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Carbon dioxide (CO2) and methane (CH4) adsorption using metal-organic frameworks 
(MOFs) has garnered continuous interest in academia and industrial fields due to their 
remarkable performances. A series of studies have been dedicated to design the potential 
MOFs for CO2 and CH4 adsorption. Among them, nickel gallate MOF (Ni-gallate) can act as 
a promising adsorbent based on the predicted adsorption capacity and selectivity. 
However, the behaviors of CO2 and CH4 unary adsorption isotherms of Ni-gallate have not 
been studied by isotherm and kinetic models. Therefore, the aim of this work is to perform 
pure CO2 and CH4 gas adsorption and the unary adsorption isotherms were explained by 
the isotherm and kinetic models. Based on the unary adsorption isotherms, CO2 
adsorption capacity values were observed to be higher than CH4 which resulted in great 
selectivity values. For isotherm models, the Toth model demonstrated the highest 
goodness-of-fit compared to Langmuir, Freundlich and Sips models and the 
thermodynamic properties were determined using its constant values. On the other hand, 
the kinetic data was best-fitted by the pseudo-first order model compared to the pseudo-
second order and Elovich models and its constant values were used to determine 
activation energy. This useful information is very important for the design and operation 
of CO2 and CH4 adsorption systems. 
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1. Introduction 
 

Adsorption is a surface phenomenon that occurs when the adsorbate attaches physically 
(physisorption) or chemically (chemisorption) to the surface of an adsorbent. Physisorption (physical 
adsorption) is based on the attraction forces between the solid phase and gas phase with a relatively 
low adsorption heat. The physical adsorption is caused by a weak bond like Van der Waals force or 
electrostatic force. Chemisorption (chemical adsorption) occurs due to the formation of strong 
chemical bonds. Owing to the weak forces involved in physisorption, adsorption can be easily 
reversed. This is also called desorption which is the removal of the adsorbed molecules from the 
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surface of the adsorbent. Adsorption is highly dependent on the solid adsorbents such as zeolite and 
activated carbon. Nowadays, metal-organic frameworks (MOFs) have emerged as promising 
adsorbents for various applications such as gas separation, storage and catalysis since they have the 
advantages of large surface area, great porosity, tailorable pore size, tunable geometry and structure, 
and stability [1,2]. 

Adsorption presents the opportunity for energy savings with reduced capital and operational 
expenses when contrasted with alternative technologies like absorption, membrane, and cryogenic. 
In addition, absorption is known to face the drawbacks such as equipment corrosion and high energy 
consumption [3]. The membrane is difficult to maintain the material performance since it has poor 
durability [4]. Cryogenic is a complex process, high cost and requires high energy consumption [5]. 
Adsorption also stands out as the preferred process due to its simplicity in operation [6,7].  

The unary adsorption isotherm stands out as a fundamental concept in the field of adsorption. 
Unary adsorption isotherm is very essential to understand the equilibrium performance of solid 
adsorbent in describing how much the adsorbate can attach onto the surface of adsorbent. It 
elucidates the interaction behaviors between the adsorbent and adsorbate at a fixed temperature, 
expressing the relationship as the amount of adsorbate in relation to partial pressure. Therefore, it 
has the capability to ascertain the adsorption capacity of the adsorbent for a certain adsorbate under 
equilibrium conditions. The unary adsorption isotherm serves as a fundamental step in characterizing 
the adsorption behavior and provides essential data for the design and optimization of adsorption 
process. Consequently, isotherm models and kinetic models can appropriately fit the experimental 
unary adsorption isotherm, predicting adsorption behaviors. This understanding and interpretation 
of adsorption isotherms are crucial, as these models provide mechanism and reaction rate 
information essential for designing various adsorption processes [8].  

According to our previous reported work, Grand Canonical Monte Carlo (GCMC) simulation 
suggested that the nickel gallate metal-organic framework (Ni-gallate) has the potential to serve as a 
cost-effective adsorbent for the separation of CO2 and CH4 based on the predicted unary adsorption 
isotherms [9]. In addition, Ni-gallate demonstrated remarkable performance in CO2 and CH4 
adsorption, as indicated by experimental unary adsorption isotherms [10]. However, its adsorption 
behaviors are not adequately explained by any isotherm and kinetic models. Therefore, the primary 
aim of this study is to synthesize Ni-gallate and conduct adsorption experiments with pure CO2 and 
CH4 gases. The CO2 and CH4 adsorption behaviors of Ni-gallate were described by using various 
equilibrium adsorption isotherm models including Langmuir, Freundlich, Sips, and Toth models. The 
thermodynamic properties were determined based on the best-fitted isotherm model constants. On 
the other hand, the kinetic information was derived by fitting the experimental data to the pseudo-
first order, pseudo-second order, and Elovich models. The activation energy was computed using the 
constants obtained from the best-fitted kinetic model. The equilibrium adsorption behaviors 
described by these models are expected to provide mechanism and reaction rate information, 
guiding the future design and operation of CO2/CH4 adsorption processes using Ni-gallate. 
 
2. Methodology  
2.1 Hydrothermal Synthesis of Ni-gallate 

 
The hydrothermal synthesis of Ni-gallate was conducted following the procedure outlined in the 

previous work [11]. A 250 mL of 0.16 M of potassium hydroxide solution was prepared and 
transferred into a 1 L round-bottomed flask. 0.05 mol of nickel (II) chloride anhydrous and 0.1 mol of 
gallic acid were mixed into the flask and the reaction was conducted at 353 K. After 24 hours, the 
mixture was cooled until two layers formed. The mother liquor (upper layer) was decanted, and the 
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solid product was rinsed twice with deionized water. The product was immersed in ethanol for two 
days, with ethanol replenished twice daily. The product underwent treatment using a pretreatment 
unit before undergoing characterization analysis including Fourier Transform Infrared Spectroscopy 
(FTIR), Powder X-ray Diffraction (PXRD) and Surface Area and Porosity (SAP). The analysis 
methodologies were referenced from the reported literature [12]. 

 
2.2 CO2 and CH4 Pure Gas Adsorption 
 

The CO2 and CH4 pure gas adsorption experiments were performed using a commercial unit, the 
3FLEX Micromeritics Surface Characterization, at three different temperatures (273 K, 298 K, 313 K) 
and pressure up to 1 bar. Prior to the adsorption measurements, the sample was subjected to 
degassing at 393 K for a duration of 24 hours. 

 
2.3 Isotherm Models 
 

The experimental unary adsorption isotherms for CO2 and CH4 were fitted using four different 
isotherm models, as tabulated in Table 1. 

 
Table 1  
Isotherm models 
Model General Form Linear Form Reference 

Langmuir 
𝑞𝑒 =

𝑞𝑚𝐾𝐿𝑃𝑒

1 + 𝐾𝐿𝑃𝑒
 

𝑃𝑒

𝑞𝑒
=

𝑃𝑒

𝑞𝑚
+

1

𝐾𝐿𝑞𝑚
 

[13,14] 

Freundlich 𝑞𝑒 = 𝐾𝐹𝑃𝑒

1
𝑛⁄

 log 𝑞𝑒 = log 𝐾𝐹 +
1

𝑛
log 𝑃𝑒 

[14,15] 

Sips  
𝑞𝑒 =

𝑞𝑚(𝐾𝑆𝑃𝑒)
1

𝑛⁄

1 + (𝐾𝑆𝑃𝑒)
1

𝑛⁄
 ln (

𝑞𝑒

𝑞𝑚 − 𝑞𝑒
) =

1

𝑛
ln 𝑃𝑒 + ln (𝐾𝑆

1
𝑛⁄

) 
[16,17] 

Toth  
𝑞𝑒 =

𝑞𝑚𝐾𝑇𝑃𝑒

[1 + (𝐾𝑇𝑃𝑒)𝑛]
1

𝑛⁄
 ln (

𝑞𝑒
𝑛

𝑞𝑚
𝑛 − 𝑞𝑒

𝑛
) = 𝑛 ln 𝑃𝑒  + 𝑛 ln 𝐾𝑇 

[18,19] 

 
where 𝑃𝑒  is the equilibrium pressure,  𝑞𝑒  is the adsorption capacity at equilibrium, 𝑞𝑚  is the 
maximum adsorption capacity and 𝑛  is the heterogeneity factor. 𝐾𝐿 , 𝐾𝐹 , 𝐾𝑆  and 𝐾𝑇  denote the 
constants associated with respective models. 

The thermodynamic properties can be obtained using van Hoff’s formulation as shown below [20] 
 

 ∆𝐺° = ∆𝐻° − 𝑇. ∆𝑆° (1) 
  
 ∆𝐺° = −𝑅𝑇 ln 𝑘𝑒𝑞 (2) 

 
where 𝑘𝑒𝑞 is the isotherm model constant, T is the temperature and the universal gas constant is 

signified by R. ∆𝐺° is the change in Gibbs free energy, ∆𝐻° is the change in enthalpy of reaction and 
∆𝑆° is the change in entropy of adsorbent-adsorbate interaction. 
 
2.4 Kinetic Models 
 

In order to perform kinetic studies on CO2 and CH4 adsorption, the following three common 
models were employed as summarized in Table 2. 
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Table 2 
Kinetic models 
Model General Form Linear Form Reference 

Pseudo-first order 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘𝑓𝑡) 
log(𝑞𝑒 − 𝑞𝑡) = log(𝑞𝑒) − (

𝑘𝑓

2.303
)𝑡 

[21,22] 

Pseudo-second order 
𝑞𝑡 =

𝑞𝑒
2𝑘𝑠𝑡

1 + 𝑞𝑒𝑘𝑠𝑡
 

𝑡

𝑞𝑡
=

𝑡

𝑞𝑒
+

1

𝑘𝑠𝑞𝑒
2
 

[21,22] 

Elovich 
𝑞𝑡 =

1

𝛽
ln(1 + 𝛼𝛽𝑡) 𝑞𝑡 =

1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln 𝑡 

[23,24] 

 
where 𝑞𝑒 is the adsorption capacity at equilibrium, 𝑞𝑡 is the adsorption capacity at 𝑡 (time). 𝑘𝑓, 𝑘𝑠 

and α are the rate constants for respective models, while β is the desorption constant. 
The activation energy (𝐸𝑎 ) can be determined based on the rate constant using Arrhenius 

equation as follows [25] 
 

 𝑘 = 𝐴𝑒−(
𝐸𝑎
𝑅𝑇) 

(3) 

 
where 𝑘 is the rate constant and 𝐴 is the pre-exponential factor. 
       
3. Results  
3.1 Characterization Analysis 
 

The results of Fourier Transform Infrared Spectroscopy (FTIR), Powder X-ray Diffraction (PXRD), 
and Surface Area and Porosity (SAP) analyses are presented below. 
 

  
Fig. 1. FTIR spectrum of Ni-gallate Fig. 2. PXRD pattern of Ni-gallate 
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Fig. 3. N2 adsorption-desorption of Ni-gallate Fig. 4. BJH pore size distribution of Ni-gallate 

 
The FTIR spectrum in Figure 1 reveals peaks corresponding to functional groups of Ni-gallate. The 

peaks located at 3500-2800 cm-1 indicated the presence of O-H of carboxyl group. At 1616 cm-1, C=O 
of carboxyl group has appeared. C-C bonds in aromatic structure of gallic acid were confirmed at 
1530, 1462 and 1376 cm-1. Peaks in the range of 1300-1000 cm-1 presented C-O and O-H bonds of the 
aromatic rings. The peak for C-H bond of the aromatic ring was found to be at 750 cm-1. These findings 
align well with the results reported in the earlier study [12]. 

The PXRD pattern in Figure 2 illustrates peaks corresponding to Ni-gallate at 11.53°, 14.29°, 
20.23°, 21.91°, 23.33°, 24.74°, 26.25°, 27.76°, 28.84°, 31.02°, 32.36°, 34.54°, 35.38°, 36.37°, 39.63°, 
with additional peaks observed after 40°. These peaks align well with the literature [26]. The 
calculated average crystalline size of Ni-gallate is 58.2 nm. This parameter is determined by using 
Debye-Scherrer equation [27]. The Ni-gallate pattern was constructed using the reference structure 
found in the Cambridge Crystallographic Data Centre (CCDC). Its database identifier is GELVEZ and 
the deposition number is 286498. It shows differences in peak intensity compared to the as-
synthesized pattern. This difference may be attributed to non-uniform distribution of elements in the 
crystal structure of the as-synthesized Ni-gallate. In general, the intensity of diffraction peaks 
correlates directly with the amount of elements present in the material [28]. 

Figure 3 illustrates nitrogen (N2) sorption isotherms, while Figure 4 depicts the Barrett-Joyner-
Halenda (BJH) pore size distribution, used to assess the surface properties of Ni-gallate. N2 sorption 
isotherm was measured to determine the Brunauer-Emmett-Teller (BET) surface area, which was 
calculated within the relative pressure range of 0.00-0.25, yielding a value of 20.36 m2/g. The pore 
volume of Ni-gallate was determined to be 0.005 m3/g. Additionally, the BJH model estimated the 
pore size to be 8.52 nm.  
 
3.2 Experimental Unary Adsorption Isotherm 
 

Figure 5 illustrates the experimental unary adsorption isotherms of CO2 and CH4 of Ni-gallate at 
temperatures of 273, 298, and 313 K. 
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(a) (b) 

Fig. 5. Experimental unary adsorption isotherms at 273, 298 and 313 K for (a) CO2 and (b) CH4 

 
CO2 uptake increased with pressure until reaching a plateau equilibrium. At an early stage of 

adsorption, CO2 molecules rapidly attached to the surface of Ni-gallate, utilizing available vacant 
active sites. Subsequently, the active sites gradually became occupied until saturation was achieved, 
indicating no further adsorption occurred. On the other hand, CH4 isotherm continued to increase 
with pressure without reaching saturation, illustrating that Ni-gallate can sustain higher CH4 uptake 
at higher pressure conditions.      

The CO2 and CH4 uptakes decreased with temperature, with the highest values observed at 273 
K. This decrease is attributed to the weakening of adsorbent-adsorbate interactions, leading to more 
repulsion and a shift in equilibrium toward desorption at higher temperatures [20]. Furthermore, the 
higher temperature initiated the gas molecules to exhibit unsteady movement, complicating their 
ability to attach to the surface of Ni-gallate. The adsorbed amount of CO2 and CH4 declined with 
increasing temperature, reflecting the exothermic nature of the adsorption process. Table 3 
tabulates the adsorption capacity values at three different temperatures and 1 bar. 
 

Table 3 
Adsorption capacity and selectivity of Co-gallate at 1 bar  
Temperature (K) Adsorption Capacity (mmol/g) Selectivity 

CO2 CH4 

273 4.21 0.372 11.32 
298 3.62 0.226 16.02 
313 3.55 0.146 24.32 

 
These adsorption capacity values play a key role in determining selectivity, providing crucial 

information about the potential performance of Ni-gallate in the separation of CO2/CH4 binary 
mixtures. As depicted in Table 3, Ni-gallate demonstrates promising selectivity, which is essential for 
real-world applications in CO2/CH4 separation. 

 
3.3 Isotherm Models 
 

The adsorption mechanism can be predicted using isotherm models that describe the interaction 
between Ni-gallate and gas molecules. The experimental CO2 and CH4 unary adsorption isotherms 
were fitted using two-parameter models namely, Langmuir and Freundlich as well as three-
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parameter models, which are Sips and Toth models. Table 4 summarizes the model parameter values 
for each model studied in this work. 
 

Table 4 
Isotherm model parameters 
Model Parameter CO2 CH4 

273 K 298 K 313 K 273 K 298 K 313 K 

Langmuir 𝐾𝐿 
𝑞𝑚 
𝑅2 

0.01148 
4.7393 
0.9679 

1.52 x 10-3 
6.0056 
0.9938 

3.5 x 10-4 
13.3455 
0.9874 

9.0 x 10-4 
0.7892 
0.9980 

3.3 x 10-4 
0.9138 
0.9990 

1.8 x 10-4 
0.9617 
0.9998 

Freundlich 𝐾𝐹 
𝑛 
1 𝑛⁄  
𝑅2 

0.19284 
1.9940 
0.5015 
0.7669 

0.03707 
1.4390 
0.6949 
0.9135 

0.01052 
1.1346 
0.8814 
0.8450 

2.75 x 10-3 
1.4017 
0.7134 
0.9981 

5.8 x 10-4 
1.1562 
0.8649 
0.9998 

2.2 x 10-4 
1.0575 
0.9456 
0.9976 

Sips 𝐾𝑆 
𝑞𝑚 
𝑛 
1 𝑛⁄  
𝑅2 

0.01368 
4.3395 
0.7205 
1.3888 
0.9840 

3.19 x 10-3 
4.3114 
0.7610 
1.3141 
0.9854 

2.78 x 10-3 
4.0933 
0.7986 
1.2522 
0.9033 

1.7 x 10-4 
1.9706 
1.2452 
0.8031 
0.9993 

1.4 x 10-4 
1.7077 
1.0493 
0.9530 
0.9996 

1.1 x 10-4 
1.4712 
1.0288 
0.9720 
0.9997 

Toth 𝐾𝑇 
𝑞𝑚 
𝑛 
𝑅2 

7.36 x 10-3 
4.1395 
3.5180 
0.9936 

1.49 x 10-3 
3.8013 
4.1189 
0.9909 

1.03 x 10-3 
3.7955 
8.8125 
0.9929 

2.6 x 10-4 
5.2667 
0.3648 
0.9998 

7.6 x 10-5 
4.9217 
0.4937 
0.9993 

4.5 x 10-5 
4.1876 
0.5912 
0.9999 

 
The Toth model exhibited the highest goodness-of-fit, as evidenced by the highest correlation 

coefficient (𝑅2). The Toth model constant (𝐾𝑇) values for CO2 adsorption were found to be higher 
than CH4, indicating a favorable interaction of CO2 molecules with Ni-gallate and resulting in a higher 
adsorption capacity. However, the 𝐾𝑇  values decreased with temperature, consistent with the 
exothermic nature of adsorption and the observed decrease in adsorbed amounts with temperature. 
In addition, the heterogeneity factor (𝑛) values for CO2 adsorption were observed to be greater than 
CH4, leading to a stronger degree of surface heterogeneity. Greater heterogeneity is desirable since 
it enhances the adsorbent-adsorbate interaction, promoting more adsorption. Consequently, CO2 
and CH4 adsorption occurred on the heterogeneous surface of Ni-gallate. 
 
3.4 Thermodynamic Properties 
 

The thermodynamic properties of CO2 and CH4 adsorption on Ni-gallate were obtained by plotting 
the linear plot as displayed in Figure 6. 
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(a) (b) 

Fig. 6. Van Hoff’s linear plot for (a) CO2 and (b) CH4 

 
Table 5 tabulates the thermodynamic properties calculated using the Van Hoff’s formulation. 

 
Table 5 
Thermodynamic properties 
Adsorbate ∆𝑯° (kJ/mol) ∆𝑺° (kJ/mol.K) ∆𝑮° (kJ/mol) 

273 K 298 K 313 K 

CO2 -36.03 -0.173 11.30 15.64 18.24 
CH4 -31.45 -0.184 18.78 23.38 26.14 

 
The negative values of ∆𝐻° reflected the CO2 and CH4 adsorption were exothermic, indicating the 

release of heat during the process. Besides, ∆𝐻° serves to differentiate the nature of adsorption, 
distinguishing between physisorption and chemisorption. For physisorption, the magnitude of ∆𝐻° 
typically falls within the range of 0-40 kJ/mol [29]. CO2 and CH4 adsorption were confirmed as 
physisorption, yielding values of -36.03 and -31.45 kJ/mol respectively. Meanwhile, the negative 
magnitudes of ∆𝑆° demonstrated a reduction in randomness at the solid-gas interface during CO2 
and CH4 adsorption on Ni-gallate. In addition, the positive values of ∆𝐺° revealed that the adsorption 
process of CO2 and CH4 was non-spontaneous. 
 
3.5 Kinetic Studies 
 

The kinetic studies of CO2 and CH4 adsorption were investigated by correlating the adsorbed 
amount against time, as presented in Figure 7. 
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(a) (b) 

Fig. 7. Gas uptake versus time at 273, 298 and 313 K for (a) CO2 and (b) CH4 

 
The parameter values for the kinetic models obtained by fitting the experimental data, are 

presented in Table 6. 
 

Table 6 
Kinetic model parameters 
Model Parameter CO2 CH4 

273 K 298 K 313 K 273 K 298 K 313 K 

Pseudo-first 
order 

𝑞𝑒 4.1677 3.7102 3.7000 0.4211 0.2690 0.1744 
𝑘𝑓 2.99 x 10─3 2.07 x 10─3 2.76 x 10─3 4.42 x 10─3 2.30 x 10─3 4.26 x 10─3 

𝑅2 0.9990 0.9989 0.9918 0.9963 0.9988 0.9970 
Pseudo-
second 
order 

𝑞𝑒 1.6929 1.4213 1.3417 0.1474 0.0625 0.0563 
𝑘𝑠 8.14 x 10─3 6.51 x 10─3 9.10 x 10─3 0.1172 0.2246 0.3082 
𝑅2 0.8234 0.8731 0.7806 0.7237 0.8088 0.8811 

Elovich 𝛼 0.0582 0.0326 0.0414 6.47 x 10─3 2.32 x 10─3 2.59 x 10─3 
𝛽 3.3333 4.2918 4.5746 51.2821 133.3333 156.2500 
𝑅2 0.9065 0.9368 0.9032 0.9346 0.9499 0.9641 

 
The pseudo-first order model demonstrated the best fit to the experimental data, as evidenced 

by the 𝑅2  values exceeding 0.99. The highest adsorption rate constants for CO2 and CH4 were 
observed at 273 K, measuring 2.99 x 10-3 and 4.42 x 10-3 min-1 respectively, indicating the fastest 
adsorption kinetics among the studied temperatures. However, there was a fluctuation observed 
between 298 K and 313 K. Nevertheless, the adsorbed amount of CO2 and CH4 at 298 K remained 
greater than 313 K. Conversely, pseudo-second order model presented the poorest goodness-of-fit 
among the studied kinetic models. This model is typically more suited to explain chemisorption, 
suggesting that no chemisorption occurred in this case. 

 
3.6 Activation Energy 
 

The Arrhenius equation was employed to calculate the activation energy (𝐸𝑎) of CO2 and CH4 
adsorption, with rate constants derived from the pseudo-first-order model, given its superior 
goodness-of-fit. The calculated 𝐸𝑎 for CO2 adsorption was found to be -2.55 kJ/mol, while it was -
2.91 kJ/mol for CH4. These low 𝐸𝑎  values suggest a low energy requirement, consistent with 
physisorption, which relies on weak forces like van der Waals forces [30]. Moreover, the negative 
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values of 𝐸𝑎 for CO2 and CH4 adsorption confirmed the exothermic nature of the process, indicating 
enhanced adsorption at lower temperatures. 
 
4. Conclusions 
 

Ni-gallate demonstrated potential as an adsorbent in CO2 and CH4 adsorption, exhibiting a higher 
CO2 adsorption capacity than CH4 and resulting in remarkable selectivity based on the unary 
adsorption isotherms. The experimental unary adsorption isotherms were further subjected to fitting 
with isotherm and kinetic models to characterize the behaviors of CO2 and CH4 adsorption. Among 
the studied isotherm models, Toth model provided the best fit, and its constant values were applied 
to ascertain the thermodynamic properties. Toth model suggested that CO2 and CH4 adsorption 
occurred on the heterogeneous surface of Ni-gallate. In contrast, the kinetic data was best-fitted by 
the pseudo-first order model, and its constant values were employed to determine activation energy. 
The resulting thermodynamic properties and activation energy verified that CO2 and CH4 adsorption 
was physisorption and exothermic process. These valuable findings are expected to benefit for the 
future design and operation of systems involving CO2 and CH4 adsorption using Ni-gallate. 
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