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Abstract— The steady-state simulation of a reac-
tive absorption column is presented. The absorber is
used in a large-scale ammonia plant to remove CO,
from the process gas stream. To enhance the absorp-
tion process, high pressures and low temperatures
are commonly used (T = 45-80 °C, P = 30-40 bar). At
the outlet of the absorber, the CO, content in the
process gas must be reduced to less than 500 ppm
(dry basis) to avoid an excessive temperature rise in
the methanation reactor (downstream of the absorp-
tion section). To represent the gas-liquid system, a
rigorous mathematical model based on the two-film
theory is considered. The heat effects are taken into
account. The behaviour of different process vari-
ables for a reference operating condition is analyzed.
The influence of changes in some operating variables
is evaluated.
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I. INTRODUCTION

Reactions of carbon dioxide with amines have been ex-
tensively studied during the last 20 years because of
their industrial importance for the natural gas, petroleum
chemical plants, and ammonia industries for removal of
CO, from gas streams (Pintola et al., 1993). In an am-
monia synthesis plant, the CO, must be removed from
the process gas to avoid the poisoning of the ammonia
synthesis catalyst. The CO, removal represents 10% of
the capital and operating costs (Meissner III and Wag-
ner, 1983).

The absorption in alkanolamine solutions is the
commercially most important process for the removal of
CO, from synthesis gas for ammonia production. A
wide variety of chemical solvents are used, e.g. MEA
(monoethanolamine), DEA (diethanolamine), MDEA
(methyl diethanolamine), activated MDEA (mixture
MDEA - piperazine), and recently AMP (2-amino-2-
methyl-1-propanol) (Ko and Li, 2000).

The rigorous simulation of a packed column used
industrially for reactive absorption of CO, using a
MDEA solution is presented in this paper, aiming to
obtain a useful tool for optimisation purposes.
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Figure 1 shows a scheme of the industrial column.
The CO, is removed from the process gas stream by
counter-current absorption in two stages. In the lower
part of the absorber, solution regenerated by flashing
(semi-lean solution) is used for bulk CO, removal. In
the upper part of the absorber, solution regenerated by
stripping (lean solution) is used for scrubbing (Meissner
IIT and Wagner, 1983).
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Figure 1. Scheme of the industrial absorption column

II. MATHEMATICAL MODEL

The two-film theory is adopted to represent the gas-
liquid system (Froment and Bischoff, 1990, De Leye
and Froment, 1986). The main chemical reactions are:

CO, + OH~ —XOH , pycOo3 (1)

CO, + RN+ H,0—XMDEA_,5co7 + R,NHT (2)

The most common situation is that the absorption of
CO, in MDEA is accompanied by very fast reactions
(Hatta Number > 3). Consequently, the reactions are

assumed to be completed in the liquid film (Ct():02 =0).

The pseudo-first order kinetic expressions proposed by
Ko and Li (2000) are adopted.

Steady-state conditions and plug flow is assumed for
the gas phase, leading to a set of Ordinary Differential
Equations (ODE’s).
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Mass balance for CO; in the gas phase
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the interfacial ﬂux of CO, per unit gas-liquid area
(NCOZ) for a pseudo first-order reaction is given

(Doraiswamy and Sharma, 1984) by

, [kD
Ncoz y=0 = Cl : co:

co,
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where the overall reaction rate constant (k) has the fol-
lowing expression

k = kMDEA CMDEA +koy CoH

()

(6)

The gas-liquid equilibrium of CO, at the interface is
expressed by:

| _ |
Cco, =HPeo, o
While the interfacial flux in the gas film is given by
_ b i
Ncoa|,_y =ka,co, (Pco, ~Pco, ) ®)

Data reported by Hani et al. (1989) are used to eva-
luate the solubility and diffusivity of CO, in amine so-
lutions. The gas and liquid-side mass transfer coeffi-
cients and the interfacial area of the packing are esti-
mated from the correlations proposed by Onda et al.,
(1968a, b), Linek et al., (1995) and Laurent and Char-
pentier (1974).

The liquid flowrate, the concentrations of amine and
ionic products and the temperature are updated by
means of algebraic equations at each increment (Az)
used in the integration of the ODE’s:

Total mass balance in the liquid phase
L(z+Az)=

1+2{

LM
Z{ 2 e+ an) - (c )(z)}
=

L.pj

[(CRJ )z + Az) - (CR (z)]}
PL ,Rj (9)
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Mass balance for component j in the liquid phase
(LCY)(z+Az)=

{(LC?)(z)— %

co,

1
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for j=1,..ng and j=1,..np
(10)
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Energy balance

F(z + A2) E(yj c,.

j=1

PICEYORS
T(z+Az)
L(z+Az) X(xj

J=1

¢y, ) (+42)

F)| vy
j=1

ny

LG)| X (e,

j=1

¢, ) |-
_T(Z) +Qabs+er:O

pIE

Q)

To evaluate the absorption and reaction heats the
experimental data of Jou et al. (1982) were taken into
account. In these data the heats effects were considered
together.

The numerical solution of the problem is obtained
following an iterative process. The algebraic equations
are solved by means of a Quasi-Newton Method and the
integration of the ODE’s along the axial coordinate is
carried out using a Gear algorithm.

III. RESULTS AND DISCUSSION

A. Reference Case

Figure 2 shows the variation of the partial pressure of
CO, along the column, for the operating conditions se-
lected as the reference case. As it can be seen, pcoz
drops from a value of around 5.6 bar (at the bottom) to
an outlet value of 0.013 bar, i.e, the outlet CO, content
(400 ppm. v/v) is lower than the maximum allowable
value. For these operating conditions, more than 99.7 %
of the CO, fed to the column is absorbed by the amine
solution.
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Figure 2. Reference case: partial pressure of CO, and
MDEA concentration along the axial coordinate

The reaction of the absorbed CO, with the amine
leads to a decrease in the concentration of unreacted
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MDEA from the top (inlet) to the bottom. The disconti-
nuity observed for the curve of MDEA corresponds to
the column height where the semi-lean solution is ad-
mitted. At these axial position (z* = 0.56), the entering
semi-lean solution has a lower MDEA concentration
than the liquid leaving the upper section of the column.
The axial profiles for the total gas flowrate (F) and
total liquid flowrate (L) are shown in Fig, 3. Since the
process gas to be purified has an important content of
CO,, the gas flowrate decreases around 17 % (v/v) from
the bottom (inlet) to the top of the column. It is inter-
esting to note that from the total amount of CO, being
removed, the most important fraction is absorbed in the
lower section of the column. The rest of the CO, is ab-
sorbed by the lean solution at the top of the absorber to
obtain the desired purity. The lean and semi-lean solu-
tions have 0.3% and 6% w/w of CO, respectively,

which is present as reaction product. HCO3 .
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Figure 3. Reference case: gas and liquid flowrates
along the axial coordinate

The L axial profile has an opposite trend to that ob-
served for F, because of the countercurrent configura-
tion. The sudden increase in the liquid flowrate at
2'=0.56 is caused by the admission of the semi-lean
solution, whose flowrate is around 5 times higher than
that of the lean solution.

The temperature variation along the absorber is
shown in Figure 4. At the upper section of the column,
the temperature increases around 5°C due to the exo-
thermic nature of the reactive absorption process. The
discontinuity in the thermal profile is caused by the
semi-lean solution stream, which has a higher thermal
level than the liquid leaving the upper section. After a
further increase of approximately 12°C in the lower
section, the MDEA (rich) solution leaves the bottom of
the absorber to be regenerated.

The Hatta number along the column changes be-
tween 3.5 (top) and 5.2 (bottom). This range confirms
that the absorption of CO, in MDEA is accompanied by
very fast reactions such as was assumed in the mathe-
matical model (item 2)
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Figure 4. Reference case: temperature along the axial
coordinate
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B. Influence of the process gas flowrate

Figures 5 and 6 show the parametric sensitivity of the
model with respect to changes in the process gas
flowrate. This situation is representative of changes in
the ammonia plant capacity. Figure 5 shows the CO,
molar fraction in the process gas along the axial coordi-
nate, for different values of the total gas flowrate.
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Figure 5. Molar fraction of CO, in the process gas
along the axial coordinate, for three different values of
the process gas flowrate

As expected, as the F value is increased the content
of CO, increases at all the axial positions. Conse-
quently, the CO, content at the top of the column (CO,
slip) can exceed the maximum allowable level of 500
ppm. This undesired situation is illustrated in Fig. 5 for
the case of a F value 10 % higher than the reference
flowrate (see the enlarged area). The increase in the CO,
slip should be controlled (e.g., by increasing the liquid
flowrates or adapting the temperature of the lean solu-
tion) to limit the temperature rise in the methanation
reactor, downstream of the absorption section.

The influence of the process gas flowrate on the ab-
sorber temperature is shown in Figure 6. The tempera-
ture at the top of the column (z'=0) is constant because
it is defined by the inlet temperature of the lean solu-
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tion. The overall temperature rise along the column in-
creases with the value of F. This is a consequence of the
higher heat generation rates which is associated to the
higher absorption rates of CO,. The temperature is par-
ticularly affected in the scrubbing section of the column
(0< z'< 0.56), because the liquid flowrate is notably
lower than that of the bottom section (z” > 0.56).
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Figure 6. Temperature along the axial coordinate for
three different values of the process gas flowrate

C. Influence of the pressure:

The influence of the total pressure on the CO, content in
the process gas is shown in Figure 7. As it can be seen,
a decrease in the pressure of the column (which may be
caused upstream the absorber) causes a lower partial
pressure of CO, in the gas phase, then the equilibrium

concentration of CO, (CiCoz ) decreases at all the axial

positions. As a consequence, lower reaction rates take
place in the liquid film and the CO, slip in the process
gas stream increases. In fact, for the case of P =25 bar
the column does not satisfy the specification of 500
ppm. in the purified process gas. The change in the total
pressure also affects the absorber temperature and
higher temperature rises occur as P increases.
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Figure 7. Molar fraction of CO, in the process gas
along the axial coordinate, for three different values of
the pressure
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V. CONCLUSIONS

The detailed modeling and simulation of an industrial
column for CO, absorption has been carried out. The
mathematical model is a useful tool to evaluate the
steady-state behavior of the absorber under different
operating conditions. This rigorous model can be incor-
porated as an external module in a commercial (or ad-
hoc) simulator of the whole CO, removal section, to
obtain a more realistic representation of the complex
phenomenon of reactive absorption.
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NOMENCLATURE
A, Gas-liquid interfacial area per unit liquid
volume, m*/m’
a, Interfacial area per unit volume of packed

column, m*/m’

Ccon Molar concentration of CO, in the liquid
phase, kmol/m’

Cyj Molar concentration of reactant j in the
liquid phase, kmol/m’

cpj Heat capacity of component j, kJ/ kmol K

Dcoz Molecular diffusivity of CO,, m%/s

F Total molar gas flow, kmol / s

H Henry's constant, kmol/ m® bar

k Overall reaction rate constant, !

kg.co Gas-side mass transfer coefficient of ab-

2 ’ sorbed CO,, kmol/(m2 bar s)

ki co  Liquid-side mass transfer coefficient of

2 absorbed CO,, m/s

L Volumetric liquid flow rate, m*/s

M; Molecular weight of component j, kg/kmol

Ncoz Interfacial flux of CO, per unit gas-liquid
interfacial area, kmol/m’ s

n, Total number of components in gas phase

np Total number of components in liquid
phase

n, Number of reaction products in the liquid
phase

ng Number of reactants in liquid phase

Pco2 Partial pressure of CO,, bar

P Total pressure, bar

Quabs Total heat of absorption of CO,, kJ/s

Qx Heat of reaction, kJ/s

T Temperature, °C

X; Molar fraction of component j in the liquid
phase

v Molar fraction of component j in the gas
phase

yL Liquid-film thickness, m

Axial coordinate, m
Dimensionless axial coordinate.
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Greek symbols

ok Stechiometric coefficient of component j

€L Liquid hold-up of packing

pL Liquid density, kg/m’

Q Cross-ssection of tower, m”
Subscripts

g gas phase

L liquid phase

P, Product j (HCO3, R3NH™)

Ry Reactant j (R 3N, Hy0,0H")
Superscripts

b Bulk

i At the gas-liquid interface
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