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Abstract: The purpose of this research paper is to analyse the impact of kinetics and dynamics of sulphur dioxide (IV) and nitric oxide (II) 

adsorption from the flue gases on the geometry of a column with a fixed carbon bed. Using the following kinetics equation: pseudo-first and 

pseudo-second-order, Webber-Morris and Elovich and dynamics Langmuir equation, essential operation parameters for activated carbon 

made from coconut shell modified by copper have been found. Comparison of two schemes (simultaneous adsorption of SO2 and NO after 

CO2 adsorption and simultaneous adsorption of SO2, NO and CO2) has been done to determine the adsorption’s time, efficiency and a 

breakthrough curve. Process scaling has been used to evaluate the chances of adsorption flue gas treatment implementation in industrial 

production. Bed height has been modelled considering the flow of fuel gases for ½ technical scale and flow of fuel gases for large 

combustion plants. Match factors values have pointed that the research is more accurate for NOx than SO2 adsorption regardless of the 

operation scenario. To reduce the height of one column, a battery of columns should be applied, e.g. for NO adsorption in one segment and 

SO2 adsorption in another segment. 
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1. Introduction 

SO2 and NOx in flue gases are the main air pollutants. Such gaseous 

substances affect human health and the environment badly. For 

many years have International Directives have been created to limit 

the emissions of these gases. Adsorption distinguishes it from 

general flue gases treatment methods. Although adsorption 

efficiency is lower compared to the main BAT techniques, the 

simplicity of the installation, ability to implement into existing 

boiler systems and low exploitation cost due to the activated carbon 

from waste usage are strong advantages. Activated carbon has a 

large specific surface area and a highly developed structure in a 

wide range of pores. It may be an ideal pollutant adsorbent with 

strong adsorption performance and great chemical stability [1]. 

Activated carbons are made from a variety of starting 

materials. Bio-waste is often used for the production of activated 

carbons due to the huge amount generated each year [2]. The most 

commonly used are palm shell, palm stone and coconut shell. It 

happens because palm and coconut bio-wastes have a large amount 

of micropores and macropores. It makes the possibility of selecting 

raw materials to produce activated carbon with certain pore size 

distribution at the beginning of the process. This allows reducing 

production costs at the carbonization stage. To design an adsorption 

process and apparatus under large combustion plants conditions, to 

scale up the process is a need to model kinetics and dynamics. It is 

impossible to check the behaviour of adsorbents under all possible 

conditions on a laboratory scale.  

2. Prerequisites and means for solving the problem 

2.1 Kinetic and dynamics modelling 

The model research were performed using the Langmuir model in 

the case of the adsorption dynamics analysis and the pseudo-first-

order, the pseudo-second-order, the Weber-Morris and the Elovich 

models in the case of adsorption kinetics analysis. A brief 

description of each of them is presented below. 

Langmuir model 

Process dynamics calculations have based on the Langmuir 

isotherm equation. This is the simplest model which leads to 

uncomplicated mathematics. The model assumes constant 

adsorption energy that is independent of the surface coverage and 

adsorption is a monolayer. The following form of the equation has 

been used in modelling [3]: 

𝑞 = 𝑞𝑚

𝑏 ∙ 𝐶

1 + 𝑏 ∙ 𝐶
;  where 𝑏 =

𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
 (1) 

Where C is the initial concentration of the adsorbate [mol/g], q is 

the adsorption capacity of adsorbent [g/kg], qm is Langmuir 

constant related to adsorption capacity [g/kg] and b is Langmuir 

constant related to the rate of adsorption [m3/kg].  

Pseudo-first-order model 

The pseudo-first-order (PFO) model is formed as irreversible first-

order kinetics. PFO model assumes that the adsorption process can 

be regarded as a first-order reaction due to the presence of the 

amount of adsorption at equilibrium [4]: 

ln 𝑞𝑒 − 𝑞 = 𝑙𝑛𝑞𝑒 − 𝑘1 ∙ 𝑡 (2) 

Where q is the adsorption capacity of adsorbent [g/kg], qe is amount 

of adsorption at equilibrium [g/kg], t is time [s] and k1 is PFO 

reaction rate constant [1/s]. 

Pseudo-second-order model 

The pseudo-second-order (PSO) model assumes that the adsorption 

process can be regarded as a second-order reaction towards the 

difference between the amount of the actual adsorbate and the 

adsorbate in the equilibrium state. The transformed form of the 

equation is presented below [5]: 

𝑡

𝑞
=

1

𝑘2 ∙ 𝑞𝑒
2

+
𝑡

𝑞𝑒
 (3) 

Where q is the adsorption capacity of adsorbent in time [g/kg], ], qe 

is amount of adsorption at equilibrium [g/kg], t is time [s] and k2 is 

PSO reaction rate constant [s·g/kg]. 

Weber and Morris model 

Weber and Morris (WM) equation is well known as the diffusional 

model. This model assumes that the diffusion in the micropore is 

the rate-limiting step. To determine the initial adsorption behaviour, 

the following equation is deduced [6]:  

𝑞 = 𝑘𝑊𝑀 ∙ 𝑡
1

2 + 𝐴 (4) 

Where q is the adsorption capacity of the adsorbent [g/kg], t is time 

[s] and kWM is Weber-Morris reaction rate constant [g/kg·t1/2]. The 

presence of the A constant is explained by the external mass 

transfer which is insufficient. 

Elovich model 
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The Elovich (E) equation has been suggested as the best available 

procedure for describing the kinetics of chemisorption. This 

equation assumes that the reaction takes place at the heterogeneous 

surface. The high value of the match factor of the model adsorption 

curve compared to experimental data indicates that the reaction rate 

is limited by chemisorption. Elovich equation is expressed as [7]: 

𝑞 =
1

𝛽
∙ ln 𝑡 +

1

𝛽
∙ ln(𝛼 ∙ 𝛽) (5) 

Where α [g/kg·s] and β [g/kg] are constants during any of 

experiments,t is time [s] and q is the adsorption capacity of 

adsorbent [g/kg].  

Model validation 

Parameter S has been used to evaluate which model most accurately 

describes the adsorption process. It is the sum of squared 

differences of model and experimental adsorption capacity. The 

equation is expressed as: 

𝑆 =   𝑞𝑚𝑜𝑑 − q 2

𝑛

𝑖=1

 (6) 

2.2 Process scaling 

The computational model is based on mass transfer zone theory. 

The assumptions are: idealized plug flow, convective mass transfer, 

constant gas feed velocity through the bed and constant temperature 

of the process. Another assumption is that adsorption capacity in 

time t divided by the concentration in time t equals initial 

adsorption capacity divided by initial concentration (
𝑞

𝐶
=

𝑞0

𝐶0

). Also, 

if the concentration in any time t is equal to ½ of the initial 

concentration we get the half-time t=t1/2. This half time is essential 

for scaling up. Due to the knowledge of the mass transfer zone 

theory and Langmuir isotherm, it is possible to determine the 

equation: 

𝑡 = 𝑡1 2 +
𝜌𝑏𝑞𝑚

𝐾𝑎𝐶0
 𝑙𝑛2𝑥 −

1

1 + 𝑏𝐶0
𝑙𝑛2(1 − 𝑥)  (7) 

Where t is time [s], t1/2 is half-time [s], ρb is volumetric density 

[kg/m3], qm is the maximum adsorption capacity of an adsorbent 

[mg/g], Ka is mass transfer constant [1/min], C0 is the initial 

concentration of SO2 or NO in feed [mg/g] and x is defined as C/C0 

where C is the concentration of SO2 or NO at the time t. 

The equation describing the adsorption duration time emerges 

from the mass balance of the adsorbent bed. The equation is 

expressed as: 

𝑡 =
𝑞𝑚 ∙ 𝜌𝑏 ∙ 𝐻

𝑤 ∙ (𝐶0 −𝐶)
 (8) 

Where t is time [s], ρb is volumetric density [kg/m3], qm is the 

maximum adsorption capacity of an adsorbent [mg/g], C0 is initial 

concentration of SO2 or NO [mg/g], C is concentration of SO2 or 

NO at the time t [mg/g] and w is feed velocity [m/s]. 

2.1 Research material 

The matter of this article is activated carbon made from coconut 

shells modified by copper (CU-SAC) [8]. Table 1 presents the 

parameters characterizing its porous structure.  

Table 1 Porous structure parameters of Cu-SAC (based on [1]) 

Sample Value 

Total volume [cm3/g] 0,623 

Surface area [m2/g] 1,339 

Micropore volume [cm3/g] 0,544 

Average pore width [nm] 1,860 

Volumetric density [kg/m3] 680,0 

Model studies were performed for SO2 and NO adsorption from the 

stream which was previously purified of CO2 (first scenario) and for 

simultaneous adsorption of SO2, NO and CO2 from the flue gases 

(second scenario). The flue gases composition for the first operation 

scenario is: 94,7 % N2, 5% O2, 2000 ppm SO2, 1000 ppm NO. 

Composition for the second scenario: 84,7 % N2, 5% O2, 10% CO2, 

2000 ppm SO2, 1000 ppm NO. The feed flow through the reactor 

has been fixed at 400 ml/min. The reaction temperature has been 

preset to 323 K and the pressure to 1013 hPa. The adsorption 

capacities for SO2 and NO for both scenarios were borrowed from 

the work [8]. The reason for choosing the experimental data from 

the indicated literature was the convergence of the composition of 

the simulated flue gases with the real flue gases [9], with particular 

emphasis on the concentration of SO2 and NO. This approach made 

it possible to scale the model data for the needs of the deposit height 

assessment. 

3. Results of discussion 
As mentioned before, modelling has been conducted for two 

scenarios basing on experimental data from the source article [8]. In 

the first scenario, the first step is CO2 adsorption out of flue gases 

(which is not the subject of model research for this article). The 

second stage is about simultaneous adsorption of SO2 and NO from 

a CO2-free stream. Initial concentration of SO2 in mixture is 2000 

ppm=3,12·10-5 [mol/g], while initial concentration of NO is 1000 

ppm=3,33·10-5 [mol/g]. Maximum adsorption capacity qm of SO2 

has been measured when outlet to inlet concentration ratio equals 

0,82 and analogical NO ratio equals 1. 

SO2 kinetics model research has proved that both Weber-

Morris and Elovich equations predict the reaction’s behaviour alike. 

It means that under designed conditions both chemisorption and 

diffusion in micropores were limiting stages of the process. In this 

case, pseudo-first and pseudo-second equations are not included 

because their match factor (parameter S) has occurred to be too low. 

Experimental data with breakthrough curves are presented in Fig. 1.  

 
Fig. 1 Adsorption breakthrough curves for SO2 on Cu-SAC – first 

scenario 

For the first scenario, modelling of kinetics adsorption of NO 

has been described successfully with pseudo-first and pseudo-

second-order equations. Although adsorption test points have been 

almost immaculately matched by the pseudo-second-order model, 

this model has not predicted a situation when there is 

overproduction of NO before 20 minutes of measurement. Elovich 

and Weber-Morris equations describe the adsorption process 

precisely when the changes of concentrations are rapid. Previous 

models cannot describe the process with high accuracy when the 

reaction rate decreases. Same as for SO2 both chemisorption and 

diffusion in micropores seem to be limiting steps of the adsorption 
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process of NO. Experimental data with breakthrough curves are 

presented in Fig. 2.  

 
Fig. 2 Adsorption breakthrough curves for NO on Cu-SAC – first 

scenario 

The second scenario is about simultaneous adsorption of SO2, 

NO and CO2 from the flue gases. However, CO2 adsorption is not of 

interest to this article. As can be seen in Fig. 3 and 4, test points 

have similar values to those from the first scenario. There are also 

the same initial concentrations. The only difference is between 

values of maximum adsorption capacities. Every breakthrough 

curves observation in the second scenario has led to the same 

conclusion as in scenario one.  

 
Fig. 3 Adsorption breakthrough curves for SO2 on Cu-SAC – 

second scenario 

 
Fig. 4 Adsorption breakthrough curves for NO on Cu-SAC – 

second scenario 

Both scenarios have resulted in identical conclusions. The 

second scenario confirms the fact that both chemisorption and 

diffusion in micropores were limiting steps of the process. Also in 

both scenarios, the maximum adsorption capacity of SO2 (for ratio 

C/C0=1) has been not achieved. It is believed that it could have been 

due to by the co-adsorption of other pollution. In the first and 

second scenarios overproduction of NO has been registered, which 

could be related to the co-adsorption of SO2 [1]. 

To sum up, experimental values of adsorption capacity for the 

scenario one are: qSO2=67,91 mg/g, qNO=1,50 mg/g; and for scenario 

two: qSO2=61,50 mg/g, qNO=1,20 mg/g. 

Lower values of the S parameter are achieved for the Elovich 

equation (Tab. 2). It proves that chemisorption influences limiting 

reaction rate more than diffusion in micropores. Although the 

differences are not too significant.   

Table 2 Values of S [g2·kg-2] parameter – first (1) and second 

(2) scenario for SO2 and NO 

 SO2 NO 

 WM E PFO PSO WM E 

1 548 359 20 0,19 16 5,23 

2 295 137 13 0,10 10 3,09 

Mass transfer zone theory, which has been presented in 

section 2.2, enables us to figure the half-process time. It is possible 

because of the graphic solution of the Langmuir equation using the 

MS Excel Reglinp function. The figured value of t1/2 is a model 

time for the adsorption process that can be used for rescaling 

laboratory column to the industrial conditions. The bed height 

remains unknown, however, it can be calculated from the 

transformed equation number 8:   

𝐻 =
𝑡 ∙ 𝑤 ∙ (𝐶0 −𝐶)

𝑞𝑚 ∙ 𝜌𝑏
 (9) 

Where t is time [s], w is feed velocity [m/h], ρb is volumetric 

density [kg/m3], qm is the maximum adsorption capacity of an 

adsorbent [mg/g], C0 is initial concentration of SO2 or NO [mg/g]. 

The geometry of the column used in the experiment is 240 

mm in height and 18 mm in diameter (the d/H ratio is equal to 

0,075). Table 3 and Table 4 contain essential data for calculations 

(time, feed velocity, initial concentration of SO2 or NO, 

concentration of SO2 or NO at any time t, maximum adsorption 

capacity of an adsorbent)  and calculation results (height, diameter 

and diameter to height ratio). 

Concentration C has been chosen from Fig. 1, 2, 3 or 4 

(depending on the scenario and type of pollution) for the first test 

point greater than zero. As long as the adsorption capacity 

measurement point obtains zero, the fixed bed removes pollution 

with maximum efficiency. The t value in Tables 3 and 4 informs 

how long maximum efficiency happens. The best operating point of 

the fixed bed occurs when the active sites are not yet occupied by 

contaminant particles. The time is long enough to guarantee the 

stream to be purified from  SO2. This conclusion is related to 

obtaining 4 measuring points at the zero value for adsorption 

capacity, which means that the stream is continuously purified with 

100% efficiency. In the case of NO, it is a much shorter process due 

to the unfavourable process temperature. To extend NO adsorption, 

a higher process temperature would have to be used or the 

modification of the surface of the Cu-SAC would have to be 

changed. However, this could lead to the deterioration in SO2 

adsorption. 

Basing on the source article [10], which is about the plant of 

the Bergbau-Forschung process for flue gases desulphurization, it 

has been chosen to use two volumetric flow rates i.e.100 m3/h as the 

flow of fuel gases for ½ technical scale and 10 000 m3/h as the flow 

of fuel gases for large combustion plants. Knowing the values of the 
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flow rates, the gas flow velocities necessary for further calculations 

were figured. 

Table 3 Input data for scaling up calculation – first (1) and (2) 

scenario for SO2 

Type of 

scenario 
1a 1b 1c 1d 

t [s] 4080 

w [m/h] 23,58 3,2 56,89 261,34 

C0 [g/m3] 2,13 

C [g/m3] 0,21 

q [g/kg] 67,91 

H [m] 3,99 0,54 9,57 44,20 

d [m] 0,018 0,040 0,75 3,49 

d/H 0,005 0,074 0,078 0,079 

Type of 

scenario 
2a 2b 2c 2d 

t [s] 5160 

w [m/h] 23,58 2,53 46,21 207,15 

C0 [g/m3] 2,21 

C [g/m3] 0,24 

q [g/kg] 61,50 

H [m] 5,72 0,61 11,2 50,22 

d [m] 0,018 0,055 0,83 3,92 

d/H 0,003 0,077 0,074 0,078 

Table 4 Input data for scaling up calculation – first (1) and (2) 

second scenario for NO 

Type of 

scenario 
1a 1b 1c 1d 

t [s] 206 

w [m/h] 23,58 4,50 85,54 391,89 

C0 [g/m3] 1,06 

C [g/m3] 0,59 

q [g/kg] 1,50 

H [m] 2,25 0,43 8,17 37,43 

d [m] 0,018 0,041  0,61 2,85 

d/H 0,008 0,076 0,075 0,076 

Type of 

scenario 
2a 2b 2c 2d 

t [s] 186 

w [m/h] 23,58 4,30 80,20 365,77 

C0 [g/m3] 1,1 

C [g/m3] 0,64 

q [g/kg] 1,20 

H [m] 2,47 0,45 8,41 38,35 

d [m] 0,018 0,035 0,63 2,95 

d/H 0,007 0,077 0,075 0,077 

The computation data are given in Tables 3 and 4 (time, feed 

velocity, initial concentration of SO2 or NO, the concentration of 

SO2 or NO, adsorption capacity). Also, the results (height, diameter, 

height to diameter ratio) are given there. Four scenarios have been 

determined: a - bed height calculated for feed velocity and diameter 

(both specified in [2]; b - bed height calculated for feed velocity 

specified in [2]; c - bed height calculated for the volumetric gas 

flow rate of 100 m3/h; d - bed height calculated for the volumetric 

gas flow rate of 10 000 m3/h. In scenarios a, b and c the diameter 

has been changed to obtain a height to diameter ratio of about 

0,075. 

The ratio of the column diameter from the source article [2] to 

the calculated height was much less than 0,075 in cases of both SO2 

and NO. The large height of the column with such a small diameter 

suggests two solutions. One of them is the construction of a battery 

of adsorption columns to separate the height over several 

apparatuses. The second one is a selection of the optimal column 

diameter to obtain the d/H ratio close to the value of 0,075. It has 

been decided to use the second solution. Variants b, c and d show 

what real dimensions of the column would have been if we had 

chosen the 0,075 ratios (like a reference value). Tables 3 and 4 

suggest that the apparatuses would be too big. With such large sizes 

of heights and diameters, it is worth dividing one big column into a 

column battery. That would enable an operation at different 

temperatures. Then, a low-temperature process, which enhances the 

adsorption of SO2, can be executed in one column, while in the next 

column a high-temperature process improving NO adsorption can 

be performed.  

3. Conclusion 

The adsorption characteristics of SO2 and NO on activated carbon 

impregnated Cu have been investigated. Basing on data modelling 

can be concluded that the adsorption of SO2 and NO (in parallel) 

can be precisely described by the Langmuir isotherm, by the 

Weber-Morris equation and Elovich equation, while for NO 

adsorption only the pseudo-first-order and pseudo-second-order 

equations are sufficiently accurate. The rate of adsorption of both 

SO2 and NO is primarily limited by chemisorption, but diffusion in 

the micropores also has a significant impact. The NO adsorption 

capacity is much lower than the SO2 adsorption capacity. This is 

due to the preparation of activated carbon, the process conditions 

and the impregnation with copper which promotes the adsorption of 

SO2 rather than NO. Referring to model data, to reduce the height of 

the column, a battery of columns should be used instead. This 

solution would provide the possibility of using other carbon 

materials and other process parameters depending on the segment, 

i.e. for NO adsorption in one and SO2 adsorption in another 

segment. It would have a positive effect on the efficiency of flue 

gas purification by the adsorption. 
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