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Abstract:

The purpose of this project was to model the reaction calorimeter in order to calculate the
heat of absorption which is the most important parameter in this work. Reaction calorimeter
is an apparatus which is used in measuring the heat of absorption of CO; as well as the total
pressure in vapor phase based on vapor-liquid equilibrium state. Mixture of
monoethanolamine (MEA) and water was used as a solvent to absorb the CO,.Project was
divided in to three parts in order to make the programming procedure easier. Also, the entire
programming in this project was implemented in MATLB®. These parts are: vapor-liquid
equilibrium calculation, loading calculation and calculation of heat of absorption. Vapor-
liquid equilibrium calculation was based on the eNRTL model. Total pressure and partial
pressure of CO, which were calculated by this part for 30% MEA solution at 40 °C, 80 °C
and 120 °C were plotted against loading and the results are fairly close to the experimental
data and validated vapor-liquid equilibrium model to be used for the rest of the project.
Loading calculation was the next part of the project, the new loadings were calculated based
on the injected amount of CO; in to the reaction calorimeter. Total pressure and partial
pressure of CO, were computed based on the new loading and the results were plotted against
the calculated loadings for 30% MEA solution at 40 °C, 80 °C and 120 °C. For these three
temperatures, results from the written model and experimental data had the same trend. The
last objective of this project was to calculate the heat of absorption, which is the main
concern in chemical industries, to provide enough energy to separate CO, from solvent
solution in the solvent recovery unit. Developed model for this part could predict overall heat
of absorption. Comparison between the obtained results from this model and the model
developed by Kim et al.(Kim et al., 2009) and experimental data were satisfying. Since the
results were quite acceptable in comparison to experimental data, this written model might be

good to describe the reaction calorimeter in order to meet the goal of this project.
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Nomenclature;

Latin letters:

A
a
AB,C,D

A I IT O

N < X g <CcH®®DO TS

Greek letters:

chemical formula [-]

activity [-]

constants [-]

fugacity [KPa]

gibbs energy [KJ/mol]
enthalpy [KJ]

henry’s law constant [KPa]
equilibrium constant [-]
number of moles [-]

pressure [KPa]

heat [KJ]

universal gas constant [ 8.314e-3 KJ/mol K]
entropy [KJ/K]

temperature [K]

internal energy [KJ]

volume [m?]

work [KJ]

mole fraction-liquid phase [-]
mole fraction-vapor phase [-]

charge number [-]

< T =

€ ©

loading [mol CO,/mol MEA]

symmetric nonrandom factor parameters [-]
acidity coefficient [-]

extents of reaction [-]

chemical potential, viscosity [Pa s]
stochiometric coefficient [-]

density [Kg/m?]

fugacity coefficient [-]



Subscripts:

a anionic segment species

c cationic segment species

i species i

1,J component species

i,k segment-based species

Ic local composition

m molecular segment species
rev reversible process

Superscripts:

0 Standard state
E excess

L liquid phase
sat saturation

\ vapor phase

Abbreviation:

CCS carbon capture and storage
eNRTL electrolyte non-random two liquid
MEA mono-ethanol-amine

STP standard temperature and pressure
VLE vapor-liquid equilibrium

Vi



1.Introduction:

Today’s energy market trends are eventually changing in the world. Most of the energy
importer and exporter countries are switching their places with each other. China, India and
Middle East counties are quickly becoming the world largest energy consumers. China and
India will be the largest importer of the oil and coal by the 2020s, respectively. Energy
industries are the main source of greenhouse-gases by having two-thirds of the world total

emission, and they play the leading role in climate-change issue. (Birol, 2004).

1.1 Carbon capture and storage:

Nowadays, Carbon capture and storage (CCS) is the main process in removing the CO, from
industrial reactions and keeping it away from entering the atmosphere by storing CO, in
geological formation. This method can eliminate around 85%-95% of CO, which is produced
in an industrial plant. High energy consumption is the primary issue of this process. For
instance a power plant with CCS system requires 10-40% more energy compared to a plant
without CCS system. In other hand, a plant with CCS system is able to eliminate 80%-90%
CO2 compared to a plant without CCS (Metz et al., 2005)

Four fundamental types for CO, capture from the chemical industry and power stations are

shown as below:

e Capture from industrial process streams
e Post-combustion capture
e Oxy-fuel combustion capture

e Pre-combustion capture
1.1.1. Capture from industrial process streams:

During the last 80 years, CO, has been removed from industrial process streams(Kohl and
Nielsen, 1997) but main part of the CO, is sent to the atmosphere since storage is not
demanded. Also, Post-combustion, Oxy-Fuel combustion capture and Pre-combustion capture
are popular methods in order to capture the CO, from industrial process streams.
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1.1.2 Post-combustion capture:

Combusted fossil fuels and biomasses in the air form flue gases. Elimination of CO, from
these flue gases is called “Post-combustion capture”. In this method, flue gas is sent to
scrubber and cooled down with water spray initially, then it goes to the absorber where the
lean amine solvent captures CO, and becomes rich solvent. Then rich solvent is treated in
stripper column by heating up. Finally lean solvent is recycled back to the process from the

bottom and CO, vents from the top section of stripper column(Wang et al., 2011).

1.1.3 Oxy-Fuel combustion capture:

In this system, oxygen is applied instead of air in combustion process. Combusted fuel and
pure oxygen leads to a flue gas which mostly contains CO, and H,O.Flue gas does not need
to be treated and remaining H,O can be condensed from flue gas(OKki et al., 2011) .Moreover,
flue gas can be used as a recycle to combustor in order to adjust the temperature since
combustion with pure oxygen produces an extremely high temperature. Cryogenic air

separation is required to produce pure oxygen.
1.1.4 Pre-combustion capture:

Steam reforming is the main process in this method where reaction of fuel and oxygen/air
with steam produces synthesis gas (CO+H,). Then, CO is reacted with H,O and converted to
CO; and more H; by a catalytic reactor (shift reactor). CO, is removed from the stream and
then only H; remains in the stream. H, can be used as a fuel for different

application(Kanniche et al., 2010) . This process is known as Pre-combustion capture.
1.1.5 CO; storage:

CO, can be stored in empty oil and gas reservoirs deep saline aquifersor or unmineable coal
seams (Gluyas and Mathias, 2013). Compressed CO, (compacted into 0.2% of its Volume at
STP) can be carried via pipelines, ships or trucks(Skovholt, 1993). Also, some countries are
trying to calculate how much CO, they can store and if this amount can have influence on

CO; reduction from atmosphere (Gluyas and Mathias, 2013).



1.2 CO, absorption process:

The main absorption process consists of two packed columns, which are known as absorber
and desorber (stripper) columns. First, flue gas is cooled to lower temperature. Then, cold
flue gas enters to the absorber column from bottom and the liquid solvent drips from top side
of the column to down in a countercurrent form. This liquid includes reactive chemical
species, which is improving CO, solubility in the liquid. After that, Rich solvent (liquid
solvent and absorbed CO,) goes to desorber column, which is working at higher temperature
and the solvent drips from top side to bottom of the column. Steam from desorber column’s
reboiler has enough energy to remove CO, from rich solvent and vent out the CO, from top
side. On the other hand, high-energy requirement in the reboiler to produce steam, which has
enough energy in order to strip CO2 from solvent is a big concern. Finally, the treated solvent
is sent to the absorber column as a lean solvent. These procedures are occurring continuously.

Figure 1.1 indicates CO, absorption process.

Compressor
Cleaned gas

to atmosphere CO, to pipeline

-
e

Flue Gas

Figure 1.1: CO, absorption process (Tobiesen A.F, 2006)

CO;, absorption solvent should be a mixture with high reaction rate, high stability and low
vapor pressure. Nowadays, Alkanoamines is the most common solvent in CO, capture
process(Kim, 2009).



1.3 Heat of absorption

Because of the energy cost, heat of absorption could be the most important factor. This

energy is required to separate CO, from solvent in the regeneration section. Heat of

absorption can be calculated from the chemical reactions which are happening during the

process, based on thermodynamic rules. Chemical reactions involved in CO, absorption by

Amine are written as below(Austgen et al., 1989):

Dissociation of water:

2H,0 = Hy0% + OH™

Dissociation of carbon dioxide:

2H,0 + CO, = H,0% + HCO3

Dissociation of bicarbonate:

H,0 + HCO3 = Hy0% + CO2~

Dissociation of protonatedamine:

H,0 + RNHi = H;0" + RNH,

Carbamate reversion to bicarbonate:

H,0 + RNHCOO™ = RNH, + HCO3

Physical dissolution of carbon dioxide:

C0;,(gas) = CO,(liquid)

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)



1.4 Scope of work

The main objective of this report is the modeling of a reaction calorimeter which comes in the
further chapter in detail. MEA is used in this project as a solvent to capture the CO..
Modeling part is divided into different parts in order to make the procedure easier. Also, all of
these parts are implemented in MATLAB. These parts are:

e Vapor-Liquid equilibrium calculation

e Loading calculation

e Heat of absorption

This project is based on vapor-liquid equilibrium (VLE), since other parts of modeling are
depend on it. VLE method consists of fundamental thermodynamic rules which calculate
partial pressure of spices in vapor phase and mole fraction of components in liquid phase.
Because of implementation complexity this part of project was done by Diego Pinto, PhD
student at chemical engineering department of Norwegian University of Science and

Technology.



2. Thermodynamic background:

Vapor-liquid equilibrium and heat of absorption which have been implemented in this work

are written in this chapter.

In-house codes are written by Diego Pinto are based on vapor-liquid equilibrium
thermodynamic. Different thermodynamic equations are required to introduce vapor and
liquid phases .Also, number of moles of components related to the equation (1.1) till equation
(1.6) are calculated based on the chemical equilibria. Chemical equilibria is based on the
Gibbs energy, since system tries to reach equilibrium by minimizing the Gibbs energy.
According to equation (1.1) till equation (1.6), following components are available in the
liquid phase: H,O, CO,MEA, H;0* MEA" OH ,HCO3,C0O5*> and MEACOO?* .Moreover,
H,0, CO, and MEA are presented in vapor phase. One of the most important parameters is
the activity coefficient y which is needed in the liquid phase to introduce the deviation from
the ideal liquid mixture. This coefficient is calculated from eNRTL equation (thermodynamic
information about eNRTL is given in the further part). Furthermore, partial pressure of spices
in the vapor phase and mole fraction of the components in liquid phase are calculated in this

code.

2.1 Vapor-liquid equilibrium:

A static state without change in the properties in macroscopic scale is called equilibrium.
Vapor and liquid phases in an isolated system with close contact finally gain a final state and
there is no desire to change the system in macroscopic scale is called vapor-liquid
equilibrium. Vapor-liquid calculation is based on the Gibbs energy, since Gibbs energy is
minimized when the system approaches an equilibrium state at constant pressure and

temperature.

The internal energy for n moles in a closed system is written as below(Smith et al., 2005):
d(nU) = dQrey + dWyey (2.1)

Where dQ,..,,(heat) and dW,..,,(Work) are:

dQrey = —P d(nV) (2.2)



AWye, = T d(nS) (2.3)
Where P, T, V and S are pressure, temperature, volume and entropy respectively.
Combination of these three equations gives:
d(nU) = —PdnV) + T d(nS) (2.4)

As it can be seen, all of the main thermodynamic properties such as P, V, T, U and S are

presented in equation (2.4). Furthermore, Enthalpy and Gibbs energy are written as below:
H=U+PV (2.5)

G=H-TS (2.6)

When equation (2.4) is replaced by equation (2.5):

d(nH) =T d(nS) + (nV) dP (2.7)
Also similar style combination of (2.6) and (2.7) gives:

d(nG) = (nV) dP — (nS) dT (2.8)

From equation (2.8), derivative of Gibbs energy correspond to P and T are:

a(nG) _

= = (2.9)
a(nG) _

[ o7 lpn =~ nS (2.10)

Generally in a single-phase Gibbs energy is function of P, T and n then:

) a(nG)

oT

d(nG) = | (”If)]T’n dP +|

. ]P’n dT + ¥, [a(’z)] dn; 2.11)

g .
P,Tn;

Chemical potential of species i in the mixture is defined as below:
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o(nG
b= 50 (2.12)

omny P,Tn;j
Finally Gibbs energy equation is:
d(nG) = (nV)dP — (nS) dT + X; u; dn; (2.13)
2.1.1 The chemical potential:

In a closed system with two phases in equilibrium, which are open to each other, mass
transfer between phases can be existed. Equation (2.13) is implemented to phases give(Smith
et al., 2005):

dnG) = V)V dP — (nS)V dT + ¥, u;¥ dn;" (2.14)
d(nG)t = mV)Lt dP — (nS)L dT + X; w;t dn;* (2.15)
Also a total-system property is equal to sum of all partial properties, and then the sum gives:

d(nG) = (nV)dP — (nS)dT + ¥, u;V dn;” + ¥, u;t dn;* (2.16)

By substituting equation (2.8) in equation (2.16) result is:
Y dn” + ¥t dngt =0 (2.17)
Because of mass conservation dn;"” = —dn; so:
i — ) dn’ =0 (2.18)
Finally:

w' = p* (2.19)

Equation (2.19) is valid for all the systems with multiple phases and for other properties as

well:
TV =Tk

PV = pL (2.20)



2.1.2 Fugacity and fugacity coefficient:

The concept of fugacity is given as an auxiliary function for chemical potential, since
chemical potential does not have a physical equivalent in physical environment. Chemical

potential for ideal-gas is(Prausnitz et al., 1998):

t; = y; + RT Inf (2.21)

From equation (2.19) all of the phases in equilibrium have same chemical potential then:

f=ft (2.22)

So, all phases at the same T and P are in equilibrium when the fugacity of components is the
same in all phases. In this case vapor and liquid phases both have the same fugacity, so they

are in equilibrium,

In order to have a change from pure state into mixture state, equation (2.21) is written:

w —u® = RT lnjf—_(‘; (2.22)

Where u) and £;° are pure state properties.

For a pure ideal gas, fugacity, pressure as well as fugacity for component i in a mixture and

partial pressure are the same. This approach happens when P goes to zero:

Ji 1 P> (2.23)
yiP

By using equation (2.22) on chemical potential for each phase:

|4

w' =% =RT nl (2.24)

inV
Ly = RT InZt 2.25
Him — 1y N ot (2.25)
Replacing equation (2.24) and (2.25) in equation (2.19) gives:

oV fi¥ _ 0L fi*
,Lli + RT lnﬁw = ﬂi + RT ll’ljm (226)

If both phase have the same standard state then:



W=t (2.27)

inV _ inL (2.28)

From equation (2.27) and (2.28), new concept for phase equilibrium comes out:

fi =1 (2.29)

Also, it is possible to write a new equation for both phases:
f_V
w;” — uk = RT In=- (2.26)

The dimensionless ratio between the fugacity and the real gas pressure is called fugacity

coefficient:
fi
= 2L 2.27
0= (2.27)
Then fugacity for vapor phase can be written:
f' =yiol P (2.28)

Fugacity coefficient shows the non-ideality from real state of a mixture. For ideal gas

mixture @; = 1.

The fugacity for component i in liquid mixture phase is defined:
fir =y i (2.29)
Where y; is the activity coefficient, which is specified in the next part.

2.1.3 Activity and activity coefficient:

Activity is the ratio between fugacity of species i at the desirable condition over the fugacity

of that species in standard condition(Prausnitz et al., 1998):

= fi

a; £
L

(2.30)

For an ideal solution, Henry’s law is applied in order to define the fugacity in the liquid

phase:

£ = x;H; (2.32)

10



Also, activity coefficient is the ratio between activity and mole fraction of species i:

_ai _ fi
xXi  XiH;

(2.32)

i

An analogy is applied in order to find the Gibbs energy definition from the chemical potential
concept:

G; = G, +RT Inf (2.33)

Relation between partial excess Gibbs energy and fugacity is written based on equation
(2.22):

f' T
Gi(real) - Gi(ideal) = RT lnﬁ (2.34)

Partial excess Gibbs energy is defined:
G = Gigreary — Gigideal) (2.35)
By substituting equation (2.32) in excess Gibbs energy definition:
G = RT Iny, (2.36)
Total partial excess Gibbs energy for a mixture can be written:
G® = RT Y x;Iny; (2.37)
2.1.4 ¢ — ¢ Method:

This method can be used for ideal vapor-liquid equilibrium which means that both vapor and

liquid phase are using fugacity coefficient. Thus, vapor-liquid equilibrium can be written:
yip{ P = x;¢ P (2.38)
2.1.5 y — ¢ Method:

Improved Raoult’s law contains the activity coefficient to calculate non-idealities in liquid
phase. Activity coefficient is introduced for non-ideal liquid, and then vapor-liquid

equilibrium can be written(Smith et al., 2005):

t p—pi*
yip! P = 2,03 Piy explvt (2] (239)

11



The exponential part is the so-called Poynting factor. For low to moderate pressure this term

can be omitted.

2.2 Chemical Equilibria:
Chemical equilibria is a state in which there is no tendency to change for both reactants and
products in the macroscopic scale.
Chemical reaction is written(Smith et al., 2005):
U1A1 + U2A2 + e > U3A3 + U4,A4, + (240)

Where, v; is a stoichiometric coefficient and A; shows a chemical formula. Also, v; has the

sign which can be positive for the product and negative for the reactant.

Since the rate of change of total Gibbs energy at constant P and T is zero at the equilibrium

state, then:
2ivip =0 (2.41)
2.2.1 Chemical equilibria constant:

From equations (2.33), (2.38) and (2.22)(Smith et al., 2005):

Z_vi[Gio + RT ln}%] = 0s

l i

or (2.42)

Where [];. shows the product over all components, Also, equation (2.39) can be written:
Mo" =k (2.43)

Where K which is called the equilibrium constant for the reaction, is defined:

RT

K = exp( )

Or (2.44)

12



| TG
= RT

2.2.2 Effect of temperature on the equilibrium constant:

Since AG® and AH® are changing with the equilibrium temperature, the dependency of AG°

on T is written as follow (Smith et al., 2005):

d(AG°/RT) _ —AH°
dT "~ RT?2

(2.45)

By using equation (2.41) in equation (2.42) a correlation comes out which is called Van’t

Hoft’s equation:

dInK _ —AH® (2.46)

dar RT?

The equilibrium constant is a function of temperature and it is written(Weiland et al., 1993):

InK =A+Z +CInT + DT (2.47)

Van’t Hoff’s equation was applied in order to calculate the heat of absorption.

13



2.3 Heat of absorption:

In this project, the heat of absorption of CO, is the amount of heat, which is required to
absorb a specified number of CO, by amine solution (Kim et al., 2009). It is written:

Haps = Xi (;AH; (2.48)

Where {; is the extent of reaction, i which is based on difference in moles number between
two steps of loading CO;, and also can be written {; = An;/An;,.Also AH; is heat of

reaction i and it can be calculated from Van’t hoff equation (2.46).

Because physical absorption of CO, from vapor phase to liquid phase exist, Henrys’ constant
must be used instead of equilibrium constant, then heat of reaction for this case can be
calculated:

dinH _ -AH°
dT ~  RT2

(2.49)

Where the Henry’s constant is defined (Carroll et al., 1991):

InH = —6.8346 + 1.2818 X 104/T _3.7668 X 106/T2 + 2.997 X 108/T3 (2.50)

14



2.4 Electrolyte Non-Random Two-Liquid (eNRTL)
model:

Mixture of CO, with amine gives ionic components. This system is so-called electrolyte.
Because of the ions the thermodynamic properties of the mixture rely on the forces between
these ions(Chen et al., 1982). eNRTL method is recognized by the both molecular
components and ionic components, which are combined in three ways of interaction force:
ion-ion, molecule-molecule and ion-molecule. Also, these forces are characterized by short
range and long range interaction effect. Non-electrolyte systems only have the molecule-
molecule interaction which has the short-range force. This concept has been used in NRTL
model(Renon and Prausnitz, 1968). eNRTL is the modified version of NRTL, which takes
other forces into account. The excess Gibbs energy for an electrolyte system from local

interaction is written as below (Chen and Song, 2004):
ZZT n ( mTJm> ZZZ - Z} ]cacT]cac
mH Zkaka crer Ya Zkach,ac
Z] jC acTjc,ac
+ ZZ ZoVq M -
7 = a’al I( = C Zkach,ac

Gex e

(2.51)

Also,
X; = Cjx; , j= c (cationic), a (anionic), m (molecule) (2.52)

INEIUT:

X = ———
/ DN, ZiXITi,I

Where | and J are the component index, n, is the mole number, C; = z; (charge number) for
ionic species and C; = 1 for molecular species. x; and x; are mole fraction and the segment-
based(segment is a framework to indicate the interaction of ion with hydrophilic segment of
organic solvents) mole fraction of species j, respectively. 7, ;,7.; and r,; are number of
molecular, cationic and anionic segments respectively. Moreover, the anionic charge

composition fraction Y, and the cationic charge composition fraction, Y, are written:

15



Y, = 2.53

a Za’ Xa’ ( )
_ _Xc

Vo=5o0 (2.54)

Three types of adjustable binary model parameters are available in the same way of
interaction with binary forces .Also, the model contains: the symmetric nonrandom factor
parametersa, and the asymmetric binary interaction energy parameters T and they are written

as below:
Amm’ = Am'm Ameca = Xcam Aeaca’ = %ca’ca %cac’'a = Ac’aca (2-55)

Tom' = Tm'm Tmeca = Tecam Teaca’ = Tea',ca Teac'a = Tc'aca (2-56)

The model adjustable binary parameters give an average mixing rule in order to calculate a,,,

and ag,:
Aem = Za Y, Am,ca (2-57)
Agm = Za Y, Am,ca (2-58)

Also, the rule below can be used to calculate G, (Gibbs energy-cationic segment) and

G.m(Gibbs energy-anionic segment):

Gem = Za Ya Gca,m (2-59)

Gam = Zc Y. Gca,m (2-60)

Then binary parameters 7., and 7, are written:

InG

Tem = ——acfn’" (2.61)
InG

Tem = ——aa;’” (2.62)
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Finally local activity coefficient for species i can be written:

Inyl = 21 X;G JmTJm Z m' G’ ( o Zkaka’Tkm’>
ZK Xkam ZKXkam mm ZK Xkam’
+ Z z Y X Gmc ac <T _ Zkach,achc,ac>
ZK Xkaa ac meac ZK Xk ch,ac
z Z YCX Gma ac <T _ Zk Xk Gka,caTka,ca>
ZK Xkaa ac meac ZK Xk Gka,ca
(2.63)
—ln ]/ z v, Zj Xk GreacTke,ac XmGem (T _ ZkakaTkm>
ZKXR ch,ac ZKXkam o ZKXkam
n Z Z X Gcac a ( L Yk Xkac,c’ach,c’a>
ZKXkaac 'a feac'a ZKXkac,c’a
(2.64)
11‘1 }/ Z Y, Zj X GreacTke,ac XmGam <T _ ZkakaTkm>
ZKXk ch,ac ZKXk ka am ZK Xk ka
n z z 'X Gcac a < L Zk Xkac,c'ach,c'a>
ZKXkaac a feac'a ZKXkac,c’a
(2.65)

eNRTL model had been used in Diego’s code to find the correct activity coefficient for liquid

phase.
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3. Modeling of reaction calorimeter:

In this chapter, brief introduction about apparatus which was modeled and detail descriptions
about the logic behind the model are presented. Programming parts were coded with
MATLAB. The main challenge in this project which took long time was to figure out the
procedure to develop a model since there was not any step by step procedure to guide the
coding. Also, debugging the code was time consuming.

3.1 Reaction calorimeter apparatus:

This equipment consist of several parts such as reaction colorimeter which has 2000 cm®

capacity, CO, gas cylinder, CO, mass flow controller, amine solution feed bottle and vacuum

pump. Apparatus is shown in Figure 3.1.

P
A n]  Control
I T|  device

rT_ZTITIIIIw (vRC200)
T

+ 3
i Feoz}
-

Computer

2a

to air

(
(.

Thermostat

Figure3.1: Vapor-liquid equilibrium apparatus(Kim, 2009)
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First, pressure inside the reaction calorimeter is decreased by the vacuum pump in order to
have a correct estimation of partial pressure of components. Then, desired amount of amine
solution which is measured with the scale, is added to the reactor. After that, CO, is loaded to
the reactor and the amount of CO; is shown by the mass flow meter. The pressure and the
temperature in the reactor is measured simultaneously with the heat flow, in order to
compensate for the heat of absorption. The data is logged with a computer. Finally the
experimental results are shown in the computer. In addition a cooling system is used to

control the temperature of the reactor(Kim, 2009).

After each experiment, amine solution is drained from the reactor, then the reactor is washed
by water and an inert gas like N, should be used to dry the reactor in order to prepare the

reactor for the next experiment.
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3.2 Code development:

The logics behind the codes are the most important issue since the program will be developed
based on it. Since the logics are based on the thermodynamic rules, the final results must be

reasonable from thermodynamic point of view.

This project has been divided into two main parts, loading calculation and calculation of heat
of absorption.

3.2.1 Loading calculation:

Loading is the number of moles of loaded CO, divided by the number of amine’s moles. This

equation is written as follow:

Nioaded co2-liquid
a = 1 (3.1)

Namine-liquid

As an assumption all the CO, was injected to the liquid phase at the first step. Loading
calculation is an iterative process which needs an initial loading. In order to calculate the
initial loading, first step at the beginning is:

Ncoz2-liquid = Nco2-injected (3.2)

Also, Mass of the amine solution can be measured by a scale before pouring it inside the
reactor. So this is a known parameter. The solvent solution consists of amine and water, so the
concentration of amine is known as well. Temperature is given, since one of the goals is to

find a respond against each given temperature.

Number of amine’s moles can be calculated as follow:

n __ MEA concentrationxMass of amine solution
MEA MW yEa

(3.3)

After finding the number of moles for MEA, initial loading can be calculated from equation
(3.2).

In-house code which can calculate the vapor-liquid equilibrium has some inputs and outputs.
The inputs are: Temperature, loading and MEA concentration and the outputs are: partial
pressure of components in vapor phase, mole fraction of components in liquid phase and

activity coefficient.
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By giving the temperature, MEA concentration and initial loading, partial pressure of
components in vapor phase and mole fraction of components in liquid phase can be

calculated by the code.

Base on the assumption, entire moles of CO; are going to the liquid phase at the first step (No
CO; presents in vapor phase at the first step). Then the objective of the code is to find the
amount of CO,, which goes to the vapor phase in the other steps so for calculating this
amount, volume of the vapor phase is required. Procedure can be started from liquid phase
since the volume of the reactor is known and based on assumptions, volume of solution can
be calculated. Then the difference of between total volume and liquid phase volume gives the
volume of gas phase. This procedure can be seen as below:

Miiguid
Viiqua = —1== (3.4)
Ploaded

Myiquia 1S SUM of the my, , Myp, and my, 4., in the liquid phase and for the first step mass
of the solution can be substitute for the mass of the MEA and Water. p;, 4404 1S determined by
a model for loaded CO; in MEA solution. This model is written separately as a function
which has some input and outputs. The inputs are: Temperature, MEA’s mole fraction, mole
fraction of water and loading and the outputs are: loaded density and unloaded density. This
part of the code is written in “roardi.m” (appendix A). The unloaded density and loaded
density is calculated using the model of Hartono et al.2013 (Hartono et al., 2013):

x MW, + x, MW,

Punloaded = VE + XMW1 +x, MW,
pP1tp2

(3.6)

1 and 2 are representative of MEA and water, respectively. V£ is the excess molar volume

and it is written:
VE = (-1.9210 + 1.6738 X 1073 x T — 3.0951 x; + 3.4412 x¥)x, (1 — x;) (3.7)
The density of MEA and water can be calculated:
Pmea = —5.3270 X 1077 x T2 — 7.4762 x 10~* x T 4 1.0308 (3.8)
Pwater = —2.5598 X 1076 x T2 — 1.9691 x 10~* X T + 1.004 (3.9)
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Proaded = punloaded
oaae -
1- Wco2 loaded(l - ¢3)

(3.10)
w _ a X1Mcp2
cozloaded = » .+ (1 — x4 — axy) My + & XMy
(3.11)
Where ¢ represents the volume expansion and it is written:
kyxya+kyxy
kst
(3.12)

k, =029+0.05 k,=0.18+0.02 ks = 0.66 % 0.03

From calculations, loaded density and mass of the liquid phase, volume of the liquid phase

can be computed. Then the difference of total volume and liquid phase’s volume gives:

Vvapor = Viotar — Vliquid (3.13)
The total volume represents the volume of the reactor which is 2 liter.

The next step is to find the mass of species in the vapor phase. The ideal gas law is used to
calculate the total concentration of vapor phase but in order to apply it to the real gas model;
compressibility factor z, is applied. Compressibility factor is computed from Peng-Rabinson
equation which is used in Diego’s code in order to find the fugacity coefficient in the vapor

phase. The procedure can be written as:

Pr
Cr=2RT
(3.14)
P; can be computed from partial pressure of the species:
Pr=%P; (3.15)
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Also, mole fraction in the vapor phase can be written:

Pj
;= — 3.16
Vi =5 (3.16)
After finding Cr, total number of moles in the vapor phase can be calculated:
nr = CT-Vvapor (3.17)
Then by obtaining n;, mass of the components in the vapor phase is written:
m; = nT.yi.MWi (318)

By using equation (3.18), mass of the MEA, water and CO; in the vapor phase are calculated.
Then the difference of the initial value for mass of the components in liquid phase and
computed values for vapor phase, gives the new value for mass of the components which

remain in the liquid phase:
M excess = My liquid — m; vapor (319)
Then new calculation for loading is:

_ Mco2 excess /MWCOZ
Anew =

MpyEa excess/MWMEA
(3.20)

For adjusting loading, this procedure should be written in a loop in order to optimize the

response. Condition must be provided for the loop in order to converge to a desirable answer:
error = Apey — Aold (3.21)

Also, tolerance is introduced to have a limit for the error. Iteration process remains till the
loop can satisfy the tolerance. This procedure is written in “reactorm.m” (Appendix A). This
code is written as a function which takes mass of solution, moles of CO, in each loading,
MEA concentration and temperature as the input and returns total pressure, partial pressure of
components, new loading and mole matrix which comes further to calculate heat of

absorption. The main code is written in “recorder.m” (Appendix A). All the amounts of CO,
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(CO, moles) which are added step by step in to the reactor, are written as a vector and main
file takes each of these steps and send them into “reactor.m” file in order to find a new
loading, total pressure and partial pressure of CO, in vapor phase. Finally, new loadings are
plotted against the total pressures as well as partial pressures of CO, for entire steps of

loading. Figure 3.2 indicates simple flow chart of loading calculation procedure.

"recorderm"
/n.., .T. Mass solution, MEA wt%/

"reactorm.m"
calculate:nyza

Calculate:inital loading

VLE model{ln house code)
calculate: componets mole fractioninliquid phase
partial pressure of components invapor phase

Liquid phase "roardi.m"
calculate: myza, Mazo, Moz [* calculate:loaded density
Viqua » Viaor, unloaded density

Vapor phase
Calculate:muyza, Meuzo. Meaz

calculate: Maycazavza . Maxcaszrzo . Maxazzcoz

Calculate:New loading
Error=New loading-oldloading

No i Yes calculated loading
~__ Emor<Tolerance “—————» Pros

Figure3.2: Loading calculation procedure
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3.2.2 Heat of absorption:

Heat of absorption can be calculated from equation (2.48).

Hyps = 2 (;AH;
i

In order to use this equation, extent of reaction ; , is required for each reaction. Correct key

component should be selected for each reaction. Key component is the component which is

involved only once in the reaction package. The key components for equation (1.1) till (1.6)

are written in Table 3.1:

Reaction name Reaction Key component
Dissociation of water 2H,0 = H;0" + OH™ OH~
Dissociation of carbon HCO3
dioxide 2H,0 + CO, = H,0% + HCO3
Dissociation of bicarbonate H,0 + HCO3 = H;0% + C03~ COo5~
Dissociation of
protonatedamine H,0 + RNH3 = H;0" + RNH, RNHF
Carbamate reversion to
bicarbonate H,0 + RNHCOO™ 2@ RNH, + HCO3 RNHCOO~
Physical dissolution of carbon
dioxide C0,(gas) = CO,(liquid) co,

Extent of reaction {; , is calculated from the difference in the number of moles between the

final and initial value based on key components for each reaction, divided by the number of

CO; moles. Table 3.2 indicates difference of the moles for key components.
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Reaction ANyey component

2H20 \_—\H30++0H_ nfOH— — N oy-

(nf HCo3— — M HC03—) - (nf co3~ n,; co%‘)

RN + -
2H,0 + C0O, = H30™ + HCO;3 + (Tlf RNHCOO~ — N RNHCOO')

H,0 + HCO3 = H;0% + C03~ Ny coz= — Njcoz-
H,0 + RNH3 = H;0* + RNH, N rNHF ~ T RNHF
H,0 + RNHCOO™ = RNH, + HCO3 Ng RNHCOO™ — Mi RNHCO0™

(nf co2 — My coz) + (nf HCo3— — 1 HCO3—)
- (nf cor ~ 1y co%‘)

+ (nf rRvHCOO~ — Mi RNHCOO™)

C0,(gas) = CO,(liquid)

By applying equation (2.46) which is so-called Van’t Hoftf’s equation, enthalpy of each

equation can be calculated:

AH? =R T? Z—IT(
(3.22)
Also, derivation of equation (2.47) respects to temperature is written:
dKk —-B C
ar— 2 trtP
(3.23)

Where B, C and D are the constants which are written in the in-house code from Diego Pinto.
Also, he found this coefficient from Hessen et al. 2010 (Hessen et al., 2010).

Instead of the physical absorption of CO,, equation (3.22) can be used for the rest of the

reactions.
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For the last reaction, Henry’s constant is used. Derivative of equation (2.50) respects to

temperature is:

dH — _1.2818 x 104/ —2 X 3.7668 x 106/ —3 X 2.997 x 108/
dt T? T3 T#

(3.24)
Finally heat of absorption can be calculated based on equation (2.48).

This procedure is written in “heatabs.m” (Appendix A).The inputs of this file are: Mole
matrix which shows the moles of key components for entire loading steps, total number of
loading and Temperature. It returns heat of absorption and related-heat of the each reaction.
This file is called by the main code “recorder.m” and heat of absorption is plotted vs. loading.

Simple flow chart of heat of absorption’s programming procedure can be seen in Figure 3.3.

"recorder.m"
/n., . T, Mass solution, MEA wt%/

¥

"reactorm.m”
calculate:
New loading
T

=]
n.

b

"recorder.m”
Save n, for each
step In a matnx

|

"heatabs.m"”
calculate:Extent of reaction

A

calculate: Enthalpy of | Keq from
each reaction in house code

Calculate: Heat of Absorption

Figure 3.3: Heat of absorption’s programming procedure
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4. Results and Discussion:

Results of this project are presented in this chapter alongside the relative discussions.

4.1 Vapor-liquid equilibrium model verification:

The in-house vapor-liquid equilibrium model was validated before being used. Experimental
data from Aronu et al.(Aronu et al., 2011) are used to validate the model. Same loadings are
applied in both model and experimental data. Figure 4.1 shows total pressure of the model
and experimental data for 30% MEA solution at 40 °C and 80 °C.
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0.12 T T T T
—+—PCO2(gas phase)
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01F
0.08
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G L |$ $ /: 1 L 1
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loading(molCO2/molMEA)
0.09 T T T T T
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008 & PCO2Exp &
0.07
0.06
S 005
2
=
w
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loading(molCO2/molMEA)

Figure 4.1: Pco, for the model and experimental data -30% MEA, 40C° (a), 80C° (b)
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As it can be seen in Figure 4.1 modeled and experimental data shows the same trend for
partial pressure of, however model shows slightly under prediction value of Pco, for the
loadings higher than 0.5 and 0.25 at 40 °C and 80 °C, respectively. Although, the maximum
under prediction of the VLE model is approximately 16% (at loading 0.52) at 40°C and 25%
(at loading 0.35) at 80 °C. Additionally, Pco, almost remains stable for the loadings lower
than 0.45 at 40 °C (a) and after that, it increases sharply. At 80 °C (b) partial pressure of CO;
increases slowly at loadings below 0.15 . Then  Pco, increases gradually for the loadings
between 0.15 and 0.35, after that there is a rapid rise in Pcoy for the loadings more than
0.35.Total pressure in gas phases increases by increasing the temperature and because of this

reason total pressure changes faster at 80 °C compare to total pressure at 40 °C.

The same comparison is done for the total pressure above loaded 30% MEA solution at 120
°C. Figure 4.2 shows total pressure for both model and experimental data from
Aronu et al.(Aronu et al., 2011).

9 T T T T
—+— Ptotal(gas phase)
al & Ptot Exp i
7F -
g6 1
iy
=
w0
3 5) 1
o
4+ -
3F -
2 o 1 1 1 1
0.35 0.4 0.45 0.5 0.55
loading(molCO2/moalMEA)

As it can be seen in Figure 4.2, total pressure for both model and experimental data has the
same trend, although VLE model has a small over prediction for the loadings higher than 0.43
and the maximum over prediction is around 9 %( at loading 0.46). Since vapor-liquid model

has minor error compare to the experimental data, it is applied in this project.
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4.2 Loading calculation:

The aim of loading calculation is to find the correct properties in both vapor and liquid
phases. Experimental data from Inna Kim (Appendix B) are used to check the accuracy of the
written code to calculate the loading.

Reactor is dried by N, after each cleaning then remaining inert gas creates small pressure
inside the reactor .In addition, there is no term to consider the pressure creation because of
the inert gas inside the written code for loading calculation, thus after comparison of the total
pressure from the model and experimental data, difference between the values is added to the
total pressure in the code as an initial pressure. Figure 4.2 shows the two cases for each state,
with and without initial pressure.
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Figure 4.2: Without initial pressure (a), with initial pressure (b)-MEA 30%, 40 C°
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As it can be seen in Figure 4.2 (a), there is a small difference between blue curve (Total
pressure from written model) and diamond-shaped red points (Total pressure from
experimental data). According to Figure 4.2(a), this difference in pressure is around 0.08 bar ,
also reactor is evacuated to -0.95~-1 barg in experiment before adding CO, so 0.08 bar is

fairly close to the actual pressure in experiment and this amount which is added to the total

pressure as an initial pressure in the code.

Figure 4.3, 4.4 and 4.5 show pressure vs. loading form model and experimental data.
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Figure 4.3: Loading calculation-Pressure vs. Loading-30% MEA, 40 C°—normal scale (a) and

semi-logarithmic scale (b)
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Figure 4.4: Loading calculation-Pressure vs. Loading-30% MEA, 80 C°—normal scale (a) and
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Figure 4.5: Loading calculation-Pressure vs. Loading-30% MEA, 120 C°-normal scale (a) and
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As it can be seen in Figure 4.2, 4.3 and 4.4, total pressure in both model and experimental
data remain stable for loadings less than 0.5, 0.45 and 0.4 at 40 °C, 80 °C and 120 °C,
respectively. For loadings higher than these values, total pressure increases rapidly for both
model and experimental data. Higher loading means that the number of mole of CO;
increases for the specific amount of the solvent solution (MEA + Water), thus the solvent is
not able to absorb more CO, and the extra amount of CO, which goes to vapor phase.
Furthermore, higher temperature decreases the ability of solvent to absorb more CO,, since
the vapor pressures of the components in gas phase (H,O, CO2,MEA) are rising by increase
the temperature. For total pressure both the model and experimental data have the same trend,

although model shows small over prediction compared to the experimental data.
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4.3 Heat of absorption:

Experimental data for heat of absorption from Kim and Svendsen(Kim and Svendsen, 2007)
are used to compare them with calculated heat of absorption. In addition , written model to
calculate heat of absorption is compared to model of Kim et al.(Kim et al., 2009) .The same
programming procedure for calculating heat of absorption is used for both models(written
model in this work and model of Kim et al.), although instead of equilibrium constant
equation, specific equations for calculating enthalpy of reactions are taken from Inna Kim in-
house code. The model of Kim is written in “heat.m” (Appendix A) to compare heat of
absorption model in this project with her model. Figure 4.6 indicates heat of absorption vs.

average loading at 40 °C, 80 °C and 120 °C for the two different models. Since extend of

Nkey component

reaction (A ) is calculated between two loading steps, mean average of these two

Ancoz total

steps of loading must be used in order to plot the result.
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As it can be seen in Figure 4.6 total heat of absorption for two models and experimental data
has the same trend. At 40 °C, model which is based on equilibrium constant (keqg) has a small
over prediction for loadings less than 0.4 compare to the experimental data, however Kim et
al. model(Kim et al., 2009) shows a small under prediction for the same range of loadings. At
80 °C both models have over prediction compared to the experimental data but Kim et al.
model(Kim et al., 2009)has a higher over prediction for the loadings less than 0.4. For 120
°C, Kim et al. model(Kim et al., 2009)fits with the experimental data but the keg-model has a
slight under prediction for the loadings smaller than 0.4. For these three temperatures, heat of
absorption drops for loadings higher than 0.4 in models and experimental data, but it fells
sharply at 40 °C and 80 °C compare to 120 °C. There is an under prediction for kegq-model
and Inna’s model at 40 °C and 80 °C and 120 °C for loadings between 0.4-0.6.

General overview of Figure 4.6 shows that total heat of absorption for both models almost
stays stable for the loadings less than 0.4 and eventually it decreases for loadings higher than

0.4 for all temperatures.

In order to find the difference between the models based on the equilibrium constants and
Inna’s model for heat of absorption, enthalpies of all reactions are plotted. Figure 4.7, 4.8 and

4.9 demonstrate the heat of each reaction at 40 °C, 80 °C and 120 °C, respectively.
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As it can be seen in Figure 4.7, 4.8 and 4.9 Kim et al. model (Kim et al., 2009)has higher heat
of absorption compare to the keg-model for the loadings less than 0.4 at 40 °C but for the
other temperatures it is vice versa at the same range of loadings. Hueacoo- (equation (1.5)) is
the only difference in both models and it is the factor which causes the difference in total heat
of absorption between these two models. Since extent of reaction is the same for both models
then these two models have a different value for enthalpy of reaction (1.5). The reason is the
different equations which are used in calculation of enthalpy of reaction (1.5). The rest of the
reactions almost have the same value for heat in the both models.
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5. Conclusion:

The aim of this project was to model the reaction calorimeter in order to calculate the heat of
absorption which is the most important parameter in this work. Project was divided to several
parts in order to make the programming procedure simpler. Vapor-liquid verification was the
first part which was implemented to validate the in-house codes of Diego Pinto which is
based on the vapor-liquid thermodynamic and the comparison between the vapor-liquid
model and experimental data determined that the model can be used for the rest of the
project. Also, comparison of total pressure and heat of absorption calculated from the written
model in this project and experimental data for 30% MEA solvent at 40 °C, 80 °C and 120 °C
indicate acceptable results based on the thermodynamic theory and the modeling procedure.
Since all of the results from the model almost cover the experimental data, this written model

might be good to describe the reaction calorimeter in order to meet the goal of this project.

5.1 Future work:

There are some aspects which can be considered in the future works:

e Better programming procedure for calculation of the loadings.

e Find other methods to calculate the overall heat of absorption and compare it with
written model in this project. For example, use Partial pressure of Co, instead of
equilibrium constant in Van’t Hoff’s equation

e Find more experimental data for heat of absorption for MEA
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Appendix A:

recorder.m

Main file which the all of the sub-files are connected to this file.

clc
clear all

close all

5555555555555 53555%%5535555%55SSSMEA datasss59%5%5%5%%5%%5%5%5%5%%55%5%5%5%5%%55%5%55%5%%5%5%5%5%%
%For each Temperature (40,80,120), related numbers (40,80,120) must be %
%changed for MEA data in the same way %
000000 00 0 00 00000000000 00000000000 00 0 00 00 0 00 00 0 00 00 0 00 00 0 00 00 0 00 [elNe]

0000000000000000 0000000000000000

MEAconcentration=.3;% wt MEA

T=40;% C

T1=T;

msolution=msolution 40;%gr MEA+water

moleco2=0.12:.01:.33;%given CO2 moles

moleco2 l=moleco2 40;%molecoZ-experimental

Ptot exp=Ptot 40;

innahoa%Inna's experimental data-Heat of absorption

HOA=heat 40(:,2);
4

loadingh=heat 40(:,1);

0000000000000000000000000o0 : 0000000000000000000000000000000O0
$5%%3%%%5%%%5%%%5%%%%%%%5%%%%%Calculate loadll’lg66666666666666666666666666666666

n=length (moleco?2) ;
Moleco2=zeros(n,1);

Moleco2 (1)=moleco2 (1) ;

for i=2:n
Moleco?2 (i)=Moleco2 (i-1)+moleco2 (i) ;

end

for i=1:n
[Ptot (i) Pco2 (i) Ph20(i) Pmea (i) cloading (i)
nmole]=reactorm(msolution,Moleco?2 (i) ,MEAconcentration,T);
molematrix(:,i)=nmole;

end

for i=2:n
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avecloading (i-1)=(cloading(i-1)+cloading(i))/2;

000000000000000000000000000 : 000000000000000000000000000000
$3%%5%%%%%%5%5%%5%5%%%%%%%5%%%5%%%Heat of Absorptlonﬁ66666666666666666666666666666

,HH]=heat (molematrix,n,T);

juni )

d, HHd]=heatabs (molematrix,n,T);

Ptot=(Ptot./100)+0.08;%0.08 for vacum
Pco2=Pco2./100;
Ph20o=Ph20./100;

Pmea=Pmea./100;

0000000 0090000000

3%%%%%%%%%%%%%Calculate loading based on experimental data%$%$%$%%%%%%%%%%%%%%

molecoZ2=moleco2 1;
Moleco2 1(1l)=moleco2 1(1);

n=length (moleco2 1);

for i=2:n
Moleco2 1(i)=Moleco2 1(i-1)+moleco2 1(i);
end
for i=1:n
[Ptot 1(i) Pco2 1(i) Ph2o0 1(i) Pmea 1(i) cloading 1 (i)

nmole l]=reactorm(msolution,Moleco2 1(i),MEAconcentration,Tl);

figure (1)

plot (cloading, Ptot,cloading, Pco2, '-."',cloading, Ph20, '-."',cloading, Pmea, ' -
o")

hold on

plot (cloading 1,Ptot exp, 'rd')

ylabel ('Pressure (bar) ')

xlabel ('loading (molCO2/molMEA) ")

legend ('Ptotal (gas phase) ', 'PCO2 (gas phase) ', 'PH20 (gas phase) ', 'PMEA (gas
phase) ', 'Ptot Exp')
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legend('location', "best")

figure (2)

semilogy(cloading, Ptot,cloading, Pco2, '-+',cloading, Ph20, '~
.',cloading, Pmea, '-0")

hold on

semilogy (cloading 1,Ptot exp, 'rd')

ylabel ('Pressure (bar) ')

xlabel ('loading (molCO2/molMEA) ")

legend ('Ptotal (gas phase) ', 'PCO2 (gas phase) ', 'PH20 (gas phase) ', 'PMEA (gas
phase) ', 'Ptot Exp')

legend('location', "best")

figure (3)

plot (avecloading, HHd, '-*"',avecloading,HH, '-0', loadingh, HOA, 'd")
ylabel ('Heat of Absorption (KJ/mol CO2 abs)')

xlabel ('Aveloading (molCO2/molMEA) ")

legend ('Model-Keq', '"Model-Inna kim', '"EXP-Inna Kim')

figure (4)

plot (avecloading, HHd, avecloading,Hd(1,:), '-0o',avecloading,Hd (2, :), '-
s',avecloading,Hd(3,:), '-+',avecloading,Hd(4,:), '-d',avecloading,Hd (5, :), '-
*',avecloading,Hd(6,:),"'-.")

ylabel ('Heat of Absorption (KJ/mol CO2 abs)')

xlabel ('Aveloading (molCO2/molMEA) ')

legend('Overall H', 'OH-', 'HCO3-"','CO3--", "MEA+', "MEACOO-", "'C0O2")
legend('location', "bestoutside')

title('Heat of Absorption-Keqg')

figure (5)

plot (avecloading, HH, avecloading,H(1,:), '-0o',avecloading,H(2,:), "'~
s',avecloading,H(3,:),"'-+',avecloading,H(4,:), '-d',avecloading,H(5,:), "'~
*',avecloading,H(6,:),"'-.")

ylabel ('Heat of Absorption (KJ/mol CO2 abs)')

xlabel ('Aveloading (molCO2/molMEA) ')

legend ('Overall H','OH-', 'HCO3-','CO3--', 'MEA+', '"MEACOO-','CO2")
legend('location', "bestoutside')

title('Heat of Absorption-Inna Kim model')
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[Ptot Pco2 Ph20 Pmea cloading
reactorm(msolution, moleco?2,MEAconcentration, T)

Output: Total pressure, Pcoz, Pmea, Pr2o, Nnew loading, mole fraction in liquid phase

Input: Mass solution, number of CO, moles, MEA concentration, temperature

Calculates new loading.

reactor.m
function
nmole]

o\

o\

wt MEA

’

%

’

.8

’

molco2/molMEa

%

’

1;%gr MEA+water

0.4

moleco2/molemea

2;%liter
mmea/61.08

xmea*msolution; $mass MEA gr

MEAconcentration; $wt MEA

MEAconcentration

5 msolution
loading
T=40;

Vtotal

constant

xmea

mmea

molemea

loading

o
%
%

o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o

pv (partial pressure

°

o

MEA NRTL(T1,loading,MEAconcentration);

’

10

’

’

1

le-5
=1

0000000000000000000000000000000 :
55%%%%%%%%%5%%%%%%3%%%%%%%%%%%%%1inital Step

in gas phase,H20,C02,MEA) -nv (mole fraction in liquid phase- gamma eNRTL

while step<maxstep && tol<error

[pv, nv, gamma ]

tol
maxstep
step

error
T1=T;
properties

o\°

2299599900059 90005900009500000959000T 4 1 d3%5%%%3%5%5%%53%3%5%%5%53%3%5%%5%533%%5%53%3%%%5%%%
500000000000 00000600000060600000000L1JUIOGTE500000000006000000600000600000060606000

o\

initial step

°

[

1
xwater*msolution; %mass MEA gr

l-xmea; Swt water

xmea*msolution; $mass MEA gr

MEAconcentration; $Swt MEA

if step
xmea=
xwater
mmea=
mwater
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molefmea= (mmea/61.08)/ ( (mmea/61.08)+ (mwater/18.01));
molenumberco2=loading* (mmea/61.08) ;
mco2lig=molenumberco2*44;%mass co2 gr

mmealig=mmea;

mwaterlig=mwater;

[rounloaded roloaded]=roardi (T1l,xmea, xwater, loading) ;
Vsolution=((msolution+mco2liq)/roloaded)*10"-3; %liter!!!!

Vgas=Vtotal-Vsolution;
else
[rounloaded roloaded]=roardi(Tl,nv(3),nv(l),loading);

Vsolution=((mco2lig+mmealig+mwaterliq) /roloaded)*1000; %liter

Vgas=Vtotal-Vsolution;

end

Ptotalgas=sum(pv) ;
y=pv./Ptotalgas;

C=Ptotalgas/ (z*R*T) ;
gastotalmol=C*Vgas*le3; tmol
mwatergas=gastotalmol*y (1) *18.01;
mco2gas=gastotalmol*y(2)*44;%gr
mmeagas=gastotalmol*y(3)*61.08;%gr

mwaterexcess=mwaterlig-mwatergas;
mcoZ2excess=mco2lig-mco2gas;
mmeaexcess=mmealig-mmeagas;
oldloading=loading;

loading= (mco2excess/44) / (mmeaexcess/61.08);
error=loading-oldloading;

step=step+l;

mco2lig=mcol2excess;
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mmealig=mmeaexcess;
mwaterlig=mwaterexcess;
T=T1;

end

[pv,nv, gamma]=MEA NRTL(T1, loading,MEAconcentration) ;

molwsolution=sum(nv.*molw') ;
mtot=msolution+mco2lig;
ntot=mtot/molwsolution;
nmole=nv*ntot;

% nmole=nv;
cloading=loading;
Ptot=sum(pv) ;

Ph2o=pv (1) ;

Pco2=pv (2);

Pmea=pv (3) ;
mtotal=mco2lig+mmealig+tmwaterlig+mco2gas+mmeagas+mwatergas;

end
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roardi.m
Calculates density for the mixture of solvent and CO; in liquid phase.

Input: Temperature, mole fraction of MEA in liquid phase, mole fraction of H,O in liquid
phase, loading

Output: loaded density, unloaded density

function [rounloaded roloaded]=roardi (T, xmea,xwater, loading)
x1l=xmea; smole (maybe weight) fraction

x2=xwater;

ml=61.08;%Molecular weight MEA
m2=18.01; %Molecular weight Water
m3=44; $Molecular weight CO2
M1=61.08;%Molecular weight MEA
M2=18.01;%Molecular weight Water
k1=0.29;%+-0.05

k2=0.18;%+-0.2

k3=0.66;%+-0.03

rhoamine = -5.3270E-07.*T."2 - 7.4762E-04.*T+ 1.0308E+00;%given by Ardi
rol=rhoamine; $gr/cm3
rhowater= -2.5598E-06.*T."2 - 1.9691E-04.*T+ 1.0040E+00;

ro2=rhowater; $gr/cm3

fi=(kl.*x1.*loading+k2.*x1) ./ (k3+x1);

wco2=(loading.*x1.*m3) ./ (x1.*ml+((1l-x1-loading.*x1).*m2)+loading.*x1.*m3) ;

VE=(-1.9210+1.6792e-3.*T-3.0951.*x1+3.4412.*x1".2) .*x1.*x2;%ardi paper

rounloaded=(x1.*M1+x2.*M2) ./ (VE+ ((x1.*M1)./rol)+ ((x2.*M2)./ro2));

roloaded=rounloaded./ (1-wco2.* (1-fi.73));

end
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heatabs.m
Calculates heat of absorption based on equilibrium constant.
Input: Mole matrix, length of loading steps, temperature

Output: Overall heat of absorption, heat of each reaction

function [H HH]=heatabs (molematrix,n,T)
R=8.314e-3;%KJ/mol.K
for i=2:n
deltanrx(l,i-1)=molematrix (6,1)-molematrix(6,1-1);%Dissosiation of
water—-key component:OH-
deltanrx (2,i-1)=-molematrix (7, i) +molematrix(7,i-1)+molematrix (8,1i) -
molematrix (8,1i-1) -molematrix (9, i) +molematrix (9,1i-1);%Dissosiation of Carbon
dioxide-key component:HCO3- check the signs!!!!
deltanrx(3,i-1)=molematrix (8, 1) -molematrix (8,1-1);%Dissosiation of
Bicarbonate-key component:C0O3--
deltanrx(4,i-1)=molematrix (5,1)-molematrix (5,1-1);%Dissosiation of
Protonated Amine-key component:MEA+
deltanrx(5,i-1)=molematrix(9,i)-molematrix(9,i-1);%Carbonate
reversation to bicarbonate-key component:MEACOO-
deltanrx (6,i-1)=molematrix (2,i)-molematrix (2,i-1)+molematrix(7,1i) -
molematrix(7,i-1)+molematrix (8,1)-molematrix(8,i-1)+molematrix(9,1) -
molematrix (9,i-1);%Physical absorption of CO2-Key comonent:CO2

end

o)

% Henry's constant for CO2 [Pa] from Diego's code carol 1991 co2 so

Hr = [-6.8346 1.2814e4 -3.7668e6 2.997e8];
SH = exp(Hr (1) + Hr(2)/T + Hr(3)/(T"2) + Hr(4)/(T"3))*1le6;
dhdt=((-Hr(2) /T*2) = ((2*Hr (3)) /T*3) = ((3*Hr (4))/T"4)) ; $Kpa

load TER % load equilibrium constants (Keq) from the in house code written
by Diego Pinato
% A B CD for 5 reactions
coeff=keq;
for 1i=1:6
if i~=6
dlnkdt (1)=(-coeff (i,2)/(T"2))+ (coeff(i,3)/T)+coeff(1i,4);
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end

for

end

for

end

end

54

deltah (i, 1)=R*T"2*dlnkdt (i) ;
else
deltah (i, 1)=R*T"2*dhdt;

end

i=2:n

H(l,i-1)=deltah(l) *deltanrx(l,i-1)/deltanrx(6,1-1);
H(2,1i-1)=deltah (2) *deltanrx(2,1i-1) /deltanrx(6,1-1);
H(3,1i-1)=deltah (3) *deltanrx(3,1i-1) /deltanrx(6,1-1);
H(4,i-1)=deltah(4)*deltanrx(4,i-1)/deltanrx(6,1i-1);
H(5,1i-1)=deltah(5)*deltanrx(5,i-1)/deltanrx(6,1i-1);
H(6,1-1)=deltah (6) *deltanrx(6,1i-1)/deltanrx(6,1-1);

i=2:n

HH(i-1,1)=sum(deltah.*deltanrx(:,1i-1))/deltanrx(6,i-1);



heat.m
Calculates heat of absorption based on Inna Kim’s model.
Input: Mole matrix, length of loading steps, temperature

Output: Overall heat of absorption, heat of each reaction

function [H,HH]=heat (molematrix,n,T)
R=8.314;%KJ/mol.K
for i=2:n
deltanrx(l,i-1)=molematrix (6,i)-molematrix (6,i-1);%Dissosiation of
water—-key component:OH-
deltanrx(2,i-1)=molematrix(7,1)-molematrix(7,1i-1)+molematrix (8,1)-
molematrix (8,1i-1)+molematrix (9, i) -molematrix(9,1i-1);%Dissosiation of Carbon
dioxide-key component:HCO3- check the signs!!!!
deltanrx (3,i-1)=molematrix (8,i) -molematrix (8,i-1);%Dissosiation of
Bicarbonate-key component:C0O3--
deltanrx(4,i-1)=molematrix (5,1)-molematrix (5,1-1);%Dissosiation of
Protonated Amine-key component:MEA+
deltanrx(5,i-1)=molematrix(9,i)-molematrix(9,i-1);%Carbonate
reversation to bicarbonate-key component:MEACOO-
deltanrx (6,i-1)=molematrix (2,i) -molematrix (2,i-1)+molematrix(7,1i) -
molematrix(7,i-1)+molematrix (8,1)-molematrix(8,i-1)+molematrix(9,1i) -
molematrix (9,1i-1);%Physical absorption of CO2-Key comonent:CO2

end

[

% Henry's constant for CO2 [Pa] from Diego's code

Hr = [-6.8346 1.2814e4 -3.7668e6 2.997e8];
SH = exp (Hr (1) + Hr(2)/T + Hr(3)/(T"2) + Hr(4)/(T"3))*1leb;
dhdt=((-Hr(2) /T"2) - ((2*Hr (3))/T"3) - ((3*Hr (4)) /T"4)) *exp (Hr (1) + Hr(2)/T +

load TER

coeff=num2str(keq);% A B C D for 5 reactions

for i=1:6
if i~=6
dlnkdt (i)=(-coeff (i,2)/(T"2))+ (coeff(i,3)/T)+coeff(i,4);
deltah (i, 1)=R*T"2*dlnkdt (i) ;
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else
deltah (i, 1)=R*T"2*dhdt;

end

[ [

$55%5%5%%%%%%5%%%%%%SEquation from In house code from Inna Kim$%%%%%%%%%%%%%%
dHr0 (1) = (1/1000)* (=711777+9.54028e07*T."(-1)+2161.02*T-2.212757*T."2);
dHr0(2) = (-R/1000)*(17262-67.3414.*T+0.04431786.*T."2);

dHr0(3) = (R/1000)*(6433.628-2.245836.*T-0.04458435.*T."2);

(R/1000) * (6166.116-0.000985*T."2) ;

dHr0 (5)=(R/1000) *(1.674734287-13.074152510*T+0.065103560*T."2) ;

dHr0 (6)=(R/1000) *(8477.711-21.95743*T+0.005780748*T."2) ;

O,
5
K
(@]
=
I

H(l,i-1)=deltah(l)*deltanrx(l,i-1)/deltanrx(6,1i-1);
H(2,i-1)=deltah(2)*deltanrx(2,i-1)/deltanrx(6,1i-1);
H(3,1i-1)=deltah(3)*deltanrx(3,i-1)/deltanrx(6,1i-1);
H(4,1i-1)=deltah (4) *deltanrx(4,i-1)/deltanrx(6,1-1);
H(5,1i-1)=deltah (5) *deltanrx(5,1i-1) /deltanrx(6,1-1);
H(6,1-1)=deltah (6) *deltanrx(6,1i-1)/deltanrx(6,1-1);

end

for i=2:n
HH(i-1,1)=sum(deltah.*deltanrx(:,1i-1))/deltanrx(6,i-1);

end

end
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Appendix B:

In house experimental data from Inna Kim

Table 1: Total pressure-experimental data, 30% MEA at 40 C°

Reactor P (bar) CO, added (mol)
0.149 0.3658
0.143 0.5871
0.140 0.5348
0.139 0.5388
0.134 0.5075
0.134 0.3706
0.134 0.4258
0.187 0.3522
0.434 0.3435
1.068 0.3204
2.077 0.2569
3.230 0.0000

Table 2: Total pressure-experimental data, 30% MEA at 80 C°

Reactor P (bar) CO, added (mol)
0.505 0.4350
0.496 0.4823
0.494 0.4746
0.489 0.5148
0.498 0.5124
0.522 0.6272
0.687 0.0000
0.681 0.3543
1.117 0.4108
2.647 0.2368
4.315 0.0000

Table 3: Total pressure-experimental data, 30% MEA at 120 C°

Reactor P (bar) CO, added (mol)
1.797 0.4507
1.810 0.6003
1.874 0.5237
2.010 0.5245
2.340 0.5075
3.250 0.4384
5.368 0.0937
6.101 0.0000
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