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ABSTRACT 

 In this work, the impact of functional group on the thermodynamics and kinetics of CO2 

hydrates are investigated experimentally. The hydroxylated multi-wall carbon nanotubes (OH-

MWCNT) and carboxylated carbon nanotubes (COOH-MWCNT) along with pristine carbon 

nanotubes (MWCNT) are selected for this study. The carbon nanotubes are suspended in a 0.03 

wt% sodium dodecyl sulfate (SDS) aqueous solution and the results are compared with SDS 

aqueous solution at the same concentration of 0.03 wt% and deionized water. The CO2 hydrate 

phase boundary and kinetic parameters of CO2 hydrate formation including induction time, the 

initial rate and amount of gas consumed, gas uptake, storage capacity, and water to hydrates 

conversion are studied. The results show that the nanofluids studied do not affect the equilibrium 

conditions of CO2 hydrates. In addition, 0.01 and 0.05 wt% of COOH-MWCNT mixed with 0.03 

wt% SDS showed highest initial hydrate formation rate and gas uptake. Furthermore, a 

comparison between SDS and COOH-MWCNT (without stabilizer SDS) at 0.03 wt% revealed 

that addition of COOH-MWCNT to the water enhance the initial hydrates formation rate 

compared to SDS.

Keywords: Gas hydrates; Kinetic hydrate promoters; Multi-wall carbon nanotubes; Enhancement 

ratio; Induction time; Functionalized carbon nanotubes.

Nomenclature and abbreviation

Ai, Bi Langmuir constants
A, B EOS parameters
Cm,i Langmuir constant
f Fugacity of studied gas in the gas phase
M  Hydration number
ηk Number of water molecules in a unit cell
NA Avogadro's number
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P Pressure
R Universal gas constant
r Rate of hydrate formation
SC Storage capacity
t Time
T Temperature

n Amount of gas consumed
U Gas uptake
V volume 
υ Molar volume.
υm Number of cavities
Z Compressibility factor
Greek letters
κ Isothermal compressibility of empty hydrate lattice
θ Fractional occupancy of cavity of type m
β Empty cavity

Subscripts
0 condition of the cell at time t=0.
g gas 
H Gas Hydrate.
i Counter
Ht The condition of hydrates produced.
L Large
m Type of hydrate cavity.
RWt Water reacted
RER Relative enhancement ratio.
Sο aqueous solution.
S Small
W Water

Superscripts
STP Standard condition
L Liquid

1. Introduction

Carbon dioxide capture and sequestration has attracted the interest of scientists with a view to 

reducing the global climate change [1]. Several techniques have been applied for carbon dioxide 

capture and sequestration such as absorption, adsorption, cryogenic, and membrane [2]. The 
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conventional technologies have drawbacks related to the capacity, selectivity, and high energy 

requirements [2]. As an alternative, hydrate based gas separation (HBGS) technology has shown 

a promising potential as technique for gas separation [3, 4]. Gas hydrates are ice-like non-

stoichiometric inclusion compound composed of guest molecules entrapped in hydrogen bonded 

water cages. The guest molecules are small gas molecules such as (CH4, CO2) or volatile liquid 

such as (THF) with suitable molecular size that can fit and stabilize the water cages via Van Der 

Waals forces [5–7].  The most common gas hydrates structures are cubic structure I, cubic 

structure II, and hexagonal structure H. The size of guest molecule determines the structure type. 

Single small molecules such as methane, ethane, and CO2 prefer to form structure I while larger 

molecules such as propane and THF form structure II. Structure H need at least two guest 

molecules to stabilize the structure such as methane and neohexene. Although hydrate formation 

is well known as a problem for oil and gas processing industry, it has a potential for many 

positive industrial applications such as gas transportation and storage, gas separation, air 

conditioning, and water desalination [8]. Gas hydrates technology has the merits of safety, 

economic feasibility, and storage capacity as 1 m3 of hydrates can store 170 m3 of gas at standard 

conditions. However, the hydrates formation conditions, slow and stochastic nature of hydrate 

nucleation, and low solubility of some gases in water have hindered a large scale application [3].  

Thermodynamic promoters such as THF and TBAB are added to form hydrates at milder 

conditions [9, 10]. To accelerate the hydrate formation process and increase the amount of gas 

reacted with water, surfactant are extensively studied as kinetic hydrate promoters [11]. 

Surfactants decrease the surface tension between water and gas thus, hydrate formation rate is 

dramatically increased. Anionic surfactants are found to be the most effective kinetic hydrate 

promoter, specifically sodium dodecyl sulfate (SDS) [11].  However, the usage of surfactants is 
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unfavorable for industrial scale applications due to foaming, limited promotional effect when 

reaching critical micelle concentration (CMC). Li et al 2006, introduced copper nanoparticles as 

hydrate 1,1,1,2-Tetrafluoroethane (HFC134a) promoter [12]. Copper has been chosen based on 

its high thermal conductivity for fast removal of the heat released by hydrate formation. 

Afterward, numerous studies investigated different categories of nanomaterials such as metal, 

metal oxide, silica, and carbon nanotubes [13-19]. Nanofluids refer to the suspension of 

nanoparticles with a size below 100 nm dispersed in a base liquid such as water and ethylene 

glycol [20]. Different dispersion methods can be used such as adding surfactants, coating, and 

ultrasonication [21].  The effect of nanofluid on carbon dioxide hydrates formation is discussed 

in the literature. For the thermodynamic effect, it was found that graphite and zinc oxide has a 

slight inhibition effect as it shifted the equilibrium curve of CO2 hydrates upward [22, 23]. 

Meanwhile, carbon nanotubes shift the CH4 equilibrium curve to the right side giving a slight 

promotional effect [18, 24, 25]. However, both effects are insignificant. Nanomaterials are 

mainly used as kinetic promoter to enhance hydrates formation [13]. 

Multi wall carbon nanotubes (MWCNT) and oxidized multi wall carbon nanotubes 

(OMWCNT) are reported as kinetic hydrates promoters for structure I and II. The results 

revealed that OMWCNT has a significant influence on the induction time, the rate of hydrate 

formation, and the amount of gas consumed [25]. Park et al. found that 0.004 wt% of MWCNT 

enhanced the amount of methane consumption by 300% compared to water sample. Increasing 

the concentrations of MWCNT to more than 0.004 wt% decreased the enhancement rate. This 

results speculated a rapid hydrate formation at the gas-water interface, which increases the mass 

transfer resistance [25]. Song et al. reported the effect of OMWCNT and THF on the CH4 

hydrate induction time [18]. The short induction time obtained is attributed to the Brownian 
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motion of nanoparticles. In addition, a mixture of SDS and OMWCNT enhances the hydrate 

growth rate compared to the individual promoter. Kim et al. observed that the shorter MWCNT 

consume more gas in a 12-hour timeframe, however, it was concluded that high concentration of 

nanotubes reduces the promotion efficiency, possibly due to the aggregation of nanotube [26]. 

The positive effect of functionalized MWCNTs is speculated to be due to the MWCNTs’ surface 

defection, which results in small fragments [18]. The defective sites have more oxygen 

contributed to the better stability of nanotubes in water [18]. Another functionalizing method is 

used by Pesieka et al. to improve the stability of the MWCNTs. They applied Plasma-treatment 

to alter the hydrophobic nature of MWNTs to hydrophilic [27]. Higher hydrophilicity enhances 

the amount of methane gas incorporated to empty water cages. Recent work on carbon nanotubes 

is reported by Renault-Crispo [17]. He reported that the nanotubes increase the dissolution rate 

of carbon dioxide, which result in an increase of gas consumption rate [17]. Zhou et al. 

investigated nano graphite as CO2 hydrate promoter. Their selection based on the fact that the 

nanoparticles should be acid-resistant to be used practically for acidic gas hydrate formation 

conditions [28].  Another work reported that silver nanoparticles or SDS alone does not show a 

significant effect on the rate of CO2 consumption and the initial apparent rate constant, However, 

the mixture Ag nanoparticles and SDS resulted in significant enhancement rate [29]. Also, ZnO 

was used to promote CO2 hydrates by Mohammadi et al. It is shown that ZnO reduces the 

induction time and increase CO2 consumption [23].

 From the reviewed papers, functionalized MWCNT show the highest promotion effect 

among the nanomaterials. Therefore, pristine multi-carbon nanotube and two functionalized 

carbon nanotubes namely hydroxylated multi wall carbon nanotube OH-MWCNT and 

carboxylated multi wall carbon nanotubes COOH-MWCNT are used in this work. The effect of 
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selected MWCNT on the thermodynamic and kinetic CO2 hydrates are studied using high-

pressure reactor. For the effective design of separation processes, reliable phase boundaries data 

are required. To the best of our knowledge, this is the first report, which discusses the 

carboxylated and hydroxylated carbon nanotube for gas hydrates applications. 

2. Methodology

2.1. Material:

The chemicals were purchased and used without further treatment or purification. All MWCNTs 

have the same diameter and length. The chemical name, supplier, purity, and other nanotube 

specifications are listed in Table 1. Deionized water was obtained from the Ultra-Pure Water 

System and used to prepare all nanofluid. The concentration of carbon nanotubes in the 

nanofluids in the range of 0.005-0.1 wt% suspended in an aqueous solution of 0.03 wt% sodium 

dodecyl sulfate (SDS). SDS was used to stabilize the nanofluid and to compare it with carbon 

nanotubes. For comparative study, one sample of 0.03 wt% of COOH-MWCNT was prepared 

without adding the surfactant as it is stable in the water due to its function group. An analytical 

balance with an accuracy of ±0.0001 g was used in preparing all the samples.

Table 1: The name, abbreviation, properties, and supplier of the chemical used.

Chemical Abbreviation Diameter/ nm Length/µm Purity BET surface / 
m2.g-1 Supplier

Multi wall carbon 
nanotube MWCNT 20-30 10-30 > 95% 198.78

Hydroxylated Multi wall 
carbon nanotube OH-MWCNT 20-30 10-30 > 95% 196.57

Carboxylated Multi wall 
carbon nanotube COOH-MWCNT 20-30 10-30 > 95% 192.53

Research 
Nanomaterials 

Inc
US

Sodium dodecyl sulfate SDS NA NA 99 % NA Merk

Carbon dioxide CO2 NA NA 99.95% NA Air Product 
Sdn.Bhd
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2.2. Apparatus and experimental procedure:

A High-pressure stainless-steel reactor fabricated by Dixson Fa Engineering Sdn. Bhd. was used 

in this study. The reactor has an internal volume of 423.9 ml, a height of 15 cm, wall thickness of 

0.95 cm, and internal diameter of 6 cm. The reactor can be used at pressures up to 20 MPa. 

Water bath was used to adjust the temperature to the desired value. Two OMEGA thermocouples 

with an accuracy of ±0.5 K were installed to monitor the temperature in both gas phase and 

liquid phase. The reactor was equipped with 2-bladed pitch impeller connected to a ZHENGK 

DC motor via magnetic coupling system that can provide stirring up to 600 rpm. The pressure 

inside the vessel was measured with a WIKA A-10 pressure transmitter with an accuracy of 

0.25% of full span. Approximately 100 ml of hydrate forming liquid was inserted into the vessel 

(high-pressure reactor). The system was then vacuumed, and the reactor was purged with gas 

thrice to remove excess air inside the reactor. Afterward, the reactor was submerged inside the 

cooling bath. 

2.2.1. CO2 hydrate phase equilibrium measurement

For equilibrium point measurement represented by the hydrate’s dissociation temperature, T-

cycle methods is employed [30,31]. The temperature was reduced up to 273.15 K and kept 

constant until complete hydrates formation. Then, a stepwise heating method was applied with 

an average heating rate of 0.25 K/hr. The slow heating rate is crucial for detecting an accurate 

hydrate dissociation temperature. To establish the equilibrium curve, the experiments were 

repeated at different pressure points in the range of 1.5-4.6 MPa.

2.2.2. Kinetic measurements of CO2 hydrates formation



ACCEPTED MANUSCRIPT

9

For kinetic experiments, the reactor is allowed to cool down to 279.65 K, which is about 2 K 

higher than the hydrate equilibrium temperature. Then, CO2 is compressed into the reactor up to 

2.7 MPa. Afterward, the stirrer was turned on and the system allowed to reach equilibrium state. 

Then, the system is cooled down to 274.15 K without stirring during the cooling period. A 

decrease in pressure is observed due to higher solubility of the gas in the liquid at a low 

temperature as well as the direct proportionality between the pressure and temperature. When 

pressure regains stability after 65 min (at a constant temperature of 274.15 K), the stirrer was 

turned on. A sudden pressure drop, and an increase in the temperature of the system indicate 

hydrate formation. The change in pressure and temperature was recorded every 10 seconds by 

data acquisition system. The experiment was ended when the pressure of the system remains 

unchanged for 2 to 3 hours. 
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Figure 1: Experimental setup

2.3. Calculation of kinetic parameters:

2.3.1. Induction time:

The induction time of CO2 hydrates formation is taken as the time needed to form a hydrate. The 

induction time refers to the time required for the production of a detectable hydrate nucleus. The 

induction time is determined as the time where a sudden pressure drop is observed and 

simultaneously the temperature and gas consumption increased. 
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2.3.2.  The initial rate of CO2 consumption:

The initial rate of gas consumption is the main parameter for gas hydrates applications. It 

represents the rate of CO2 hydrate formation and it calculated as follow:

                                                                (1)  1

11
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where  and   are the number of mole of gas in the gas phase at the time  and , 
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in 1i
in 𝑡𝑖 ― 1 𝑡𝑖 + 1

respectively, and nw0 is the mole number of water. 

2.3.3. Amount of CO2 consumption and gas uptake

The amount of CO2 consumed during the hydrate formation is a crucial parameter to study the 

kinetics of gas hydrate formation specifically for gas separation and transportation. 

It is assumed that no water volume change during hydrate formation. Therefore, the following 

equation is used for the isothermal experiment:

                                        (2)
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where, P and T are the cell pressure and temperature, respectively; V is the gas phase volume; Z 

is the compressibility factor, which is calculated using the Peng-Robinson Equation of State; R is 

the universal gas constant; subscript 0 refers to the start time of the experiment; and t refer to the 

conditions at time t. To normalize the amount of gas consumed and eliminate the size of the 

sample, gas uptake is calculated as shown in Eq. (3). It represents the amount of gas trapped in 

one mole of water sample:

(3)
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2.3.4. Storage capacity

Storage capacity (SC) is an important parameter for gas transportation and storage. The 

storage capacity represents the volume of gas captured at standard conditions (STP) per volume 

of hydrate.  It is calculated using the following equation [13]:

(4)
H

STPSTP
g

H

STP

V
PRTn

V
V

SC
g /



where VH is the gas hydrate volume and is calculated using Eq. (5).

                   (5)
WgH vnMV 

  where  is the molar volume of empty hydrate lattice.𝑣𝛽
𝑊

2129
30

3265 10448.510006.8
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10)10242.210217.2835.11( PPNTT A
w




 

(6)

where T and P are the temperature and pressure given in K and MPa, respectively. NA is the 

Avogadro’s number. It can be assumed that the molar volume of gas hydrate is equal to the 

molar volume of empty hydrate lattice. The enclathration process of CO2 in water cages can be 

expressed as the following reaction:

                                                     (7) MM OH.COOHCO 2222 

where M is the hydration number. The hydration number is directly related to the fractional cage 

occupancy as follows:

                                                                         (8)
sl

M
 26

46
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where θs and θl are the fractional occupancy of small and large cavities, respectively. The 

fractional occupancy is calculated using the Langmuir Adsorption Theory, as follows [13]:

            (9)
2

2

1 COi

COi
i fC

fC




where Ci is the gas Langmuir constant of CO2 in type i cavity and  is the fugacity of the CO2  𝑓𝐶𝑂2

in the gas phase. The Langmuir constant of gas (Ci) is formulated as shown below [13]: 

    (10)







T
B

T
A

C ii
i exp

Ai and Bi are constants, and T is the temperature in Kelvin. The fugacity of CO2 in the gas phase 

is calculated using the Peng-Robinson equation of state eq 11 [32].

(11)𝑙𝑛
𝑓
𝑝 = 𝑍 ― 1 ― ln (𝑍 ― 𝐵) ―

𝐴
2 2  𝐵𝑙𝑛[𝑍 + (1 + 2)𝐵

𝑍 + (1 ― √2)𝐵]
where A and B are the mixing rule’s parameters [32]. 

2.3.5. Water to hydrate conversion

Water to hydrate conversion is defined as the fraction of the amount of water converted to the 

hydrate per mole of initial solution and is calculated as follows:

0

Conversion
w

g

n
nM 

                                           (12)

2.3.6. Relative Enhancement Ratio

To compare the effect of different promoters on the gas hydrate formation, Relative 

Enhancement Ratio (RER%) is introduced and calculated for each parameter studied (Eq. (13)). 
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Implementation of this protocols would facilitate the comparison of the performance of different 

promoters under standardized conditions:

 (13)100% 



r

rs

x
xxRER

where x refers to the corresponding parameter (e.g. initial hydrate formation rate, gas 

consumption, gas uptake). The subscript s refers to the sample and r refers to the reference that 

can be either water or SDS. In this paper, the abbreviations RER/H2O% and RER/SDS% are used 

to differentiate the reference used.  

3. Results and discussion

3.1. Characterization of the pristine and functionalized multiwall carbon nanotube:

The XRD patterns of MWCNT, OH-MWCNT, and COOH-MWCNT are displayed in Figure 2. 

In all the patterns, two peaks are observed corresponding to the structure of MWCNT, which 

appeared at 2θ=26° and 44°. It could be seen that XRD patterns of OH-MWCNT and COOH-

MWCNT are very similar to the MWCNTs. They had the same cylinder wall with hexagonal 

graphite structure and inter-planner spacing of all samples remained the same.
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Figure 2: XRD pattern of MWCNT; OH-MWCNT; and COOH-MWCNT.

Typical FESEM images are presented in Figure 3.  It shows that pristine and functionalized 

carbon nanotubes are randomly aligned with a diameter of approximately 15–35 nm. 

                                          (a)                                                                    (b)  
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(c)

Figure 3: FESEM images of (a) MWCNTs, (b), OH-MWCNT, (c) COOH-MWCNT.

3.2. Hydrates phase equilibria of carbon nanotubes fluids

In order to study the effect of carbon nanotube on CO2 hydrates phase equilibrium, 

thermodynamic experiments have been conducted in the presence of 0.03 wt% SDS + 0.1 wt% 

of carbon nanotubes at pressure range 1.5-4.6 MPa. The presence of 0.03 wt% SDS has no effect 

on the hydrate phase equilibrium as proven in the literature [33]. Hence, in this work, the 

experiments are conducted for pure water and nanofluids only. To verify the reliability of the 

methodology, the dissociation hydrates temperature of the blank sample is measured and 

compared with predicted data by CSMGem. The results show good agreement with the predicted 

data as plotted in Figure 4. It can be observed that neither pristine nor functionalized MWCNT 

have any effect on the equilibrium curve. The results agree with the general trend reported on the 

negligible effect of kinetic promoters on hydrates phase equilibrium. However, the results 

obtained do not agree with the conclusion that the “MWCNT has a promotional thermodynamic 

effect on the hydrate equilibrium”, which had been documented in the literature [24, 25].
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Figure 4: HLVE curve of carbon dioxide for pure water (CSMGem and this work) and nanofluid samples (0.1 wt% carbon 
nanotube +0.03 wt% SDS).

3.3. Induction time measurement

The induction time measurements show the hydrate formed after about 65 min for all samples 

and no appreciable effect has been observed for the kinetic promoters. As the stirrer was turned 

on after 65 min when the reactor temperature reaches 274.15 K, the time is sufficient for hydrate 

nucleation for a soluble gas such as CO2. Thus, immediate hydrate formation occurs when the 

stirrer applied proper agitation. However, a slight effect of kinetic promoters on CO2 hydrates 

has been reported in the literature [29].
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3.4. The initial rate of gas hydrate consumption:

Figure 5: Initial CO2 hydrate formation rate for the blank sample, 0.03 wt% SDS, and nanofluid (0.005-0.1 wt% 
carbon nanotube +0.03 wt% SDS)

The initial rate of CO2 hydrate formation is calculated according to the Eq. (1). It can be seen in 

Figure 5, that all promoters including 0.03 wt% SDS or nanofluids increase the initial rate of 

hydrate formation compared to water. In comparison to SDS, all carbon nanotubes show better 

performance at concentrations of 0.01 and 0.05 wt%. However, the presence of 0.1 wt% OH-

MWCNT, 0.1 COOH-MWCNT, and 0.005 wt% MWCNT reduce the promotional effect 

compared to 0.03 wt% SDS. Relative enhancement rates are depicted in Figure 6 to facilitate the 

comparison.  COOH-MWCNT has shown a better RERrate% among selected carbon nanotubes. 

The maximum RERrate/H2O% for initial rate is 123.1% and 105.4%, found for COOH-MWCNT 

at a concentration of 0.05 wt% and 0.01 wt% while RERrate/SDS is 31.2% and 21%, respectively.  

Then, MWCNT followed by OH-MWCNT. The initial rate enhancement caused by 

nanoparticles can be attributed to the presence of abundant nucleation seeds that make the 

hydrates form at different sites simultaneously. In addition, the high thermal conductivity of 

carbon nanotubes absorbs the heat released due to the exothermic nature of crystallization. As a 
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rule of thumb, surfactants improve the stability of nanoparticles in suspension, which in turn, 

enhance heat transfer. Low concentrations of carbon nanotube lead to an increase in nanotube 

dispersion. Thus, interactions between carbon nanotubes are low. At higher concentrations, the 

nanotube aggregates again due to a decrease in the intermolecular spaces. In the case of 0.005 

wt% of carbon nanotubes suspended in 0.03 wt% SDS, the amount of carbon nanotubes may not 

be enough to perform effective enhancement. In addition, the relatively high ratio of surfactants 

to the nanotube (6:1) causes collisions to occur between nanotubes and surfactant molecules; 

consequently, extra surfactant molecules adsorb on the nanotubes surfaces until they reach the 

maximum hydrophobicity. Later, any increase in surfactant concentration leads to the adsorption 

of another layer of surfactant molecules, which decreases particle hydrophobicity and the 

adsorption [34].

Figure 6: Relative enhancement ratio of initial CO2 formation rate for different nanofluid (multi wall 
carbon nanotube+0.03 wt% SDS) compared with water (hollow points) and 0.03 wt% SDS (solid points).

Moreover, the negligible impact of 0.005 wt% of nanotubes on the initial formation rate as 

shown in Figures 5 and 6, indicates that at low concentrations, the presence of nanotubes does 
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not have a major impact on the mechanism of hydrate formation. SDS is known to produce a 

tendency for hydrate crystals to move towards the reactor wall, which resulted in higher surface 

area for hydrate formation and consequently faster hydrate formation rate. On the other hand, 

when the concentration of nanoparticles increases in the system, the presence of considerable 

amount of seeds in the solution and highly soluble nature of CO2 resulted in the faster initial 

hydrate formation rate that can lead to production of more close-packed hydrate blocks compare 

to the hydrate form in the presence of SDS. It should be noticed that the impact of nanoparticles 

is mostly on the initial growth stage and afterward, the impact of interfacial interactions of SDS 

in the system would be the main contributor to the completion of process, as discussed in the 

next section. 

 
3.5. Amount of gas consumption and gas uptake.

The final amount of CO2 consumption after ten hours of all experiments reached almost the same 

value (~ 0.230 moles). This is due to thermodynamic limitation as the pressure reached 1.38 

MPa, which is the equilibrium point at 274.15 K as shown in the Figure (7). Therefore, the 

amount of gas consumed, and gas uptake are reported after three hours of starting the 

experiment. 
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Figure 7: The equilibrium curve of CO2 hydrates demonstrates the thermodynamic limitation at 274.15K when the system 
reaches 1.38 MPa.

Figure 8: (a) The amount of gas consumed and (b) gas uptake for the blank sample, 0.03 wt% SDS, and nanofluid (0.005-0.1 
wt% carbon nanotube +0.03 wt% SDS) at 274.15 K and 2.7 MPa.

It can be observed from Figure (8) that relatively 0.01 and 0.05 wt% concentrations give a higher 

gas consumption and gas uptake after 180 min.   0.01 wt% MWCNT, 0.01 COOHCNT, then 

0.05 OHCNT showed the best promotional effect as they consumed 0.204, 0.202, and 0.200 mol 

of CO2, respectively. The RERuptake/H2O of gas uptake for these solutions are 62.9%, 61.6%, and 
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61.6% compared to the water. Additionally, the RERuptake/SDS are 1.2%, 0.4%, and 0.4 % 

respectively. In fact, the mass transfer is enhanced by reducing the surface tension because of 

their high surface area. That can incorporate more gas molecules into the liquid phase. 

Figure 9: Relative enhancement ratio of CO2 uptake for different nanofluid (multi wall carbon nanotube+0.03 wt% SDS) 
compared with water (hollow points) and 0.03 wt% SDS (solid points).

3.6. Storage Capacity and water to hydrates conversion:

The hydration number for the current system is calculated theoretically using Eq. (11) and found 

to be 6.34, as shown in Table 2. The SC and the water to hydrate conversion of CO2 hydrates 

formation for the promoted and unpromoted systems reached 144.8 v/v and 28.2%, respectively. 

The maximum theoretical SC of structure sI is 172 v/v. Hence, the maximum storage ratio 

achieved in this work is 84.2%.

Table 2: Langmuir constants Ci, cage occupancy θi, storage capacity SC, and water to hydrate conversion of CO2 hydrates at 
274.15 K [35].

Small cavities Large cavities

As (K.atm) Bs /K Cs θs
AL 

(K/atm) BL (K) CL θL
M SC Conversion

0.001198 2860.5 0.1485 0.6490 0.008510 3277.9 10.4344 0.9924 6.34 155.96 0.265
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However, each system has reached this maximum value at a different time. Therefore, in this 

work, we define the completion time, t100, as the time elapsed to reach the maximum storage 

capacity and water to hydrate conversion rate. As shown in Figure 10, the results demonstrate 

that t100 decreases when the concentration of carbon nanotubes reduces in the SDS solutions. The 

shortest t100 is observed for the system contains 0.005 wt% COOH-MWCNT. However, the value 

is very close to the 0.03 wt% SDS, showing that the interfacial interactions of SDS in the system 

is the main contributor to the enhancement of storage capacity and water to hydrate conversion. 

As mentioned earlier, the mechanism of hydrate formation is changing when the concentration of 

nanoparticles increases in the nanofluid. This is also influencing the completion time of process, 

t100. At lower concentration of 0.005 wt% of nanoparticles, SDS is main contributor and 

therefore, the t100 is the same as on for SDS aqueous solution. On the other hand, at higher 

concentrations of nanoparticles, formation of more compact block of hydrates as a result of 

nanoparticles, result in less surface area for completion of hydrate formation. Therefore, to reach 

the maximum SC and water to hydrate conversion, the lower diffusion rate of CO2 molecules to 

the surface of compact hydrate crystals and into the empty cavities resulted in higher t100 at 

higher nanoparticles concentrations.
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Figure 10: completion time t100 of promoted and unpromoted systems.

This is also reflected on the half-completion time of experiments, t50. As shown in Figure 5, the 

initial formation rate in the presence of higher concentrations of nanoparticles is higher and it is 

expected to have a faster completion time. However, as shown earlier, it is not the case, due to 

the extreme enhancement of SDS as a kinetics promoter. Nonetheless, the half-completion time 

could affect more by the nanoparticles. t50 is defined as the time needed to reach 50% of the total 

storage capacity and conversion rate. As illustrated in Figure 11, 0.01 and 0.05 wt% of 

nanofluids are reached to half of storage capacity almost the same time as SDS aqueous solution, 

with 0.05% of COOH-MWCNT shows the lowest t50 value among all experiments. This 

indicates the impact of nanoparticles on the growth of hydrate crystals are more significant at 

beginning of hydrate formation. It also concludes that in the batch processes, where the degree of 

subcooling reduces with time, a good kinetic promoter such as SDS can play more important role 

on the completion of process. However, if the experiment condition changes toward a continues 

process with steady state conditions, the initial impact of nanoparticles may become more 
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significant on the overall performance of process. Yet, more experimental works are required to 

verify the impact of nanoparticles on the morphology and continuous production of gas hydrate.  

Figure 11: Half completion time t50 for promoted and unpromoted system.

Comparison COOH-MWCNT with SDS

Since surfactants are unfavourable for industrial applications, finding a surfactant-free promoter 

is important. MWCNT are known to have very low stability in water [24]. However, it was 

expected that the functionalized MWCNTs show different behaviour. Therefore, nanofluids are 

prepared at 0.03 wt% of carbon nanotube to study their stability without adding a surfactant. The 

visual observation test shown in Figure 12 illustrate that only COOH-MWCNT is stable for two 

months without surfactant. Meanwhile, OH-MWCNT and MWCNT settled out immediately. 

Therefore, the experiments are extended to the 0.03 wt% COOH-MWCNT aqueous solution and 

results compare with 0.03 SDS wt%. 
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Figure 12: Stability test for multiwall carbon nanotubes without surfactant.

 Figure 13 (a) shows that the initial formation rate of COOH-MWCNT is 23.4% higher than 

SDS. This is in line with the idea of having nanoparticles in the solution as nucleation sites of 

hydrate crystals.  Additionally, as shown in Figure 13 (c), the t50 and t100 of both systems are 

comparable and follow the same trend discussed previously, i.e. for 0.03 wt% COOH-MWCNT, 

t50 is shorter than SDS solution (RERt50/SDS is 7.3%) while t100 is longer (RERt100/SDS is -

1.0%). The gas uptake of 0.03 wt% SDS after 180 min are slightly higher than 0.03 wt % 

COOH-MWCNT (see Figure 13 c). As a conclusion, the COOH-MWCNT can act as a 

surfactant-free hydrate promoter, however, it is important to study the morphology of the hydrate 

produced, along with its behaviour on less soluble gasses, such as hydrocarbons, before 

suggesting it as hydrate promoter for industrial applications. 
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Figure 13: Comparison between 0.03 wt% COOH-MWCNT and 0.03 wt% SDS. (a) initial hydrates formation rate; (b) gas up 
take; (c) t50 & t100.

4. Conclusion

In this work, the kinetic parameters of CO2 hydrate formation (induction time, initial hydrate 

formation rate, gas uptake, SC, and water to hydrate conversion) in the presence of 

functionalized carbon nanotubes were investigated and their performance compared with 

deionized water and aqueous SDS solution. The results show that utilization of 

functionalized carbon nanotubes kinetic promoters enhanced the initial formation rate of CO2 

hydrate. A mixture of 0.03 wt% SDS and COOH-MWCNT has a relatively better 

performance compared to water and SDS solution. The maximum RERrate/H2O for initial 

formation rates of 123.1% and 105.4%, are found for COOH-MWCNT at a concentration of 
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0.05 wt% and 0.01 wt% while RERrate/SDS are 31.2% and 21.0%, respectively. The t50 of 

hydrate formation process is found to be shorter in comparison with water at all 

functionalized carbon nanotubes concentration. However, the difference between different 

promoters are not noticeable, while the lowest t50 is found at the 0.05 wt% of COOH-

MWCNT. The completion time is found to decrease with decrease in the carbon nanotube 

concentration. The results showed that the carboxyl group plays an important role in 

stabilizing the nanofluid resulting in a better promotional effect. COOH-MWCNT are tested 

without adding surfactant as a stabilizer. The initial rate and half completion time are 

enhanced by 23.4% and 7.3%, respectively. However, completion time and gas uptake of 

SDS solution are slightly better than COOH-MWCNT. The COOH-MWCNT shows the 

potential of acting as surfactant-free nanofluid for gas hydrate kinetics promoter. 
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 Carbon nanotube does not change CO2 phase equilibrium. 
 The kinetic of CO2 hydrates formation in the presence of SDS and carbon nanotube are 

discussed.
 Nanofluid contain 0.05 wt% COOH-MWCNT+0.03 wt% SDS is the most efficient 

promoter.
 Surfactant-free of COOH-MWCNT nanofluid show higher initial CO2 hydrate formation 

rate compared to SDS. 
 Amount of gas consumption, storage capacity, and water to hydrates conversion rate are 

discussed.


