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Abstract In this study, graphene nano-sheets were grown

and synthesized on copper foils and the structure was

analyzed with XRD, FTIR and SEM. After that, 1 wt%

low-layer graphene nano-sheets were added to water and

stabilized by sodium dodecyl sulfate (SDS). Prepared

nano-fluid was then used in hydrate formation of natural

gas at 1000 psig and 4 �C. The results were compared with

a SDS/water system and observed that graphene nano-

sheets had reduced the dissolution time 19.2 %, induction

time 54.7 % and the amount of gas storage is increased

7.6 %. Hydrate stability test showed that the hydrate sta-

bility is also increased 5.9 %.

Keywords Hydrate � Natural gas � Graphene nano-

sheets � Storage � Induction time

Introduction

Hydrate is an ice-like solid which can be made if water

could be in contact with high pressure and low temperature

gases. The demand for gas distribution to different regions

and also long distances between them made scientists to

develop new solutions for gas distribution; among them we

can point to LNG, PLNG, GTL, ANG, GTW, CNG and

also NGH (natural gas hydrates). NGH is new method in

natural gas storage and distribution [1]. Many researches

were made on NGH in recent years [2–6]. Low speed of

hydrate formation process and lack of hydrate stability are

of the major problems against the industrial NGH cycle.

Scientists have used different promoters to improve the

natural gas hydrate formation process (HFP) which most of

them were hydrophilic surfactants [7]. These promoters

could increase hydrate formation speed and gas storage

capacity [8–17].

There are four factors together needed in HFP: low

temperature, high pressure, presence of water and presence

of gas. Effective parameters in HFP could be divided to

two parts of process parameters and the parameters related

to the promoter. Major process parameters are temperature,

pressure, speed of the mixer, amount of fluid used, and in

some cases volume of the reactor [18]. Major nano-fluid

promoter-related parameters could be heat transfer char-

acteristics, geometry, size, porosity, concentration and

stability of nano-particles.

As the HFP is an interfacial phenomenon, any operant

that could increase heat transfer and mass transfer in the

interfacial of fluid/gas definitely can increase speed of HFP

and also the gas stored in hydrates [18]. Therefore, the issues

can be solved by enhancing heat transfer and mass transfer.

Using a mixer may be suitable for enhancing mass transfer,

as it brings turbulency into the system. Fltp flcp mixing [19]

and magnetic stirring [20] were also used in researches for

enhancing mass transfer. On the other hand, nano-particles

can prepare more active sites for nucleation of gas because

of their nonmetric dimensions. HFP is an exothermic pro-

cess and heat transfer plays an important role in it. Hydrates

are stable in high pressure and low temperatures; so anything

that can crash this thermodynamic state will make hydrates

unstable; therefore it is needed to somehow send out the heat
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generated by HFP so that the process can continue with

enough speed. A jacketed reactor can be suitable for sending

the heat out of the system but to enhance the heat transfer

inside the reactor, it is suggested to use nano-particles as

they turn water into a nano-fluid with a high heat transfer

coefficient [21]. Using a nano-fluid instead of water in the

reactor may be effective in HFP speed. In this study, CVD

graphene nano-sheets were used in natural gas HFP. The

idea is made from their high heat transfer coefficient which

is around 5000 W/m K [21]. Therefore, it is suggested to

prepare a stable nano-fluid using SDS as stabilizer, and use

the nano-fluid instead of water for facilitating the HFP.

Surfactants do have an effect on the methane mole fraction

in the bulk liquid during hydrate growth [6]. They could

achieve an increase in hydrate former mole fraction by re-

ducing the interphase mass transfer resistance at the gas/

liquid interface. Surfactants can reduce surface tension un-

der hydrate forming conditions [22]. Decreasing the adhe-

sion forces between hydrate particles or hydrophobic micro-

domains at the hydrate/liquid interface are other possible

mechanisms [23]. It has also been observed that using sur-

factant leads to looser hydrogen bonding that is an indicator

for facilitating hydrate growth [24]. Furthermore, Banks

showed that the underlying surface will electrochemically

catalyze the response [25–27], therefore, it can be concluded

that adding SDS for stabilizing the graphene nano-fluid may

bring an electro-catalytic effect on HFP process.

Synthesis of graphene nano-sheets and used materials

Graphene nano-sheets were grown and synthesized on

copper foils by CVD method. First, 25 lm copper foils

were loaded into a quartz tube reactor, and then the reactor

was put into a furnace. Pressure inside the reactor was de-

creased to 1–10 m Torr by a vacuum pump and then 2 cm3/

min helium flows into the reactor. Furnace was heated up to

1050 �C and was kept in this temperature for 40 min. After

that, 35 cm3/min methane was added to hydrogen and their

mixture flowed into the reactor for 15 min. A quick cooling

method was used 180 �C/min after the growth and the he-

lium flow was continued throughout the cooling process.

CVD grown graphene nano-sheets could be easily separated

from the copper foil [6, 21, 22]. SDS with 99 % purity was

bought from Merck Co. Germany. Deionized water was

bought from Zolal-Bahr Co. and natural gas was supplied

from Air Product Co. and was used as reactor feed.

Graphene nano-sheets structure analysis

SEM, FTIR and XRD analyzes were carried out to study

the structure of synthesized CVD graphene nano-sheets.

The crystallinity of the samples was studied using XRD.

Figure 1 shows XRD spectrum of CVD-synthesized gra-

phene nano-sheets.

Graphene XRD spectrum indicating peak is a short and

relatively wide peak at 2h = 26.5� which corresponds to

the (002) reflection of graphite, with spacing of 0.34 nm

[28] that can be well observed in Fig. 1. This result is

consistent with the other researches [29, 30]. The peak of

CVD graphene nano-sheets at 26.5� is slightly wide which

is because of its small flake sizes [31]. Graphene nano-

sheets were completely crushed and mixed with potassium

bromide powder and the mixture was then pressed into

tablets and put into FTIR spectrometry device. The func-

tionalization and chemical structure of CVD graphene was

analyzed by FTIR. Typically 100 scans over the range

4000–500 cm-1 were taken with a resolution of 2 cm-1

[21]. Figure 2 shows the FTIR spectrum of CVD-synthe-

sized graphene nano-sheets.

FTIR indicating peaks of CVD graphene are clearly

evident at 1574 and 3070 cm-1 corresponding to stretching

of C=C bonds and C–H stretching vibration of aromatic

compound, respectively [30, 32]. Existence of C=C bonds

confirms the aromatic structure of CVD graphene nano-

sheets. Figure 2 shows that the synthesized graphene is

pure due to absence of oxygen-containing functional

groups. The result taken from FTIR is consistent with XRD

result, confirming the synthesis of graphene nano-sheets.

Raman spectroscopy was employed to evaluate the quality

and layer number of the graphene. The D band corresponds

to the defects induced in the graphitic structure and func-

tional groups attached to the surface of graphene sheets,

while the G band corresponds to the in-plane vibrations of

the graphitic structure [33].

The typical features for carbon in Raman spectra are the

G band around 1582 cm-1 and the D band around

1350 cm-1 [28]. The 2D band is a key mode in identifi-

cation of number of graphene layers. According to its po-

sition, shape and intensity, a thickness of graphene may be

Fig. 1 XRD spectrum of synthesized CVD graphene nano-sheets
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determined. 2D band of single-layer graphene is composed

of a single 2D band, positioned at roughly 2600 cm-1 [34].

Figure 3 shows Raman spectra of CVD graphene nano-

sheets. The Raman spectrum of the CVD graphene displays

a strong G band at 1584 cm-1, a weak D band at

1357 cm-1. It is also seen that single 2D band appears at

2602 cm-1 attributed to single-layer graphene. It is known

that a ratio between the intensities of the D and the G bands

(ID/IG) determines relative defect content in the carbon

lattice [34]. The Raman spectra show a week D band that

confirms the small amount of defects.

Transmission electron microscopy is also a powerful

technique used extensively to provide definitive identifi-

cation of graphene materials. Figure 4 shows the TEM

image of the synthesized graphene. TEM image indicates

the sheet morphology of synthesized graphene. The most

transparent regions are likely to be monolayer graphene

nano-sheets which is in agreement with the results taken

from the Raman spectroscopy. TEM observation also re-

veals that the synthesized graphene is pure due to the

uniformity of the graphene nano-sheets. Closer observation

of the TEM shows the folding at the edges of graphene

nano-sheets.

Preparing nano-fluid and hydrate formation apparatus

To prepare a 1 wt% nano-fluid, 1 g of graphene nano-

sheets were added to 99 g deionized water. 1.5 g SDS was

added slowly to the fluid while mixing it to obtain the

stability of graphene nano-sheets in water. This is one of

Fig. 2 FTIR spectrum of CVD-

synthesized graphene nano-

sheets

Fig. 3 Raman spectrum of CVD-synthesized graphene nano-sheets

Fig. 4 TEM images of CVD-synthesized graphene nano-sheets
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the general methods to avoid sedimentation of nano-parti-

cles. Addition of surfactant can improve the stability of

nano-particles in aqueous suspensions. The reason is that

the hydrophobic surfaces of nano-sheets are modified to

become hydrophilic and vice versa for non-aqueous liq-

uids. A repulsion force between suspended particles is

caused by the zeta potential which will rise due to the

surface charge of the particles suspended in the base fluid

[35, 36]. The system was then put in ultrasonic bath for

45 min. The stability of the nano-fluid was studied after

48 h and after ensuring it, nano-fluid was used in HFP.

HFP was performed in a 600 ml steel Parr reactor. To

control temperature of the system, the reactor was placed in

a Teflon jacket and water/ethylene–glycol solution was used

as coolant in the jacket which was circulated by a Lauda RE-

10 circulator with an accuracy of ±0.01 K. Two needle

valves are placed on the door of reactor for entry and exit of

the gas and the reactor is equipped with a mechanical four

blade mixer which is controlled in range of 100–1000 rpm.

Schematic of HFP apparatus is shown in Fig. 5.

Reactor temperature is measured with a temperature

sensor with an accuracy of 0.01 K, equipped with tem-

perature electrical pulse saving system and the data will be

sent to the computer. Reactor pressure is measured with a

BD SENSORS 28/600 pressure sensor in range of

0–140 bar with an accuracy of 0.001 bar, equipped with

pressure electrical pulse saving system and sending the

measurement instantaneously the computer.

Initially the reactor was washed, cleaned and dried

completely. The reactor was then charged with 100 g of

CVD graphene/water nano-fluid. Then, a sufficient amount

of natural gas was injected into the reactor so that the air

trapped inside the reactor completely evacuated. After that,

the relief valve was closed and natural gas was injected into

it until the pressure of the reactor reached 1000 psig. Re-

actor temperature was slightly reduced by setting the

temperature of cooling system at 4 �C.
Mole number of natural gas present in the rector at any

time can be calculated by Eq. (1) where z is the com-

pressibility factor, calculated by Peng–Robinson equation

of state. Initial amount of natural gas present in the reactor

was calculated to be 1.587 mol. Over the time, pressure

drop in the reactor is measured and recorded by the com-

puter. Pressure drop observed in the reactor can be related

to dissolution of natural gas in water and also formation

and growth of natural gas hydrates. After some time, no

Fig. 5 Schematic of HFP

apparatus
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more pressure drop is observed in the reactor which shows

that HFP is finished.

n ¼ PV=zRT ð1Þ

One of the major parameters in gas storage and distri-

bution by hydrates is the storage capacity. This parameter

is normally defined by the ratio of amount of gas stored in

hydrates in standard condition, to the volume of the hy-

drates. Storage capacity at standard condition (P = 1 atm

and T = 15 �C) can be calculated by Eq. (1). By substi-

tuting Eqs. (2) and (3) in Eqs. (1) and (4) shows that the

storage capacity is related to q (hydrate density), c (mole

fraction of gas in hydrates) and MW (molecular weight of

hydrates).

n ¼ m=MW ð2Þ
q ¼ m=VH ð3Þ
V=VH ¼ 23:643ðq:c=MWÞ ð4Þ

Methane hydrate is formed in structure I with a density

of 913 kg/m3 [37], molecular weight of 17.74 kg/kmol [37]

and mole fraction of methane in hydrates 14.1 % [38]. In

transportation and distribution of natural gas, it is better to

storage pure methane in hydrates. By substituting the above

data into the Eq. (4), maximum storage capacity in natural

gas HFP will be calculated V/VH = 171.6. The word

‘‘maximum’’ eventually refers to storing the pure methane.

Stability of the hydrates is another major parameter in

gas storage and distribution by hydrates. To obtain sta-

bility, hydrate temperature should be reduced to -10 �C
[39]. Therefore, in HFP, after formation of hydrates, tem-

perature is reduced to -10 �C for 10 h. Relief valve is

opened then so that excess gas exits the reactor. When

pressure of reactor reached 1 atm, relief valve will be

closed and pressure of the system is measured for 12 h.

Using Eq. (1) the amount of gas escaped from the hydrates

can be calculated and reported as hydrate decomposition

percentage.

Results and discussion

HFP in presence of graphene nano-sheets/water

Before using nano-fluid in HFP of natural gas, a blank

solution of SDS/water was used in HFP under the same

conditions. Graphene nano-fluid was then used in HFP of

natural gas. Figure 6 shows the variation of temperature

and pressure over the time in the reactor.

It is observed from Fig. 5 that the pressure was reduced

to 931 psig initially. The pressure drop over the first

31 min may be caused by partial dissolution of natural gas

in nano-fluid and also reduction of the temperature inside

the reactor. The amount of gas remained in the reactor was

calculated by Eq. (1) which is 1.547 mol; therefore,

0.040 mol of natural gas has entered into the nano-fluid to

participate in nucleation process. It is also observed in

Fig. 6 that after 191 min, pressure in the reactor was

dropped; while temperature of the reactor was increased

due to exothermic hydrate formation phenomenon. There-

fore, the induction time for graphene nano-sheets/water can

be calculated using Eq. (5) as follows:

tigraphene nano�sheets=water
¼ 191� 31¼ 160min ð5Þ

Pressure of the reactor was constant over 160 min while

the temperature of the system was fixed at 4 �C due to the

Fig. 6 Variation of temperature

and pressure over the time in the

reactor for graphene nano-

sheets/water and SDS/water

samples
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circulating coolant. Calculations showed that the induction

time in presence of graphene nano-sheets is reduced

54.7 % compared to the blank sample. This reduction can

be caused by presence of nanometric heterogeneous nu-

cleons, preparing more active sites for nucleation phe-

nomenon. Besides, graphene nano-fluid, as fluid consists of

two-dimensional angular nano-particles, enhance the heat

transfer coefficient of the fluid; making the heat generated

in reactor exit more efficiently. The second pressure drop

in the reactor took 271 min which was caused by hydrate

formation. After that, pressure of the system was relatively

constant at 639 psig over the time, being reduced 4 psig

every 35 min that is negligible. Therefore, HFP duration is

462 min and equilibrium pressure is 639 psig. The amount

of gas remained in the reactor in this pressure was calcu-

lated 0.98 mol.

Storage capacity and hydrate stability

Using the composition of the natural gas used in HFP,

molecular weight and density of the hydrates were calcu-

lated 17.8 kg/kmol and 910.41 kg/m3, respectively. By

substituting these data in Eq. (5), storage capacity will be

calculated using Eq. (6) as follows:

V=VH ¼ 1209c ð6Þ

Storage capacity of the hydrates formed in presence of

graphene nano-sheets has been calculated and compared

with the blank sample in Table 1.

It is observed that storage capacity is increased 7.6 % in

presence of graphene nano-sheets, enhancing it from 124.3

up to 133.7. This enhancement may be due to the increased

dissolution of gas in water. Graphene nano-sheets have also

increased heterogeneous active sites, causing nucleation

process to proceed faster so that more amount of gas can be

stored within water molecules cavities.

To study the stability of the hydrates, temperature of the

system was decreased to -10 �C after the process finished

and remained in that temperature for 10 h. The relief valve

was then opened until pressure of the system reached

1 atm; causing non-hydrated gas exits the system. The

relief valve was closed afterwards and pressure was mea-

sured instantaneously for 12 h. By subtracting the number

of moles released using Eq. (1) from the total number of

moles stored in hydrates, the percentage of hydrate de-

composition was calculated. Figure 7 shows the compar-

ison between percentage of hydrate decomposition in SDS/

water and graphene/water.

As it is observed in Fig. 7 after 10 h, maximum hydrate

decomposition in presence of graphene nano-sheets was

11.9 %. It is also observed that the decomposition had

occurred just in the first 7 h, however, this process took 9 h

in blank sample. Hydrate decomposition percentage of

graphene/water and SDS/water over the time is compared

in Table 2.

Table 1 Comparison of storage capacity of graphene nano-sheets/

water with SDS/water

Sample SDS/water Graphene/water

Equilibrium pressure (psig) 655.1 634.5

Mole of gas remained 1.016 0.980

Mole of gas hydrated 0.571 0.607

Mole fraction of gas in hydrate 0.103 0.110

Storage capacity 124.3 133.7

Increased storage (%) – 7.6
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Fig. 7 Comparison between

percentage of hydrate

decomposition in SDS/water

and graphene/water
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It is observed in Table 2 that hydrate decomposition has

been continued after 7 h in SDS/water sample; however, it

is stopped at 7 h in presence of graphene nano-sheets.

Therefore, it is concluded that the stability of hydrates is

increased in presence of graphene. This fact may be due to

the strength of hydrate network created by adding graphene

to the water; causing its resistance against decomposition.

It should be also considered that use of SDS had

definitely affected the response by reducing the interphase

mass transfer resistance at the gas/liquid interface and in-

creasing the methane mole fraction in the bulk liquid

during hydrate growth. But using graphene beyond the

SDS, shows to increase storage capacity and stability of the

hydrates while decreasing the induction time. This fa-

cilitation is likely caused by two reasons: (1) using gra-

phene creates a nano-fluid with higher heat transfer

coefficient [21] which enhances the heat transfer to the

jacket of the reactor during the hydrate growth. (2) Surface

to volume ratio increases in nanometric dimensions, pre-

ferring a larger active sites available for nucleation process.

Conclusion

Storage capacity is increased 6.7 % in presence of gra-

phene nano-sheets. It is observed that not only the de-

composition of hydrates increased but also it was decreased

although the amount of water available for participating in

self-protection process in presence of graphene/water was

less than that for SDS/water sample. Therefore, graphene

nano-sheets increased stability of the hydrates while in-

creasing the storage capacity.

It is also observed that graphene nano-sheets play the

same role of surfactant in gas storage process with the

difference of increasing the stability; however, surfactants

reduce stability and increase the decomposition. Therefore,

graphene nano-sheets can be used as an alternative of the

surfactants, because they have improved the HFP in any

stage while increasing hydrate stability.
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