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x	� Liquid phase mole fraction (–)
y	� Gas phase mole fraction (–)
Z	� Axial co-ordinate (m)

Greek letters
δ	� Film thickness (m)
φ	� Specific molar holdup (mol/m)
ϕ	� Volumetric holdup (m3/m3)
λ	� Thermal conductivity (W/m.K)

Subscripts
G	� Gas phase
L	� Liquid phase
i	� Component index
j	� Segment index
s	� Component index

Superscripts
b	� Bulk
f	� Film
g	� Gas
l	� Liquid
I	� Interface

1  Introduction

Removing toxic gases from exhausted gas streams in 
chemical and petrochemical industries is a vitally impor-
tant subject from environmental point of view. Carbon 
dioxide is one of the main greenhouse gases, which should 
be removed from atmosphere by means of some common 
techniques such as reactive absorption, adsorption, mem-
brane separation and microbial CO2 fixation [1, 2].

Abstract  A dynamic model has been developed for mod-
eling of carbon dioxide reactive absorption. Mass transfers 
of the species were considered in both directions. The heat 
and mass transfer differential equations, were solved using 
the method of lines. The experiments were carried out to 
evaluate the model perditions, using an absorption pilot 
plant. A comparison between the experimental data and the 
simulation results proves the good predictivity of the pre-
sented model.

List of symbols
a	� Specific packing surface (m2/m3)
A	� Cross-sectional area (m2)
C	� Molar concentration (mol/m3)
Cp	� Heat capacity (j/m3.k)
CR	� Carbonation ratio (–)
E	� Specific energy holdup (J/m)
D	� Diffusion coefficient (m2/s)
G	� Gas phase molar flow rate (mol/s)
h	� Molar enthalpy (J/mol)
ΔH	� Heat of reaction (J/mol)
K	� Vapor–liquid equilibrium constant (–)
k	� Reaction rate constant (lit/mol.s)
kL	� Mass transfer coefficient (m/s)
L	� Liquid phase molar flow rate (mol/s)
M	� Film conversion parameter (–)
N	� Interfacial molar flux (mol/m2.s)
q	� Heat flux (J/m2.s)
R	� Reaction rate (mol/m3.s)
T	� Temperature (K)
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Among all above mentioned methods, the chemi-
cal absorption seems to be the most practical and effec-
tive technique. Chemical reactions occurring during CO2 
absorption by amines have various advantages regarding 
the operating conditions such as increasing mass transfer 
rate and decreasing total operating pressure [2, 3].

Several stage models have been developed for modelling 
of reactive absorption processes. These models could be clas-
sified in two categories: equilibrium and non-equilibrium 
stage models [4]. In an equilibrium stage model, in each 
stage, gas and liquid output streams are assumed to be in ther-
modynamic equilibrium [5]. Due to some unrealistic assump-
tions in the equilibrium stage models, these models are not 
appropriate for describing reactive separation processes. 
Therefore, non-equilibrium models have been developed 
[6–11]. There are two types of non-equilibrium stage models: 
mass transfer models and rate-based models. Mass transfer 
models are based on film theory and are more accurate than 
equilibrium models. Mostly, in these models enhancement 
factors are used to calculate the mass transfer rates [6, 7].

Rate-based models include mass and energy balance 
equations of the two-phases. In these models interactions 
between the molecules and diffusion phenomena are con-
sidered using Maxwell–Stefan equations [10, 11]. Whereas, 
mass transfer is assumed to be in one direction: gas to liq-
uid phase. However, in the real condition it happens in both 
directions. In addition, the dynamic predictions of the mod-
els are not validated by dynamic experimental data. There-
fore in this research a dynamic non-equilibrium model has 
been developed considering mass transfer in both directions 
in the gas–liquid interface. In the modeling, a new rigor-
ous correlation has been applied for calculation of carbon 
dioxide absorption rate [12]. The model has been validated 
using dynamic experimental data. Also the optimum trans-
fer functions of the reactive absorption of CO2 variables 
were obtained for system control of the process.

2 � Kinetics and absorption rate of CO2

Kinetics and reactions of carbon dioxide with ammonia 
solutions have been extensively presented in the literature 
[13–16]. Modeling of such reactive system of weak electro-
lytes requires that carbon dioxide reactions in the carbon-
ated ammonia solutions to be taken into account. The reac-
tions including CO2 obey first and second order kinetics. 
Three reactions take place for CO2; CO2 and water, CO2 
and amines, and the reaction between CO2 and hydroxyl 
ions. CO2 absorption depends on several items including 
the amount of CO2 loading into the liquid solution, chemi-
cal reactions tacking place in the liquid phase, CO2 partial 
pressure in the gas phase and free ammonia concentration 
in the solution [12]. The extent of CO2 loading is often 

known as carbonation ratio, CR, which is defined as fol-
lows [12, 17]:

It is clear that carbonation ratio is based on the com-
ponent concentrations. To express the effects of chemical 
reactions, film conversion parameter has been introduced. 
Film conversion parameter indicates the ratio of maximum 
possible conversion to maximum diffusion transfer rate 
through the film as follows [12]:

Carbon dioxide mass transfer rate was calculated using 
correlation based on two dimensionless parameters (CR 
and MCO2) [12]:

This correlation is more rigorous than other correlations 
presented in the literature [12]. Moreover, it is applicable 
for a wide range of operating conditions. In the present pro-
cess, ammonia and water are transferred from liquid to gas 
phase. The rate of this transformation for ammonia is cal-
culated using the following equation:

where, CNH3 is calculated from the following equation [18]:

where Φ is:

where DL is diffusion coefficient in the liquid phase and KL 
is reaction rate constant.

3 � Mathematical modelling of heat and mass transfer 
in absorption column

Reactive absorption is a complex rate-controlled process 
that occurs far from thermodynamic equilibrium. The rate-
based model for reactive absorption processes [8, 9, 11] 
involving the rigorous description of mass and heat trans-
fer phenomena, phase equilibrium relations and chemical 
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reactions in both phases is calculated in a number of equiv-
alent stages. Mass transfer is described by the two film 
model [3], which assumes that mass transfer resistance is 
limited in the two film regions adjacent to the gas–liquid 
interface. Gas and liquid bulk phases are in contact only 
with the corresponding films, while thermodynamic phase 
equilibrium is assumed to occur only at the interface with 
no interfacial accumulation. Chemical reactions are consid-
ered to take place in both the film of liquid and gas phase 
[7, 11]. In Fig. 1, the model was described by detail.

The phases in each stage are assumed to be fully mixed 
because the compositions and temperatures in a particular 
phase leaving a stage are identical to the bulk phase proper-
ties. For simplicity of presentation, only the axial variations 
of the temperature and components concentration are taken 
into account, whereas the temperature and components 
concentration gradients in any cross section of an apparatus 
are supposed to be negligible. Dynamic differential mass 
and heat balances with simultaneous calculation of accu-
mulation terms like liquid holdups on each column seg-
ment reflect the continuous and dynamic character of the 
process. In the dynamic component material balances for 
the liquid bulk phase, changes of both, the specific molar 
component and the total molar holdup, are considered 
which thus represent partial differential equations.

where, ammonia and carbon dioxide total mole fractions 
are calculated using the following equations:

(6)
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3 ],j
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(8)xNH3,j = x[NH3],j + x[NH2COO
−],j + x[NH+

4 ],j

Mostly, liquid phase in reactive absorption processes is 
electrolyte solution, so in the multi-component electro-
lyte systems the following principles should be considered 
[19]:

(1) Equilibrium of chemical reactions in the solu-
tion (dissociation of water and electrolytes and reactions 
between the electrolytes and/or products of their dissocia-
tion) with the deviations from the ideal solution properties 
being taken into account. (2) Electrolytes Mass balances 
in the solution. (3) Electroneutrality of the solution [19, 
20].

The gas holdup can be neglected due to the low gas 
phase density at atmospheric operating pressure which 
leads to the following balance equation for each component 
of the gas bulk:

Mass balance equation for components that transfer 
from liquid phase to gas phase is:

For the determination of axial temperature profiles, dif-
ferential dynamic heat balances are formulated including 
the conductive and convective heat fluxes as well as the 
product of the liquid molar holdup and the specific molar 
enthalpy:

Heat losses were neglected in the enthalpy balance for 
the liquid bulk phase. The heat flux through the liquid film 
comprises the conductive and convective terms:
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Fig. 1   Stage modeling of reac-
tive absorption column
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Heat transfer rate to the gas and liquid film interfaces 
has been given by the following equations, respectively:

(12)qgf =
�
gf

δgf
(TI − Tgb)+

m
∑

i=1

N
gf
i h

gf
i

Heat losses were neglected in the enthalpy balance for 
the gas bulk. The heat flux through the gas film comprises 
the conductive and convective terms:

The heat balance for the liquid phase includes the energy 
holdup as an accumulation term. The energy fluxes across 
the interface are linked by the continuity equation:

Summation of mole fractions in each phase equals one. 
Therefore:

(13)0 =
∂(Gjh

gb
j )

∂z
− (qgf aI)A

(14)qlf =
�
lf

δlf
(Tlb − TI)+

m
∑

i=1

N
lf
i h

lf
i

(15)qgf − qlf = 0

Table 1   Mass transfer coefficients and physical properties

Phase Parameter References

Gas Binary diffusion coefficient [22]

Mass transfer coefficient [21, 23]

Viscosity [22]

Liquid Binary diffusion coefficient [24]

Mass transfer coefficient [22, 23]

Viscosity Andrade [22]

Surface tension Hakim-Steniberg-stiel [17]

Fig. 2   Schematic of absorption 
pilot plant
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4 � Determination of physical properties and model 
parameters

Simulation accuracy strongly depends on the values of the 
parameters related to thermodynamic equilibrium, column 
hydrodynamic, reaction kinetics and physical properties. 
The phases are in equilibrium state at the interface. Thus:

where, K is a factor that includes fugacity in the gas phase 
and activity coefficient in the liquid phase obtained from 
thermodynamic models. Reactive separation processes 
occur in the electrolyte solutions. In this study, equilib-
rium mole fractions of the components at the interface are 
obtained by Pitzer semi empirical model given by Krop 
[19]. The presented model parameters are shown in Table 1. 
Effective diffusion coefficient in the liquid phase is given 
by Nernst-Hartley, which describes transfer properties in 
weak electrolyte solutions [21]. Effective diffusion coef-
ficient in the gas phase has been estimated by Wilke-Lee 

(16)

n
∑

i=1

xi = 1

(17)

n+m
∑

i=1

yi = 1

(18)yli,j = Ki,jx
l
i,j i = 1, . . . , n+ m

equations for low pressure conditions [22]. The process 
hydrodynamic influence has been taken into account by 
applying empirical mass transfer, effective specific area, 
liquid holdup and pressure drop correlations [21, 23].

5 � Laboratory absorption setup

Figure  2 illustrates the scheme of an absorption column, 
which has been used to perform the experiments in order 
to validate the simulation results. This column is made of 
a glass cylinder with a 105 mm diameter, which contains 
four packing sections with a height of 650 mm. For redis-
tributing the liquid flow a tray has been put between the 
sections. Two temperature sensors and two valves were 
installed on the trays measuring gas and liquid temperature 
as well as taking samples. The bed packing was made of 
ceramic Rashing rings (0.5 inch) type.

6 � The experimental procedure

The experimental data were taken in dynamic conditions. 
At the onset of the experiments only nitrogen (the gas 
phase) was fed at the bottom of the column, CO2 was added 
to the gas phase (nitrogen stream) after start up and data 
was taken after reaching to a distinct flow regime. After 
about 25  s the system reaches a steady-state condition so 
there are no changes in the dynamic parameters. The total 
sampling time was 25 with 3 s sampling interval.

The liquid samples were analyzed using an ion chro-
matography (IC-762 type from METROHM Company) 
based on conductivity detection method. The gas sam-
ples were analyzed by means of an online gas analyzer 
MSC100 (from SICKMAIHAK company), which is an 
extremely compact multi-component infrared photom-
eter for extractive continuous monitoring of flue gases. 
Operating pressure of the column was atmospheric. The 

Table 2   Input conditions of the absorption column

Process vari-
ables

Temp. (k) NH3 
(mol/h)

N2 (mol/h) CO2 
(mol/h)

H2O 
(mol/h)

Gas 282.1 0 196.6 90.72 0

Process variables Temp. (k) NH3 (mol/m3) CO2 (mol/m3)

Liquid 285.8 500.3 229

Table 3   The conditions of the 
output phases at different times

Time (s) Gas phase mole fractions (partial pressure/ 
pressure)

T (k) Liquid phase concentration 
(mol/m3)

N2 CO2 NH3 H2O TL Total NH3 Total CO2

0 0.684 0.3157 0.0 0.0 285.8 500.3 229.0

3 0.657 0.3084 0.0006 0.034 285.9 500.3 229.3

6 0.662 0.3031 0.0011 0.034 286.2 497.7 235.5

9 0.667 0.2966 0.0021 0.034 286.8 495.1 257.4

12 0.671 0.2919 0.0033 0.034 287.1 492.3 272.9

15 0.674 0.288 0.0042 0.034 288.1 490.2 285.3

18 0.675 0.2857 0.0055 0.034 288.5 486.9 292.0

21 0.679 0.2814 0.0056 0.034 288.9 486.7 306.7

25 0.682 0.2787 0.0057 0.034 289.0 486.5 315.6
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conditions of input phases to the absorption column are 
given in Table 2.

The pilot column results for the phases are demonstrated 
in Table 3. The mole fraction of water was constant owing 
to no changes in the gas phase temperature.

7 � Numerical solution

All the model equations were partial and ordinary differen-
tial equations. These equations were discretized along the 
column height direction applying the method of lines and 
finite difference resulting in the coupled ODEs and alge-
braic equations. The algorithm of the model solution is 
shown in Fig. 3. All the model equations were numerically 
solved using the algorithm given in Fig. 3.

8 � Control of absorption column

The growing applications of reactive absorption process 
have necessitated a better understanding of its dynamics 

and control. In practice, the use of online analyzer to meas-
ure the concentrations in a reactive absorption column is 
unsatisfactory because of its high cost. In addition, the long 
time delay between taking a sample and obtaining the out-
put of the offline analyzers makes it difficult to be used in a 
feedback control system. Therefore, determination and use 
of a transfer function is needed in the control system of a 
reactive absorption system [25].

To design an efficient control strategy, it is necessary to 
consider the absorption column dynamic behavior. Good 
prediction of absorption column in different operating con-
ditions depends on driving transfer function of each output 
variables versus the inputs. A transfer function is calculated 
by the following equation [26]:

where, X(s) is an input and Y(s) is a output variable. In the 
present process, CO2, N2 and NH3 flow rates and liquid 
phase temperature are the most effective factors influencing 
on CO2 absorption.

To achieve the transfer functions, a step change is inde-
pendently applied to each input variable. CO2 concentra-
tions are measured at 3 s intervals to accomplish unsteady-
state characteristics. Features of applied step changes on 
each variable and final CO2 concentration have been listed 
in Table 4.

Figure 4 shows the variations of CO2, N2, NH3 and tem-
perature in response to the step changes in the input vari-
ables. It indicates CO2 absorption rate responds immedi-
ately when N2 and CO2 flow step changes start. However, 
regarding liquid temperature and NH3 concentration step 
changes, the rates vary with some delay.

All experimental data of CO2 concentration due to each 
variable step change, contributed in development of the 
transfer functions. The general form of transfer functions, 
which includes zero, pole, and delay terms, is given in the 
following equation [27]:

In Eq.  (19), measured CO2 concentration and step 
changes of the input variables have been considered as out-
put and input matrices, respectively. By means of process 

(19)H(s) =
Y(s)

X(s)
=

L{y(t)}

L{x(t)}

(20)H(s) =
K(1+ Tzs) exp(−Tds)

(1+ Tp1s)(1+ Tp2s)

Process inputs 
Number of nonequilibrium stages (n) 

Initial and boundary conditions for column stages 

Ode function (ODE Solver) 

Liquid and gas physical properties 
Hydrodynamic parameters 

Chemical reactions rate 
Mass transfer rates 
Heat transfer rates 

Chemical equilibrium data 

Stage: 1 to n 
Mass balances equations 
Heat balance equations 

Fig. 3   The algorithm of model equations solution

Table 4   Characteristics 
of applied step changes on 
each variable and final CO2 
concentration

Phase Variable Step change Initial CO2 conc. (mol/m3) Final CO2 conc. 
(mol/m3)

Gas N2 70 to 100 (mol/h) 283.8 299.1

CO2 0 to 60 (mol/h) 229.0 315.3

Liquid T 276.15 to 288.15 (K) 268.0 320.6

NH3 478 to 550 (mol/m3) 277.5 392.0
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model the transfer function (Eq.  20) calculation has been 
done for different cases resulted from the existence and 
non-existence of the following items: delay term, pole, first 
and second zero. Estimation of the transfer function started 
from the simplest functions to more complex ones with a 
step by step approach. Finally, the simplest function show-
ing the most reasonable prediction is chosen as an optimum 
transfer function.

9 � Results and discussion

Simulations were performed for both dynamic and steady 
state conditions and the results were validated using 
dynamic experimental data obtained from the pilot plant. 
Figure 5 shows the dynamic curve of CO2 concentration at 
the bottom of the column. It is clear that there is no change 
in CO2 concentration after about 20 s.
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Due to transformation of ammonia from the liquid 
phase to the gas phase, ammonia concentration decreases 
in the liquid phase. Figure  6 shows the dynamic changes 
of ammonia concentration in the output of the liquid phase 
stream.

The reactions of CO2 in the liquid phase are exothermic, 
so the liquid temperature increases owing to CO2 absorp-
tion. The packed column loses some heat through its wall, 
Therefore the experimental data for liquid temperature are 
lower than the corresponding predictions of the model.

Figure 7 indicates the liquid temperature rises at the out-
put of the liquid stream and reaches to a constant amount at 
the steady-state condition.

Table 5 shows the experimental and simulation results of 
the process. The data and the simulation results have been 
compared using relative deviation relation as follows:

(21)RD% =

∣

∣XExp. − XCal.

∣

∣

XExp.

× 100

The comparison revealed there is a good agreement 
between the model predictions and the data. The model 
was validated using different experimental data which 
occurred at different operation conditions. Table 5 shows a 
0.5 % minimum deviation and a 2.5 % maximum deviation 
between simulation results and the data for CO2 concentra-
tion in the liquid phase.

The step change results in liquid temperature are shown 
in Figs.  8 and 9. In Fig.  8, liquid temperature reaches to 
steady state after about 25  s. Liquid temperature was 
increased 2° from 25 to 30 s. It shows that after about 50 s, 
the temperature change arrives to the bottom of the column.

In the second step change, after 25  s, liquid tempera-
ture at the top of absorption column is increased by 2°. 
In Fig. 9, temperature changes in all stages are displayed. 
This figure shows the model remains stabile after the step 
changes.

The transfer function parameters were calculated in dif-
ferent conditions using the process model. For instance, 
transfer function parameters for 12  °C step-changes in 
solution temperature are listed in Table 6. As shown in this 
table, the P1Z function is the simplest one, with an accept-
able CO2 concentration prediction affected by solution 
temperature step changes. Therefore, P1Z function has been 
chosen as the optimum transfer function for this case. In 
Fig. 10 transfer functions of carbon dioxide concentration 
were presented using the process model.

Putting the constants values in Eq. (19) results in follow-
ing equation:

It is clear from above equation that the transfer function 
consist of a delay term resulted from the time, which liquid 
phase needs to pass from top of the column to the sampling 
point (bottom of the column). The same calculation was 
carried out for three other variables (CO2, N2 and NH3). 
Flow rate step changes and the optimum transfer func-
tion were determined as well. The results are indicated in 

(22)F(s) =
1.12 exp(−14.7s)

(1+ 4.05s)
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Fig. 7   Liquid temperatures at the bottom of the column versus time

Table 5   Comparison of the 
dynamic experimental and 
simulation results

Time[s] CO2,Sim  
(mol/m3)

CO2,Exp  
(mol/m3)

RD % NH3,Sim  
(mol/m3)

NH3,Exp  
(mol/m3)

RD % TSim (k) TExp (k) RD %

0 255.8 255.8 0.00 488.0 487.5 0.10 286.2 285.8 0.14

3 257.4 260.8 1.30 486.1 485.8 0.06 286.6 286.2 0.14

6 267.0 273.8 2.48 484.2 483.7 0.10 287.2 286.8 0.14

9 276.9 283.7 2.40 482.2 481.5 0.15 287.8 287.1 0.24

12 286.4 290.6 1.45 480.5 480.3 0.04 288.7 288.1 0.21

15 296.0 298.1 0.70 478.6 478.2 0.08 289.0 288.5 0.17

18 302.7 301.2 0.49 477.2 477.0 0.04 289.7 288.9 0.28

21 304.7 300.4 1.43 476.9 476.0 0.19 289.6 289.0 0.21

25 305.1 301.3 1.26 476.7 475.9 0.17 289.6 288.8 0.28
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Table 6. Function accuracy to predict the process, computa-
tion time and function simplicity were optimized to select 
of these functions.

According to Table 7, transfer functions of both solution 
temperature and NH3 concentration step changes include 
the delay term. In addition, Fig. 6 shows a sharper slop for 
NH3 curve compared to temperature curve. Regarding the 

transfer functions, it was already expected that NH3 gain 
should be greater than temperature gain. This was proved 
by comparing the equations of these two variables. In con-
clusion, the most important result of this study is: Trans-
fer function of liquid phase variables can be modeled with 
delay term due to the time needed for the liquid to pass 
along the column. On the other hand, the first and second 
order functions predict an acceptable absorption rate in gas 
phase without regard to the delay term due to gas phase 
injection at the sampling point.

10 � Conclusions

In this work, a nonequilibrium dynamic model was devel-
oped for reactive absorption of carbon dioxide into chemi-
cal solutions. A rigorous correlation based on film con-
version parameter and carbonation ratio was used in this 
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Fig. 8   Liquid temperature after a step change (2  °C) between time 
25 and 30 s
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Fig. 9   A step change 2 °C in liquid phase between time 25 and 50 s

Table 6   Parameters of transfer 
function in various candidate 
functions

P1 P2 P1Z P2Z P1DZ P2D

K 1.6785 1.1547 1.5248 1.1441 1.1189 1.1137

Tp1 71.905 6.7066 54.173 6.6051 4.0477 1.9693

Tp2 – 6.86 – 5.7893 – 1.9687

Td – – – – 14.7 15

Tz – – −24.382 −16.028 – –

Error (%) 83.07 81.11 90.5 86.44 98.86 99.07
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Fig. 10   Transfer function approximations for candidate functions

Table 7   Optimum transfer function for each variables step change

Variable N2 CO2 T NH3

Transfer  
function

2.96(1+0.388s)
(1+1.4s)

6.19

(1+2.07s)
1.12 exp(−14.7s)

(1+4.05s)

1.72 exp(−14.79s)

(1+3.86s)
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model in order to calculate carbon dioxide absorption rate. 
The model equations were solved simultaneously using 
rigorous and stable method of lines. The mass transfer 
experiments were conducted using the absorption pilot 
plant. The dynamic simulation result was evaluated using 
dynamic experimental data showing maximum 2.5 % devi-
ation for carbon dioxide concentration in the liquid phase. 
The results of step changes in temperature showed that the 
dynamic model is stable within the operating range of the 
variations. The optimum transfer function for absorption 
parameters can be used for control of the process.
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