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The absorption of CO2 (carbon dioxide) is an
important process, which is part of the
environmental protection and the fight against the
greenhouse effect. This work is about
optimization study of carbon dioxide by AMP
(Amino-2-methyl-1-propanol  solution). Two
algorithms (Genetic based algorithm and Nelder
Mead simplex algorithm) were proposed and their
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(Universal QUAsiChemical) and Pitzer models

were separately used. We have to solve the equations of the mathematical model formed by material (carbon dioxide and AMP
solution) and charge balance equations. The equilibrium constants are required (taking into account of the system non-ideality) as
well as some necessary constants. The resolution of the set of equations gives the carbon dioxide pressure. the best performance
were obtained here as we can see NMS-Uniquac and NMS-Pitzer algorithms at 333 K are considered as the best method used in this

work as well as for GA-Uniquac at 303 K.

INTRODUCTION

The planet we inhabit has significant dangers
related to the increase in the temperature of the air
we breathe. It is therefore crucial to consider how to
reduce the harmful consequences of this increase by
reducing the release of carbon dioxide into the
atmosphere. In this context, several researches are
being carried out, in particular on the chemical
absorption of carbon dioxide by alkanolamine
solutions.!? The alkanolamine 2-Amino

-2-methyl-1-propanol (AMP) is the most famous
amine for its steric hindrance and used in this work

* Corresponding author: kabouche66@yahoo.fr

dealing with optimization of the absorption of
carbon dioxide by this alkanolamine (AMP).®
There are a multitude of optimization
techniques.*® Most of them were designed to solve
the mathematical problem of determining the

termination of multivariable, nonlinear, and
constrained or unconstrained functions. Some
methods have been examined to allow

experimenters to rationally determine the functional
optima of their devices. Several criteria can
distinguish algorithms, such as sensitivity or
robustness, the main search operators, the type of
search, and the ranking of optimization methods.
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DESCRIPTION OF THE MODELS

Chemical Equilibrium

Carbon dioxide reacts with the alkanolamines in
the aqueous solution according to the chemical
reactions (Eqgs. 1-5) presented below:®

Ka
RRR'NH* <RRR'N+ H* (1)
Ky
CO, + H,0=H*" + HCO; (2)
HCO; & H' + COZ 3

Kd
RR'R'N + HCO;< RRR'NCOO~ + H,0 (4)
Ke
H,O <H"+ OH" (5)

Equilibrium constants

The equilibrium constants (Egs. 6-10) for all
chemical reactions were described with activity
coefficients vyi, and molality’s m; of the species
taking place in the liquid phase:®
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The relation expresses the equilibrium constants
of chemical reactions as a function of temperature:®

Material balances

Material balance of the alkanolamine
solution

The material balance of the alkanolamine (AMP)
solution can be written as follows:®

M = Maye + mAMPH* + mAMPCOO’ (11)

Material balance of carbon dioxide:
The material balance of carbon dioxide (CO>) is
described by the following equation:®

meo, = Mo = Meo, + Mo, + Mooz + Muvpeoo- (12)
Electroneutrality condition:
The electroneutrality equation is given by the
following relationship:

mH‘ + mAMPH‘ = mOH + cho3 + choa2 + mAMPCOO (13)

The resolution of the material balance (Egs. 11—
12) and the electro-neutrality Eq. (13), using the
equilibrium constants (Egs. 6-10) is achieved after
a series of substitution and rearrangement® to obtain
the final expression of carbon dioxide pressure®
(Eq. 14):

_ HCOz Ka Kd Y aven mAMPH* 7 ampcoo- mAMPCOO’ 14
Peo, = K 2 (14)
¢co2 b (7 avp Mavp )

Thermodynamic model

In the area of chemical engineering, electrolyte
solutions occupy a significant place and are found
in various chemical methods such as: biochemical
systems, precipitation and crystallization processes,
desalination of marine waters, techniques to combat
water pollution, etc. To develop models that
illustrate the equilibrium between the liquid and the
vapor of carbon dioxide in aqueous alkanolamine
solutions, it is crucial to understand thermodynamic
concepts.

UNIQUAC-electrolyte model

Thomsen and Rasmussen’ proposed the
UNIQUAC-electrolyte model as described in
details in the work,! the resulting equations (Egs.
15-16) describe well the model:®

Ny =In(ye 1 p5 )+ In (3" 17 ) +Iny 2™ (15)
Iny, =InyS +Inys +Iny>™  (16)

The residual and combinatorial activity
coefficients were computed according to
symmetrical convention. The last term which is
activity coefficient of Debye-Huckel contribution
was computed conferring to asymmetric convention.

The values of ¥i“*and yi®* can be calculated by
setting the mole fraction of water to unity.
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Pitzer model

The ionic and molecular activities coefficients yi
for the species i were calculated by means of PITZER®

equation (Eqgs. 17-19) and modified by Edwards et al.2°
Interaction parameters ﬂi? and ,35 are calculated and

Debye-Huckel A, were calculated using the Eqg. 18.

Jr
In;/i=—/-\Dzz[l+12f+12|n(1+12\/_) +22m /7’.J+ [—(1+2\/|_)exp(_2\/|-ﬂ
17)
2
-7 ;gm m, 4|2[ —(l+2\/|_+2l)exp(_2\/|_)}
2
Ao :‘61-44534exp(ﬂj+2.864468exp(%} +183.5379In( T j
73.15 73.15 273.15
18
—0.6820223(T —273.15)+7.87595.10 * (T* - 273.15 ) + 58.95788(273'15j (18)

Water activity is calculated from the Gibbs-Duhem
relationship with M the molar mass of water:

Ay [ Aree(24)]-Em] (19)

Optimization algorithms

Depending on the method of searching for the
optimum, optimization techniques* are divided into
two main categories: deterministic and non-
deterministic (or stochastic). Deterministic methods
are not based on the stochastic concept; they rely on
the value of the objective function and constraints,
and sometimes on the value of their first derivatives.
These are iterative methods that result in a local
minimum. Convergence to a global optimum is not
always guaranteed. Deterministic techniques are
generally efficient when the analysis of the
objective function is performed quickly or when its
structure is pre-established. In the majority of
optimization challenges faced by engineers, their
knowledge of the objective function and its
derivatives is limited. Complex optimization
situations requiring considerable computational
time, multiple local optima, or indecipherable
functions will generally be better handled by
nondeterministic techniques. These techniques use
random number computations that facilitate more
efficient exploration of the search space.

Nelder-Mead Simplex Method (NSM) algorithm

The algorithm based on the Nelder-Mead!
method takes advantage of the simplex having
triangular and spatial shapes undergoing
transformations. These transformations provoke
many deformations in the form of the simplex*? at
the point where triangles vertices tend towards to
the local minimum.

Principle of genetic algorithms (GA)

In our case, the genetic algorithm allows us to
optimize any problem by minimizing an objective
function.®®* This requires having experimental
results and values of the calculated variable. In our
case, the variable is represented by the partial
pressure of carbon dioxide CO,. In order to
calculate the latter, we have to resolve the set of
equations. These equations represent the
conservation of matter and take into account the
electro-neutrality equation.

The genetic algorithm is chosen for its efficiency
in finding the solution; in fact, this algorithm is
inspired by natural selection.’* The idea is that
individuals are genetically different even if they
look alike in appearance. Between individuals,
reproduction can take place, which gives new
individuals with different characteristics. These
characteristics are caused by mutations in order to
be able to survive better in the environment (best
performance). Therefore, they can reproduce again
and transmit certain characteristics to other
generations and so on. This is called natural
selection. If the new individuals are good, then they
will be able to solve problems linked to adaptability
difficulties and environment issues. Which
characterizes these individuals is the genome; it is
the genetic heritage of each individual. Moreover, it
is the heritage that makes each individual behave in
a different way. This difference increases the
possibility of solving a problem. Finally, only the
adapted individuals are selected in order to solve the
problems, the rest of the individuals will be
discarded. Finally, we need to define operators to
ensure the evolution of the genetic heritage. These
operators use random laws.

The cost function contains all individual
performance and abilities. The inverse of the
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performance describe the cost function is.
Simulation of such population evolution through an
amount of generations is very important; this
evolution allows converging towards an optimum,
which represents the final solution.

RESULTS AND DISCUSSION

The difference between the calculated CO; and
experimental pressure divided by experimental
pressure, looking like relative uncertainty, is called
the objective function 1516 :

nEXP PCOanI - PCOZex
Fy = zll ABS [P— (20)

COZ exp

The objective function (Eq. 20) is widely used in
operational research and mathematical optimization
in order to compare two values, one theoretical and
the other experimental. The application of an
adequate optimization algorithm makes it possible to
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obtain the best solution to the problem through the
minimization of the objective function. This brings
us back to testing several algorithms in order to
achieve this goal. In our case, the difference between
the two values concerns the calculated pressure and
the measured pressure. To show the deviation
between the theoretical and experimental values, we
represent the curves of the pressure as a function of
the loading variable. Several figures are presented
which depict the variation of carbon dioxide pressure
using different optimization algorithms.

For the AMP-CO2-H:O system, experimental
data come from the work of.}""1° These solubility
measurements cover temperatures from 293 to
393 K, AMP mass contents of 30% and loading
rates less than one.

A number of figures resumes the results. In this
figure, the behavior of carbon dioxide absorption by
30 wt% AMP aqueous solution is represented using
UNIQUAC and SNM regression model at 313 K,
333 K and 313 K, as we can see the best fit was
obtained at temperature 333 K and 353 K.
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Fig. 1 — Carbon dioxide absorption by 30 wt% AMP aqueous solution®® vs UNIQUAC/SNM model regression at 313 K, 333 K and

353 K.

Figure 2 deal with carbon dioxide absorption
by 30 wt% AMP aqueous solution!® using
PITZER thermodynamic model and SNM

regression model at 313 K, 333 K and 353 K, in
this figure the best fit was obtained for
temperature 313 K.
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Fig. 2 — Carbon dioxide absorption by 30 wt% AMP aqueous solution®® vs PITZER/SNM model regression
at 313 K, 333 Kand 353 K.

Figure 3 is about carbon dioxide absorption by

UNIQUAC and SNM model regression at 313 K,

30 wt% AMP aqueous solution!” using 333 Kand 353 K.
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Fig. 3— Carbon dioxide absorption by 30 wt% AMP aqueous solution'” vs UNIQUAC/SNM model regression
at 313 K, 333 K and 353 K.
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Figure 4 represent the carbone dioxide 333 Kand 353 K.

absorption by 30 wt% AMP aqueous solution'’ In this figure, the best fit was found for
using PITZER and SNM model regression at 313 K, temperature 353 K.
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Fig. 4 — Carbon dioxide absorption by 30 wt% AMP aqueous solution®” vs PITZER/SNM model regression
at 313 K, 333 Kand 353 K.

Figure 5 is a comparison between Simplex data’® using Uniquac thermodynamic model of
Nelder Mead, genetic algorithm and experimental AMP 30% solution at 303K.
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Fig. 5 — Comparison between Simplex Nelder Mead, genetic algorithm and experimental data’® using Uniquac model
of AMP 30% solution at 303K
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experimental data'® using Pitzer model of AMP
30% solution at 303 K.

Figure 6 resume the comparison between
Simplex Nelder Mead, genetic algorithm and
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Fig. 6 — Comparison between Simplex Nelder Mead, genetic algorithm and experimental data®® using Pitzer model of AMP 30%
solution at 303K

Figure 7 shows the RMSD values of SNM
algorithm wusing Uniquac and Pitzer models at
different temperatures for absorption of CO, by
AMP 30% solution.!® Small bars in Fig. 7 means

that the best performance were obtained here as we
can see NMS-Uniquac and NMS-Pitzer algorithms
at 333 K are considered as the best method used in
this work.

RMSD values at different temperatures for several models
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Fig. 7— RMSD values of SNM algorithm using Uniquac and Pitzer models at different temperatures for absorption
of CO2 by AMP 30% solution.*®
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Figure 8 depicts the RMSD values of SNM
algorithm using Uniquac and Pitzer models at
different temperatures for absorption of CO; by

AMP 30 % solution.!” On the other hand in Fig. 8,

NMS-Uniquac and NMS-Pitzer algorithms at 353 K
are considered as the best method used in this work.

RMSD values at different temperatures and
several models
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Fig. 8 — RMSD values of SNM algorithm using Uniquac and Pitzer models at different temperatures for absorption
of CO2 by AMP 30 % solution.?”

The last figure (Fig. 9) represent RMSD values to
compare the performance of SNM and GA
algorithms using Uniquac and Pitzer models at 303 K

for AMP 30% solution.® From this figure, we can
conclude that GA-Uniquac at 303 K present the best
performance comparatively to the other one.

RMSD values of genetic and SNM models using Uniquac and Pitzer models
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Fig. 9 — RMSD values to compare the performance of SNM and GA algorithms using Uniquac and Pitzer models
at 303 K for AMP 30% solution.'®

CONCLUSION

In this work, two rigorous techniques (Genetic
algorithm and Nelder-Mead simplex method) were
selected to maximize the objective function. Two
optimization methods were used to examine the
performance  of  each, combining  two
thermodynamic models (e-Uniquac and Pitzer). In
this research, one algorithm is classified within the
stochastic category (the genetic algorithm) and

another within the deterministic category (the
Nelder-Mead simplex method). Experimental data
from various sources are in good agreement with the
overall results. The importance of its application lies
in the fact that the optimization involves the
absorption of carbon dioxide by an alkanolamine
solution, and more precisely that of CO, by an AMP
solution. We can conclude that GA-Uniquac at
303 K present the best performance comparatively
to the other methods.
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