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ABSTRACT: In this study, the effect of various concentrations of alkyl polyglycoside (APG), 

aluminum oxide nanoparticles (Al2O3), and tetra-n-butyl ammonium chloride (TBAC) on the storage 

capacity of CO2 hydrate formation are investigated. For this aim, a laboratory system is developed. 

The experiments are carried out in the pressure range of 25 to 35 bar and the temperature range  

of 275.15 K to 279.15 K. The Experimental results showed that by increasing the system pressure  

at a constant temperature, the storage capacity increased by 48% on average. Decreasing the system 

temperature at constant pressure increased the storage capacity by 23% on average. Adding APG  

to the system at constant temperature and pressure increases the storage capacity by 75% on average, 

while adding nanoparticles of aluminum oxide increases the storage capacity by 5% and TBAC 38% 

on average. For statistical analysis of laboratory data, Design-Expert software and Response Surface 

test design method, and Quadratic model are employed and a mathematical relationship is developed 

with R2 = 0.9987 to estimate CO2 storage capacity in hydrates. The optimum amount of storage 

capacity equal to 137.476 has been reached at 34.558 bar, 276.085 K, 2.825 wt% of TBAC, 956.733 

ppm APG, 2.436 wt % Al2O3. 
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INTRODUCTION 

Carbon dioxide is one of the most effective greenhouse 

gases in global warming and the gradual increase  

in the Earth’s temperature, contributing to 9% to 26%  

of the greenhouse effect [1- 4]. As a method for separating 

and storing CO2, hydrate formation has attracted many 

researchers [5, 6]. Gas hydrates are solid crystalline 

substances produced by hydrogen bonding in water.  

Gas hydrates entrap molecules of lower molecular weight 

within a lattice [5]. As a unique feature, gas hydrates  

can hold about 180 times the gas volume [6- 9]. This high 

storage capacity has attracted attention to this phenomenon 

in the industry. In addition, the slow release of gas  

from hydrates, entrapment of flammable gases within  

the hydrates lattice and their low storage pressure are other 

advantages of hydrates. However, they have not been used 

yet in the industry due to problems such as the slow rate of 

hydrate formation for industrial applications, difficult 

separation and packaging of hydrate particles for 

transportation, and the presence of unreacted water within 

the lattice which occupies a large percentage of the volume 

within the hydrate lattice. Nevertheless, among the many 

methods of gas transmission and storage, gas hydrates  

can be of great interest because of their high storage capacity, 

the possibility of gas transfer at moderately low temperatures 

and at ambient pressure, easy transfer at a lower cost,  

and an easy production process. However, to produce them 

on an economic scale, one should consider problems  

such as high pressure and low formation rate, the need  

for increased stability, lower volume of gas transport 

compared with other methods, and water separation [10- 16]. 

Investigating the kinetics of hydrate formation and 

searching for effective promoters are very important. 

Several studies have been carried out on the effects of 

some surfactants on gas hydrate induction time, growth 

rate, and storage capacity [17-20]. The former method  

can help prepare nanofluids to improve heat and mass transfer 

in the hydrate formation system and provide suitable sites 

for heterogeneous nucleation of gas hydrates [21- 23].  

The latter method can increase the solubility of the gas components 

in the water phase to improve their efficiency [24, 25]. 

In 2016, Mohammadi et al. examined the effect  

of synthesized zinc oxide (ZnO) nanoparticles on 

thermodynamic and kinetic equilibrium conditions of 

hydrate formation. The amount of gas consumption  

was measured and compared for four fluid samples including 

pure water, SDS liquid solution, water-based ZnO-

nanofluid, and water-based ZnO-nanofluid in the presence  

of SDS (with a mass fraction of 0.001). The presence  

of nanoparticles resulted in a decrease in the hydrate 

growth time and an increase in the stored gas amount [26]. 

In 2016, Pivehzhani et al. investigated the optimum 

conditions for CO2 hydrate formation in order to determine 

the maximum CO2 storage rate and optimum energy 

consumption. They found that the impeller speed was  

the most effective factor. [27]. 

In 2019, Pahlavanzadeh et al. investigated the kinetics 

of methane hydrate formation in presence of SDS and 

CTAB as kinetic promoters. Their result indicates that 

SDS with a concentration of 500 ppm and CTAB with 

a concentration of 700 ppm are the most effective 

promoters in increasing the average apparent rate constant 

and water to hydrate conversion [28]. 

In 2020, Pourranjbar et al. studied the hydrate phase 

equilibria in the system containing methane gas. They used 

some additives such as TBAC in the presence and absence 

of NaCl/MgCl2 in the system to figure out the hydrate 

formation process [29]. 

In 2020, Lijun et al. used graphene oxide and SDS  

as a chemical affinity model to study the kinetics of 

hydrate formation in different systems. According to their 

result, they conclude that the chemical affinity model  

can accurately predict the formation of hydrates in 

complex systems [30]. 

Several solutions have been proposed in this regard, 

and the present study addresses the use of nanoparticles 

and storage capacity enhancers. 

 

EXPERIMENTAL SECTION 

Materials 

The carbon dioxide used for the experiments has  

a purity of 99.99%, which was purchased from the Arvand 

Industrial Gas Company. The carbon dioxide gas capsule 

has a volume of 20 liters and has an initial pressure of 60 bar. 

Tetra-N-butyl ammonium chloride, with the chemical 

formula C16H36ClN and alkyl polyglycoside with a purity of 

98% were purchased from Merck and Sigma-Aldrich, 

respectively. Alkyl Aluminum oxide nanoparticles with  

the purity of 99% were prepared from Nanosany product. 

Deionized water was also used to make the solutions.  

In order to stabilize the nanoparticle solution ultrasonic 

bath was used by the 24 kHz frequency for one hour. 
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Apparatus 

To test, a 316-degree stainless steel jacket (SS-316) 

with an internal volume of 296 cm3 which can withstand 

the operating pressure of 200 bar was used. The internal 

compartment of this reactor is equipped with four valves 

with a pressure tolerance of 400 bar, two of which are  

ball-type valves that are used to inject the solution as well as 

to drain the mixture of water and gas after the test and  

the other two valves are needle-type, one for gas injection and 

the other for connection to a gas chromatograph and gas 

sampling. In the reactor's outer wall, two holes have been created 

for the entry and exit of the cooling material to control  

the reactor temperature by passing the refrigerant. 

Ethylene glycol aqueous solution with a weight 

concentration of 50% has been used as a cooling agent and 

all fittings and fluid transfer pipes have been well insulated 

to reduce the energy loss of the reactor hydrate formation. 

To measure the temperature inside the reactor, a platinum 

temperature sensor of the Pt-100 type with an accuracy  

of ±0.1 K was used. The tank pressure was measured with 

a BD sensor with an accuracy of 0.1 bar. A swinging rotator 

was used to create the right mix in the main hydrate tank 

and a pump was used to create a vacuum inside the cell.  

A schematic of the hydrate formation machine used  

in this study is shown in Fig. 1. 

 

Procedure 

First, the reactor is washed with water by a continuous 

rotatory system for 10 minutes. Then it is rinsed by  

the distilled water. The vacuum pump is then used for  

5 minutes to ensure the exit of the air and the remaining 

water droplets inside the reactor. 100 cm3 aqueous solution 

of aluminum oxide with concentrations of 0.1 and 0.05 wt% 

is prepared and injected into the reactor. After setting  

the refrigerant temperature and stabilizing the temperature, 

CO2 is injected at 40-bar initial pressure and the oscillating 

mixer is turned on at a fixed speed at the same time. As soon 

as the hydration formation process and CO2 consumption 

begin, the system pressure declines. Afterward, pressure 

and temperature data are recorded on the computer  

at certain time intervals. 

 

THEORETICAL SECTION 

Amount of gas consumed 

Peng-Robinson equation of state was employed  

for the calculation of gas consumed [31]: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Schematic of the experimental setup. 
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Calculations should be performed by rewriting the state 

equation in terms of the Z compressibility coefficient. 

Hence, Eq. (2) is obtained with respect to Z by using  

the Peng-Robinson equation:    
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Where  is the molar volume, TC and PC are 

temperature and pressure at the critical point, respectively, 

R is the universal gas constant, and ω is the acentric factor. 
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Using the determined Z at the initial and final pressure 

and temperature, the initial and final number of moles 

determine from Eqs. (9) and (10): 

0 0

0

0 0

P V
n

Z R T
                                                                           (9) 

e e
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e e
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                                                                      (10) 

0 e
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Eq. (12) is used to calculate the volume of trapped 

carbon dioxide at Standard Temperature and Pressure (STP) 

conditions.  

S T P

n R T
V

P


                                                                           (12) 

In Eq. (12), the volume of CO2 gas is calculated  

in standard conditions (1 bar and 15 °C). 

 

Calculation of the storage capacity 

Eq. (13) was used to calculate the amount of storage 

capacity of carbon dioxide hydrate formation: 

S T P 2

H H

V n  C O R T P
S C

V V


                                              (13) 

In this equation, VH refers to the volume of hydrate 

produced (which is considered here 100 cm3). 

 

RESULTS AND DISCUSSION 

Statistical analysis of experimental results 

The statistical results of the experimental data, extracted 

by Design expert software, are presented in Table 1.  

For statistical analysis, the Response surface design method 

and the Quadratic model have been used. In this case,  

five parameters affecting the carbon dioxide hydration 

process in water in the presence of APG surfactant, TBAC 

additive, and nano-particle of aluminum oxide are given  

to the software according to the experimental design.  

The parameter A is the reactor pressure. Parameter B is  

the reactor temperature, parameter C is the TBAC 

concentration, parameter D is the APG concentration  

and parameter E is the amount of aluminum oxide.  

The results of changes in the above parameters on the R1 factor 

of the amount of carbon dioxide storage capacity  

were experimentally tested and recorded. In this article,  

a statistical analysis of the effect of regulatory parameters  

on storage capacity is examined. 

 
Statistical analysis of the parameters affecting  

the storage capacity of carbon dioxide in hydrates 

Table 1 shows the statistical results of the effect of used 

additives on the storage capacity of carbon dioxide hydrate 

formation. 

The results of ANOVA analysis are shown in Table 2. 

The amounts of detection factor (R2) in Table 3, 

indicate that the experimental data are consistent  

with the predicted data. The closer number to one, the 

better the compliance. According to the numbers shown,  

good matching of the experimental data is observed. 

Fig. 2 shows the experimental data versus predicted 

values., As shown, the data obtained are close to the  

45-degree lines and are linear. 

After a statistical study, a valid relationship was developed 

to estimate the storage capacity of carbon dioxide hydrate 

formation. 
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Fig. 3 shows the effect of initial pressure of the reactor 

on the storage capacity. As can be seen, the storage 

capacity increases with increasing pressure. Increasing  

the initial pressure of the reactor by increasing the driving 
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Table 1: Results from experimental experiments to determine storage capacity. 

 Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Response 1 

Run A:Pressure B:Temperature C:TBAC D:APG E:Al2O3 SC 

 (bar) (k) (Wt%) (ppm) (Wt%)  

1 30 279.15 1.5 500 1.5 80.8937 

2 35 275.15 0 1000 0 115.73 

3 30 277.15 1.5 500 1.5 81.6422 

4 35 279.15 3 1000 0 122.778 

5 30 275.15 1.5 500 1.5 82.0008 

6 35 275.15 0 0 0 55.6734 

7 35 279.15 0 1000 0 112.19 

8 35 275.15 3 1000 0 127.685 

9 25 275.15 3 1000 3 103.117 

10 35 279.15 3 0 0 46.3071 

11 25 279.15 0 1000 3 45.2167 

12 30 277.15 3 500 1.5 84.1772 

13 30 277.15 0 500 0 76.9489 

14 35 275.15 3 0 3 50.915 

15 25 275.15 3 1000 0 102.211 

16 35 279.15 0 0 3 58.6723 

17 35 279.15 0 0 0 38.0451 

18 35 275.15 3 0 0 48.3971 

19 25 277.15 1.5 500 0 47.8791 

20 30 277.15 0 500 1.5 80.1137 

21 30 277.15 1.5 500 3 81.9506 

22 25 275.15 0 0 0 31.9124 

23 35 277.15 1.5 500 1.5 96.9712 

24 35 275.15 0 1000 3 118.285 

25 25 277.15 1.5 500 1.5 49.8426 

26 30 277.15 1.5 1000 0 99.508 

27 30 279.15 1.5 500 0 77.5973 

28 30 277.15 1.5 1000 3 104.285 

29 30 277.15 1.5 0 1.5 59.211 

30 25 279.15 3 0 0 37.0087 

31 30 277.15 1.5 0 0 56.8466 

32 25 275.15 3 0 0 54.412 

33 30 279.15 1.5 500 3 81.322 

34 25 279.15 3 1000 0 65.369 

35 30 275.15 1.5 500 3 82.3023 

36 30 275.15 1.5 500 0 78.5239 

37 25 279.15 0 0 0 16.1444 

38 35 277.15 1.5 500 0 93.003 

39 30 277.15 1.5 1000 1.5 103.588 

40 30 277.15 1.5 500 0 78.006 

41 25 279.15 3 0 3 40.5239 

42 25 279.15 0 1000 0 43.1104 

43 30 277.15 3 500 0 80.8613 

44 25 275.15 0 1000 0 60.4216 
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Table 2: ANOVA analysis results. 

Source Sum of Squares df Mean Square F-value p-value  

Model 15722.29 20 786.11 159.19 < 0.0001 significant 

A-Pressure 1273.75 1 1273.75 228.75 < 0.0001  

B-Temperature 0.5986 1 0.5986 1.23 0.3301  

C-TBAC 9.83 1 9.83 1.99 0.2311  

D-APG 1129.60 1 1129.60 257.94 < 0.0001  

3O2Al-E 6.06 1 6.06 0.1212 0.7453  

AB 43.83 1 43.83 8.88 0.0408  

AC 58.63 1 58.63 11.87 0.0262  

AD 60.98 1 60.98 12.35 0.0246  

AE 39.84 1 39.84 8.07 0.0468  

BC 0.1501 1 0.1501 0.0304 0.8701  

BD 12.62 1 12.62 2.56 0.1851  

BE 3.52 1 3.52 0.7131 0.4460  

CD 225.24 1 225.24 45.61 0.0025  

CE 108.37 1 108.37 21.95 0.0094  

DE 54.38 1 54.38 11.01 0.0294  

A² 197.49 1 197.49 39.99 0.0032  

B² 0.1235 1 0.1235 0.0250 0.8820  

C² 0.0558 1 0.0558 0.0113 0.9205  

D² 11.32 1 11.32 2.29 0.2045  

E² 19.75 1 19.75 4.00 0.1161  

Residual 19.75 4 4.94    

Cor Total 15742.05 24     

 
Table 3: Statistical table of answers. 

Std. Dev. 2.22 R² 0.9987 

Mean 77.86 Adjusted R² 0.9925 

C.V. % 2.85 Predicted R² 0.8375 

  Adeq Precision 47.0175 
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Fig. 2: Real chart values versus predicted values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3: The change of the storage capacity of carbon dioxide  

in hydrate with reactor pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4: The change of the storage capacity of carbon dioxide  

in hydrated at temperature. 

the force of carbon dioxide hydrate formation, increases  

the amount of storage capacity. 

Fig. 4 shows the effect of the temperature  

on the storage capacity of carbon dioxide hydrate formation. 

As can be seen, as the temperature rises, the storage 

capacity of carbon dioxide in the hydrate decreases.  

This is due to the negative effect of increasing  

the temperature on the driving force of hydrate formation. 

Fig. 5 shows the effect of various concentrations  

of TBAC on the storage capacity of carbon dioxide hydrate 

formation. As can be seen, by increasing the 

concentrations of TBAC from 0 to 3 wt%, the storage 

capacity of carbon dioxide hydrate increases.  TBAC is  

a thermodynamic promoter of hydrate formation and 

utilization of this additive by moderating the 

thermodynamic conditions of carbon dioxide hydrate 

formation increases the driving force and therefore 

increases the storage capacity of carbon dioxide hydrate 

formation.  

Fig. 6 shows how to change the storage capacity  

of carbon dioxide in hydrate with APG concentration.  

As can be seen, with increasing APG concentration,  

the storage capacity of carbon dioxide in the hydrate increases 

sharply. One of the effects of adding APG is a drastic 

reduction in surface tension between water and gas.  

By reducing the surface tension, the gas penetration 

resistance in water and hydrate is significantly reduced. 

Fig. 7 shows how the Al2O3 concentration of carbon 

dioxide storage capacity changes in hydrate with 

concentration (aluminum oxide). As can be seen, with  

the conditions defined for this experiment, with increasing 

Al2O3 concentration, the storage capacity of carbon 

dioxide in the hydrate does not change much and is slightly 

increasing. At the temperature and pressure of the hydrate 

formation cavities produced by hydrogen bonding in 

water, some of these cavities are occupied by aluminum 

oxide and as a result, the penetration of carbon dioxide into 

the hydrate is reduced and the storage capacity is slightly 

increased. 

In Figs. 3 to 7 of the single effect, the parameters 

affecting the storage capacity of carbon dioxide  

in the hydrate (regardless of the interaction between them) 

are analyzed. Due to Figs. 3 to 7 and statistical Relations (14), 

the addition of APG has had the greatest impact on storage 

capacity. Figs. 8 to 13 examine the interaction between 

effective parameters. 
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Fig. 5: The change of the storage capacity of carbon dioxide  

in hydrate with TBAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: The change of the storage capacity of carbon dioxide 

absorption in hydrates with APG concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: The change of the storage capacity of carbon dioxide  

in hydrate with Al2O3 concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: The effect of simultaneous interaction of pressure and 

temperature parameters of the reactor on the storage capacity 

of carbon dioxide in the hydrate. 

 

As can be seen in Fig. 8, the simultaneous effect  

of temperature and pressure on the storage capacity of carbon 

dioxide can be said to be much lower than the pressure change. 

Fig. 9 also shows the simultaneous effect of pressure 

and APG on the three-dimensional diagram. It is observed 

that at high pressures as well as at high concentrations  

of APG, the storage capacity of carbon dioxide hydrate is 

in the best conditions. Because the lowest amount of storage 

capacity is when we see the amount of pressure and APG 

and vice versa. 

Fig. 10 shows the interaction of pressure and concentration 

of aluminum oxide on the storage capacity of carbon 

dioxide in the hydrate. 

As shown in Fig. 11, low-temperature conditions  
 

as well as high APG concentrations. Also the amount  

of carbon dioxide hydrate storage capacity is really optimal. 

Fig. 12 also shows that there is no significant 

interaction between the parameters of temperature and 

concentration of aluminum oxide under the experimental 

conditions in the storage capacity of carbon dioxide 

hydrate.  

Fig. 13 also shows the interaction between the APG 

and Al2O3 concentration parameters. At high 

concentrations of APG and Al2O3, the storage capacity of 

carbon dioxide hydrate is observed to increase. 

The behavior of the APG and TBAC concentration 

parameters on the carbon dioxide storage capacity in Fig. 14 

is the same as the simultaneous effect of pressure and APG.  
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Fig. 9: Effect of simultaneous action of pressure parameters 

and APG concentration on carbon dioxide storage capacity  

in hydrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: The effect of simultaneous interaction of pressure and 

concentration parameters of Al2O3 on the storage capacity of 

carbon dioxide in the hydrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: The effect of simultaneous action of temperature 

parameters and APG concentration on the storage capacity of 

carbon dioxide in the hydrate. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: The effect of simultaneous interaction of temperature 

parameters and Al2O3 concentration on the storage capacity of 

carbon dioxide in the hydrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Simultaneous interaction of APG and Al2O3 

concentration parameters on the amount of carbon dioxide 

storage capacity in the hydrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Simultaneous interaction of APG and TBAC 

concentration parameters on the amount of carbon dioxide 

storage capacity in the hydrate. 
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Table 4: Optimal laboratory conditions for maximum storage capacity. 

Pressure Temperature TBAC APG Al2O3 SC Desirability  

34.558 276.085 2.825 956.733 2.436 137.476 1.000 Selected 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 15: Sloping surface diagram in optimal condition. 

 

It is observed that in high concentrations of APG and 

TBAC, the storage capacity of carbon dioxide hydrate is  

in the best conditions and the most ideal distribution. 

Because the maximum amount of storage capacity is  

in the case where we see the maximum amount of TBAC 

and APG and vice versa. 

 

Optimization conditions 

The results of optimizing the amount of storage 

capacity using the software are shown below. It should be 

noted that Table 4 of the optimal laboratory conditions  

for the maximum amount of storage capacity is stated. 

In the following, we can also check the sloping 

 surface diagram. The sloping surface will be as  

follows in the maximum amount of storage capacity  

(Fig. 13). 

The points marked in Fig. 15 in the variables range 

expressed, indicate the optimal point which is the 

maximum storage capacity of carbon dioxide gas. 

CONCLUSIONS 

In the present study, statistical analysis of carbon dioxide 

gas storage capacity in hydrate was conducted in the presence 

of alkyl polyglycoside surfactant (APG), aluminum nanoparticle 

oxide, and Tetra-Butyl Ammonium Vhloride (TBAC) 

additive. The impact factor of the parameters was statistically 

presented by a mathematical relationship with R2 = 0.9987  

to estimate the CO2 storage capacity in hydrates. The results 

showed that adding APG to the system at constant 

temperature and pressure increases the storage capacity  

by 75% while adding 5% aluminum oxide nanoparticles  

and TBAC 38% increased storage capacity. Also, the 

simultaneous effect of the parameters was doubled  

on the storage capacity which was most affected by the high 

concentration APG with the increase of each pressure 

parameter and the TBAC concentration and the most optimal 

mode which is the maximum storage capacity of carbon 

dioxide is in high concentrations of APG, TBAC, and high 

pressure and low temperature. 
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Nomenclature 

P                                                                                Pressure 

P0                                        Initial gas pressure based on bar 

Pe                   Equilibrium (final) gas pressure based on bar 

Pc                                                                Critical pressure 

T                                                                       Temperature 

Tc                                                                Critical temperature 

T0                               Initial gas temperature based on STP 

Te                                  Final gas temperature based on STP 

Z                                                         Compressibility factor 

Z0        Gas compressibility coefficient at an initial pressure  

                                                                  and temperature 

Ze                 Gas compressibility coefficient at final pressure  

                                                                   and temperature 

V                                                   Volume of the gas phase 

V0                                        Initial gas volume based on cm3 

Ve                                         Final gas volume based on cm3 

ʋ                                                                        Molar volume 

n0                                                     Initial number of moles 

ne                                                         Final number of moles 

A, B, a, α, b and m                                               Constants 

ω                                                                     Acentric factor 

R               Universal gas constant 83.14 (bar.cm3)/(mol.K) 

SC                                                               Storage Capacity 

VH                         Hydrate formation volume based on cm3 
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