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behaviours of CO, and CH,4 adsorption on Co-gallate are not well-explained. Therefore, this
work is to synthesize Co-gallate and its performance was discussed in terms of adsorbed
amount of CO; and CHa. The experimental CO; and CH4 pure adsorption isotherms were
then fitted with equilibrium isotherm and kinetic models to describe the adsorption
behaviours. Co-gallate offered a greater CO, adsorption capacity than CHs due to a
stronger adsorbent-adsorbate interaction. The experimental pure adsorption isotherms
were best fitted with Toth model compared to Langmuir, Freundlich and Sips models
according to the R? values. Toth model described the CO, adsorption was multilayer and
heterogeneous. Thermodynamic property suggested the CO, and CH,4 adsorption were
classified as exothermic process and physisorption. For kinetic models, pseudo-first order
model brought the highest goodness-of-fit in terms of rate of adsorption compared to
pseudo-second order and Elovich models. Pseudo-first order model reflects the
adsorption rate is proportional to the number of vacant sites. It confirmed CO; adsorption
was more favourable than CHs, at lower temperature condition. In this work, the
equilibrium isotherm and kinetic models were employed to select the best-fitted model in

Keywords: explaining the adsorption behaviours. Therefore, these behaviours of CO, and CH4
Adsorption; isotherm; adsorption on Co-gallate are useful in designing the future practical operation of CO,/CH,
thermodynamic; kinetic; MOF gas adsorption.

1. Introduction

The renewable energies are very important in order to save the planet and can bring the positive
economic impacts. They can help to reduce the global warming and greenhouse effects as these
issues rise from the human activities such as combustion of coal, oil and natural gas [1]. Biogas is a
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natural occurrence and classified as one of the renewable sources of energy. The usage of biogas can
reduce the release of methane to the atmosphere and lessen the reliability on fossil fuels [2]. Biogas
is typically generated through anaerobic degradation of biomass by microorganisms by decomposing
the organic compounds in the absence of oxygen [3]. The sources of biogas normally come from
industrial wastewater, landfills, household wastes as well as animal and crop wastes in which the
composition of biogas produced at atmospheric pressure can be varied based on the biomass sources
[4]. Biogas is mainly consisted of 50-70 % of methane, 30-50 % of carbon dioxide and other
contaminants such as hydrogen sulphide, carbon monoxide, hydrogen, water vapor, and so on [5].
Heat and electricity can be produced since the raw biogas can provide a high calorific content
between 5000-7000 kcal/m?3 [6]. The raw biogas needs to be purified (CO2 removal) in order to
enhance the heating values and to avoid corrosion in the equipment’s and pipelines before it can be
transported, stored and used. The purified and upgraded biogas typically can reach above 96 % CH4
content [3].

The methods for biogas purification/upgrading such as solvent absorption, membrane and
cryogenic are uneconomic intensive due to the high cost and energy consumptions. Adsorption using
solid adsorbents becomes progressively competitive because it can offer a low cost and energy
effective process. It is a surface occurrence occurs when the adsorbates attach on the surface of solid
adsorbents. The main state-of-art for adsorption is the solid adsorbents. The conventional adsorbent
materials such as activated carbon, graphene oxide nanocomposite and even agricultural waste like
palm kernel shell are commonly used in variety of adsorption processes [7-10]. Nowadays, metal-
organic frameworks (MOFs) which are defined as hybrid porous compounds consist of organic linkers
and inorganic moieties, are getting attention because of their exclusive properties such as excellent
structural designability and pore tunabililty. Therefore, MOFs can be designed and tailored to
accomplish on-demand targeted applications.

To enhance the biogas purification, more attention should be given on two main factors which
are the capability of solid adsorbents and effectiveness of the process design [11]. Gallate-based
metal-organic frameworks or known as M-gallate were proven can act as the new solid adsorbents
for CO; and CH4 separation based on the prediction done by the previous work [12]. The prediction
results showed cobalt gallate-based MOF (Co-gallate) is one of the promising adsorbent among the
studied gallate-based MOFs. Nevertheless, to date there has been no report on the equilibrium
isotherm, thermodynamic and kinetic studies of CO, and CH4 adsorption using Co-gallate. These
parameters are very important to provide the valuable information for designing adsorption and
separation process.

Therefore, this work is about the synthesis of Co-gallate to be subjected for the pure gas
adsorption of CO, and CHa. The experimental CO; and CH4 pure adsorption isotherms were discussed
in terms of adsorption capacity (adsorbed amount). Then, the experimental isotherms were fitted to
equilibrium isotherm models such as Langmuir, Freundlich, Sips and Toth models. The best-fitted
model constant values were used to determine the thermodynamic properties. Lastly, the
experimental data were explained in terms of kinetic models namely pseudo-first order, pseudo-
second order and Elovich models. The equilibrium isotherm and kinetic models are well-known
approach in describing the adsorption behaviours. These equilibrium isotherm, thermodynamic and
kinetic studies are expected to bring a beneficial information for designing the practical application
of CO,/CHa4 adsorption using Co-gallate.
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2. Methodology
2.1 Materials

Cobalt (ll) chloride anhydrous, CoCl; (98 %), gallic acid anhydrous, C;HsOs (98 %), potassium
hydroxide, KOH (85 %), and ethanol absolute, C;HsOH (99.8 %) were purchased from Merck without
any further purification. CO; (99.99 %) and CH4 (99.995 %) purified grade gas tanks were supplied by
Linde Malaysia.

2.2 Synthesis of Co-Gallate

Co-gallate was synthesized by hydrothermal synthesis method [13]. CoCl, (0.05 mol) and gallic
acid (0.1 mol) were mixed with 0.25 L of KOH aqueous solution (0.16 M) in a round-bottomed flask.
Under a reflux condition at ambient pressure, the mixture was heated at 353 K with a non-stop
stirring for 24 hours. Then, the mother liguor was removed to separate the solid product. The solid
product was washed by using deionized water before been immersed in ethanol. The ethanol was
replenished twice for two days. The solid product was undergone characterization analysis including
the Powder X-ray Diffraction (PXRD), Fourier Transform Infrared Spectroscopy (FTIR) and Surface
Area and Porosity (SAP). The detailed explanation of the characterization analysis can be found from
the previous work [14].

2.3 CO; and CH4 Pure Gas Adsorption

The adsorption of pure CO; and CHa gases were recorded using 3FLEX Micromeritics Surface
Characterization at 273, 298 and 313 K and up to 1 bar. Co-gallate was degassed/activated under
vacuumed condition for 24 hours at 393 K before the measurement.

2.4 Equilibrium Isotherm Models

The experimental CO; and CH4 pure adsorption isotherms at 273, 298 and 313 K were fitted with
four well-known models namely Langmuir, Freundlich, Sips and Toth models. Table 1 shows the
general equation of respective models with their corresponding linear forms. The detailed
explanation on the studied isotherm models can be found based on the previous works as stated in
Table 1.

Table 1

Equilibrium isotherm models

Model General Form Linear Form Reference
L i = dmKiPe Po_ Py 1 15,16
angmuir Qe = 1+KLPe de - dm KrLqm [ ! ]

. 1 1
Freundlich g, = K.P, /n logq, = log Ky + ;log P, [16,17]
1
. _ am(KsPe)'/n @ ) _ 1 Yn
Sips g =000 In (qm_qe) =2InP, +In (K/™) [16,18,19]
— qmKTPe CI‘Q _

Toth qe e krpoyn In (—rn—q’g) =nlnP, +nlnK; [20-22]

where g, and g,, (mmol/g) signify the gas adsorbed amount over adsorbent mass at equilibrium and
maximum adsorption capacity respectively, P, (mbar) is the equilibrium pressure, and n
(dimensionless) is the heterogeneity factor. K;, Kz, Ks and K; (1/mbar) are the constants of
Langmuir, Freundlich, Sips and Toth models respectively.
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The obtained equilibrium isotherm model constants could determine thermodynamic properties
using van Hoff’s formulation as stated below [23]:

AG® = —RT Ink,, (1)
AG® = AH® — T.AS° (2)

where k., is the equilibrium isotherm model constant in which the linear plot of In k., versus 1/T
can determine the values of AS° and AH®, indicate by the y-intercept and slope respectively. T (K) is
temperature and the universal gas constant is denoted by R (8.314 J/mol.K).

2.5 Kinetic Models

The studied kinetic models in this work included pseudo-first order, pseudo-second order and
Elovich models. The general and linearized form of the kinetic models were simplified in Table 2. The
detailed description on the studied kinetic models were explained based on reported literatures as
stated in Table 2.

Table 2
Kinetic models
Model General Form Linear Form Reference

Pseudo-first order q: = q.(1—e % log(q, — q.) = log(q.) — (%)t [24,25]

qgkst t _ t 1
Pseudo-second order g, = ——— —=—+4-— [25,26]
1+qekst qac  de ksqg

Elovich q = %ln(l +aft) q, = %ln(aﬁ) + %ln t (23,27

where t is time, g, and g; (mmol/g) are the adsorption capacities (adsorbed amount) at equilibrium
and a given time respectively. k¢ (min) is the pseudo-first order rate constant and kg (g/mmol.min)
is the pseudo-second order rate constant. « is the initial adsorption rate constant (mmol/g.min) and
8 (g/mmol) is the extent of the surface coverage and related to activation energy of the adsorption.

The obtained adsorption rate constant could determine activation energy (E,) using Arrhenius
equation as shown below [28]:

Eq

k = Ae~ @D (3)

where E, (J/mol) is the activation energy, k is the adsorption rate constant and the pre-exponential
factor is designated by A.

3. Results
3.1 Characterization of Co-Gallate

3.1.1 Powder x-ray diffraction (PXRD) pattern

The crystallinity of Co-gallate was examined and its PXRD pattern is presented in Figure 1.
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Fig. 1. PXRD pattern of Co-gallate

The nature of crystallinity of Co-gallate could be identified by the sharp peaks and it disclosed
three substantial diffraction peaks at 11.53°, 14.15° and 24.53°. The average crystalline size of Co-
gallate was 47.6 nm, calculated by using Debye-Scherrer equation [29]. It is worth to note the
crystalline size calculated by the Debye-Scherrer equation is not necessarily corresponded to the
particle size [30].

3.1.2 Fourier transform infrared spectroscopy (FTIR) spectrum

Figure 2 displays FTIR spectrum of Co-gallate to investigate the functional groups of crystalline
adsorbent.

% Transmittance

Cc-C

T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm’™)
Fig. 2. FTIR spectrum of Co-gallate

The functional groups of Co-gallate are described in Table 3.
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Table 3

Description of FTIR spectrum of Co-gallate

Wavenumber Description

(cm™)

3500-2800 A strong and broad band represented the stretching vibration of O-H of a carboxyl group.

1610 A narrow peak attributed a carbonyl (C=0), which indicated the presence of carboxyl group.

1528, 1424,1372  These three peaks were typical stretching vibrations of C-C bonds in an aromatic ring of gallic
acid.

1300-1000 A few peaks in this region signified the stretching vibrations of C-O bond and the bending
vibration of O-H bond of the aromatic ring.

749 This sharp peak showed the C-H bond of the aromatic ring.

Therefore, the functional groups of Co-gallate were acknowledged based on the descriptions of
IR spectrum and well-agreed with the literature [29].

3.1.3 Porous properties
Nitrogen (N;) adsorption and desorption isotherms and BJH pore size distribution of Co-gallate

are displayed in Figure 3. It shows a very large hysteresis existed due to the occurrence of capillary
condensation.
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Fig. 3. (a) N, adsorption-desorption isotherms and (b) BJH pore size distribution of Co-gallate

The Brunauer-Emmett-Teller (BET) method was applied to the N, isotherm at the relative
pressure between 0.00-0.13 to calculate the BET surface area. The BET surface area of Co-gallate was
calculated to be 248.4 m?/g. By using t-plot method, the pore volume was estimated to be 0.10 cm3/g.
The mean pore size of Co-gallate was found to be 4.93 nm, determined by using Barrett-Joyner-
Halenda (BJH) model.

3.2 CO; and CH4 Pure Adsorption Isotherms
The experimental CO, and CH4 pure adsorption isotherms for Co-gallate are plotted as shown in
Figure 4. CO; pure adsorption isotherms reflected S-shaped curves in which the knee-shaped section

was more obviously seen as temperature increased. Meanwhile, CHs pure adsorption isotherms
reflected to linear isotherm.
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Based on Figure 4, the adsorbed amount of both CO, and CH4 gases increased with the pressure.
In adsorption, the stronger adsorption sites were occupied first and the availability of active sites
were gradually decreased, resulted in the maximum adsorbed amount when they reached saturation.
Meanwhile, the adsorbed amount of CH4 did not approach the saturation state even at the highest
pressure considered in this work. The CO, adsorption capacity values were greater than CHj at all
studied temperature. At 1 bar condition, the CO; adsorption capacity was intended to be 4.38, 3.63
and 2.29 mmol/g, while CHs offered 0.365, 0.233 and 0.143 mmol/g at 273, 298 and 313 K
respectively. This is mainly because CO, has a greater quadrupole moment while CH4 has none,
resulted in a stronger electrostatic interaction between CO; molecules and Co-gallate [31]. It means
the affinity between CO, and Co-gallate was stronger and favorable which led to a greater CO;

adsorption capacity.
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Fig. 4. (a) CO; and (b) CH4 pure adsorption isotherms of Co-gallate at 273- 313 K

In terms of temperature, the adsorbed amount of CO; and CH. decreased as temperature
increased since adsorption is classified as exothermic process. A higher temperature affected the
surface adsorption energy and molecular diffusion rate to escalate, initiating the gas molecules
become unsteadily moving and hinder from being attached onto the surface of adsorbent, leading to
decrement of the adsorbed amount [32]. Subsequently, a higher temperature condition may reduce
the adsorbed amount since it is not advantageous for adsorption process.

3.3 Equilibrium Isotherm Models

The mechanism and adsorption data interpretation can be done by using either a theoretical or
empirical equation since the adsorption isotherms correspond to the adsorbent-adsorbate
interaction [33]. Equilibrium isotherm models can offer the valuable information in predicting the
adsorption behaviours of gas molecules on the adsorbent over an extensive range of temperature
and pressure. After applying several equilibrium isotherm models, Toth model was summed up to
fit the experimental CO; and CHa pure adsorption isotherms the best compared to Langmuir,
Freundlich and Sips models based on R? value as tabulated in Table 4.
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Table 4
Equilibrium isotherm model parameters
CO2z CHa
Model Parameter
273 K 298 K 313 K 273 K 298 K 313 K
K; 7.45x103 1.64x103 2.4x10* 9.0x10™* 3.1x10% 1.7x10*
Langmuir qm 5.0000 5.4915 12.3670 0.7632 0.9680 1.002
R? 0.9781 0.9654 0.9698 0.9970 0.9984 0.9992
Kr 0.3153 0.02847 0.01388 1.74x103 5.1x10* 25x10™*
Freundlich n 2.5602 1.4009 1.3192 1.2809 1.1289 1.0839
1/n 0.3906 0.7138 0.7580 0.7807 0.8858 0.9226
R? 0.9128 0.9626 0.9470 0.9944 0.9999 0.9987
K 7.26x103 3.75x103% 1.31x103 2.0x10™* 1.5x10* 9.0x107°
dm 4.8984 4.0362 3.9334 1.8193 1.6706 1.6464
Sips n 0.8115 0.8375 0.9084 1.1635 1.0360 1.0269
1/n 1.2323 1.1940 1.1008 0.8595 0.9652 0.9738
R? 0.9833 0.9069 0.9381 0.9995 0.9997 0.9999
Kr 5.03x103 1.25x103 7.6x10™* 1.8x10™* 7.3x10”° 5.5x10°
Toth qm 4.4639 3.8333 3.2205 5.5377 4.5825 3.1526
n 2.0556 4.7613 11.7925 0.4051 0.5652 0.6873
R? 0.9883 0.9800 0.9670 0.9999 0.9996 0.9999

The values of n for CO; at 273-313 K are greater than unity, resulted in a strong degree of surface
heterogeneity compared to CHa. Greater heterogeneity of the adsorbent will enhance the interaction
of adsorbent-adsorbate in which it will increase the adsorption capacity. Toth model constants also
represented the adsorbent-adsorbate interaction in which the higher the value the greater the
affinity, however decreased from 273 to 313 K. As a result, these two parameters contributed to the
greater CO; adsorption capacity compared to CHa. In addition, Toth model develops from Langmuir
isotherm which is associated to monolayer and/or multilayer adsorption and applicable for
heterogeneous systems [34]. Based on pore size of Co-gallate, it is classified as mesoporous
adsorbent according to International Union of Pure and Applied Chemistry (IUPAC) [35]. The
mesoporous adsorbent is normally related to Type IV isotherm which is corresponded to multilayer
adsorption [35,36]. Therefore, CO, adsorption can be concluded as multilayer adsorption on
heterogeneous surface of Co-gallate.

3.4 Thermodynamic Properties
Thermodynamic properties were determined from the linear plots as presented in Figure 5 and

their values are tabulated in Table 5. Equilibrium isotherm model constants (k.,) are Toth model
constants at different temperatures since it gave the best-fitted isotherms.
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Fig. 5. Van Hoff’s plot of (a) CO; and (b) CH,4

Based on Table 5, the CO; and CH4 adsorption were classified as exothermic process due to the
negative values of change in enthalpy of reaction, AH®, in which heat was released throughout the
process. In addition, the magnitudes of AH® for CO, and CHa are -34.21 and -21.50 kJ/mol
respectively, reflected the physisorption (physical adsorption) type. The range of AH° for
physisorption is found to be 0-40 kJ/mol [37]. The adsorption process could be described to decrease
the disorder and randomness at the gas-solid interface based on the negative values of change in
entropy, AS°. On the other hand, the positive signs of change in Gibbs free energy, AG®° indicated the
CO; and CH4 adsorption process was non-spontaneous.

Table 5
Thermodynamic properties

AH° AS° AG® (k)/mol)
Adsorbate /0l (k/molK) 273K 298K 313K
COx 3421 -0.17 12.09 16.33 18.87
CHa 2150 -0.15 19.63 23.40 25.66

3.5 Kinetic Models

The correlation between adsorbed amount of CO, and CHa with time are plotted in Figure 6 to
assess the adsorption kinetics.

The pseudo-first order, pseudo-second order and Elovich models were applied to fit the
experimental data to determine the reaction rate of adsorption which is important for designing
adsorption operation. The kinetic model parameter values are presented in Table 6.

According to the R? values, pseudo-first order model offered the highest goodness-of-fit for both
CO; and CHs adsorption at 273-313 K. Pseudo-first order model suggests the adsorption rate is
proportional to the number of vacant adsorption sites [38]. As mentioned earlier, the gas molecules
would accommodate the stronger adsorption sites first due to the stronger adsorbent-adsorbate
interaction, and gradually occupied until it reached saturation. In addition, the pseudo-first order
rate constant values, ks for CO, were decreased with temperature, leading to a faster adsorption at
lower temperature especially at early stage of adsorption. It can be clarified based on the
experimental CO; pure adsorption isotherms in which there was a rapid increment of CO, uptake at
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lower pressure range, however decreased from 273-313 K. Meanwhile, kf for CHs showed a

fluctuated trend.
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Fig. 6. Adsorbed amount of (a) CO; and (b) CH4 versus time at 273-313 K
Table 6
Kinetic model parameters
CO2 CHa
Model Parameter
273K 298 K 313K 273K 298 K 313K
qe 4.4055 3.7068 2.9363 0.4130 0.2759 0.1705
Pseudo-first order kg 3.46x107° 3.34x10° 3.27x10°% 4.61x10° 2.53x103 4.61x1073
R? 0.9996 0.9967 0.9865 0.9978 0.9962 0.9853
qe 2.0182 1.3228 1.1330 0.1019 0.0820 0.0397
Pseudo-second order kg 5.72x 107 0.0130 0.0127 0.3305 0.1335 0.7002
R? 0.7831 0.9153 0.6105 0.9071 0.6808 0.6128
B 2.9922 4.2230 5.5741 55.249 111.11 178.57
Elovich a 0.0601 0.0553 0.0432 8.08x 103 2.40x103 2.84x1073
R? 0.8987 0.9396 0.8398 0.9527 0.9409 0.8882

3.6 Activation Energy

The pseudo-first order rate constant values were used for the linear plot of Arrhenius equation
since it has the highest R? values in order to determine the activation energy, E,. The E,, values were
calculated to be -0.97 and -2.15 kJ/mol for CO, and CHas respectively. The negative values of E,
implied the rate of adsorption decreased with temperatures and more favorable at the lower
temperature.

The desorption of CO, molecules could be hindered since it has the greater value of E, than CHa.
It means CO; required the higher energy barrier in order to detach from the surface of Co-gallate. On
the other hand, a lower value of E, of CHs made the molecules easier to desorb, contributed the
lower CH4 adsorption capacity.

4. Conclusions

The experimental CO2 pure adsorption isotherm showed the higher adsorption capacity than CHs
due to stronger affinity between CO; molecules and Co-gallate. The experimental CO, and CH4 pure
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adsorption isotherms were then fitted with Langmuir, Freundlich, Sips and Toth models. Toth model
provided the highest goodness-of-fit in which it confirmed the CO, adsorption was multilayer and
occurred at heterogeneous surface of Co-gallate. The Toth model constant values were applied to
determine the thermodynamic properties in which it verified the adsorption is exothermic process
and physisorption. Meanwhile, pseudo-first order model brought the best-fit for CO, and CHa than
pseudo-second order and Elovich models to describe the rate of adsorption. The equilibrium
isotherm and kinetic models are systematic approach in explaining the adsorption behaviours.
Therefore, these equilibrium isotherm, thermodynamic and kinetic studies are beneficial information
in designing the operation of CO2/CH4 adsorption system using Co-gallate as the adsorbent.
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