
Advances in Environmental Technology 4 (2018) 233-240 

*Corresponding author. Tel: +98-26-36280040-7 

E-mail address: alireza_azimi550@yahoo.com 

DOI: 10.22104/aet.2019.3010.1169 

   

Advances in Environmental Technology 

 

journal homepage: http://aet.irost.ir 

 

Thermodynamic study of CO2 hydrate formation in the presence of SDS 
and graphene oxide nanoparticles  

Hamid Sarlak, Alireza Azimi *, Seyed Mostafa Tabatabaee Ghomshe, Masoomeh Mirzaei 

Department of Chemical engineering, Mahshahr Branch, Islamic Azad University, Mahshahr, Iran 

 

A R T I C L E   I N F O  A B S T R A C T 

Article history: 
Received 2 January 2019 

Received in revised form 
12 August 2019 
Accepted 24 August 2019 

 

 Gas consumption rate is an important factor in the kinetic study of gas hydrate 
formation. In this study, the kinetics of the hydrate formation was examined in water 
+ carbon dioxide + graphene oxide and water + carbon dioxide + graphene oxide + 
sodium dodecyl sulfate (SDS) systems. The experiments are carried out at 0.05 and 
0.1% of graphene oxide nanoparticle weight and 400 mg/l SDS solution at 3.6 MPa 
and 4 MPa pressures and temperatures of 275.65, 277.65, and 279.65 K. The results 
show that as the pressure rises, graphene oxide is responsible for the increase in the 
storage capacity and gas consumption at constant temperature so that using 
graphene oxide at 0.1% weight increases the storage capacity by 4.2% and molar gas 
consumption by 3.8% at the pressure of 3.4 MPa compared to the 0.05% weight. 
When the surfactant, SDS with the concentration of 400 mg/l, is used, storage 
capacity and gas consumption increase by 38% and 26%, respectively. 
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1. Introduction 

Carbon dioxide is mainly caused by the combustion of 
fossil fuel at homes and in vehicles and the burning of the 
flare stack gas in refineries, petrochemicals, and thermal 
power plants. Then it enters the atmosphere. CO2is one of 
the most effective pollutants in creating greenhouse effect 
which causes the warming and gradual increase in Earth 
temperature. Greenhouse gas separation and storage is 
one of today's important environmental issues [1,2]. The 
challenges involved designing novel equipment and 
implementing new methods [3]. The hydrate formation is a 
method to separate and store CO2, which has created a 
great interest among researchers. In this way, CO2 is 
hydrated and stored at the depths of the oceans instead of 
being released in air. In this method, CO2 is injected at a 
depth of over 400 meters. CO2 is trapped in the water as a 
result of solution. It is hydrated due to the low 
temperature and high water pressure at 500-900 m below 
the sea level. Despite numerous studies to improve the 
thermodynamic conditions of gaseous hydrate formation, 
the kinetics of gas hydrates has not been, so far, taken into 
account [4-6]. In this regard, numerous researchers have 
proposed solutions to eliminate or absorb CO2, some of 

which are as follows: The kinetic effects of N-butyl-N-
methyl pyrrolidinium bromide ([Py14]-Br) on the formation 
of CO2 gas hydrates were experimentally investigated by 
Xiao et al. Both of the induction time of CO2 hydrates 
formation and the formation rates were investigated in the 
aqueous solutions of [Py14]-Br at different concentrations 
.Pressure and temperature changes versus time during the 
hydrate formation process were measured under the 
isochoric conditions. [Py14]-Br aqueous solution could 
delay the induction time compared with pure water 
system at relatively high sub cooling, while it appeared to 
have no inhibition effect at low sub cooling, even 
enhanced the formation of gas hydrates [7]. The 
separation of CO2 from the flue gas by the combination of 
tetra- N - butyl ammonium additive and tetra hydro furan 
was investigated by Yang et al. Various combinations of 
the two additives were used for testing. The experiments 
were conducted using an isochoric method to study the 
effects of additive mixtures with different compositions. A 
mass fraction of 1% THF with the mass fraction of 0.5%, 
1%, 2%, 3% and 5% TBAB, and 5% THF with 3%, 5% and 8% 
TBAB were used .A mass fraction of 1% THF with the mass 
fraction of 0.5%, 1%, 2%, 3% and 5% TBAB, and 5% THF 
with 3%, 5% and 8% TBAB were used. The experiments 
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were conducted at 276.35–291.05 K and 0.9–4.4 MPa. For 
all mixtures with the mass fraction of 1% THF, the effect 
was subtle (with the exception of the 1% THF + 5% TBAB 
mixture). On the other hand, the hydrate equilibrium 
pressure decreased dramatically when mixtures containing 
5% THF were added .Also a combination of a mass fraction 
of 5% THF + 5% TBAB greatly reduced the induction time of 
hydrate formation compared with the other 
concentrations tested [8]. The effect of synthesized zinc 
oxide (ZnO) nanoparticles on the kinetic and 
thermodynamic equilibrium conditions of CO2 hydrate 
formation was investigated by Mohammadi et al. The 
amount of the gas consumption was measured and 
compared for the four sample fluids: pure water, aqueous 
solution of sodium dodecyl sulfate (SDS), water-based 
ZnO-nano fluid and water-based ZnO-nano fluid in the 
presence of SDS (0.001 mass fraction). The time of hydrate 
growth decreased and the amount of the storage gas 
enhanced in the presence of nanoparticles [9]. The effect 
of silver nanoparticles and SDS on the rate of formation of 
CO2 hydrates and its storage capacity was studied by 
Mohammadi et al. They showed that the use of SDS (500 
mg/l) + silver nanoparticles (0.0000045 M) has a significant 
impact on the storage capacity of CO2 and increases the 
carbon dioxide consumption by 94% [10]. The 
thermodynamic conditions for the formation of carbon 
dioxide in the presence of a salt stabilizer TBAC (tetra-N-
butyl ammonium chloride) at high concentrations was 
investigated by Kang et al. Equilibrium data at pressures of 
10 to 30 bar indicates that at high concentrations of TBAC, 
the initial pressure has a very small effect on equilibrium 
points. Also, the use of high-weight TBAC brings the 
temperature of carbon dioxide gas hydrate closer to 
ambient temperature. The results indicate that the initial 
temperature of the reactor is not affected by equilibrium 
points [11]. The present study aims at investigating storage 
capacity of CO2 in hydrate in the presence of different 
concentration of the surfactant SDS and GO nanoparticles. 
GO nanofluid showed high absorption capacities toward 
CO2 due to the high surface area and existence of OH 
groups on the GO surface and enhancement in mass 
transfer coefficient [12]. 

2. Theory and calculations 

2.1. Using Peng-Robinson equation of state for calculating 
number of moles  

Eq. (1) is used to calculate the number of gas consumption 
moles. In this equation, Z is the coefficient of 
compressibility obtained from the Peng–Robinson 
equation [13,14].  

𝑛 =
𝑃𝑉

𝑍𝑅𝑇
 (1) 

𝑃 =
𝑅𝑇

𝑉 − 𝑏
−

𝑎𝛼

𝑉2 + 2𝑏𝑟 − 𝑏2
 (2) 

𝑎 =
0.45724𝑅2𝑇𝐶

2

𝑃𝐶
 (3) 

𝑏 =
0.0778𝑅𝑇𝐶

𝑃𝐶
 

(4) 

In the above equations, Tc and Pc are critical temperature 
and pressure, respectively. R is the ideal gas constant.  Eq. 
(5) and (6) are used to calculate the initial and equilibrium 
moles at initial and equilibrium conditions using Z.   

𝑛0 =
𝑃0𝑉0
𝑍0𝑅𝑇0

 (5) 

𝑛𝑒 =
𝑃𝑒𝑉𝑒
𝑍𝑒𝑅𝑇𝑒

 (6) 

∆𝑛 = 𝑛0 − 𝑛𝑒 (7) 

Eq. (7) can be used to calculate the CO2 consumption 
between the initial and final conditions [15]: 
T0 and P0 are initial temperature and pressure of the 
experiment and Pe and Te are the final pressure and 
temperature, respectively. V0 and Veare the initial and final 
volume of the solution. In this experiment, the solution 
volume is considered 100 cm3. 

2.2. Calculation of the storage capacity 

𝑆𝐶 =
𝑉𝑆𝑇𝑃
𝑉𝐻

=

∆𝑛𝐶𝑂2𝑅𝑇𝑆𝑇𝑃

𝑃𝑆𝑇𝑃

𝑉𝐻
 

(8) 
 

The above equation is used to calculate the storage 
capacity of CO2 in the hydrate [16]. 
 In Eq. (8), PSTP and TSTP are pressure and temperature at 
standard conditions and R is the ideal gas constant. In this 
equation, VH is the volume of hydrate, which is considered 
100 cm3. 

3. Materials and methods 

3.1. Materials 

The carbon dioxide gas used to perform the experiments 
has a purity of 99.99% that was purchased from the 
company Arvand Industrial Gases Co. The carbon dioxide 
gas cylinder has a volume of 50 liters and has an initial 
pressure of 42 MPa. Graphene oxide waspurchased from 
the US Research Nanomaterials, Inc. AndSodium dodecyl 
sulfate (SDS) was used as the surfactant was purchased 
from Merck Co. 

3.2. Apparatus 

For Experiment, a 316 (S-316) stainless steel jacketed 
reactor with an internal volume of 296 cm3, which has a 
bearing operating pressure of 200 bars, is used. The 
internal chamber of the reactor is equipped with four 
valves that tolerate the pressure of 6000 psi. Of these four 
valves, two are ball valves and two are needle valves. The 
former are used for the injection of the solution and 
drainage of water and gas mixture after the experiment. 
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The latter are used for two purposes: one is used to inject 
gas and the other is used to connect to the gas 
chromatograph device and gas sampling. Two vents are 
embedded at the outer wall of the reactor in order to 
control the reactor temperature by the inlet and outlet of 
the coolant by the passage of the refrigerant fluid. 
Ethylene glycol aqueous solution with the weight 
concentration of 50% is used as the coolant. Hydrate 
formation reactor and all refrigerant fluid connections and 

transfer tubes are well insulated. A Pt-100 temperature 
sensor is used with a precision of ± 0.1 K in order to reduce 
the energy loss. The reactor pressure is measured using a 
BD sensor with the precision of approximately 0.01 MPa. 
An oscillating mixer is used for the proper mixture in the 
hydrate formation reactor. A pump is used to create 
vacuum inside the reactor. A schematic of hydration 
formation device is shown in Figure 1. 

Fig. 1. Schematic of the applicable hydrated device. 

Table 1 shows the different conditions of experiment 
including pressure and temperature changes with/without 
the presence of graphene oxide nanoparticles and SDS at 
different concentrations for each experiment, used to 
calculate the storage capacity and CO2 molar consumption.  

3.3. Procedure 

First, the reactor is washed with water by a continuous 
rotatory system for 10 minutes. Then it is rinsed by the 
distilled water. Vacuum pump is then used for 5 minutes to 
ensure the exit of intracellular air and remaining water 
droplets. 100 cm3 solution with 0.1 and0.05% of graphene 
oxide nanoparticle weight concentration is prepared and 
injected into the cell. After setting the refrigerant 
temperature and stabilizing the temperature, CO2 is 
injected at 40-bar initial pressure and oscillating mixer is 
turned on at fixed speed at the same time. As soon as the 
hydration formation process and CO2 consumption begin, 
the system pressure declines. Afterwards, pressure and 
temperature data are recorded on the computer at certain 
time intervals. 

Table 1. The different conditions of experiment 

Run P0 (bar) T1 ( C ) SDS(mg/l) GO(mg/l) 

1 40 0.2 0 0.1 
2 40 2.8 0 0.1 
3 40 4 0 0.1 
4 36 1.6 0 0.1 
5 36 2.8 0 0.1 
6 36 3.5 0 0.1 
7 40 1.7 0 0.05 
8 40 2.8 0 0.05 
9 40 3.8 0 0.05 

10 36 2.5 0 0.05 
11 36 3 0 0.05 
12 36 4 0 0.05 
13 40 4 400 0.1 
14 36 3.8 400 0.1 
15 40 5.5 400 0.05 
16 36 4 400 0.05 
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4. Results and discussion 

4.1. Calculation of CO2 consumption 

4.1.1. Effect of pressure and temperature on the CO2 
consumption in various concentrations of graphene oxide 

Additives, nanoparticles, are responsible for the increase in 
the cavities that are ready to host the gas molecules. This 
helps greater gas consumption [17-20]. Figure 2 shows 
that increased pressure contributes to the increased CO2 
consumption. On the contrary, as mentioned earlier, 
increased temperature reduces the CO2 consumption. 

 

Fig. 2. Effect of pressure and temperature on the number of 
moles consumed in various concentrations of graphene oxide 
 

4.1.2. Effect of pressure and temperature on the gas 
consumption in the same concentrations of graphene oxide 

As shown in Figure 3, increased temperature has a reverse 
effect on the CO2 consumption so that the increased 
temperature is responsible for reduced CO2 consumption 
and increased pressure at similar graphene oxide 
nanoparticle concentration increased the CO2 
consumption. 

 
Fig. 3. The effect of pressure and temperature on the number of 
moles consumed in the same concentrations of graphene oxide. 

4.2. Calculation of the storage capacity 

As new materials with dimensions of less than 100nm, 
nanostructures can be effective factors in intensifying the 
mass and heat transfer in different systems due to 
preparing the surfaces with special areas and high energy 
[21]. Hydrate formation is an interdisciplinary 
phenomenon. Any substance capable of increasing mass 
and heat transfer at water-gas interface would increase 
the hydration formation rate and gas dissolution. For 
instance, the thermal conductivity of copper is 700 times 
that of water at the room temperature. Metal oxides such 
as aluminum oxide, considered thermal insulation 
compared to certain metals such as copper, have thermal 
conductivity which is 10 times that of water. Graphene 
oxide solution containing non-suspended solid particles, 
known as nano-fluid, translates heat far better than its 
base fluid [22,23]. 

4.2.1. Effect of pressure and temperature on storage 
capacity at various concentrations of graphene oxide 

As it can be seen in Figure 4, as temperature rises, storage 
capacity reduces due to the exothermic hydration process; 
however, increased pressure is more effective in increasing 
storage capacity due to the increase in the driving force 
compared to the graphene oxide concentration. 

Fig.4. Effect of pressure and temperature on storage capacity at 
various concentrations of graphene oxide. 

4.2.2. Effect of pressure and temperature on storage 
capacity at the same concentrations of graphene oxide 

As it can be seen in Figure 5, when a fixed graphene oxide 
nanoparticle concentration is taken into account, 
increasing pressure is responsible for the increase in 
storage capacity; however, increased temperature leaves a 
reverse effect. 

4.3. Effect of SDS on the gas consumption and storage 
capacity 

Adding surfactant is highly effective in the molar 
consumption and storage capacity due to the following 
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reasons: SDS materials have a hydrophilic and a 
hydrophobic end. During the hydration formation, the best 
place for these materials is the gas-water interface 
because the hydrophilic end tends towards the water and 
the hydrophobic end tends towards the gas. Gas-water 
surface stretch reduces and the gas penetration into the 
water becomes faster and, consequently, the hydration 
formation rate increases as a result of the bond of the 
hydrophilic and hydrophobic ends with gas and water 
[24-27]. Since CO2 has high water solubility, the presence 
of surfactants and foam caused by them can sometimes 
increase the gas penetration resistance into the liquid and 
decrease CO2solubility.This assumption is strengthened 
when the hydration formation rate decreases at a greater 
pace as the solution concentration rises [27].  

 
Fig. 5. The effect of pressure and temperature on storage 
capacity at the same concentrations of graphene oxide. 

 

4.3.1. Effect of SDS and pressure and graphene oxide with 
different concentrations on storage capacity 

As shown in Figure 6 adding surfactant is significantly 
effective on storage capacity. Increased graphene oxide 
nanoparticle concentration intensifies such effect. As 
pressure rises, storage capacity rises, too. 

 
Fig.6. Effect of SDS and pressure and graphene oxide with 
different concentrations on storage capacity. 

4.3.2. Effect of SDS and pressure and graphene oxide with 
different concentrations on the gas consumption 

As in Figure 6, the effect of the surfactant on molar 
consumption is also seen in Figure 7, simultaneously 
increasing the concentration of graphene oxide 
nanoparticles and the pressure increases the consumption 
of carbon dioxide. 

 
Fig.7. SDS effect and pressure and graphene oxide with different 
concentrations on the number of moles consumed. 

Effect of temperature on the gas consumption and storage 
capacity is drawn in Figures 8, 9 at pressures of 3.6 and 4 
MPa at concentrations of 0.05 and 0.1% weight percent. 

 
Fig. 8. Effect of temperature on the storage capacity at pressures 
of 3.6 and 4 MPa at concentrations of 0.05 and 0.1% weight 
percent. 
 

Figures 10-15 show the effect of adding a surfactant, called 
SDS, with the concentration of 400 mg/l to the solution at 
fixed temperature; however, graphene oxide, pressure and 
concentration vary. In this condition, storage capacity and 
CO2 gas consumption are greater and more sensible 
compared to the previous condition. 
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Fig. 9.Effect of temperature on the gas consumption at pressures 
of 3.6 and 4 MPa at concentrations of 0.05 and 0.1% weight 
percent. 

 
Fig. 10. Effect of SDS and graphene oxide 0.05 % on the storage 
capacity at various pressures. 

 
Fig.11. Effect of SDS and graphene oxide on the storage capacity 
at constant pressures. 
 

 
Fig. 12. Effect of SDS and graphene oxide 0.1% on the storage 
capacity at various pressures. 
 

 
Fig . 13. Effect of SDS and graphene oxide 0.05% on the gas 
consumption at various pressures. 

 
Fig .14. Effect of SDS and graphene oxide 0.1% on the gas 
consumption at various pressures. 
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Fig . 15. Effect of SDS and graphene oxide on the gas consumption 
at constant pressures. 

5 . Conclusions 

In this study, two important parameters, storage capacity 
and gas consumption, were examined in the CO2 hydration 
formation process at the presence of graphene oxide 
nanoparticles and a surfactant called SDS. In general, 
increasing graphene oxide nanoparticle concentration is 
responsible for the increase in the molar consumption by 
3.8% and storage capacity by 4.2%. At a fixed graphene 
oxide concentration, the higher the pressure is, the higher 
the molar consumption and storage capacity are. At a fixed 
graphene oxide pressure and concentration, gas 
consumption and storage capacity decline. If SDS is added 
to the system, gas consumption and storage capacity rise 
by 26% and 38%, respectively. Increased pressure is 
responsible for the increase in gas consumption and 
storage capacity . 
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