Linkam PE60 cooling station was used for the purpose.

2.4 Hydrate formation procedure

Before the experiments, petroleum ether and de-ionized water were poured into the autoclave in
turn to clean the chamber and viscometer, and the cleaning process was repeated twice.” The
emulsion was poured into the thoroughly cleaned autoclave, then the chamber was covered and
sealed, and the viscometer was connected. Prior to the pressuring process, the decompression
valve was opened and CO, was injected into the autoclave for 15 min to remove the residual
air.** Afterwards, the decompression valve was closed, and CO, was continuously added into the
autoclave until the target pressure was reached. The emulsion was cooled to the target value after
the pressurization, and then maintained at the temperature until the end of the hydrate formation
experiment. During the cooling stage, the gas flow was constantly adjusted by controlling the
pressure regulating valve, therefore, the pressure of the autoclave was maintained at the target
temperature. The stirring rate was maintained at 300 rpm in all experiments.* Herein, the time

zero of the hydrate formation experiment was defined as the pressuring onset.

2.5 Hydrate dissociation procedure

The dissociation process was adjusted based on the procedure used in Song’s work.** The stirring

rate was kept at 300 rpm and the pressure of the autoclave was reduced to 0.01 MPa higher than



the equilibrium value. Following this, the temperature of the water bath was increased by 20 °C
at a constant heating rate 3* The temperature of the water bath was then maintained at 20 °C for

30 min in order to fully dissociate the hydrates.

Two different series of experiments were conducted to investigate the effect of asphaltene
polarity on hydrate behaviors in the asphaltene containing emulsions. The specific experimental
condition and composition are listed in Table 2. The typical experimental temperature and
pressure were selected according to the actual operation condition of underwater multiphase
pipelines >*33¢ Besides, the parameter data versus time of three runs for the hydrate formation
process in the emulsion with fraction Fjp9 are shown in Figure 3, illustrating the good
repeatability of the measured parameters and calculated gas consumption for the hydrate

formation process.

Table 2. Experimental condition and composition of emulsions in the work.

Experimental condition Composition of emulsions
T t Target Water Asphaltene  O-xylene
Exp. aree g Cooling rate P y Asphaltene
pressure temperature volume content (wt content .
of water bath polarity
(MPa) °C) (mL) %) (Wt %)
Control?,
. . o-xylene®,
Series 1 3 34 1 °C/10min 300 0.15 5
F33/67, F25/75‘
FZO/SO, FIO/‘)O
Control,
Series 2 2.8 2.1 1 °C/15min 200 0.15 5 Fs/67. Fasps,
F20/80, F 10/90

control refers to the system in the absence of asphaltene and o-xylene.

bo-xylene refers to the system just with o-xylene.
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Figure 3. (a) Temperature, pressure and (b )gas consumption data versus time of the three hydrate

formation runs for the emulsion with fraction Fo0.

3. Results and discussions

Typical trends for the temperature, pressure, and viscosity during the hydrate formation and
dissociation processes are shown in Figure 4. For the hydrate formation process, as shown in
Figure 4a, three regions can be observed:

Region I was the pressurization stage. CO, was dissolved into the liquid and the system was
continuously pressurized. The viscosity of the emulsion decreased due to the gas dissolution.

Region II was the cooling stage. The system was gradually cooled to the target temperature
and maintained at a constant until the end of hydrate formation. According to previous studies,’”
3% the induction time of hydrate was determined form the time point when the system entered the
phase equilibrium region and to the time point when the temperature increase suddenly.

Region III began as the temperature and viscosity increased suddenly, which signaled the
completion of hydrate nucleation and the onset of hydrate growth. The pressure curve gradually
decreased as gas consumption.

Figure 4b shows the temperature and pressure profiles during the process of hydrate
dissociation. The increasing rate of temperature for the system was significantly lower than that

of water baths in the first 35 min. This phenomenon was mainly caused by hydrate dissociation



as it was an endothermic process. During this process, a dramatic increase in pressure was found
due to gas release by hydrate dissociation. As hydrates gradually dissociated and disappeared,
the temperature increased rapidly due to less heat was adsorbed for hydrate dissociation, wherein

the increase rate of the system was consistent with that of the water bath.
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Figure 4. (a) Temperature, pressure, and viscosity trends during the hydrate formation process, and (b)
temperature and pressure profiles in the hydrate dissociation process in the system with the presence of

fraction Fyy5. Herein, control temperature refers to adjust the temperature of the water bath.

3.1 Morphology and micrograph of the four asphaltene fractions
The physical appearance of the four asphaltene fractions is shown in Figure 5. The particles of

fraction Fs357 were shiny and hard, while fraction Fo9 consisted of dull and soft particles. The
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physical appearance was in accordance with the observations of Nalwaya et al.?*, indicating the
crystallinity and its order in the more polar asphaltene fraction increased.

The micrographs of asphaltenes in the model oils are obtained by the polarizing microscope,

taking in the magnification of 10X20, and shown in Figure 6. It was observed that the more
polar asphaltene fraction has a stronger tendency to self-aggregate. The diameter of asphaltene
particles decreased with a reduction in polarity, which was in accordance with the observations
of Liu et al.*. This phenomenon may be determined by the structural and compositional
characteristics. The low C/H ratio and f, can favor the dispersion of asphaltene particles.?!
Moreover, the oil compatibility of asphaltenes can be promoted by the large amounts of aliphatic
groups and low condensed aromatic cores.”® The less polar asphaltene fraction has a longer
relative length of alkyl side chain, smaller number of structure units per molecule, and lower C/H
ratio and f,, which can be seen in Table 1. Therefore, the less polar asphaltene fraction has a
higher tendency of dispersion in the model oils as the consequence of these structural and
compositional characteristics. The fractal box dimension was widely used to clarify the
complexity of wax crystals in oils, i.e. the higher fractal box dimension value represented the
higher complexity of wax crystal morphology.*#* Applying the same approach, the fractal box
dimension of asphaltenes was processed by Image J software,*” based on the micrographs. As
shown in Figure 7, the fractal box dimension of asphaltenes reduces from 1.53 (+0.14) to 1.30
(2£0.01) with the reduction in polarity, corresponding to a decline up to 15%. This result indicated
that the more polar fraction of asphaltenes were more complicated in the model oil, which can be
attributed to the larger aggregates caused by stronger interaction of asphaltenes with more

condensed aromatic cores and higher f,.*

11



2 }'@‘ “‘h‘} 0
T i ..'1?-'"!& o LV IS

A i ot

AR RS

¥

‘g oy

E

Figure 6. Microscope photographs of the asphaltene fractions in the model oil.
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Figure 7. Fractal box dimensions of the four asphaltene fractions in model oil.

The morphologies of the emulsions with the presence of different polarity asphaltene fractions
are displayed in Figure 8. The emulsion with the presence of fraction Fss; was black, and it
becomes lighter with the reduction in polarity, till to brown of the emulsion with fraction Foo.
The difference in the morphology may be attributed to the C/H ratio and the aromaticity.
Specifically, the higher carbon concentration and more aromatic groups of more polar asphaltene
fraction may lead to a darker appearance. Moreover, the water droplet size distributions of the
four emulsions were determined by the microscope and Nano Measure 1.2 software.** The gray
line in Figure 9 shows the droplet size distribution after emulsified. According to the
experimental results in this work, the maximum time interval from emulsion preparation to
hydrate formation was less than 7 h. Considering this, the droplet diameter distributions of the
four systems after settling 7 h (circular symbols in Figure 9) were obtained to characterize the
stability of the emulsion. Meanwhile, the diameter data were also measured under the continuous
stirring station at 300 rpm after emulsified (triangle symbol in Figure 9), in order to more
accurately reflect the parameters of droplet size in the dynamic stirring process during hydrate
formation. As shown in Figure 9, the water droplets of the emulsion with the presence of the

more polar asphaltenes are generally larger in size compared to that in the emulsion with the less
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polar asphaltene fraction. Specifically, the diameters were 13.4, 12.2, 104, and 8.7 um after
emulsification in the emulsion with fraction Fis67, Fasrs, Faoso, and Fiowo, respectively. Moreover,
the emulsion with the presence of less polar fraction presented greater stability. As a natural
surfactant, asphaltenes can be adsorbed at the water-oil interface, stabilizing the emulsion and
inhibiting water droplet coalescence.!®** The adsorbed amount of asphaltenes can be decreased
by the formation of aggregates.?! For the emulsion with the more polar asphaltene fraction, the
larger asphaltene particles caused by the higher tendency of self-aggregation can decrease the
specific surface area of asphaltene, leading to fewer amounts of asphaltenes adsorbed at the
water-oil interface. Therefore, the greater stability was observed in the emulsion with less polar
fraction and the mean water droplet diameter in the emulsions decreased with a reduction in

asphaltene polarity.

- —

- Fayer

Figure 8. Morphologies of the emulsions with 0.15 wt % asphaltene content of different polarities.
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Figure 9. Size distribution of water droplets in the emulsions at the temperature of 3.4 °C.

3.2 Influence of asphaltene polarity on hydrate nucleation

Figure 10 shows the induction times of the various systems. It can be found that the induction
time of hydrate in the emulsions with various asphaltene subfractions were all longer than that
without asphaltenes. The induction time of the emulsion only with o-xylene is almost the same as
that of the system with the absence of o-xylene and asphaltene, suggesting that the o-xylene has
no obvious influence on hydrate nucleation. It was found that the induction time increased with
the decreasing of asphaltene polarity, indicating that the less polar asphaltene had a stronger
inhibiting effect on hydrate nucleation. In Series 1 experiments, for example, the induction time
of hydrate in the emulsion with the absence of asphaltene was generally 22.0 min, while it was

43 .3 min in the emulsion with the fraction F 0.
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Figure 10. Influence of asphaltene polarity on hydrate induction time.

To have a deeper understanding of the asphaltene polarity on hydrate nucleation, the
asphaltene presence state in the water-in-oil emulsion was observed by the polarizing
microscope. As shown in Figure 11, large asphaltene aggregates are observed in the bulk with
fraction Fs367, which 1s circled by the dotted line. The size of the aggregate greatly reduced in the
emulsion with Fas;;s and Fags0 compared with that in the emulsion with fraction Fise;. This was
because the more polar asphaltene fraction has a higher tendency of self-aggregation, as
discussed in the above section. For the emulsion with the least polar asphaltene fraction (fraction
Fio0), no obvious asphaltenes can be found, but the rigid film and contracted interface was more
apparent. Similar results of the rigid film can be found in the studies conducted by Czarnecki et
al.» and Dabros et al.**, which demonstrated that the water-oil interface transited from flexible to
rigid caused by the adsorption of asphaltenes. These observations indicated that the less polar
asphaltene fraction has higher adsorption efficiency at the water-oil interface. The adsorbed
asphaltenes contributed to droplet coalescence inhibition and emulsion stability.*” Therefore, the
mean water droplet size was observed to decrease in the emulsion with the decreasing of the

asphaltene polarity, as shown in Figure 9 in the above section.
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Figure 11. Microscope photographs of the emulsions with different polarity asphaltenes.

Hydrates nucleated at the water-oil interface in water-in-oil emulsions.* During the nucleation
process, labile molecular clusters formed at the interface, consuming the gas molecules. The
critical dimension crystal nucleus formed by the aggregation of molecular clusters appeared
when the energy barrier was overcome, after which the crystal nucleus entered a period of rapid
growth.*# The adsorbed asphaltenes can decrease the available water-oil interface for hydrate
nucleation, and restrict the diffusion of CO, to the water phase and the hydrate nuclei. In
addition, the interaction between the water and guest molecules would be interrupted by the
adsorbed asphaltenes.”*? Therefore, the nucleation rate was decreased in the emulsion with the
presence of asphaltenes. Moreover, the inhibition effect on hydrate nucleation was more
pronounced in the emulsion with the less polar asphaltene fraction. Thus, the induction time
increased with a reduction in asphaltene polarity in the water-in-oil emulsions.

3.3 Influence of asphaltene polarity on hydrate growth

17



To obtain insights into the hydrate growth process with the presence of different polarity
asphaltenes, the temperature and pressure profiles were captured and depicted in Figure 12 and

13. The gas mole consumption was calculated to quantitatively characterize the growth rate of

hydrates by32°
PV
n= Ny _m_nt (1)
Z, = [(I,R) (2)
n = f(I,F) (3)

where 7, 18 the total mole number of the gas in the autoclave before hydrate nucleation, which
can be calculated based the gas flowmeter; P, and 7, represent the pressure and temperature at
time t; Z, is the compressibility factor, calculated by the Soave-Redlich-Kwong equation of
state;>! n, is the mole number of the gas dissolved in the emulsion at the condition of P, and 7.

As shown in Figure 12a-e and 13a-e, temperature increases rapidly to the peak within 5 min
due to the highly exothermic growth of hydrate. The growth rate would be decreased as the
hydrate shell gradually thickens.!"'> and hence, the released heat decreased accordingly. On the
other hand, the circulating coolant bath could continuously take away the released heat through
heat exchange. Thus, the temperature of the system then decreased when the released heat was
less than that taken away. The peak of the system with Fraction Fasys, Faoso, or Fiono was 7.5 °C,
which is higher than the system without asphlatenes (7.1 °C), in Series 1 experiments. However,
the system with fraction Fss; is lower (5.2 °C, as shown in Figure 12e). Figure 12f and 13f show
gas consumption during hydrate growth for the various systems. It can be found that the fraction

Fasps, Faoso, and Fioe0 can promote gas consumption, while the fraction Fs36; hindered it. In
addition, the initial gas consumption rate for the initial hydrate growth stage ( herein, it was

determined from the growth onset to the temperature peak, see the gray region ) in the

asphaltene containing systems was calculated by

18



R

initial

Miitial

peak ~“onset

“4)

where #iiq 1S the cumulative mole number of gas consumption during the initial hydrate growth

stage; . and 1., are the time when the temperature reaches its peak and the growth onset.

Figure 14 shows the data of the initial gas consumption rate for different conditions. These

results suggest that the fraction Fss; decreased the hydrate growth rate, but the other three less

polar asphaltene fractions increased it in the initial hydrate growth stage.
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Figure 12. Temperature and pressure profiles of Series 1 experiments during hydrate growth stage for the
system (a) without asphaltenes and with the presence of fraction (b) Fss7, (¢) Fasys, (d) Faoso, and (€) Fiooo.

(f) Cumulative gas consumption curves during hydrate growth in the presence of various polarity

asphaltene fractions.
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Figure 13. Temperature and pressure profiles of Series 2 experiments during hydrate growth stage for the

different systems (a-e). Cumulative gas consumption curves during hydrate growth (f).
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Figure 14. Initial gas consumption rate during hydrate growth in the systems with various polarity

asphaltenes.

The growth of hydrate in water-in-oil emulsions was determined by heat and mass transfer,
droplet surface area, and intrinsic kinetics.!!”? During the process of hydrate growth, the
dissolved gas was rapidly consumed for hydrate shell formation, decreasing the gas
concentration near the water-oil interface.>® Therefore, the concentration gradient of gas caused

the rapid mass transfer of dissolved carbon dioxide to diffuse from the bulk to the water phase.
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The different effects of various polarity asphaltenes on hydrate growth rate could be attributed to
two factors: (1) water droplet size, and (2) gas molecules trapped in asphaltene aggregates.

The smaller water droplet provided the larger water surface area for hydrate shell formation
and growth. Therefore, for the system with fraction Fas;s, Faoso, or Fiono, more heat was released
due to the larger surface area of water conversion in the initial growth stage. For the system with
fraction Fi367, however, the temperature peak and gas consumption were both decreased, though
the water droplet diameter can be also lowered comparing to the system without asphaltenes.
This result could be attributed to the trapping of gas molecules in the large asphaltene
aggregates. According to the results of MD simulation and experiments conducted by Li et al.>*
and Dmitrievskii et al.>>, CO, molecules would be adsorbed on the asphaltene aggregates due to
the large free volume fraction, surface area, and intermolecular interaction. Therefore, the growth
rate was decreased due to the reduction in gas supply for hydrate formation in the system with
the presence of fraction Fis6;. In addition, some researchers found that the adsorbed KHI can
increase the hydrate growth rate by increasing the hydrate shell porosity, even though it inhibited
hydrate nucleation.’*>® On account of this, the hydrate shell porosity change could be a potential
influencing factor for hydrate growth in the systems with asphaltene fraction Fisss, Faoso, and
Fio90, which should be investigated by microscopic instruments in the future.

The hydrate formation experiments ended when hydrate was formed for 90 min. Figure 15a
shows the total gas consumption due to hydrate formation. The amount of formed hydrates in the
system without asphaltenes is higher than that in the system with the presence of asphaltene
fractions. According to Turner et al.®, during the hydrate formation process in water-in-oil
emulsions, the water droplet can be seed and direct converted by collision with a hydrate
particle, as shown in Figure 15b. However, the adsorbed asphaltenes around the water droplet
can inhibit the direct conversion in the emulsions with the presence of asphaltene fractions.
Therefore, the conversion rate of water was lower in the system with the presence of asphaltenes.
On the other hand, for the asphaltene containing systems, the total gas consumption increased

with a decrease of asphaltene polarity. This phenomenon could be attributed to the higher
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conversion rate of water caused by the lower water droplet size for the emulsion with the less

polar asphaltene fraction.
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Figure 15. (a) Total gas consumtion for hydrate formation. (b) Schematic of the consequence of the

collision of a droplet with a converting hydrate (modified from Turner™®).

3.4 Influence of asphaltene polarity on hydrate dissociation

The dissociation percentages of the five hydrate systems for Series 1 experiments are shown in
Figure 16. It was illustrated that the presence of asphaltenes can slightly promote hydrate
dissociation. The dissociation percentage of fraction Fago 1S ~10% higher than the system with
the absence of asphaltenes. However, no linear relation between the dissociation rate and polarity
of asphaltenes was found. For example, at 25 min, the dissociation percentage was 36.47%,
39.04%, 40.26%, 34.04%, and 31.99% in the system with fraction Fs3e7, Fasps, Faoso, Fiomo and
without asphaltene fractions, respectively. This phenomenon could be attributed to the hydrate
particle diameter and the amount of formed hydrates. In the systems with the same water cut, the
lower hydrate particle diameter would enlarge the surface area of the hydrate and further increase

the dissociation rate.>-%!
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The five hydrate systems can be divided into two groups according to the total gas
consumption shown in Figure 15a. Group A consists of the three systems with fraction Faso,
Fs367, and Fasp7s. and group B includes two systems with fraction Fo9 and without asphaltenes. As
shown in Figure 16, the dissociation percentage of the three systems in group A is all higher than
the systems in Group B. This was because that more heat was required for the dissociation of
hydrate as a higher amount of formed hydrate in group B. On the other hand, in group A, the
dissociation rate of the system with fraction Fas is slightly higher than that with other fractions,
and the same phenomenon was found of it with fraction F in group B. This could be attributed
to the higher surface area of hydrate particles caused by the lower size of hydrate particles.
According to Kim et al.* and Goel et al.®°, the hydrate dissociation rate is proportional to the
hydrate particle surface area. These data suggest that the hydrates are easier to be removed by
heat stimulation in the system with asphaltenes, which can favor the operation and management

of offshore oil and gas pipelines.
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Figure 16. Dissociation percentage of hydrate formed in the emulsions with different polarity asphaltene

fractions.

4. Conclusions
Asphaltenes were separated from a Venezuela residue oil and fractionated into four different

polar fractions for investigating the influence of asphaltene polarity on hydrate nucleation,
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growth and dissociation processes. It was observed that the particle size of asphaltene decreased
with decreasing polarity. In addition, the more polar asphaltene fraction has a higher tendency of
self-aggregation in emulsions due to the structural and compositional characteristics of a larger
C/H ratio, higher aromaticity, and shorter length of alkyl side chain.

It was found that the presence of asphaltenes impeded hydrate nucleation, leading to a longer
induction time. The adsorbed asphaltenes at the water-oil interface may be the primary
mechanism of the inhibition effect. Moreover, the adsorption-inhibition effect on the nucleation
of hydrate was more pronounced for the emulsion with the less polar asphaltene fraction.
Therefore, the induction time increased with a reduction in asphaltene polarity. The amount of
formed hydrate was found to decrease for the system with the presence of asphaltenes, which
was more significant in the system with the presence of higher polarity asphaltene fraction. In
addition, the fraction Fasss, Faoso, and Figwo all increased the growth rate of hydrate in the initial
growth stage, which might be caused by the higher droplet surface area as the smaller water
droplets, compared with the emulsion without asphaltenes. However, fraction Fs;; significantly
decreased the growth rate, which could be attributed to the restriction of mass transfer by the
asphaltene aggregates. For the hydrate dissociation process, the four subfractions all presented
the promoting effect, which may be attributed to the larger hydrate surface area. The influence of
asphaltene polarity on hydrate particle aggregation and the synergistic effect between asphaltene
and anti-agglomerants in the hydrate slurry system will be investigated in future work to have a
realistic understanding of the asphaltene on hydrate risk management.
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