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Abstract. Gas hydrates have been considered as a promising approach for gas separation, 

storage, and transportation. Low hydrates formation rate has been identified as a major weakness 

of this technology. However, introducing hydrate promoter could accelerate the hydrates 

formation process. In this paper, silver nanofluids are investigated as kinetic CO2 hydrates 

promoter by measuring the induction time, the initial rate of CO2 hydrate formation, and the 

amount of CO2 gas consumed at a pressure of 2.7MPa and temperature of 277.15 K. Silver 

nanofluids are prepared at a concentration range of 0.01 to 0.1 wt% of silver nanoparticles mixed 

with 0.08 SDS wt%. The experiments are conducted through high pressure reactor hydrate cell. 

The results show that nanoparticles enhance the initial hydrate formation rate and amount of gas 

consumption. However, no significant effect is observed on the induction time compared to SDS 

solution.  

1.  Introduction  

The global emission of Carbon dioxide (CO2) according to the Emission Database for Global 

Atmospheric Research has increased by 48% in the past two decades. CO2 as an essential heat-trapping 

(greenhouse) gas, is released through human activities and natural processes such as burning fossil fuels, 

respiration, and deforestation [1]. There are few techniques used to capture CO2 such as absorption, 

adsorption, membrane separation, and cryogenic distillation. However, these techniques have some 

drawbacks such as high cost, equipment faulting, solvent degradation, limited capacity, and high energy 

consumption [2]. Gas Hydrates or clathrates are referred to crystal structured solid that form from 

hydrogen-bonded water cages entraps small guest gas molecules such as methane, ethane or carbon 

dioxide formed at low temperature and high pressure. The guest gases are stabilized by Van der Walls 

force [3,4]. Gas hydrates cause a blockage in the pipeline so it is known as a serious problem for oil and 

gas industry [5-7]. Gas hydrates application has received huge attention recently by numerous 

researchers and scientists for the area of gas separation, storage and transportation. Hydrate based gas 

separation (HBGS) is a new technique in which CO2 can be separated from other gases. CO2 has different 

phase equilibrium than other gases allowing it to form hydrates crystal easier than other flue gases such 

as N2. The advantage of hydrate based CO2 separation is less energy consumption and the solvent used 

is water [8]. The solubility limitation of gases in water and the slow formation process of gas hydrates 

mailto:bhajan.lal@utp.edu.my
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restrain the hydrate applications [8]. Therefore, chemical additives such as surfactants are used as a 

kinetic promoter to enhance the hydrate formation. However, no definitive solution has been reached 

for this problem, and more investigations are required. In 2006, Li et al. introduced copper nanoparticles 

as kinetic hydrates promoters [9]. Even though Nanoparticles do not affect the hydrate dissociation 

process notably, they reduce the induction time as well as increase the rate at which hydrates grow and 

storage capacity of the cages [9-12]. This ability is gained by increasing heat and mass transfer increases 

the solubility of gases in the water, expand contact of gas and liquid area, and supply nucleation sites 

for hydrate to form. Li et al. (2006), investigated the effect of copper nanoparticles on 1,1,1,2-

Tetrafluoroethane used in air conditioning and refrigeration system. They found out that nanocopper 

have reduced the induction time of the hydrate [9]. Lee et al., studied the methane occupation of hydrates 

cages in the presence of TiO2-Ag-SiO2 and found out that the formation of methane hydrates rate is 

double in the presence of 1 wt% TiO2-Ag-SiO2   than that of methane in pure water [10]. Park et al., 

(2010), studied the effect of multi-walled carbon nanotube (MWCNTs) on the methane hydrate 

formation at concentration varies from (0.001-0.006 wt%). They reported as well that 0.004 wt.% 

MWCNT solution consumed the highest amount of methane as much as 300% compared to that in pure 

water [11]. Arjang et al., employed the silver nanoparticles as kinetic methane hydrate promoters [12]. 

They found that the induction time decreases by 85% and 73.9% respectively and gas consumption 

increased by 33.7% and 7.4% respectively. They also reported that SDS still batter than silver 

nanoparticle. Rahmati-Abkenar et al. also investigated triangular silver nanoparticles for methane 

hydrate promotion [13]. The results revealed triangular silver nanoparticles reduced the induction time 

up to 97% in comparison with pure water. Zhou et al. suggested that selected nanoparticles must be 

acid-resistant to be effective under acidic gas hydrate formation condition [14]. Hence, nanographite as 

kind of metalloid was studied as CO2 hydrate promotor. The results showed that the formation of CO2 

hydrate was 80.8% faster in the presence of graphite nanoparticles than in pure water. Meanwhile the 

CO2 consumption increased by 12.8%. Liu et al. reported that SDS coated Fe3O4 is not only able to 

shorten the induction periods but also increases the gas storage capacity of hydrates, particularly at low 

SDS concentrations [15]. They also mention that size of particle showed obvious influence on the 

promotion of SDS coated Fe3O4 to methane hydrate formation.  

This paper performs stability study of silver nanoparticles in different SDS concentrations, and 

evaluate the performance of 0.01 to 1 wt. % silver nanofluid as a kinetic promoter for CO2 gas hydrate 

formation by measuring the induction time, rate of CO2 hydrate formation, and the amount of CO2 gas 

consumed. High Pressure Reactor Hydrate Cell is used to run the experiment at temperature 277.15 K 

and pressure of 2.7MPa. 

2.  Experimental  

2.1.  Materials  

Silver nanoparticles are supplied by US Research Nanomaterials Inc, with purity 99.9%, and particle 

size is 30-50nm. Sodium dodecyl sulfate (SDS) used to stabilize the nanofluid supplied by Merck. CO2 

gas with purity 99.9% is supplied by Air Product Sdn. Bhd.   

2.2.  Apparatus and procedures   

To identify the optimum concentration of SDS used to stabilize the nanofluid, visual observation of the 

suspensions as well as nanoparticle size test using Brooklyn Haven 90 plus particle size analyser are 

used. High pressure reactor hydrate cell is used to study the kinetic of gas hydrates formation. A 

schematic representation of the reactor is shown in figure 1.  

The High pressure reactor hydrate cell consists of a high-pressure stainless-steel vessel with an 

internal volume of 412 ml. The maximum working pressure for the vessel is 30 MPa. The vessel is 

immersed in a water bath to keep the temperature constant at the desired value. The temperature inside 

the vessel is monitored both in the gas phase and in the liquid phase by two thermocouples with an 
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accuracy of ±0.01 ºC. To achieve proper mixing in the liquid sample, a magnetic stirrer is placed in the 

vessel. The pressure inside the cell is measured with a pressure transducer.  

 
Figure 1. Pressure reactor hydrate cell schematics 

Approximately 100 ml of sample is inserted into the vessel (high pressure reactor). The system then 

vacuumed, and the reactor is purged with gas twice to remove excess air inside of the reactor. Afterward, 

the reactor is submerged inside the cooling bath. The reactor is allowed to cool down to the temperature 

of 279.65 K that is 2 K higher than the hydrate equilibrium temperature. Finlay, sufficient CO2 is 

introduced to the reactor up to 2.7 MPa. After that, the system is cooled down up to 277.15 K without 

stirring during the cooling period. The decrease in pressure is observed due to the dissolution of gas into 

the liquid mixture. When pressure regains stability and temperature of the system reached to 277.15 K, 

the stirrer is turned on. When hydrate formation occurs, the sudden pressure drop in the system is 

observed. The change in pressure and temperature is recorded every 10 seconds by data acquisition 

system. When the pressure of the system remains unchanged for 2 to 3 hours, this indicates that hydrate 

formation is completed, and the experiment is ended. 

Three kinetic indexes are calculated to evaluate the silver nanoparticles as promoters. First, the 

induction time is taken from the starting moment of cooling up to hydrate formation indicated by the 

sudden drop in pressure. Secondly, the gas consumption rate is calculated using Eq (1). 

 𝑟(𝑡) =
𝑛𝑔,  𝑖−1−𝑛𝑔, 𝑖+1

(𝑡𝑖+1−𝑡𝑖−1) 
       (1) 

where ng,i-1 and ng,i+1 are the mole number of gas in the gas phase at t i-1 and t i+1, respectively. The amount 

of gas consumption is calculated using Eq (2). 

 ∆𝑛𝑔𝑎𝑠 =
𝑃0𝑉0

𝑍0𝑅𝑇0
−

𝑃𝑡𝑉𝑡

𝑍𝑡𝑅𝑇𝑡
 (2) 

where P and T are the cell pressure and temperature, respectively. V is the volume of the gas inside the 

cell; R is the universal gas constant, and subscripts 0 is for the initial time and t is for a time equal to t. 

Z is the compressibility factor calculated by the Peng Robinson equation of state. 

3.  Results and Discussion  

3.1.  Stability study 

The nanofluids are prepared by adding the silver and SDS to the water. Afterward, vigorous mixing 

applied for an hour using magnetic stirrer. Then, the nanofluid is placed in the ultrasonic bath for 60 

minutes. For stability study, 0.1 wt% of silver nanoparticles are prepared with different SDS 

concentrations 0.03. 0.05, 0.08, and 1 wt%. At the initial state where time equal to zero all the samples 

look similar and no change was recorded until after two days (figure 2). The settlement increases and 
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after seven days is shown clear that silver nanoparticle with 0.08 wt% SDS concentration is the most 

stable.                                                                         

                                                                                              

 
Figure 2. Stability of 0.1 wt. % Silver nanoparticles in different SDS concentrations. 

  

Table 1. Particle Size of silver particles in different SDS concentration. 

SAMPLE  Eff. Diam. (nm) 

0.03SDS +0.1Ag 198.10 

0.05SDS +0.1Ag 125.89 

0.08SDS +0.1Ag 73.16 

0.1SDS +0.1Ag 102.82 

 

The particles size test also shows that the silver nanoparticles size is smallest at SDS concentration 

of 0.08 wt %. It indicates that, the nanoparticles tend to distribute better in the suspension and they do 

not aggregate, which results in better stability. Particle size for all different SDS concentration is shown 

in table 1 [14].  

3.2.  Kinetic promotion 

After the most stable SDS concentration is determined, it used with three different silver nanoparticle 

concentration 0.01-0.1 wt%. The results obtained are illustrated in figures 3, 4 and 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 illustrates the induction time, for pure water, 0.08 wt% SDS, and three different 

concentration of silver nanoparticle. It can be observed that all studied concentration have a promotional 

effect. In addition, there is no appreciable difference in the induction time between SDS solution and 

Figure 3. Induction time for 4ºC Sub-cooling for pure water, 0.08 wt% SDS, and nanofluids. 
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silver nanoparticles for average three experiment tests, with enhancement rate of 44% compared with 

water. 

The initial rate of CO2 gas consumption is plotted in figure 4. It shows that the pure water has the 

lowest consumption rate. 0.01 wt% Ag can enhance the initial rate by 417.4% and 15% compared with 

pure water and 0.08 wt% SDS, respectively. Then, it followed by SDS, 0.05 and 0.1 wt% as it shown in 

figure 4.   

 

 
Figure 4. Initial CO2 hydrate formation rate for pure water, 0.08 wt% SDS, and nanofluids. 

The amount of CO2 consumed is found to be the highest at a concentration of 0.1 wt% Ag. The 

experimental results show that the presence of Ag increased about 9.7, 1.8, and 11.4% in the amount of 

CO2 consumption for a period of 180 min for 0.01, 0.05, 0.1 wt%, respectively. The presence of a 

mixture of Ag + 0.08 wt% SDS enhance the CO2 consumption compared to 0.08 wt % SDS about 3.3 

% and 5.1 %  for 0.01 and 0.1 wt%, respectively.  

 
Figure 5. Amount of CO2 Gas consumed at 180 minutes for pure water, 0.08 wt% SDS, and 

nanofluids. 

The enchantment of gas hydrate formation by adding silver nanoparticles is attributed to its 

high thermal conductivity. Gas hydrates formation is an exothermic process that leads to 

increasing in the temperature, thus decreasing the driving force for hydrate formation. 

Therefore, the heat of formation can be removed from the system more effectively and much 

faster by using a higher thermal conductivity fluid. This will provide a more suitable 

temperature profile that is required for better nucleation. In addition, the presence of solid 

particles in the system, offer the nucleation sites for easier heterogeneous nucleation [13-15]. 

4.  Conclusion 

The silver nanofluid shows the best stability and smallest particle size at 0.08 wt % SDS. The kinetic 

study revealed that adding kinetic promoters shorten the induction time. However, no significant effect 
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has been observed for Silver Nanoparticles. The initial rate of hydrates formation and amount of gas 

consumption are enhanced by adding silver nanoparticles. 0.01 wt% Ag enhance the initial rate by 

417.4% and 15% compared with pure water and 0.08 wt% SDS. Meanwhile, 0.1 wt% show the highest 

gas consumption enhancement rate by 5.1 wt. 
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