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A B S T R A C T  

 

The nanofluid-based gas hydrate formation process employing copper oxide (CuO) 
nanoparticles have been experimentally investigated in this work. Different concentrations of 
nanofluids are injected into the reactor at the operating condition of 29 bar, 274.15 K, and 
impeller speed of 100 rpm. It was observed that the kinetics of the carbon dioxide hydrate 
formation process was greatly affected by the nanoparticles. The remarkable point was that at 
a very low concentration of 20 ppm, a considerable improvement on the carbon dioxide hydrate 
formation kinetic without using any surfactant was obtained. At the concentration of 20 ppm, 
the values of the initial rate of hydrate formation, growth time, and induction time were 0.0495, 
194.5, and 4.4 min, respectively, which these results can be of great importance for the use of 
carbon dioxide hydrate in various industries. The results indicated that the kinetics of gas 
hydrate formation was also severely influenced by the impeller speed and initial gas pressure. 
The rate of CO2 captured in the hydrate crystalline lattice is also modeled by the first-order 
kinetic model. It was seen that this model can be used to predict the rate of hydrate formation 
with considerable accuracy. 

doi: 10.5829/ijee.2022.13.01.06 
 

NOMENCLATURE  

P0 Initial pressure [MPa] c CO2 bulk concentration in the liquid phase [mol.m-3] 

Pt Final pressure [MPa] cLG CO2 concentration at the liquid–gas interface [mol.m-3] 

P* Equilibrium pressure [MPa] cHL
∗  CO2 concentration at the liquid–hydrate interface [mol.m-3] 

R Universal gas constant [J.mol-1.K-1] K Apparent rate constant [s-1] 

T Temperature [K] KD Diffusion rate constant [m.s-1] 

R Gas consumption rate [mol.s-1] KG Growth rate constant [m.s-1] 

V Volume [m3] KE Proportionality constant [MPa.mol-1.m3] 

Z Compressibility factor ∆t Time difference [s] 

Z0 Initial compressibility factor (∆nH)t+∆t The mole of hydrate formation at time t + ∆t [mol] 

ALG Gas-liquid interfacial area [m2] (∆nH)t The mole of hydrate formation at time t [mol] 

AHL Solid-liquid interfacial area [m2] nD Amount of carbon dioxide consumed mole in the gas phase [mol] 

nc Total gas consumed mole [mol] nG Amount of carbon dioxide dissolved in the liquid phase [mol] 

 

INTRODUCTION1 
 

Carbon dioxide has always been mentioned as one of the 

gases that have led to the phenomenon of global warming. 

 

*Corresponding Author Email: bzarenezhad@semnan.ac.ir 

 (B. ZareNezhad) 

Therefore, the activities have been increased to remove 

this acid gas from the environment. Research has shown 

that considering the advantages of the gas hydrates 
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method compared to other methods, it can be used as an 

effective way to remove carbon dioxide gas. The benefits 

of the implementation of such a process would be low 

cost, high safety, and less corrosion [1-3]. To use hydrates 

in industrial applications, several problems must be 

solved. Numerous studies have been conducted on the use 

of surfactants as kinetic promoters in the process of gas 

hydrate formation [4-6]. Among surfactants, Sodium 

dodecyl sulfate (SDS) is known as a highly effective 

kinetics promoter [4, 7]. But the use of some surfactants 

leads to the problem of foaming. In some studies, 

tetrahydrofuran (THF) or tetra-n-butyl ammonium 

bromide (TBAB) have been used as thermodynamic 

promoters for reducing the CO2 hydrate equilibrium 

pressure and enhancing the hydrate formation rate [8-10]. 

Unfortunately, the thermodynamic promoters occupy 

some of the hydrate cavities such that the CO2 storage 

capacity decreases. The liquid foaming and hydrate cavity 

occupation are major difficulties associated with the use 

of surfactants [11]. Research has shown that the rate of 

hydrate formation is substantially influenced by the 

simultaneous use of SDS and THF [12-14]. Other studies 

have also shown that the combination of promoters can 

be more effective [8, 15-18]. 

Because of the aforementioned difficulties, various 

studies have been conducted on the gas hydrates 

formation phenomenon in the presence of nanoparticles. 

Nanographite is one of these nanoparticles. Research has 

revealed that these nanoparticles, lead to an increase in 

the induction time and maximum CO2 consumed mole 

about 80.8 and 12.8%, respectively [19, 20].  ZareNezhad 

et al. [21] investigated the entrapment of carbon dioxide 

gas using the hydrate method by employing the non-

conductive nanographene oxide (NGO) particles for the 

first time. The remarkable result was that in the presence 

of 30 ppm NGO, 95% gas to hydrate formation could be 

obtained in less than 2.5 h. The effect of three different 

nanoparticles of multi-wall carbon nanotubes (MWNTs), 

TiO2, and SiO2 on the hydrate formation process was also 

examined in another research. The induction time of CO2 

hydrate formation was remarkably decreased to 12.5 min 

in the presence of 0.005 wt% MWNTs nanoparticles [22]. 

Other research has also shown that multi wall carbon 

nanotubes (MWNTs) can have a significant effect on 

improving the dissolution of carbon dioxide as well as the 

hydrate formation process. The presence of MWNTs 

nanoparticles at optimum concentration led to the 

improvement of kinetic parameters [23]. Khalili et al. also 

reported that the adsorption of carbon dioxide on 

MWNTs is significantly increased in the presence of 

MWNTs [24]. 

In the other work, the effect of aluminum oxide and 

NGO in the presence of surfactant on the formation 

kinetics of carbon dioxide hydrate was tested. The results 

showed that the concentration of 400 ppm NGO and 0.4 

wt% Al2O3 had the most significant impact on the kinetics 

parameter of CO2 hydrate formation [25]. Zhou et al. [26]  

also showed that gas consumption, induction time, and 

the ratio of water to hydrate conversion were affected by 

the simultaneous presence of tetra-n-butyl ammonium 

bromide (TBAB) and graphite nanoparticles (GN). In 

another work, the effect of iron oxide (Fe3O4) 

nanoparticles at different concentrations in the 

simultaneous presence of 400 ppm SDS and 400 ppm 

cetyltrimethylammonium bromide (CTAB) were 

investigated. The results showed that at an optimum 

concentration of 0.15 wt% the induction time decreased 

by 70.6% and the mole of gas consumption increased 

about 160% [27]. Bozorgian [28] also studied zinc oxide 

nanoparticles in the presence of CTAB. The experiments 

were performed at two concentrations of 0.05 and 0.1wt% 

and the results showed an acceptable effect of these 

nanoparticles on the storage capacity of CO2 hydrate 

formation. Additional studies on the effect of 

nanoparticles in pure form and also in the simultaneous 

presence of kinetic and thermodynamic promoters on 

CO2 hydrate formation are summarized in Table 1 . 

Due to the positive effect that was mentioned for 

nanoparticles in the process of carbon dioxide hydrate 

formation, hence the copper oxide nanoparticles to 

promote the hydrate formation process have been 

investigated. Of course, various studies have been 

conducted on the simultaneous use of kinetic and 

thermodynamic enhancers in the presence of 

nanoparticles. However, for a more detailed study in this 

study, pure copper oxide nanoparticles were used. To 

achieve the best result, different concentrations of 

nanoparticles at different temperatures and pressures 

were also tested. To explain the process, a kinetic model 

is also presented at different nanoparticle concentrations 

and operating conditions. 

 
Table 1. Nanoparticles used to improve the kinetics of CO2 
hydrate formation  

Nanoparticles 
Kinetic and thermodynamic 

promoter 
Reference 

GN _ [19, 20] 

 NGO _ [21] 

MWNTs, TiO2, 

and SiO2 

_ [22] 

MWNTs _ [23] 

AlOOH _ [29] 

Al2O3 and NGO TBAB [25] 

GN TBAB [26] 

Fe3O4 CTAB [27] 

ZnO CTAB [28] 

Ag SDS [30] 

GN SDBS [19] 

MWNTs TBAB [31] 
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MATERIAL AND METHODS  
 
Compounds used 

To perform the test with high accuracy, the carbon 

dioxide gas with a purity of 99% was provided from 

Sepehr Gas Company. Highly pure, deionized water is 

also provided from the laboratory. Some of the physical 

characteristics of the synthesized copper oxide 

nanoparticles are given in Table 2. Suspension of 

different concentrations of CuO nanoparticles are 

prepared and tested. It should be noted that all chemicals 

for the synthesis of copper oxide nanoparticles have been 

prepared by Merck Company . 

 

Synthesis of nanoparticles 

The materials for the synthesis of copper oxide 

nanoparticles are copper chloride (CuCl2), copper nitrate 

(Cu(NO3)2.3H2O), and sodium hydroxide. Initially, 100 

mL of a 1 M solution of copper chloride and copper 

nitrate is prepared. Then, 1 M sodium hydroxide solution 

is added dropwise to the solution at room temperature 

until the pH reached to 14. The resulting precipitate is 

then filtered and washed several times with water and 

finally ethanol. It is then dried at 16 °C for 16 hours. 

Finally, it is calcined for 4 hours at 500 °C to obtain 

copper oxide nanoparticles. 

The model for the device used for SEM testing is 

TeScan-Mira III (Czech Republic). As can be seen, 

copper oxide nanoparticles are spherical and have a 

diameter between 20-30 nm. 

 
Table 2. Physical properties of nanoparticle 

Nanoparticles Purity 
Diameter 

(nm) 

Density 

(g/cm3) 

Specific 

surface area 

(m2/g) 

CuO 99% 20 6.4 150 

 

 

 
Figure 1. SEM image of CuO nanoparticles 

 

Apparatus 

The experimental equipment set up used in the hydrate 

formation process as a unified system is shown in Figure 

2. The reactor used in this experiment is a cylindrical 

container with a thickness of 2 cm and a volume of 300 

mL. The system is also equipped with a vacuum pump, 

which is used to discharge air and fluid injection into the 

reactor. A data acquisition system recorded the 

temperature and pressure of the reactor every 5 s and 

stored them on the personal computer. The electric motor 

is located on the top of the reactor, which is used to rotate 

the four-blade impeller to fully mix the gas and liquid 

phases. To control the system temperature and keep the 

temperature constant at the desired value, the coolant 

circulator system has been used. Ethylene glycol solution 

is uniformly pumped inside the jacket covering the 

reactor. There are also 4 needle valves around the reactor, 

for injecting and discharging gas and liquid phases. 

 

Procedure 

The nanofluid containing different amounts of CuO 

nanoparticles was prepared by using deionized water. To 

distribute the nanoparticles uniformly in the aqueous 

phase, the solution was placed in an ultrasonic bath for 5 

minutes. Finally, nanofluids with concentrations ranging 

between 10 to 100 ppm were prepared. Before each test, 

the reactor was washed twice with deionized water. To 

discharge the air inside the reactor and inject of 

suspension into the reactor, a vacuum pump was used . 

After the suspension was injected into the reactor, its 

temperature was set to the desired value by the cooling 

system. Afterward, by opening the inlet valve of the CO2, 

the pressure rises to the desired initial pressure. Then, by 

turning on the motor and adjusting it to the desired 

number, the impeller rotates inside the reactor and the 

solution was stirred. As the impellers rotate and the 

process begins, the gas pressure decreases to eventually 

reach an equilibrium pressure . 
 

 

 
Figure 2. Schematic diagram of an experimental set up used to 

form the gas hydrate 
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Calculation methodology and projected model 

 

Amount of gas consumed (mole) 

Total moles consumed that trapped in the hydrate lattice 

is calculated as follows: 

nc =
P0V

Z0RT
−

PV

ZRT
   (1) 

P, V, and T are used to indicate the temperature, pressure, 

and volume of the system, respectively. Also, R and Z 

represent the gas constant and compressibility factor, 

respectively. In addition, the Z factor is calculated by the 

Cubic-Plus-Association (CPA) equation of state 

considering liquid phase hydrogen bonding effects. The 

conditions for the beginning and end of the process are 

specified by subscriptions 0 and end, respectively . 

 

Average rate of hydrate formation 

The forward difference method is used to calculate the 

average rate of hydrate formation [32]: 

(
d∆nH

dt
)

t
=

(∆nH)t+∆t − (∆nH)t

∆t
   (2) 

where t and ∆t indicates time and time difference, 

respectively. (∆nH)t+∆t and (∆nH)t determines the mole 

of hydrate formation at time t+∆t and t, respectively. It 

should be noted that for every 5 min, the average of these 

rates is calculated. 

 

Process modeling 

The carbon dioxide gas trapped inside the crystal lattice 

during the hydrate formation process is calculated by the 

following equation : 

dnD

dt
=

dnG

dt
= KDALG(c − cLG)

= KGAHL(cLG − cHL
∗ ) 

(3) 

These equations for diffusion rate (dnD/dt) and growth 

rate (dnG/dt) are given in Equation (3), the constants of 

which are denoted by KD and KG, respectively. The 

interfacial area of solid-liquid and liquid-gas is shown 

with AHL and ALG, respectively and c denotes the CO2 

bulk concentration in the liquid phase. It is quite obvious 

that the amount of carbon dioxide dissolved in the liquid 

phase (nG) is equal to the amount of carbon dioxide 

consumed mole in the gas phase (nD) . 

In order to express dioxide concentration at the 

liquid–gas and hydrate-liquid interface, the parameters of 

cLG and cHL
∗  are used. So Equation (2) can be written as 

follows: 

dnD

dt
=

1
1

KGAHL
+

1

KDALG

(c − cHL
∗ )   (4) 

Using the pressure of the system, it is possible to express 

the driving force of the hydrate formation process as 

follows: 

c − cHL
∗ =

P − P∗

KE
                          (5) 

where P, P* the pressure of the system at instant t, the 

equilibrium pressure of the system. The proportionality 

constant of KE was used to establish Equation (5) . 

At the initial CO2 hydrate formation process the 

diffusion resistance is very small in comparison with 

growth resistance. So it can be assumed that the growth 

rate controls the process. So by employing (1/KD.ALG)= 0 

in Equation (4) and combining the result with Equations 

(1) and (4), the kinetic reaction of CO2 hydrate formation 

is written as follows : 

−
dP

dt
=

ZRTKGAHL

VKE

(P − P∗)                          (6) 

Assuming K= (RTKGAHL/VG.KE) at the initial time of 

CO2 hydrate formation. K is apparent rate constant and 

optimum values of that at different operating conditions 

are calculated by minimizing the difference between 

measured and predicted gas consumed mole. 

 

 

RESULTS AND DISCUSSION 
 
Effect of nanoparticles concentration 

The mole of gas consumption versus time during the 

process of hydrate formation at different concentrations 

of suspension is shown in Figure 3. The tests were 

conducted at operating conditions of 29 bars, 274.15 K, 

100 rpm, and 150 mL of nanofluid. The initial time of 

crystallization corresponds to an exothermic sudden peak 

of temperature. As can be seen, there is an optimum 

concentration of nanofluids that the highest amount of gas 

consumption rate and gas consumed mole are observed at 

this concentration. As can be seen, at concentrations of 

20, better results are obtained compared to other 

concentrations  .The initial average rate of hydrate 

formation is 0.0495 and 0.019 (mol of gas/mol of 

water.h), respectively for the optimum concentration of 

nanofluid and pure water. This means that the use of 

nanoparticles leads to a 156% improvement in the rate of 

gas consumption. The phenomenon of mass and heat 

transfer has a significant impact on the process of gas 

hydrate formation. Since hydrate formation is an 

exothermic phenomenon, so during the process of crystal 

growing, a certain amount of heat is released. So metal 

nanoparticles with high thermal conductivity can be 

effective on the heat transfer phenomenon. Various 

studies have shown that the presence of metal 

nanoparticles including copper oxide leads to 

significantly improve the thermal conductivity of water 

[33, 34]. 

The mass transfer phenomenon between the different 

phases (gas, liquid, and hydrate phases) has been 

significantly affected by the specific surface area of the c- 
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opper oxide nanoparticles. Other research has shown that 

the gas hydrate formation kinetics is influenced by the 

specific surface area of the nanoparticles [35]. The effect 

of nanoparticles on improving gas absorption on the 

liquid surface can be explained by the shuttle effect 

mechanism. The gas molecule is transferred by 

nanoparticles from the gas-liquid interface to the liquid 

bulk. Then the nanoparticles were regenerated by 

desorbing the gas phase component [29]. 

Consequently, lower concentrations also caused the 

nanofluid to have little effect on the enhancement of heat 

and mass transfer coefficient. Also, due to the high 

bonding properties of nanoparticles at high 

concentrations, the specific surface area is reduced. So the 

Brownian motion of nanoparticles is reduced,  which leads 

to a significant reduction of gas consumed moles. 

Figure 4 compares the induction and growth times of 

different concentrations of nanoparticles with pure water. 

The time from the beginning of the process (Gas 

injection) until the temperature of the system suddenly 

increases is defined as induction time. The growth time is 

also induced by the time between the primary nuclei being 

formed to the end of the process when the system pressure 

is constant and reaches to the final value (equilibrium 

point)  .As can be seen, the presence of nanoparticles 

significantly reduced the induction time and growth time, 

with the greatest effect being observed at a concentration 

of 20 ppm. The average amount of induction and growth 

times at 20 ppm of nanofluid were 4.4 and 194.5 min, 

respectively, which decreased by 86.5% and 42.3%, 

compared to pure water . 

The decrease in the induction time of the system can 

be stated as follows  .Homogeneous and heterogeneous 

nucleation are two different types of nucleation.  

Heterogeneous nucleation occurs when the liquid 

phase is supersaturated and it should be noted that it is 

faster compared to other nucleation [36]. Dispersion of 

nanoparticles inside the liquid phase, lead to increased 

system inhomogeneity and also provides the environment 

 

 

 
Figure 3. Comparison of gas consumption over time in different 

concentrations of copper oxide nanofluid 

for heterogeneous nucleation. Therefore, the induction 

time in the presence of nanofluid is greatly reduced  .On 

the other hand, in the presence of copper oxide 

nanoparticles with a high specific surface area, mass 

transfer between gas-liquid interfaces increases, and 

consequently growth time decreases.  

 

Effect of initial gas pressure  

Figure 5 shows the effect of different initial gas pressures 

on the rate of gas hydrate formation at an optimal 

concentration of 20 ppm. As can be seen, the conversion 

of gas to hydrate is significantly affected by the initial gas 

pressure. Comparing the rate of gas consumption at 

different initial pressures, it is observed that the highest 

rate of hydrate formation is observed pressure at 35 bars 

pressure and has increased by 123% compared to the 

initial pressure of 29 bars. But over time, the amount of 

hydrate formation rate at different pressures is equal . 

The reason for this improvement can be justified by 

Henry's law. The partial pressure is affected by the initial 

pressure of the system and increases as it increases, which 

is the result of increased mass transfer in the system  .On 

the other hand, it is observed that with increasing the initi- 
 

 

 
Figure 4. Comparison of induction times and growth of 

optimum nanofluid concentrations with other concentrations at 

initial pressure 29 bars and impeller speed of 100 rpm 

 
 

 
Figure 5. The effect of different impeller speeds on the rate of 

hydrate formation at the optimal concentration of 20 ppm 
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al gas pressure, the effect of nanoparticles on improving 

the trapping rate of gas inside the hydrate crystal lattice 

becomes more significant. This level of dependence 

decreases at lower initial pressures. 

Induction and growth times at different initial 

pressures are compared in Figure 6.  According to the 

results, the induction time is inversely related to the initial 

gas pressure and decreases with increasing gas pressure  .

The average induction time at concentration 20 ppm, at 

initial pressures of 35, 32, and 29 bars were 0.7, 1.8, and 

4.35 min, respectively  .Changing the initial pressure of 

the system from 29 to 35 bars, lead to an 84% decrease in 

induction time. Also, when the initial pressure increases 

to 35 bars, the induction time is reduced by about 90.8% 

for pure water  .Increasing the system gas pressure leads 

to an increase in the supersaturation in the liquid phase. 

Therefore, as the system gas pressure increases, the early 

nuclei of hydrate are formed earlier, resulting in reduced 

induction time . 

It is observed that at different initial pressures, the 

presence of nanoparticles reduces the induction time 

compared to pure water. But it is observed that changes 

in the initial pressure of the system do not have much 

effect on growth time . 
 

 

 

(a) Induction time 

 
(b) Growth time 

Figure 6. Induction time and growth time values for initial gas 

pressures at an impeller speed of 100 rpm and nanofluid 

concentration of 20 ppm 

 

 

Effect of impeller speed 

The impact of different impeller speeds, on gas 

consumption rate at the optimum concentration of 

nanofluid, is shown in Figure 7  .The initial gas 

consumption rate for the concentration of 20 ppm and the 

impeller speed of 50 and 200 rpm were 0.0236 and 0.0891 

(mol of gas/mol of water.h), respectively. So, the rate of 

gas consumption is increased by about 277.5%  .In other 

words, performed on a stirred reactor at an impeller speed 

of less than 500 rpm, the rate of hydrate formation is 

influenced by impeller speed [37]. 

As the impeller speed increases, the Reynolds 

number also increases. The result of these changes is an 

increase in mass transfer coefficient and consequently 

higher gas consumption rates.  

Different values of induction and growth times at 

different impeller speeds, for pure water and the optimum 

concentration of 20 ppm CuO is shown in Figure 8. As 

can be seen, the mentioned kinetic parameters are 

strongly influenced by the impeller speed. The average 

induction time in the pure water and the 20 ppm CuO 

nanofluid were 4 and 1.2 min, respectively. According to 

the results, when the impeller speed is increased from 50 

to 200 rpm, the induction time is significantly reduced by 

approximately 97.5%. On the other hand, according to the 

results obtained for growth time, it is observed that an 

increase four times the impeller speed, leading to a 

reduction of approximately 70% of growth time. 

As the  impeller speed increases, the supersaturation in 

the liquid phase increases too. Therefore, less carbon 

dioxide concentration is required for the formation of  

primary hydrate crystals. Also, the mass transfer at the 

gas-liquid interface is a surface phenomenon that is 

directly related to the impeller speed and increases as it 

increases. The results indicate that the impeller speed is 

inversely related to the induction time and growth time 

and strongly influences these kinetic parameters. 

 
 

 

 
Figure 7. Rate of CO2 consumption at different impeller speeds 

and in the presence of 20 ppm CuO nanoparticles 
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(a) Induction time 

 

(b) Growth time 

Figure 8. Induction and growth time for pure water and 20 ppm 

of CuO nanofluid at different impeller speeds and initial 

pressure of 29 bars 

 

 

Kinetic model 

The gas hydrate formation kinetic model was first 

developed by Chun and Lee [38]. Subsequently, other 

scientists continue to study different kinetic models on the 

process of gas hydrate formation. In this section, the 

kinetic model of carbon dioxide hydrate formation under 

different operating conditions is investigated. 

According to the initial slope of the conversion 

profile, the apparent rate constant (K) can be calculated, 

the values of which are given in Table 3. The curves are 

linear at the beginning of the process but deviate from the 

linear state over time. The reason for this is the reduction 

in the number of nucleation sites over time, which results 

in a reduction in the rate of gas consumption. On the other 

hand, the driving force decreases over time [25]. 

According to the results, it is observed that there is a high 

correlation between the experimental results and the first-

order kinetic model. So that by comparing the results the 

average absolute deviation (AAD) is less than 1%. 

On the other hand, it can be seen that the concentration 

of nanoparticles in the aqueous phase has a great impact 

on the apparent rate constant. By increasing the 

concentration of nanofluids to 20 ppm, the value of the 

apparent rate constant increases and reaches its maximum 

value  .By increasing the concentration, the apparent rate 

constant decreases and ultimately reaches the minimum 

value. Brownian motion of nanoparticles in the liquid 

phase can explain the cause. There are two important resi- 

Table 3. Amount of apparent rate constant at the different 

operating conditions for the nanofluid system and pure water 

 
Concentration 

(ppm) 

Initial 

pressure 

(bar) 

Impeller 

speed 

(rpm) 

K 

Pure water  29 100 0.047 

     

CuO 10 29 100 0.085 

20 29 100 0.091 

60 29 100 0.074 

80 29 100 0.066 

100 29 100 0.060 

20 29 50 0.048 

20 29 200 0.150 

20 32 100 0.106 

20 35 100 0.127 

 
 

stances for the penetration of gas into the hydrate crystal 

lattice, which are the gas-liquid interface resistance and 

the film around the hydrate crystal. By increasing the 

concentration to 20 ppm, the intensity of the mentioned 

resistances decreases and reaches its minimum value. But 

as the concentration of nanoparticles increases, the 

resistances increase again. Thus the rate of gas 

penetration is reduced. So it can be concluded, the 

apparent velocity constant reaches its highest value at a 

nanofluid concentration of 20 ppm. 

As can be seen from Table 3, the amount of K is 

directly proportional to the initial pressure of the system. 

An increase in the initial pressure of the system leads to 

an increase in driving force at the beginning of the 

process, which results in an improvement in the apparent 

speed constant. 

Increasing the impeller speed also has a significant 

impact on increasing the apparent rate constant  .It is 

observed that the apparent rate constant is directly related 

to the impeller speed and reaches its maximum value at 

200 rpm. As stated, the hydrate formation process is a 

surface phenomenon. So mass transfer at the gas-liquid 

interface is significantly affected by the impeller speed. 

  
 

CONCLUSION 
 
Copper oxide nanoparticles were investigated as kinetic 

promoters in the formation of gas hydrates to remove 

carbon dioxide. Various operating conditions, such as 

impeller speed and initial gas pressure, have been tested. 

It is observed that different kinetic parameters of 

hydrate formation are significantly improved at optimum 

nanofluid concentration compared to other 

concentrations. The optimum concentration for copper 

oxide nanoparticles is 20 ppm which the average CO2 
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hydrate formation rate is 0.0495 (mol of gas/mol of 

water.h). The values obtained for induction time and 

growth time were 4.4 and 194.5 min, respectively, which 

are drastically reduced compared to pure water. The 

considerable enhancement in gas hydrate formation rate 

is attributed to the local induced vibrations and excessive 

heterogeneous nucleation due to the presence of CuO 

nanoparticles. In addition, impeller speed and initial gas 

pressure affect various kinetic parameters during the 

process of CO2 hydrate formation. As the initial gas 

pressure increases from 29 to 35 bars, the induction time 

and average rate of hydrate formation are improved by 20 

and 30%, respectively  .Also, by increasing the impeller 

speed by four times, the induction time, growth time, and 

rate of the gas consumption improve by 97.9, 76.7, and 

277.5%, respectively . 

The expressed model is employed for an accurate 

description of the process of CO2 hydrate formation at 

different operating conditions and nanoparticle 

concentrations. It was also observed that the presence of 

copper oxide nanoparticles has a significant impact on the 

apparent rate constant and reaches its maximum value at 

optimum nanofluid concentration. It is shown that the 

CuO-based nanofluid can be successfully employed for 

the enhancement of CO2 capture rate in gas hydrate-based 

flue gas recovery processes in the oil and gas industries. 
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Persian Abstract 
 چکیده 

نانوذرات اکسید مس از  با استفاده  نانوسیال  بر  بررسی قرار گرفته است.   (CuO) در این پژوهش فرآیند تشکیل هیدرات گازی مبتنی  به طور تجربی مورد 

مشاهده شد که سینتیک  دور در دقیقه به راکتور تزریق گردید.  100کلوین و سرعت پروانه    15/274بار،    29های مختلف نانوسیال در شرایط عملیاتی  غلظت

، ارتقای  ppm20 اکسید کربن تا حد زیادی تحت تأثیر نانوذرات قرار گرفته است. نکته قابل توجه آن بود که در غلظت بسیار کم  فرآیند تشکیل هیدرات دی

مقادیر سرعت اولیه تشکیل   ppm  20اکسید کربن بدون استفاده از هیچ سورفکتانتی به دست آمد. در غلظت  قابل توجهی در سینتیک تشکیل هیدرات دی

  در صنایع مختلف   اکسید کربنتواند برای استفاده از هیدرات دیدقیقه بود که این نتایج می  4/4و    5/194،  0495/0ن رشد و زمان القا به ترتیب  هیدرات، زما

 نرخگرفت.  ار  نتایج نشان داد که سینتیک تشکیل هیدرات گاز نیز به شدت تحت تأثیر سرعت پروانه و فشار اولیه گاز قر همچنین  اهمیت زیادی داشته باشد.  

بینی  توان از این مدل برای پیشمی  گردید که نشان داد سازی  جذب شده در شبکه کریستالی هیدرات نیز توسط مدل جنبشی مرتبه اول مدلاکسیدکربن  دی

 .نمودقابل توجه استفاده   یمیزان تشکیل هیدرات با دقت
 

 

 

 

 


