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Abstract

The effect of synthesized nanostructures, including graphene oxide, chemically reduced graphene oxide with sodium dode-
cyl sulfate (SDS), chemically reduced graphene oxide with polyvinylpyrrolidone, and multi-walled carbon nanotubes, on
the kinetics of methane hydrate formation was investigated in this work. The experiments were carried out at a pressure of
4.5 MPa and a temperature of O °C in a batch reactor. By adding nanostructures, the induction time decreases, and the short-
est induction time appeares at certain concentrations of reduced graphene oxide with SDS and graphene oxide, that is, at a
concentration of 360 ppm for reduced graphene oxide with SDS and 180 ppm for graphene oxide, with a 98% decrease in
induction time compared to that in pure water. Moreover, utilization of carbon nanostructures increases the amount and the
rate of methane consumed during the hydrate formation process. Utilization of multi-walled carbon nanotubes with a con-
centration of 90 ppm showes the highest amount of methane consumption. The amount of methane consumption increases
by 173% in comparison with that in pure water. The addition of carbon nanostructures does not change the storage capacity
of methane hydrate in the hydrate formation process, while the percentage of water conversion to hydrate in the presence of
carbon nanotubes increases considerably, the greatest value of which occurres at a 90 ppm concentration of carbon nanotubes,
that is, a 253% increase in the presence of carbon nanotubes compared to that of pure water.
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1 Introduction

Gas hydrates, which are also recognized as clathrate
hydrates, are non-stoichiometric crystalline compounds
that are formed by combination of gas (or some small vola-
tile liquid) molecules with water through hydrogen bond-
ing. Gas hydrate structures have three common types which
are named structure I (sI), structure II (sII), and structure
H (sH) (Sloan and Koh 2008). Because of the high storage
capacity of gas hydrates, these compounds have a potential
for many industrial applications such as natural gas storage
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and transportation, gas separation and sequestration, hydro-
gen storage, refrigeration systems, and water desalination
(Adisasmito et al. 1991; Chatti et al. 2005; Eslamimanesh
et al. 2012; Ji et al. 2001; Mohammadi et al. 2017b, 2018;
Ohgaki et al. 1996).

One of the challenges in the industrial applications of
gas hydrates is their low formation rate (Sloan and Koh
2008). Nanoparticles usage in the formation of hydrate
has been proposed in natural gas storage and transfer by
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hydrate technology. Various studies have been undertaken
for increasing the gas storage capacity and the hydrate for-
mation rate, as well as reducing the induction time using
nanoparticles in comparison with pure water (Aliabadi et al.
2015; Arjang et al. 2013; Chari et al. 2013; Ganji et al. 2013;
Govindaraj et al. 2015; Mohammadi 2017; Mohammadi
et al. 2011, 2014; Najibi et al. 2015; Pahlavanzadeh et al.
2016; Rahmati-Abkenar et al. 2017).

In 2014, Mohammadi et al. (2014) investigated the effects
of sodium dodecyl sulfate (SDS) and silver nanoparticles
on the kinetic parameters (storage capacity of carbon diox-
ide, water to hydrate conversion, the amount of gas uptake,
induction time, and hydrate formation rate) in the process
of carbon dioxide hydrate formation. They found that SDS
and silver nanoparticles do not have a significant effect on
the kinetic parameters of carbon dioxide hydrate formation.
However, the mixture of SDS + silver nanoparticles can
increase the storage capacity of carbon dioxide in the pro-
cess of carbon dioxide hydrate formation. Rahmati-Abkenar
and coworkers (Rahmati-Abkenar et al. 2017) have studied
the effect of silver nanoparticles on the kinetics of methane
hydrate formation and found that utilization of triangular sil-
ver nanoparticles can reduce the induction time of methane
hydrate formation up to 97% in comparison with pure water.
The impact of Al,O;, SiO,, silver and copper nanoparticles
on the kinetics of hydrate formation was investigated by Said
et al. (Said et al. 2016). Their studies show that nanoparticles
with high specific surface area have the most positive effect
on the kinetics of gas hydrate formation (Said et al. 2016).

The use of carbon nanostructures in gas hydrate forma-
tion was first reported by Park et al. (2010). On adding
multi-walled carbon nanotubes (MWCNTs) and comparing
it with pure water, they found a 300 percent increase in the
consumed gas amount and a decrease in the induction time
(Park et al. 2010).

In another study, Park et al. (Park et al. 2012) investigated
carbon nanotubes and their oxide. Their results show that
carbon nanotubes can increase the hydrate formation rate,
and the consumed gas amount in the presence of oxidized
multi-walled carbon nanotubes (OMWCNTSs) was reported
to be 4.5 times that of pure water. Zhou et al. (Zhou et al.
2014) studied the effect of graphite nanoparticles on carbon
dioxide hydrate formation. Their investigation indicates that
adding graphite nanoparticles can increase the amount of gas
consumed by 12.8% and reduce the induction time by 80.8%,
in comparison with pure water. The impact of MWCNTs on
dissolution and hydrate growth rates of carbon dioxide has
been studied by Pasieka and coworkers (Pasieka et al. 2015).
They concluded that MWCNTSs have a negligible effect on
the kinetics of methane dissolution and hydrate growth rate
(Pasieka et al. 2015).

Rezaei et al. (2016) studied the effect of graphene oxide
and SDS on the kinetics of ethylene hydrate formation. They
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found that utilization of graphene oxide with a concentra-
tion of 150 ppm shows the lowest induction time, which
decreased by 96% in comparison with pure water. They also
concluded that low concentrations of graphene oxide do not
show a significant effect on the rate of hydrate formation,
while the gas consumption and the storage capacity increase
with higher concentrations of graphene oxide. Mohammadi
and coworkers studied the effect of p-cyclodextrin, MWC-
NTs, and SDS on the amount and the rate of methane dis-
solution in water (Mohammadi et al. 2017a). They found that
these additives increase the rate and the amount of methane
dissolution, compared to pure water. Abedi-Farizhendi and
coworkers (Abedi-Farizhendi et al. 2018) studied propane
hydrate formation in the presence of carbon nanostructures
and SDS. They concluded that these additives promote the
hydrate nucleation and growth rate.

In the present work, the kinetics of methane hydrate for-
mation in the presence of graphene oxide (denoted as GO),
chemically reduced graphene oxide with SDS (denoted as
CR(GO + SDS)), chemically reduced graphene oxide with
PVP (denoted as CR(GO + PVP)), and multi-walled carbon
nanotube (denoted as MWCNT) at the concentrations of 90,
180, 360, and 540 ppm have been studied. Moreover, param-
eters of gas consumption, induction time, storage capacity,
hydrate constant, and hydrate formation rate were studied.

2 Experimental
2.1 Materials

In order to conduct this study, materials such as potas-
sium permanganate (KMnO,, 99% purity), sodium nitrate
(NaNO;, 99%), sulfuric acid (H,SO,, 97%), hydrogen per-
oxide (H,0,, 30%), hydrochloric acid (HCI, 37%), sodium
dodecyl sulfate (SDS, NaC,,H,5SO,, 98%), polyvinylpyr-
rolidone (PVP, (C4gHgNO),, 99%), ascorbic acid (C4HgOg,
99%), and ammonia solution (NH,OH, 25%) were acquired
from Merck, and graphite (flakes) with 99% purity and
multi-walled carbon nanotube (MWCNT, 98%) were pur-
chased from NGS graphite GmbH and NAFZA, respec-
tively. Methane was provided by Technical Gas Service with
a purity of 99.9%. In all tests, de-ionized water was used.
Aqueous solutions were prepared by using an analytical bal-
ance with an accuracy of 0.1 mg.

2.2 Preparation and characterization of carbon
structures

Graphene oxide needed for the experiments was synthesized
using the method of modified Hummers (Dreyer et al. 2010).
Graphite and sodium nitrate with masses of 5 g and 2.5 g,
respectively, were added to a 98% pure sulfuric acid with
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Fig. 1 Infrared spectrum of graphene oxide, graphite, and chemical
reduction of graphene oxide samples

a volume of 150 mL, as for the oxidizing agent, 15 g of
potassium permanganate was added to the graphite solution.
After 24 h of the reaction at the temperature of 35 °C, the
solution was diluted using de-ionized water with a volume
of 300 mL. Then, 100 mL hydrogen peroxide aqueous solu-
tion with a concentration of 3% was added to the solution
and stirred for 2 h. The entire mixture was then filtered and
washed repeatedly, using water and hydrochloric acid. After
washing, graphene oxide was obtained by drying the mixture
and dispersing the powder in water using a rather mild soni-
cation. Chemically reduced graphene oxide was obtained by
the addition of ascorbic acid (41 mM) to graphene oxide in
the presence of SDS, and PVP acting as a stabilizer (pH=9,
controlled by ammonia).

2.3 Fourier transform infrared spectroscopy (FT-IR)

Figure 1 shows the infrared spectrum of graphene oxide,
graphite, and chemically reduced graphene oxide sam-
ples. As can be seen, in the infrared spectrum of graphene
oxide sample, the observed peaks at 3400, 1730, 1623, and
1225 cm™!, respectively, represent the stretching vibration
of hydroxyl groups, the stretching vibration of the C=0
bonds in the carboxyl groups, skeletal stretching vibra-
tion of non-oxidized C=C groups in graphene plates, and
vibration of epoxy groups. Also, the peaks at 1410 cm™!
and 1050 cm™! are attributed to the bending vibration
of hydroxyl groups. It is important to mention that the
observed peak at 860 cm™! represents epoxy groups. How-
ever, in the chemically recovered sample, the intensity of
these peaks has either been substantially diminished or
the peaks completely vanished. Only at 3430 cm™' was a
significant peak in the CRG sample witnessed that can be
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Fig.2 SDS, GO+ SDS, and CR(GO + SDS) infrared spectra

due to both the moisture absorption of the samples and
the preservation of some of the carboxyl groups, as this
peak was observed likewise in the graphite sample (Chua
and Pumera 2013; Fernandez-Merino et al. 2010; Waltman
et al. 1993). One should note that chemical reduction does
not have the ability to eliminate all the chemical groups
present on the graphene sheet, and some carboxyl groups
will remain on the plates (Tran et al. 2014).

To investigate the absorption of surfactants on the sur-
face of graphene plates, IR-spectroscopy was conducted
on SDS, GO + SDS, and CR(GO + SDS) samples.

First, the samples were thoroughly washed with de-
ionized water and filtered to remove excess amounts of
surfactant that had not been absorbed on graphene plates.
The results of this test are shown in Fig. 2.

With regard to the peaks observed at 2850 and
2900 cm™! that are due to the symmetric and asymmet-
ric stretching of CH, groups and the one picked up at
2956 cm™!, which is attributed to CH, groups that were
constant for all samples, it can be concluded that sodium
dodecyl sulfate surfactant was absorbed onto the graphene
plates, which was not separated from the latter even after
being completely washed and recovered (Zhao and Gao
2004).

Also, PVP, GO +PVP, and CR(GO +PVP) samples were
tested by infrared spectroscopy for the same purpose, and the
results of this test are shown in Fig. 3. The peaks observed at
2920 cm™~! and 2854 cm™! infrared spectra are related to the
symmetric and asymmetric stretching of —CH, groups, those
captured at 1620 cm™' and 1425 cm™' spectra show the C—N
groups, and the ones at 1320 cm™! spectra represent C—H.
Given the observed peaks, it can be concluded that this sur-
factant was adsorbed onto graphene plates (Basha 2010).

@ Springer



660

Petroleum Science (2019) 16:657-668

—— PWP
— GO+PVP
1425 \ CR(GO+PVP)
T AN
| 11‘# 2920 / a.\‘ ‘ " ‘ " ‘aJr W\N\’{
R M\ / \‘\ \Jm \
X 1\_\ /! ' \
(0] i —»
g "J 2854 \r W,
] v
N TN T
7] T VL
% | R } i I J‘
i | \
1620 <+ ﬁ 1320
1 J
. o]
v \

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm-'

Fig.3 Infrared spectra of PVP, GO +PVP, and CR(GO +PVP)
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Fig. 4 Infrared spectra of multi-walled carbon nanotube (MWCNT)

Figure 4 shows the infrared spectrum of multi-walled car-
bon nanotube (MWCNT) samples which were purchased
from NAFZA.

The SEM images captured from synthesized GO, chemi-
cally reduced graphene oxide CR(GO + SDS), and chemi-
cally reduced graphene oxide CR(GO + PVP) are shown in
Fig. 5. Figure 6 illustrates an image of the carbon nanotubes,
which was used in the present experiment. This image was
taken by TEM.

2.4 Apparatus

A schematic diagram of the experimental setup used in this
research is shown in Fig. 7. To conduct the experiments,
a stainless steel jacketed reactor with an inner volume of
460 cm® was used. The chamber inside this reactor was
equipped with two needle valves, capable of withstanding
6000 psi pressure, to inject and discharge water and gas. Two
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vents were also fitted on the outer wall of the reactor for the
coolant material to enter and exit, which in these experi-
ments were a mixture of ethylene glycol and water. The gas
and aqueous solution were mixed by an electric motor, and
the oscillatory movement of the reactor causes the phases to
be in contact with each other during the tests.

A 26.600 pressure transducer made by BD SENSORS
was used to measure the pressure inside the reactor. This
transducer can measure pressures up to 10 MPa with a pre-
cision of +0.1 MPa. The temperature inside the reactor was
measured using a thermometer with a precision of +0.1 °C.
The captured data were transmitted to a computer for pro-
cessing at the interval of 20 s. Since the experiments had to
be executed at low and constant temperatures, an RE-106
temperature bath made by Louda Inc. with a precision
of +0.1 °C was utilized for controlling the temperature inside
the reactor.

2.5 Experiment method

As a first step, the reactor was washed for 30 min with tap
water and then washed with de-ionized water seven times,
at the beginning of each test. A vacuum pump, capable of
creating vacuum conditions to 0.07 MPa, was used to evacu-
ate the air inside the reactor. Later, the de-ionized water or
the carbon nanotube structures were injected into the reactor.

Then, the temperature of the reactor was set to the desired
temperature. In order to mix water/aqueous solution and gas
properly for hydrate formation, the electric motor was set at
30 rpm. The gas was injected to the reactor with pressure
up to 4.5 MPa; after that, the temperature inside the reactor
reached 1 °C.

Hydrate formation is accompanied by a pressure drop and
a slight temperature rise inside the reactor, whereas the lat-
ter is owing to the exothermic nature of this reaction. The
hydrate formation reaction was assumed to be completed
when pressure change in time became very small, leveling
out with a variation of 0.05 MPa per hour. The time and
pressure data were recorded during the tests, at the interval
of 20 s.

3 Results and discussion
3.1 Induction time

The prominent parameter in the nucleation process is the
induction time. While not being a fundamental physical
characteristic, it is derived empirically, giving pivotal infor-
mation on the kinetics of nucleation or growth (Christiansen
and Sloan 1995). The induction time is the time spent until
the formation of hydrate phase (Sloan and Koh 2008).
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Fig.5 SEM images of synthe-
sized a graphene oxide (GO),
b chemically reduced graphene
oxide CR(GO+PVP), and ¢
chemically reduced graphene
oxide CR(GO +SDS)
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In order to measure the induction time in the presence =~ chemically reduced graphene oxide with PVP
of carbon nanostructures (graphene oxide GO, chemi- (CR(GO + PVP)), and multi-walled carbon nanotube
cally reduced graphene oxide with SDS (CR(GO + SDS)), (MWCNT)), experiments were executed in accordance with
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Fig.6 TEM image of carbon nanotubes
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Fig. 7 The schematic diagram of the apparatus

the aforementioned procedure, each test was repeated five
times, and an average value and the standard error for it are
reported. Table 1 shows the induction time measured in the
presence of graphene oxide GO, chemically reduced gra-
phene oxide with SDS (CR(GO + SDS)), chemically reduced
graphene oxide with PVP (CR(GO +PVP)), and multi-walled
carbon nanotube (MWCNT) at the concentrations of 90, 180,
360, and 540 ppm, respectively. It should be noted that the
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Table 1 Induction time of methane hydrate in the presence of carbon
nanostructures

Set number ~ Concentration, ppm T, °C P,MPa Induction
time, min

1 Pure water 1 4.5 57+2

2 CR(GO+SDS) (90) 1 4.5 1143

3 CR(GO+SDS) (180) 1 4.5 5+3

4 CR(GO+SDS) 360) 1 4.5 1+3

5 CR(GO+SDS) (540) 1 4.5 9+3

6 GO (90) 1 4.5 10+2

7 GO (180) 1 4.5 1+2

8 GO (360) 1 4.5 242

9 GO (540) 1 4.5 8+2

10 MWCNT (90) 1 4.5 7+2

11 MWCNT (180) 1 4.5 312

12 MWCNT (360) 1 4.5 442

13 MWCNT (540) 1 4.5 14+2

14 CR(GO+PVP) (90) 1 4.5 20+3

15 CR(GO+PVP) (180) 1 4.5 8+3

16 CR(GO+PVP) (360) 1 4.5 11+3

17 CR(GO+PVP) (540) 1 4.5 18+3

induction time was measured at a pressure of 4.5 MPa and
a temperature of 1 °C, as mentioned earlier. As can be seen,
for all carbon nanostructures at all concentrations, there is a
decrease in the induction time in comparison with pure water.

Utilization of graphene oxide and multi-walled carbon
nanotubes in the process of gas hydrate formation provides
external surfaces for heterogeneous nucleation of methane
hydrate nuclei. Heterogeneous nucleation of gas hydrates is
more kinetically favorable than homogeneous nucleation.
In this type of nucleation, the effective surface energy is
lower than in homogeneous nucleation, causing lower free
energy and a lower nucleation barrier. Additionally, the car-
bon nanostructures used, by providing numerous nuclea-
tion sites, significantly increase the effective surface area.
Therefore, the mass transfer of solution increases resulting in
shorter induction time. On the other hand, movement of the
nanostructures used by decreasing the resistance within the
gas/liquid interface increases the mass transfer coefficient
and consequently reduces the induction time of methane
hydrate formation.

The induction time of methane hydrate formation in
pure water is 57 min, while the maximum value of induc-
tion time in the presence of tested additives is 20 min. The
minimum induction time of methane hydrate formation
was obtained for the aqueous solutions of GO with the con-
centration of 180 ppm and chemically reduced graphene
oxide + SDS(GO + SDS) with a concentration of 360 ppm.

Rezaei et al. (2016) reported that at a concentration of
150 ppm of graphene oxide, the lowest induction time was
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obtained in comparison with pure water. In this study, at
all concentrations, the induction time was less than pure
water. It is possible that the induction time of methane
hydrate is reduced under the influence of carboxylic and
hydroxyl groups in the structure of graphene oxide.

According to Park et al. (2010), the addition of multi-
walled carbon nanotube (MWCNT) can decrease the time
of hydrate formation, while in this research, the addition of
carbon nanotubes at all concentrations resulted in a lower
induction time than pure water.

Due to the very high thermal properties of chemically
reduced graphene oxide (Balandin et al. 2008), it is likely
to accelerate hydrate formation and reduce induction time.
As observed in chemically reduced graphene oxide with
SDS (CR(GO + SDY)), for all of the concentrations, the
induction time is less than pure water.

3.2 Amount and rate of gas consumed in hydrate
formation

The consumed gas content and rate in the hydrate forma-
tion are important parameters in the process of gas hydrate
formation. The amount of gas consumption in methane
hydrate formation is given by the following equation
(Smith et al. 2005):

PoVo PV,

1
Zsz) ey

Ancy, = E(ZOTO

where P and T are the pressure and the temperature inside
the reactor, respectively, V is the gas volume within the cell,
R is the global constant for gases, and Z is the gas compres-
sion coefficient, which is calculated using the Peng—Robin-
son equation (Peng and Robinson 1976). The indices 0 and t
represent, respectively, the conditions of the cell at =0 and
t. The gas volume inside the cell is time dependent. Moham-
madi et al. suggested the following equation for calculation
(Mohammadi et al. 2014):

Vi="Veen = Vs, + Vaw, = Vg, )

where V., is the volume of cell (460 cm?), Vs, is the initial
volume of the solution injected into the cell (100 cm?), Verw,
is the volume of reacted water, and VH, is the volume of
produced hydrate.

The amounts of methane gas consumption in the pro-
cess of hydrate formation are obtained from Eq. (1). In
Figs. 8,9, 10, and 11, the amounts of methane gas con-
sumed during the formation of hydrate in the presence
of carbon nanostructures and pure water are observed at
t =250 min. According to the figures, the methane gas
molecules are trapped at a high rate in the first stage
(the first 60 min of hydration formation), which causes
a high gas consumption rate; finally, hydrate is formed
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at this stage. In the second stage (from =60 min to the
end of hydrate formation), the amount of gas consumed
is reduced and the system reaches a steady state. Figure 8
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walled carbon nanotubes (MWCNT) and with pure water

demonstrates the amount of methane gas consumed during
the formation of hydrate in the presence of graphene oxide
at the concentrations of 90, 180, 360, 540 ppm and pure
water. As can be inferred from Fig. 8, at the concentrations
of 90 and 180 ppm, the methane gas consumed did not
increase much compared to pure water, while the highest
amount of gas consumed was observed at a concentration
of 540 ppm, which at the end of hydrate formation was
0.2797 mol at the given concentration. This indicated a
215% increase, compared to the case of pure water with a
value of 0.1297 mol; these results are in agreement with
what Rezaei et al. (2016) reported. The positive effect of
graphene oxide is probably because graphene nanosheets
provide a high specific surface area-to-volume ratio.

The methane gas consumption amounts in the process
of hydrate formation in the presence of chemically reduced
graphene oxide with SDS (CR(GO + SDS)) and chemically
reduced graphene oxide with PVP (CR(GO + PVP)) are
displayed in Figs. 9 and 10 at the concentrations of 90,180,
360, and 540 ppm.

As shown in Fig. 9, the maximum amount of methane
gas consumed was at a concentration of 180 ppm, which at
the end of the reaction reached 0.3305 mol, and increased
254% compared to pure water with the value of 0.1297.
Also, in Fig. 10, the highest amount of methane gas con-
sumed is 180 ppm, which at the end of the reaction reached
0.265 mol. The latter is 204% higher than that of pure water,
with a value of 0.1297.

Reduced graphene oxide nanostructures, due to their high
electrical conductivity, increase the heat transfer (Balandin
et al. 2008). It is likely that SDS and PVP decrease the sur-
face tension of water molecules and reduced graphene oxide
nanostructures increase the available surface area by increas-
ing the mass transfer of aqueous solutions and, consequently,
provide suitable locations for nucleation.
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Figure 11 shows the amount of methane gas consumed
during the hydrate formation in the presence of multi-walled
carbon nanotubes (MWCNT) at the concentrations of 90,
180, 360, and 540 ppm. The highest amount of methane gas
consumption appeared at 90 ppm concentration of multi-
walled carbon nanotubes and reached 0.3547 mol at the end
of hydrate formation, 173% higher than that in pure water
case (with a methane gas consumption of 0.1297 mol).

Park et al. (2010) reported that the amount of methane
gas consumption in the presence of carbon nanotubes at
40 ppm had a 300% increase compared to that in pure water,
in accordance with the results of this study.

Given the hydrophobic properties of carbon nanotubes, it
seems they are a good place for nucleation.

Suitable properties of thermal conductivity of carbon
nanotubes (Ding et al. 2006) increase the heat transfer of
the liquid phase as the former is added to it and consequently
leads to an increase in the reaction rate of the hydrate forma-
tion. This eventually increases the rate of gas consumption.
To obtain the formation rate of hydrate, the model reported
by Englezos et al. (1987) was used:

dny

dng
dr A&t

- app(f;g _feq) 3)
where r is the instantaneous velocity of hydrate formation,
ny is the number of produced hydrate moles, and ng; is the
number of consumed gas molecules. K, represents the ini-
tial apparent rate constant of hydrate formation, f, is the
fugacity of gas molecules in the gas phase, and f,, shows
the fugacity of gas molecules under equilibrium conditions
(T and P,). f, is calculated using the Peng—Robinson equa-
tion of state (Peng and Robinson 1976), and the equilibrium
pressure of the hydrate formation, Py, can be calculated
from van der Waals—Platteeuw model (van der Waals and
Platteeuw 1958).

Figures 12, 13, 14 and 15 show the rate of gas uptake dur-
ing hydrate formation in the presence of carbon nanostructures
compared to pure water. According to these figures, the high-
est hydrate formation rate occurs in the first 20 min of the
reaction, when numerous hydrates nucleate. Subsequently, due
to the increase in temperature, the hydrate formation rate is
reduced. As can be seen, by increasing the carbon nanostruc-
tures, the hydrate formation rate increases.

The supersaturation (driving force) of gas hydrate forma-
tion process is the difference between the pressure of the cell
and the equilibrium pressure at the test temperature. During the
hydrate formation process, the amount of methane in the gas
phase decreases. By decreasing the amount of methane in the gas
phase, the pressure of the cell drops and subsequently, the super-
saturation declines and growth rate decreases. As can be seen in
Figs. 12, 13, 14 and 15, the additives used remarkably increase
the hydrate growth rate. Utilization of carbon nanostructures
causes heterogeneous nucleation. Because, there are more nuclei
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Fig. 12 Rate of gas uptake during hydrate formation at 1 °C and
4.5 MPa for different concentrations of chemically reduced graphene
oxide CR(GO + SDS) compared to pure water
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Fig. 13 Rate of gas uptake during hydrate formation at 1 °C and
4.5 MPa for different concentrations of chemically reduced graphene
oxide CR(GO +PVP) compared to pure water

in the solutions containing carbon nanostructures, compared to
pure water, the amount of gas uptake for these solutions is more
than that of pure water and consequently, the hydrate growth rate
for these solutions is more than that of pure water.

3.3 Storage capacity and water to hydrate
conversion percentage

The storage capacity is expressed by Eq. (4) which is equal to
the volume of gas trapped in the hydrate structure to the vol-
ume of the empty hydrate network, under standard temperature
and pressure conditions.

Vsrp _ AnRTgp/Psrp

SC = =
Vi Vi “

where “Vgrp” is the amount of the gas being trapped under
standard temperature and pressure conditions and “Vy;” is the
volume of gas hydrate produced from reacted water, derived
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o
o
N}
o

o
o
=
a

0.010 +

0.005
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Fig. 14 Rate of gas uptake during hydrate formation at 1 °C and
4.5 MPa for different concentrations of graphene oxide compared to
pure water
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Fig. 15 Rate of gas uptake during hydrate formation at 1 °C and
4.5 MPa for different concentrations of multi-walled carbon nanotube
(MWCNT) compared to pure water

from Eq. (5). “An”, R, T, and P are the moles of gas trapped
in hydrate, the global constant for gases, the temperature,
and the pressure, respectively.

Vg =M x Anx o)T 5)
To calculate the empty volume of clathrate hydrate (v}'7) in

structure I, which has a structure similar to methane hydrate,
Eq. (6) is used (Klauda and Sandler 2000):

oMT(1) = (11.835 42217 X 107°T + 2.242 x 107°7%)’

1030N (6)
X TA —8.006 X 107°P + 5.448 x 10712P2

where vxT is the molar volume of the empty hydrate network
per cubic meters per mole, and N,, 7, and P are Avogadro
number, the equilibrium temperature in °C, and the equilib-
rium pressure in MPa, respectively.

Figure 16 illustrates the storage capacity of methane hydrate
in the presence of carbon nanostructures and pure water. Based
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Fig. 16 Storage capacity of MWCNT, 540 ppm

formed methane hydrate in the MWCNT, 360 ppm

MWCNT, 180 ppm

presence of carbon nanostruc-

tures and pure water at a pres- MWCNT, 90 ppm

sure of 4.5 MPa and a tempera- GO, 540 ppm
ture of 1 °C GO, 360 ppm
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(
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174.28

on Fig. 16, carbon nanotubes do not have a notable effect on
storage capacity, which is because the storage capacity is not
a kinetic parameter.

The percentage of water to hydrate conversion, which is
calculated at the end of hydrate formation reaction, is the
number of water moles converted into hydrate per moles of
water. The following equation can be used to calculate the
percentage of water converted to hydrate (Dreyer et al. 2010;
Fernandez-Merino et al. 2010; Rezaei et al. 2016; Mohammadi
et al. 2014; Najibi et al. 2015; Aliabadi et al. 2015; Govindaraj
etal. 2015):

Conversion = M xAn x 100 @)

I’lW0

In the above equation, M represents the hydrate number,
being 5.75 for carbon dioxide, and ny, is water’s initial mole
number.

In Fig. 17, the water to hydrate conversion percentage
at the end of hydrate formation is shown for all carbon

174.30

17432 17434 17436 17438 17440 17442 17444 17446

Storage capacity, v/iv

nanostructures compared to pure water. As can be seen,
the results of the water to hydrate conversion at the end
of hydrate formation are better than the pure water in all
concentrations of carbon nanostructures. The greatest per-
centage of water to hydrate conversion was obtained in the
concentration of 90 ppm for multi-walled carbon nanotubes.
This is equal to 71.6 mol% indicating an increase of 253%
compared to the case of pure water, which stands at the value
of 28.3%. The reason for these increases compared to pure
water is the increase in the reaction kinetic velocity and the
amount of gas consumed by carbon nanotubes. In addition,
as stated earlier, the hydrate formation is accompanied by
a pressure drop. The closer the pressure (reaction pressure)
at the end of hydrate formation is to the equilibrium pres-
sure, the more the percentage of water to hydrate conversion
becomes.

Carbon nanostructures (GO and MWCNTs) are expensive
additives, but the experimental investigation of the effect of
tested carbon nanostructures shows that utilization of low

Fig. 17 Effect of nanostructure MWCNT, 540 ppm

on water to hydrate conversion MWCNT, 360 ppm

MWCNT, 180 ppm
MWCNT, 90 ppm

of methane hydrate formation

process under the conditions of
GO, 540 ppm

4.5 MPa and 1°C

GO, 360 ppm
GO, 180 ppm

GO, 90 ppm

CR(GO+SDS), 540 ppm
CR(GO+SDS), 360 ppm

CR(GO+SDS), 180 ppm

CR(GO+SDS), 90 ppm

Pure water
CR(GO+PVP), 540 ppm

CR(GO+PVP), 360 ppm

CR(GO+PVP), 180 ppm

CR(GO+PVP), 90 ppm
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concentrations of these additives promotes the kinetics of
methane hydrate formation, significantly. The use of low
concentrations of carbon nanostructures can reduce the costs
of hydrate formation process.

4 Conclusion

In this research, the effect of carbon nanostructures on
the rate and amount of gas consumption, water to hydrate
conversion, and the storage capacity in the process of the
hydrate formation was investigated. The results of the
experiments show that the addition of carbon nanostruc-
tures reduces the induction time; the lowest induction time
in the presence of chemically reduced graphene oxide with
SDS and graphene oxide occurrs at a concentration of 360
and 180 ppm, respectively. The amount of methane gas is
consumed during the hydrate formation increases with the
addition of carbon nanostructures, and the highest amount
of methane gas isconsumed at a concentration of 90 ppm
of multi-walled carbon nanotube. In fact, carbon nanotubes
increase the amount of methane gas consumption. However,
the storage capacity is not affected by carbon nanostructures
at the end of hydrate formation. Furthermore, the percent-
age of water to hydrate conversion in the presence of carbon
nanotubes increases significantly, and the highest level of
increase is in the presence of multi-walled carbon nanotubes
at a concentration of 90 ppm.
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