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Carbon dioxide has been used.

In this research, a nonequilibrium dynamic stage model has been developed for reactive absorption of
carbon dioxide by carbonated ammonia solutions. The model considers mass transfer between gas and
liquid phases in both directions employing dynamic film model theory. Experimental data of carbon
dioxide reactive absorption by partially carbonated ammonia solution has been used to validate the model.
The data were obtained from a pilot plant absorption column. The model equations were discretized in
column height direction. Simulations were performed, while either a film model or an enhancement factor
was incorporated into the process model. The model predictions for both cases were compared with the
experimental data. The comparison showed that simulation results were more accurate when film model
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1. Introduction

Elimination of impurities from flue gases of many industries
such as steel production, chemical and petrochemical manufactur-
ing, and cement production is an important operation. Since CO,
is regarded as a major greenhouse gas, its removal is well justi-
fied. Several technologies such as absorption by chemical solvents,
membrane separation, and CO, fixation by microbes have devel-
oped for CO, removal [1-7]. CO, absorption by chemical solvents
appears to be effective and practical. CO, absorption by aminesis an
important process since they react rapidly with CO,. The reaction
between amines and CO, brings some advantages such as increas-
ing absorption rate of CO,, absorption in low pressure. Absorption
and reactions of CO, with amines have been extensively studied
both theoretically and experimentally during last decades [8-19].

Packed columns are mostly used in gas absorption processes
due to their high efficiency compared to other alternatives [1,15].
Several mathematical models with different complexity and accu-
racy have been proposed for reactive absorption in the literature
[20-30]. In these models the column is divided into some theoreti-
cal stages. Each stage includes both gas and liquid phases. Two kinds
of models have been reported; equilibrium and nonequilibrium
stage models [21,22,31,32]. Due to some unrealistic assumptions
in equilibrium stage models, they have been proved to be mostly
inadequate to describe reactive separation processes [22].
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Mass and heat transfer are actually rate phenomena driven by
chemical potential and temperature gradients, respectively. More-
over, one of the important characteristics of reactive separation
processes is that the reaction range widely changes from instanta-
neous to very slowly. Therefore a number of nonequilibrium models
have been developed [33-38,20,23-29].

Nonequilibrium models are more rigorous and complex than
equilibrium models, especially rate-based models, in which actual
rates of multicomponent mass and heat transfer and chemical reac-
tions are directly taken into the account. Rate-based models have
been developed applying film modeling approach for which there
are lots of experimental correlations in the literature [22,27,29].

Film model theory has been used in the majority of reported
models. These models assume mass transfers only from gas phase
to liquid phase, whereas in the real processes it happens in both
directions.

Dynamic nonequilibrium models of reactive separation prob-
lems have reportedly been solved assuming steady-state descrip-
tions of the interfacial and film phenomena [38,39,30,31]. Therefore
in this work the process of reactive CO, absorption by partially
carbonated ammonia solution in a packed column was modeled
using unsteady-state film model and assuming mass flows in both
directions (liquid and gas).

2. Modeling
Mathematical models of reactive separation processes usu-

ally include a few equations to compute heat and mass transfer
rates between bulks and films of both phases. In these models
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Nomenclature

specific packing surface (m2/m3)

cross-sectional area (m?)

molar concentration (mol/m?3)

specific energy holdup (J/m)

gas phase molar flow rate (mol/s)

molar enthalpy (J/mol)

specific enthalpy (J/mol)

vapor-liquid equilibrium constant

liquid phase molar flow rate (mol/s)

interfacial molar flux (mol/m?s)

heat flux (J/m2s)

reaction rate (mol/m3s)

temperature (K)

specific molar holdup (mol/m)

liquid phase mole fraction (mol/mol)

gas phase mole fraction (mol/mol)
z segment height (m)

DS X ocH=meQIC-XxRIDTSTOmN>™®

Greek letters

8 film thickness (m)

) volumetric holdup (m3/m?3)

& dimensionless film coordinate

Subscripts

gas phase

liquid phase
component index
segment index
component index
total

N Bt RN

Superscripts

bulk

film

liquid phase
gas phase
interface
reaction

A~ =0 = h

the reactive separation equipment is divided into several imag-
inary stages. These stages are linked to each other by mass
and energy balances. In the case of nonequilibrium models,
heat and mass is exchanged between gas and liquid phases in
each stage. Mass transfer at the vapor-liquid interface is nor-
mally described using two-film model as illustrated in Fig. 1
for one stage [39-42]. In the model, it is assumed that the
fluids are ideally mixed with uniform concentrations and tem-
peratures in the bulk areas. Changes in the components molar
flow in bulk region are caused either by the reactions or as
a result of mass exchanges between the bulk and film sec-
tions.

Since chemical reactions take place in both phases, unsteady-
state balance equations should include some reaction source terms
as shown in Egs. (1) and (2).

d 1 .
EULM Az [J 1% j— 1—Lx,J] +(n a+RLU¢L)A, i=1,...,n (1)
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Fig. 1. Two film model in a stage of a reactive absorption packed column.

For the gas phase holdup can often be neglected due to the low
gas density. Thus, the component balance for this phase is
1 .
0=27 (GiaaViji1 — Gyig) - (np;a' =R ;0c)A, i=1,....n (3)
Mass balance for the components that transfer from liquid phase
to gas phase is

1 I
0= 45 [Gis1Vsjsr — Gysj] +nsja'A, s=1,...,m (4)

To determine axial temperature profiles, energy balances are for-
mulated including the product of the liquid molar holdup and the
specific enthalpy as energy capacity. The energy balances written
for continuous systems are as follows:
oFL 1
S == [LahBy oy —LhE ;] +(afa' — REgy AHg A (5)

1
0= A—Z [GjJr] hg,jJr] — Gth’J — (qgal — RE¢G AHIO{G)A (6)

Heat transfer rate across the vapor-liquid interface equals the
sum of convective and conductive terms, the product of liquid molar
holdup and the specific molar enthalpy:

At m

f b f, gf

& = Tgf(Tl —T&) + E n¥ h¥ (7)
gf=— 5lf le } : lfhlf (8)

The energy fluxes across the interface are linked by the conti-
nuity equation:

0=q—q" 9)

The summation relations connect components mole fractions in
bulk liquid and gas phases:

D =1 (10)

n+m

Zy? -1 (11)
i=1

To model unsteady-state transfer phenomena in a column seg-
ment, unsteady-state mass and heat transfer should be considered
in the film and bulk regions. Unsteady-state modeling of the film
leads to an initial boundary value problem as shown by Eq. (12). It
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has been analytically solved by Kenig et al. [42].

o]
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n=1

0
+CI(6) + &[CP() - C'(1)] (12)

Diffusion coefficient has been calculated from the transforma-
tion of Maxwell-Stefan equations to the form of the generalized
Fick’s law. The reaction kinetic equations were linearized in the
film model. In the film region, mass transfer and chemical reaction
occur simultaneously. Film thickness is a parameter of the model,
which needs to be estimated using empirical correlations that are
available in the literature [39].

3. Determination of parameters and physical properties

The accuracy of simulation results depends on the model
parameters comprising equilibrium thermodynamic, column
hydrodynamics, chemical kinetics and physical properties. Phase
equilibrium at the interface between phases was assumed, where
interfacial compositions were calculated from the following equa-
tion:

yij=Kipi; i=1,...,n+m (13)

L
ij’
where the distribution coefficient K;; comprises fugacities in gas
phase and activity coefficient in the liquid phase that can be
determined from thermodynamic models. Reactive separation pro-
cesses occur mostly in aqueous systems with electrolyte species.
The well-known electrolyte models NRTL and Pitzer models are
used to compute equilibrium vapor-liquid equilibrium data. In
this work, to calculate equilibrium compositions at the interface
a model has been used that is based on the semi-empirical Pitzer
equation as reported by Krop [43]. Other parameters such as vis-
cosities, densities and surface tension are important in calculations
of mixture properties and mass transport correlations. The model
parameters are presented in Table 1 as shown below. Liquid phase
effective diffusion coefficients are found applying Nernst-Hartley
equation, which describes transport properties in weak electrolyte
systems [39]. Gas phase diffusion coefficients for low pressures are
estimated by Wilke-Lee equation [47]. The influence of the pro-
cess hydrodynamics are taken into the account by applying mass
transfer, specific contact area, liquid holdup and pressure drop cor-
relations [44-46].

Table 1
The list of model parameters.
Phase Parameter Reference
Gas Binary diffusion coefficient Reid et al. [47]
Mass transfer coefficient Onda et al. [46], Billet [45]
Viscosity Chapman-Enskog [47]
Liquid Binary diffusion coefficient Siddiqi and Lucas [55]

Mass transfer coefficient
Viscosity

Surface tension
Enhancement factor

Onda et al. [45], Billet [44]
Andrade [47]
Hakim-Steniberg-Stiel [54]
Last [52]

4. Chemical system of reactive absorption of CO,

Reactions of carbon dioxide with amines have been extensively
studied in the literature [8,11,16-18]. To model this reactive system
of weak electrolytes the reactions have to be taken into the account.
The reactions including CO, obey first and second order kinetics.
Three reactions take place for CO,; reaction between CO, and water,
reaction between CO, and hydroxyl ions and reaction between CO,
and NHj3. The first reaction to be considered is CO, hydration:

CO; +H;0 < HCO3~ +H* (14)

This reaction is very slow. The second reaction is bicarbonate
formation:

CO, + OH™ < HCO3~ (15)

This reaction is fast and can enhance mass transfer even when
the concentration of hydroxyl ion is low. The forward reaction can
be described as below [48].

Tco,-on- = kop-[OH]([CO2] — [CO2]eq) (16)

The primary or secondary reaction between carbon dioxide and
amines leads to the formation of amine carbonate [49,50].

CO, +NH3 + H,0 < NH,CO0~ +H;0+ (17)
The net forward rate of the reaction is

rco,~NH; = K[NH3]([CO2] — [COz]eq) (18)

where [CO;]eq is CO, concentration in equilibrium with the local
concentration of NHz, NH,COO~ and H3O*. The total rate of CO,
reaction is

Toverall = T'cO,—NH; + Tco,—on- + T'CO,-H,0 (19)

The rate constants that are the functions of temperature have
been determined according to Danckwerts and Sharma [51].

5. Pilot plant experiments

The scheme of the absorption column pilot plant that has been
used for the experimental verification of the model is shown in
Fig. 2. The column is made of a 105 mm diameter glass cylinder
containing four packing sections. A tray is mounted between these
sections to redistribute the liquid flow. On each tray, two tempera-
ture sensors and two valves were installed to measure gas and liquid
temperatures as well as taking liquid and gas samples, respectively.
The height of each packing section was 650 mm. The packing beads
were ceramic Rashing rings with diameter of 0.5 in. Gas and liquid
samples were taken at five points of the column as shown in Fig. 2.
Temperatures were measured at five positions along the column to
give temperature profiles for gas and liquid phases.

6. Numerical solution

The process model was a set of partial and ordinary differen-
tial equations. The equations were discretized in axial direction
(column height) using the method of lines resulting in a system
of coupled ODEs and algebraic equations. The column was divided
to 100 stages. The algorithm of model equations solution is shown
in Fig. 3. The film model was solved using analytical method that is
much faster than numerical solution.

7. Experimental and analytical methods

The experimental data were obtained in steady-state conditions.
At the beginning of each experiment, only nitrogen gas was fed to
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Table 2

Operating conditions of absorption column.

Process variables Feed Outlet
Gas

Temperature [°C] 252 31.9
NH; [mol/h] 0 2.21
€O, [mol/h] 41.94 27.0
N, [mol/h] 195.7 195.7
H,0 [mol/h] 0 143
Liquid

Temperature [°C] 31.1 323
NH; [mol/m3] 1036.9 1020.5
€O, [mol/m3] 380.7 505.2

the column then liquid and other gas feed flow rates and tempera-
tures were adjusted to the desired values. Gas and liquid samples
were taken after reaching steady-state conditions, which was indi-
cated by a steady-state temperature profile and fixed concentration
of the analyzer. Duplicate liquid and gas samples were taken with
a time interval of about 10 min.

The liquid samples were analyzed offline, using an ion chro-
matography (IC-762 type from Metrohm company) based on
conductivity detection method. The gas samples were analyzed
by an online gas analyzer, MCS100 (from SICKMAIHAK Company),
which is an extremely compact multi-component infrared pho-
tometer for extractive continuous monitoring of flue gases. In this
process H,0, NH3 and CO, concentrations were measured in five
different positions of the column as illustrated in Fig. 2. The time
response of MCS100 is less than 2 s. The temperature sensors pre-
cision is about 0.1 K. Pilot plant experiments have been carried out
with different liquid phase concentrations and at the same liquid
phase flow rate of 120 I/h. Inlet and outlet experimental conditions
of the absorption column are shown in Table 2. The absorption
column is operated in atmospheric pressure.

8. Results and discussion

CO, absorption by partially carbonated ammonia solution has
been carried out in the pilot plant. The film model equations could
be solved both analytically and numerically. Fig. 4 shows the results
of numerical and analytical solutions of film equations for different
times of the experiment from 0.0001 to 0.1 s. This figure indicates
that CO, concentration changes with time, which justifies the use
of a dynamic model for the film region.

Fig. 5 shows the variation of CO, flux against film coordi-
nate. At the interface of the film, CO, absorption rate has also
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Fig. 4. CO, concentration gradients in film coordinate at different time.
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Fig.5. CO, absorption rate against film coordinate using either dynamic film model
or enhancement factor in an arbitrary section of the column.

been calculated using enhancement factor. These results indicate
using enhancement factor leads to absolute relative error of 6.7
present for calculation of CO, absorption rate compared to the
value obtained from analytical solution. The figure displays a good
agreement between numerical and analytical solutions using film
model.

Table 3 shows temperatures and components concentrations
along the column in steady-state condition. The results of this table
indicate that there is no H,O and NHj3 in the gas feed although
when the gas phase enters the column its H,O and NH3 content
starts to rise due to the mass transfer from liquid phase to gas
phase.

In Fig. 6, gas phase components gradient has been presented.
Only molecular components (NH3, H,O, CO, and N,) exist in the
gas phase whereas the liquid phase contains nine ion and molec-
ular components. Fig. 6 indicates that CO, mole fraction decreases
along the column height due to its absorption, whereas NH3 and
H, 0 concentrations increase as a result of mass transfer from lig-
uid phase to the gas. Since the sum of all mole fractions equals 1,
N, concentration curve is descending at the bottom section of the
column and ascending at other sections as a result of the variations
in the concentrations of other components in the gas phase.
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Fig. 6. Gas phase mole fractions of components over the column height.
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Table 3

Pilot plant experimental data of concentrations and temperatures in steady-state condition.

Section height Gases mole fractions [pressure/total pressure]

Temperature [K] Liquid concentration [mole/m?]

Z[m] N, O, NH3 H,0 Te T NH3 O,

2.60 0.818 0.113 0.0092  0.060 31.9 31.1 1038.9 380.7
1.95 0.804 0.125 0.0089  0.062 323 31.5 1036.7 409.5
1.30 0.785 0.143 0.008 0.065 329 32.0 1032.8 451.9
0.65 0.773 0.154 0.0066  0.066 332 326 1030.9 4809
0 0.824 0.177 0 0 252 323 1020.5 505.2

1100 " y " " T Simulation results of this model have been compared with those

\—r 7r— 2 £ —A of enhancement factor model (a model using enhancement factor).

1000 i Several researches have been conducted on enhancement factor for

& 900k ——NH_[Sim. ]| reactive absorption of CO, by solutions [8,4,51,52]. In this research,

S —m-CO, [ Sim. ] both methods of film model and enhancement factor approach

% 800 - 2 § are applied for unsteady-state mass transfer conditions. Unsteady-

£ A NHg[Exp.] state diffusion results in initial boundary value problem (IBVP).

§ 700} o CO,[Exp.]| “When using the film model, IBVP problem has been solved ana-

© lytically by Kenig et al. with real initial and boundary conditions

E 600y i whereas when using enhancement factor approach the IBVP prob-

g 5006~~~ ] lem has been solved with simplified conditions (the concentration

O "D""-m--,q____ at initial condition and in liquid bulk are considered to be zero).

400} -""“‘0---“___ © Therefore, unreal conditions of enhancement factor approach result

in more absorption rate than real absorption rate. The factor used

3004 05 1 15 5 55 3 in this research, has been presented by Last [52] as follows:

Column Height [m]

Fig. 7. Concentration profiles of electrolyte components in the liquid phase along
the column height.

In the liquid phase, concentrations of electrolytes (NH3, CO5)
were determined by these equations:

NH3 = [NH3] + [NH,COO™ ] + [NH}] (20)
C0, = [CO,] + [NH2CO0™ | + [HCO; | + [CO2] (21)

Fig. 7 shows that along the column height total CO, concentra-
tion increases due to its absorption in the solution whereas mass
transfer of NH3 from liquid phase to gas phase causes total NH3
concentration to decrease slightly.

Since CO, absorption is an exothermic process, solution tem-
perature increases along the column. Fig. 8 shows temperature
gradients in both phases. In the lower section of the column the heat
transfers from liquid to the gas phase, whereas in other sections it
is vice versa.
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Fig. 8. Temperature gradients in liquid and gas phases along the column height.

E = \/1+H(12

where Ha is Hatta number as follow:

v/k2Dco,[NH3]

k L

Absorption rate of CO, in partially carbonated ammonia based
on both methods have been shown in Fig. 5 for an arbitrary section.
The comparison of both methods shows that film models are more
rigorous than enhancement factor approach.

In this work relative deviation (RD) has been used as a criterion
to compare the models. RD has been calculated using Eq. (22).

Rz — B~ Xaall 00 22)
XExp.

where Xy, is experimental and Xpye is a predicted value by one of

the models.

Comparing RDs of the models given in Table 4 revealed that
film models resulted in higher accuracy than enhancement factor
models.

Since the process model is dynamic, it can produce unsteady
simulation results such as dynamic variations of total CO, con-
centration and liquid temperature. Fig. 9 shows CO, concentration

Table 4
Simulation results and experimental data of temperatures and concentrations.

Process variables Exp. data Model based on film model Enhancement factor model

Simulation RD% Simulation RD%

Outlet liquid

T. 305.45 306.37 0.3 307.723 0.74
NH;3 1020.5 1024.85 0.40 1027.7 0.7

CO, 505.2 5234 3.60 594.9 17.76
Outlet gas

Tc 305.05 304.543 0.17 304.741 0.1

NH; 0.0092 0.0108 174 0.0107 16.3

CO, 0.113 0.1072 5.13 0.0691 38.8

H,0 0.06 0.0445 25 0.0446 25.7

N; 0.818 0.8375 2.38 0.8756 7.0
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Fig. 10. Dynamic variation of solution temperature in stages along the column.

in different numerical stages. It also displays that CO, has been
absorbed in liquid phase gradually throughout the column. In this
figure, n is stage number, where stage 1 is at the top of the column
and stage 100 is at the bottom.

Fig. 10 shows dynamic variation of liquid temperature along the
column. It indicates that at the bottom of the column due to heat
transfer from liquid phase to gas phase the liquid temperature is
descending. Therefore, steady-state temperature at the 100th stage
is lower than that of 90th stage.

9. Conclusions

In this work, a nonequilibrium model that takes heat and
mass transfer into the account in both phases has been intro-
duced to describe reactive separation processes especially reactive
absorption of CO, into aqueous carbonated ammonia solution. The
model has been validated against experimental data that have
been obtained employing a pilot plant. A comparison between
experimental and simulation results showed that the agreement
of simulation predictions and experiments data of temperature
and concentration follow the same trends. The model developed
in this study can predict mole fraction and concentration of all
components that exist in liquid and gas phases along the col-
umn in both steady-state and dynamic conditions. A comparison
between simulation results, obtained using enhancement factor
and film model, with experimental data revealed that the model

predicts the process with less error when film model has been
used.
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