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Abstract 
In this study, the performance of an adsorbent coated finned tube exchanger for carbon capture was investigated 

numerically. The results showed that this structure has a great potential for being applied as a medium for CO2 capture 

by rapid indirect thermal swing adsorption. By using this structure, the recovery of 96%, and purity of 98% were 

achieved with a simple cycle consisting of two steps, including adsorption and regeneration. To assess the effect of 

operating parameters, the cooling water temperature, hot water temperature and feed flow rate were selected as 

varying parameters, and the recovery and purity were selected as objective functions.  The results showed that by 

increasing the cooling water temperature from 25 C to 45 C the recovery decreases from 65% to 61% while the 

reduction of purity is almost negligible. The heating temperature has a more intense effect on the recovery and purity. 

By increasing the heating temperature form 80 to 120 the recovery increases from 16% to 65% and purity increases 

from 92% to 98%. The variation of feed flow rate showed that by increasing the feed from 2 to 6 (STP CM/min) the 

recovery decreases from 98.5% to 65% and the purity increases from 96% to 98%. It should be noted that finned tube 

exchangers are well developed to create minor pressure drop. Thus, they are suitable structures for getting coated by 

adsorbent for the purpose of gas separation by Rapid Thermal Swing Adsorption. 
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1. Introduction 

The massive usage of fossil fuels in the recent 

century has caused global warming. The 

forecasted destructive outcome of this climate 

change has convinced many governments to 

find a way to control the rate of greenhouse 

gas emission. In recent years, many researches 

around the world have been focused on 

adsorption process to capture the CO2. Most of 

these researches have dealt with synthesizing 

an appropriate adsorbent. Although there are 

lots of published papers on developing a wide 

variety of adsorbents, most of them have 

something in common: selective CO2 

adsorption by an amine functional group which 

is grafted or impregnated inside a porous solid 

support. It means that carbon dioxide is 

chemically adsorbed by the functional groups 

of adsorbent; thus, the adsorption process 

supposedly proper for such a situation is 

Temperature Swing Adsorption. However, 

while designing a TSA cycle for such a 

separation, a technical problem arises, that is 

cycle time. Because the rate of heat transfer in 

porous particles is low, the regeneration step 

in traditional TSA cycles lasts at least two 

hours, which requires a larger bed. To 

overcome this problem, some researches were 

focused on improving the traditional 

adsorption processes. In some researches, the 

granular adsorbents were heated indirectly in 

an exchanger type structure (Clausse, Merel, 

& Meunier, 2011; Lee & Sircar, 2008; Merel, 

Clausse, & Meunier, 2008; Mérel, Clausse, & 

Meunier, 2006). Although in this case the 

purity of separated CO2 was high, the 

regeneration time wasn’t short enough. In 

some researches, the adsorption cycle was 

modified to improve the economy of CO2 

capture (Hefti, Joss, Bjelobrk, & Mazzotti, 

2016; Joss, Gazzani, & Mazzotti, 2017; Marx, 

Joss, Hefti, & Mazzotti, 2016). Despite the fact 

that the indirect heating and cycle 

modification are to some extent successful to 

reduce the regeneration time, they need a 

multiple bed system for separation which 
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should be executed by a complicated system of 

valves and piping. Another improvement 

toward reducing regeneration time is a 

specialized form of indirect thermal heating in 

which the adsorbent is coated on the surface of 

a heat exchanger; in this case a new name has 

been coined for the process: Rapid 

Temperature Swing Adsorption, abbreviated to 

RTSA (Bonnissel, Luo, & Tondeur, 2001; 

Determan, Hoysall, & Garimella, 2012; 

Fatemeh Hosseini et al., 2017; R. Lively, 

Chance, Koros, Deckman, & Kelley, 2012; R. P. 

Lively et al., 2009; Rezaei et al., 2014). In 

2001, Bonnissel et.al. coated the surface of a 

peltier cell by activated carbon, and reduced 

the cycle time to 20 minutes. In 2009- 2014, in 

Georgia institute of technology, a research was 

conducted to load the amine grafted adsorbent 

in the body of hollow fiber. In spite of the fact 

that the researchers were successful to reduce 

the cycle time to less than 3 minutes, applying 

hollow fiber as the medium for indirect heating 

has its own drawbacks: the complicated 

process of producing adsorbent loaded hollow 

fibers and high pressure drop of flowing water 

through hollow fibers. 

The idea of adsorbent loaded hollow fiber for 

CO2 capture is fascinating, but the hollow fiber 

itself is designed for low velocity flows. Though 

the idea of applying adsorbent coated 

exchangers for CO2 capture has not been well 

investigated yet, the adsorbent coated 

exchangers have extensively been studied in 

adsorption refrigeration technology (Bauer, 

Herrmann, Mittelbach, & Schwieger, 2009; 

Boelman, Saha, & Kashiwagi, 1995; Freni et 

al., 2015; Restuccia, Freni, Russo, & Vasta, 

2005; Yong & Wang, 2007; Zhu, Han, Lin, & 

Yu, 1992). Generally, for this purpose the 

adsorbent is coated on the external surface of a 

finned tube exchanger made of copper or 

aluminum. In this case, the water easily flows 

through the pipes, and transfers the heat 

between water and the adsorbents through the 

fins. It should be noted that different kinds of 

these exchangers are commercially available. 

The successful application of coated 

exchangers for the purpose of chilling by 

SorTtech and AQSOA is a motivation to test 

this structure for the purpose of CO2 

separation. Therefore, the aim of this paper is 

to numerically assess the performance of 

adsorbent coated finned tube exchanger for 

capturing the CO2 from a simulated flue gas.  

2. Process Description 

The schematic diagram of an adsorbent coated 

finned tube exchanger is shown in Figure 1. As 

it is shown in this Figure, a thin layer of 

adsorbent is coated on the fins of the 

exchanger. In the adsorption step, a gas 

consisting of N2 and CO2 enters the fin side of 

the exchanger, and the carbon dioxide is 

adsorbed on the adsorbent layer. The heat of 

adsorption is dissipated by the cooling water 

inside the tubes through the fins. The cooling 

water enters from one side of exchanger and 

exits from the other side with gas crossflowing 

it. In regeneration step, the hot water flows 

through the tubes that cold water passes in 

adsorption step. This hot water heats up the 

adsorbent layer leading to the extraction of 

high purity carbon dioxide from the 

adsorbents. In regeneration step the end of 

exchanger is closed and desorbed gas exits 

from the beginning of the bed. A schematic 

diagram of adsorption and desorption steps is 

shown in Figure 2. To have a continues flow, it 

is necessary to have at least 2 beds in parallel, 

one in adsorption step and the other in 

regeneration step. 

 

Figure.1. schematic diagram of an adsorbent coated finned tube exchanger 
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Figure.2. schematic representation of adsorption and desorption step 

 

3. Mathematical Model 

3.1. Assumptions and Limitations: 
The mathematical model was developed based 

on the following assumptions: 

1. Pressure is constant through the bed. 

2. The flow pattern is described by the plug-

flow model. 

3. The gas consists of N2 and CO2. 

4. Only CO2 is adsorbed by the adsorbent.  

3.2. Conservation of Mole 

Applying the conservation law of mass on a 

differential control volume of the adsorption 

bed results in: 

(1 )1 ( )
( )b m

g

b b b

Qy q P
y

A z t t RT

 

 
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 (1) 

This equation was used to obtain the 

concentration profile along the exchanger. In 

the above equation, q, which is the average 

amount of material adsorbed per unit volume 

of the adsorbent, can be calculated by modified 

LDF model (Rezaei et al., 2014): 
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where q* is the equilibrium amount of 

adsorbed carbon dioxide and is calculated from 

the Toth isotherm. 
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The saturation capacity and adsorption affinity 

are temperature-dependent parameters and 

can be calculated using the following 

correlations (Rezaei et al., 2014): 
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Due to the adsorption and desorption, the net 

molar flow rate through the bed varies with 

time and position. The net flow rate is 

calculated by applying total mole balance 

along the bed. 
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(7)

 

3.3. Gas phase Conservation of Energy: 

Due to the exothermic nature of adsorption, 

the temperature changes along the bed. The 

conservation of energy is used to calculate the 

temperature along the bed. 
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3.4. Solid phase Conservation of 

Energy: 

The adsorbent layer exchanges heat with the 

gas phase and metallic structure of exchanger. 

The adsorbent temperature can be calculated 

from the conservation of energy on the 

adsorbent layer. 

2

T ( )
(T ) ( ) ( )
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a a
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k p

T

c Tq
h T U T T c dT H
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(9) 

As it is concluded from equation 9, the 

adsorbent temperature depends on both gas 

and the temperature of exchanger structure. 

Assuming a quasi-steady state for exchanger 

metallic structure, the temperature of 

exchanger structure can be calculated from the 

following equations: 
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(11) 

4. Initial and Boundary Conditions:  

The initial and boundary conditions for the 

equations are summarized in Table 1, and the 

numerical value of constant parameters 

presented in those equations are adopted from 

literatures and are summarized in table 2.

Table.1. Initial and boundary equations for governing equations 

Governing equation 
Initial and boundary conditions 

Adsorption step Desorption step 

Mole conservation of adsorbing component in bed 

gas phase, equation (1) 0
0

z ,t
y




0
0 13

z ,t
y .




 
0

z L,t

y

z 





 

Mole conservation of adsorbing component in adsorbent layer 

gas phase, equation (2) 0
0

z ,t
q


   

Total mole  conservation 

Gas phase, equation (7) 0 inz ,t
Q Q


  0

z L,t
Q


  

Gas phase conservation of thermal energy 

Gas phase, equation (8) 0
298g

z ,t
T K


 , 

0
298g

z ,t
T K


  0

g

z L,t

T

z






 

Solid phase conservation of energy 

Solid phase, equation (9) 0
298a

z ,t
T K


   

Table.2. Numerical value of parameters used in calculations 

Parameter value reference 

W, H, L [m] 0.5, 0.5, 2  

εb 0.25  

εm 0.25  

Ks0 [s-1] 0.165 

(Rezaei et al., 2014) 

α 1.31 

ρadsorbent [kg/m3] 960 

qs0 [mole/kg] 1.29 

η 1.26 

b0 [1/pa] 0.8 

T0 [K] 298 

ΔH [kJ/mole] -112 

A, B 0.28, 1.32 

Qin [m3 STP/minutes] 2, 4, 6  

h [W/m2 K] 10 
(Bejan & Kraus, 2003) 

U [W/m2 K] 50 

P [pa] 101325  

Cp
a
 [j/ kg K] 1000  

m0 [kg/min] 50  

Cp
w [j/kg K] 4178  

Tin
w [˚C] 

Cooling 25, 35, 45  

Heating 80, 100, 120 
 

Duration of adsorption and regeneration steps 

[minutes] 
10, 10  
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5. Results and Discussion 

The recovery1, productivity2 and purity3 of 

carbon dioxide separation are three 

interrelated parameters which vary with 

operating conditions such as feed flow rate, 

cooling water temperature and hot water 

temperature. To assess the effect of these 

important parameters on the performance of 

the proposed structure, a parametric study 

was run. As it is indicated, the mentioned 

separation cycle of CO2 needs a heating step 

and a cooling step. To minimize the energy 

demand of such a process, it is necessary that 

the cycle work with waste heat or solar 

sources. The temperature of such resources 

normally ranges from 60 to 150 C, and it is 

desirable that cooling step be done at ambient 

temperature. Thus, the range of cooling was 

selected from 25 C to 45C, and the range of 

heating was selected from 80 C to 120 C. All 

these parametric studies were done for the 

same cycle time (10 minutes adsorption step 

and 10 minutes desorption step). 
 

5.1. Effect of Cooling Water 

Temperature 

The effect of cooling water temperature on the 

recovery and purity and on the productivity is 

represented in Figure 3 and Figure 4 

respectively. These Figures show that as 

cooling water temperature increases, recovery, 

purity and productivity decrease. It is because 

of the reduction in equilibrium adsorption 

capacity and affinity due to the rise in the 

adsorbent temperature. 

 

Figure.3. Effect of cooling water temperature on recovery and purity of carbon dioxide  

(TH=120 C, Q=6 STP cubic meter/minutes). 

 

Figure.4. Effect of cooling water temperature on productivity of carbon dioxide  

(TH=120 C, Q=6 STP cubic meter/minutes). 
 

1 kg of CO2 that is separated in a cycle/ kg of 

CO2 that is entered to the unit in a cycle 
2 kg of CO2 that is separated in a cycle 

 3 Average mole fraction of separated CO2 in a 

cycle 
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5.2. Effect of Hot Water Temperature 

The Figures 5 and 6 disclose the effect of hot 

water temperature on the performance of the 

system. As it is shown in these Figures, by 

increasing the regeneration temperature all 

three factors increase. It is because of the 

better regeneration of the adsorbent at higher 

temperatures. When the temperature of the 

regeneration step increases, the amount of 

desorbed CO2 increases. 
 

5.3. Effect of Feed Flow Rate 

Figure 7 and Figure 8 explore the effect of feed 

flow rate on the performance of the proposed 

bed. Figure 7 shows that by increasing the feed 

from 2 m3STP/min to 4 m3STP/min, there is a 

small reduction in recovery and a moderate 

rise in purity; however, the increase in feed 

from 4 to 6 m3STP/min causes a sharp 

reduction in recovery, while the variation of 

purity is negligible. The trend of productivity 

is illustrated in Figure 8. By increasing the 

feed flow rate from 2 to 4, the productivity 

increases; however, like purity, by increasing 

the feed from 4 to 6, there is no noticeable 

change in productivity. 

 

 

Figure.5. Effect of hot water temperature on recovery and purity of carbon dioxide 

(TC=35 C, Q=6 STP cubic meter/minutes). 

 

Figure.6. Effect of hot water temperature on productivity of carbon dioxide  

(TC=35 C, Q=6 STP cubic meter/minutes). 
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Figure.7. Effect of feed flow rate on recovery and purity of carbon dioxide (TC=35 C, TH=120 C). 

 

Figure.8. Effect of feed flow rate on productivity of carbon dioxide (TC=35 C, TH=120 C). 

 
Table.3. Equilibrium time of proposed bed 

Feed flow rate 2 4 6 

Equilibrium time (S) 1222 611 407 

 

These trends are well explained by equilibrium 

times of bed for different feed flow rates which 

are presented in table 3. It can be understood 

from this table that the equilibrium time for 2 

cubic meter per minutes (STP) is much higher 

than the duration of the adsorption step. It 

means that a noticeable part of bed is unused 

in each cycle. Therefore, the recovery is high, 

but the recovered CO2 will get diluted by N2 

presented in the bed. At feed flow rate of 6 m3 

STP/min, the equilibrium time is much lesser 

than the length of the adsorption step. It 

reveals that a part of the entered CO2 exits the 

bed, and consequently the recovery is low. 

5.4. Cyclic Simulation 

In the previous section, the results of operating 

parameters on the performance of the system 

was presented. These results showed that 

when the flow rate is 4 normal cubic meter per 

minutes and the hot water temperature is 120 

degree of centigrade, the recovery, productivity 

and purity are almost in their maximum 

values, i.e. 96%, 98%, 17.5 kg/cycle. However, 

the cooling water temperature did not change 

the performance of the system very much. 

Therefore, this condition was selected for 

further elaboration on cyclic simulation. In 

Figure 9, the profile of average CO2 loading 

and gas temperature at middle of the bed is 

shown for three last cycles of simulation.  
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Figure.9. Profile of average CO2 loading and gas temperature at z=L/2 versus time for three last cycles out of 5. 

 

Figure.10. Profile of CO2 mole fraction at z=0, z=L/2, and z=L versus time for three last cycles out of 5. 

 
The graph of average loading can be divided to 

4 regions which are shown by 4 arrows. In the 

first part, a sharp reduction is shown in the 

average loading. At the beginning of the 

adsorption step, a fresh gas containing 13% 

CO2 enters the bed, which causes a sharp 

reduction in CO2 mole fraction along the bed 

(Figure 10). Noting that the bed temperature 

is still high, this sharp reduction in the 

amount of CO2 in gas phase causes further 

desorption of CO2 from the adsorbents. The 

second part is the nearly linear increase of 

average loading versus time. In this part, the 

bed temperature is low enough to adsorb the 

CO2, all of the entered CO2 are adsorbed, and 

the outlet fraction is almost zero. 

In the third part, the graph of average loading 

gets closely flat, which means no more 

adsorption is taking place. In fact, the bed is 

almost in its equilibrium state with flowing 

gas, and the outlet mole fraction starts to rise 

(Figure 10). The last part is the declining 

section of the graph which is caused by heating 

up the bed. 

6. Conclusion 

In this study, the performance of an adsorbent 

coated finned tube exchanger was studied 

numerically. The results show that this structure 

has a great potential for being applied in short 

cycle (or rapid) temperature swing adsorption. 

For the case of carbon capture with a simple cycle 

consisting of two steps, including adsorption and 

regeneration (without purging and sweeping), 

this structure can create high recovery and purity 

which are of interest in separation processes. It 

should be noted that finned tube exchangers are 

well developed to create minor pressure drop in 
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gas and liquid phase; thus, they are suitable 

structures for getting coated by adsorbent for the 

purpose of gas separation by Rapid Thermal 

Swing Adsorption. 
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Nomenclature 

Ab cross sectional area of bed (m2) 

b adsorption affinity parameter (kPa-1), 

center to center crossing distance between two 

adjacent fins of exchanger  

bref reference adsorption affinity 

parameter (kPa-1) 

Ks0 adsorption rate constant (1/s) 

n adsorption equilibrium parameter 

P Pressure (Pa), partial pressure of 

adsorbate 

q Adsorbing component concentration in 

solid phase (mole/m3) 

qs Saturation capacity of adsorbing 

component in solid phase (mole/kg) 

q* equilibrium concentration of adsorbing 

component in solid phase (mole/m3) 

Q feed flow rate (mole/s) 

R gas constant 

Tg  gas temperature (K) 

Ta adsorbent temperature (K) 

Tm temperature of fins (K) 

t time (s) 

U interstitial velocity (m/s) 

y mole fraction 

z axial distance in bed (m) 

Greek letters 

α Adsorption rate constant 

εb void faction of bed 

εm fraction of bed occupied by fins of 

exchanger 

ρadsorbent particle skeleton density (kg/m3) 

θ fractional surface coverage 
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