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Abstract 

This work is focused on the investigation of the mechanism (isotherm), 

nature/strength (thermodynamics) and rate (kinetics) of CO2 adsorption on a 

commercial activated carbon in a sound assisted fluidized bed. Langmuir and 

Freundlich equations were used to model the CO2 adsorption isotherm in the low 

pressure region (i.e. typical of a combustion flue gas). Then, adsorption behaviour 

was elucidated by energy function such as standard Gibbs free energy, enthalpy and 

entropy. The isosteric heat of adsorption was also evaluated. Finally, this study also 

presented a kinetic analysis of CO2 adsorption, from which CO2 binding on activated 

carbon was deduced to follow pseudo-first order kinetic.  

 

Introduction 

Among all the available CO2 capture technology, in the framework of CO2 capture 

and storage (CCS) post-combustion approaches, adsorption is one of the most 

promising one, avoiding the weaknesses of aqueous amine systems and offering 

potential energy savings with lower capital and operating costs [1]. However, the 

success of this approach depends on the design of highly specific CO2 adsorbent 

materials [2]. In this framework, fine particles have the greatest potential since they 

can be easily tailored and/or functionalized on the surface with different ligands to 

induce significant changes in their physical and chemical properties [2]. Besides, 

also common and commercially available adsorbent materials (such as activated 

carbons and zeolites) are generally in the form of fine powders. According to the 

literature, the activated carbons are among the most appropriate sorbents for CO2 

separation/capture [1]. With reference to the reactor configuration, Raganati et al. 

[3,4] demonstrated the viability of sound assisted fluidization technology in 

processing, handling and testing sorbents in the form of free-flowing fine powders. 

The same Authors [5–7] also showed that sound assisted fluidized beds may be 

feasible for temperature swing adsorption (TSA) processes by remarkably enhancing 

the CO2 adsorption on fine sorbents due to the enhancement of the fluidization 

quality and gas–solid contact. However, before the design of an adsorption 

equipment, the investigation of both equilibrium and kinetics is necessary. 

Thermodynamic data only provide information about the final state of a system (i.e. 

the equilibrium adsorption capacity), whereas kinetics deals with how the system 
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changes in time, with particular attention to the rates of these changes. In this work, 

a commercially available fine activated carbon was tested as a low cost CO2 

adsorbent in a sound assisted fluidized bed apparatus in order to maximize its CO2 

adsorption capacity and kinetics. In particular, the previous research was furthered 

into the investigation of the mechanism (isotherm), nature/strength 

(thermodynamics) and rate (kinetics) of CO2 adsorption on a commercial activated 

carbon in a sound assisted fluidized bed. Langmuir and Freundlich models were used 

to describe the CO2 adsorption isotherm in the low pressure region typical of a 

combustion flue gas. Moreover, the most important thermodynamic properties. 

Then, the CO2 adsorption kinetics was also evaluated.  

 

Experimental 

An activated carbon DARCO FGD (Norit) was used as adsorbent material. Detailed 

information on its chemico-physical and fluid-dynamic characterization are reported 

elsewhere [8,4]. Briefly, it is a submicronic powder (0.39 m) [8,4], i.e. it belongs 

to the C group of Geldart’s classification. It has a large BET surface area (1060 m2 

g-1) and by a broad pore size distribution characterized by the presence of both 

mesopores and micropores. Its CO2 equilibrium (i.e., saturation) adsorption capacity 

and dynamic column breakthrough measurements were performed in a laboratory 

scale sound assisted fluidized bed apparatus [8]. More detailed information about the 

system can be found elsewhere [8,4]. All the CO2 adsorption tests were performed 

under sound-assisted fluidization conditions (140 dB–80 Hz, corresponding to the 

best fluidization quality of the activated carbon [8,4]). Different inlet CO2 

concentrations (1-15%vol. in N2) and temperatures (18-130 °C) were tested.  

 

Adsorption thermodynamics 

The experimental adsorption isotherm data were modelled by fitting them to 

Langmuir and Freundlich isotherm models (Table 1). The validity of these models 

was evaluated by the coefficient of regression, R2.  

 

Table 1. Isotherm Equations 
Langmuir Freundlich 

𝑞𝑒 = (𝑞𝑠𝐾𝐿𝑃𝐶𝑂2) (1 + 𝐾𝐿𝑃𝐶𝑂2)⁄  𝑞𝑒 = 𝑘𝐹𝑃𝐶𝑂2
1
𝑛⁄  

 qs (mmol g-1), maximum-monolayer 

adsorption capacity 

 KL (atm-1), Langmuir adsorption 

constant 

 kF (mmol g-1 atm-1/n), Freundlich 

isotherm constant 

 n (-), heterogeneity factor 

PCO2 (atm) equilibrium pressure of the gas adsorbed 

qe (mmol g-1), equilibrium adsorption capacity 

 

The Langmuir model [9] is the simplest theoretical one to describe monolayer 

adsorption onto the homogeneous surface. KL is a measure of how strong an 
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adsorbate molecule is attracted onto a surface. The Freundlich model describes 

multilayer adsorption, i.e. the adsorption energy exponentially decreases as the 

number of available adsorption sites reduces and the strength of bonds is not 

homogeneous [10]. As kF increases, the adsorption capacity of adsorbent for a given 

adsorbate will increase too. The n parameter indicates type of the adsorption process, 

whether the adsorption is a chemical process (n < 1) or a physical process (n > 1) 

[10]. 1/n (dimensionless; 0 < n < 10) is the Freundlich intensity parameter, which 

indicates the magnitude of the adsorption driving force or surface heterogeneity [10]. 

Moreover, values of 1/n less than 1 represent a favorable adsorption [10].  

In general, the negative/positive value of the enthalpy change (ΔH0) determines 

whether a process is exothermic or endothermic, respectively. Generally, for 

absolute physical adsorption |ΔH0| < 20 kJ mol-1, while for chemisorption |ΔH0| = 80 

- 200 kJ mol-1 [11]. With reference to Gibbs free energy change ΔG0, a process is 

defined as a spontaneous process if ΔG0 < 0, otherwise (ΔG0 > 0), it will be non-

feasible and non-spontaneous. The value of the entropy change (ΔS0) indicates 

whether the organization of the adsorbate at the solid/gaseous interface during the 

adsorption process becomes less random (ΔS0 < 0) or more random (ΔS0 > 0). As 

widely reported in literature [11], the thermodynamic laws, combined with the 

experimental data obtained from the Langmuir isotherms, can be used to determine 

ΔG0. ΔH0 and ΔS0 can be determined from the slope and intercept of the plot of ln 

KL against 1/T according to the well-known van’t Hoff equation [1]. Another 

important thermodynamic parameter is the isosteric heat of adsorption (Qst) defined 

as the heat of adsorption determined at constant amount of adsorbate adsorbed and 

it represents the strength of adsorbate–adsorbent interaction [12]. Qst value can be 

determined from the slopes of the straight lines after plotting ln PCO2 against 1/T at 

at a given qe, according to the well-known Clausius–Clapeyron equation [12].  

 

Adsorption kinetics 

Pseudo-first pseudo-first order model is able to represent the reversible interaction 

between adsorbent and adsorbate, which is more suitable to predict the CO2 

adsorption behavior on physical adsorbents, such as activated carbons [13]. Pseudo-

first order kinetics model assumes that the rate of adsorption is proportional to the 

number of available free active sites on the adsorbent surface. This pseudo-first-

order rate equation is: 

 𝑞𝑡 = 𝑞𝑒[1 − 𝑒𝑥𝑝(−𝑘𝑓𝑡)] (1) 

where qt is the amount of CO2 adsorbed per mass of sorbent at any time, and kf is the 

rate constant of first-order sorption. The validity of this kinetic model was evaluated 

by R2 and Δq (%). Also the activation Energy (Ea) was evaluated by applying the 

well-known Arrhenius equation, once the kinetic constant is known. 

 

Results - Adsorption thermodynamics 

The adsorption isotherms obtained at different temperatures are reported in Fig. 1. 

Obviously, the adsorption capacity increased with increasing PCO2, in agreement with 
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PCO2 being the thermodynamic driving force of the adsorption process. On the 

contrary, as expected, an increase in adsorption temperature led to a reduction in the 

amount of adsorbed CO2, in agreement with the exothermicity of adsorption process. 

The experimental data were fitted by both Langmuir (Fig. 1a) and Freundlich (Fig. 

1b) models. Fig. 1 shows that both Langmuir and Freundlich models predicted well 

the results, showing good agreement with the experimental adsorption isotherms. 

However, R2 is larger for the Freundlich (0.999) model than it is for the Langmuir 

model (0.989), thus indicating a heterogeneous surface binding, i.e. the activated 

carbon surface exhibits a non-uniform distribution of adsorption energy [10]. With 

reference to Langmuir fitting, qs (0.51-0.27 mmol g-1) and KL (30.06 – 3.76 atm-1) 

values decreased with the temperature rising from 18 to 130°C, which confirms that 

the CO2 adsorption on the activated carbon is an exothermic process. With reference 

to the Freundlich model, n varied from 2.52 to 1.16 passing from 18to 130°C, i.e. it 

is always larger than 1, thus confirming that CO2 adsorption on the activated carbon 

is a physisorption. Finally, besides n, also kF (0.93-0.51 mmol g-1 atm-1/n) decreased 

with increase of temperature, thus confirming that adsorption is favorable at low 

temperatures [11]. 

 

 
Figure 1. Adsorption isotherms of CO2 on the activated carbon at different 

temperatures fitted by (a) Langmuir and (b) Freundlich models. 

 

ΔG0 varied from -3.57 to -1.93 kJ mol-1
 passing from 18 to 130°C. This means that 

the CO2 adsorption process on the activated carbon occurs favorably and 

spontaneously and that the adsorption feasibility decreases at higher temperatures 

[11]. The value obtained for ΔH0 was -7.98 kJ mol-1, thus confirming that the 

adsorption process is exothermic in nature and that it is physical in nature [11]. The 

value obtained for ΔS0 was -0.02 kJ mol-1, thus suggesting that the disorder and 

randomness of the system decrease during the adsorption process [11]. The values 

of Qst (< 18 kJ mol-1) of adsorption for the activated carbon were smaller than 80 

kJ/mol, which also indicates that CO2 adsorption is physical in nature [11]. Qst 

decreased from 16.60 kJ/mol to 5.33 kJ/mol when adsorption capacity of CO2 

increased from 0.05 mmol g-1 to 0.5 mmol g-1. This may be due to heterogeneity of 

adsorption sites and also to variation in adsorbate-adsorbent interactions followed by 

adsorbate-adsorbate interactions [12]. 
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Results - Adsorption kinetics 

The experimental data were fitted to the pseudo-first order model. Table 2 shows the 

obtained values of the kinetic constants along with the associated errors. Pseudo-first 

order kinetic model provided a good correlation for the adsorption of CO2 on the 

activated carbon at all the investigated adsorption temperatures, as confirmed by R2 

being close to 1. These results are in agreement with earlier reports available in 

literature, suggesting that the pseudo-first order kinetic model is applicable at low 

CO2 partial pressures, as typical of post-combustion operating conditions [13]. kf 

increases with the temperature increasing in agreement with the fact that high 

temperatures are generally beneficial to the reaction rate. The value obtained for the 

activation energy (7.13 kJ mol-1) is positive and relatively small, which means that 

an increase of temperature leads to an increase of the reaction rate and that adsorption 

is physical in nature. 

 

Table 2. Values of the pseudo-first order kinetic model parameters and fitting 

comparison. 
T 

°C 
qe 

mmol g-1 
kf 

min-1 
R2 

- 

18 0.387 0.110 0.999 

40 0.253 0.189 0.999 

70 0.146 0.334 0.998 

100 0.096 0.552 0.997 

130 0.074 0.700 0.966 

 

Conclusion 
With reference to the CO2 adsorption thermodynamics, the obtained results revealed 

that Freundlich model was more suitable to describe CO2 adsorption than Langmuir 

one, thus indicating the heterogeneity of CO2 adsorption on the activated carbon 

surface. The values of 1/n were below 1 at all the experimental temperatures 

indicating that the activated carbon have high adsorption intensity for CO2. The 

thermodynamic analysis showed that CO2 adsorption on the activated carbon is 

spontaneous (G0 < 0), exothermic (H0 < 0) and physical in nature (magnitude of 

ΔH0 < 20 kJ mol-1,). The isosteric heat of adsorption decreased with increase in 

surface loading indicating again that the activated carbon is characterized by 

energetically heterogeneous surface and there may be some lateral interactions 

between the adsorbed CO2 molecules. Finally, the adsorption kinetics of CO2 on the 

activated carbon was successfully described using a pseudo-first order kinetic model, 

which accurately fit the experimental data at all the investigated adsorption 

temperatures. Furthermore, the calculated kinetic coefficients were used to evaluate 

the activation energy of the CO2 adsorption process by using a linearized Arrhenius 

type equation, which further confirmed the physical nature of the process. 
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