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A novel model-based approach to design packed beds for COy absorption with NHj3 is proposed and experi-
mentally validated. The two-film theory is adopted to model gas/liquid mass transfer while the thermodynamic
equilibrium among ion species is considered in the liquid. Such strategy allows to simulate both CO, absorption
and NHj3 evaporation, that represent the most important aspects to improve capture efficiency and process cost-
effectiveness. The resulting ODEs system is a two boundary-value problem which is solved by means of the

shooting method. The model is then exploited to develop a new algorithm that, based on the adopted operating
conditions, evaluates the packed bed height as a function of the desired capture efficiency. The height calculated
for different combinations of operating conditions is successfully compared with the real height of the experi-
mental column, thus confirming the reliability of the developed tool which can be run with very low compu-

tational loads.

1. Introduction

According to the Emission Database for Global Atmospheric
Research, global CO, emissions in 2020 decreased by 5.3 % as compared
to 2019, mainly because of the COVID-19 pandemic (Crippa et al.
(2022)). However, in 2021, global emissions bounced back almost to the
level of 2019, thus reaching 37.9 Gt (Crippa et al. (2022)), and, ac-
cording to the analysis from NOAA’s Global Monitoring Lab, CO; at-
mospheric concentration reached a value of 419.31 ppm at the
beginning of 2023 (NOAA, National Centers for Environmental Infor-
mation, 2023). As a consequence, the ongoing and prospective challenge
will be implementing appropriate methods to minimize greenhouse gas
emissions.

Since power plants and chemical industries are the primary sources
of CO, emissions, in recent years many studies have been conducted to
develop different Carbon Capture and Storage (CCS) technologies to
relief the environmental impact of such industries. Among the post-
combustion CCS methods, that include adsorption processes, cryogenic

capture, physical absorption and membrane separation, the one based
on chemical absorption turns out to be the most accepted and reliable
choice by the chemical, petrochemical, and other industries (Ochedi
etal., 2021). With respect to physical absorption, where CO5 is absorbed
at high pressure and low temperature and solvent regeneration is ach-
ieved via heating, pressure reduction or both, the chemical absorption
involves the usage of solvents capable to increase the solution capture
capacity by exploiting the reactions taking place in the liquid phase
between absorbed CO; and chemicals in the liquid. Since chemical ab-
sorption is not limited by low contaminant partial pressure, flue gas with
CO3 concentration less than 15 %y, can be treated, thus dramatically
reducing the pressurization energy (Ochedi et al., 2021). Therefore, one
of the most significant challenges in the COy capture process is to
discover and develop chemical solvents with high CO, absorption ca-
pacity, low regeneration energy, low solvent degradation and equip-
ment corrosion as well as low volatility to minimize make-up streams.

Nowadays, amines are the most used CO5 chemical sorbents, with a
long history in the petroleum and chemical industries. However, despite
the large capture capacity, they show several drawbacks and limitations
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Nomenclature

a Specific surface area of packed bed [m?/m?]

Ay Wetted area per unit volume [m?/m?3]

C Concentration [mol/m?]

Dig Diffusivity of i in the gas phase [m?/s]

Di,, Molecular diffusivity of i in the liquid phase [m?/s]
Dcoz,u2o0 Molecular diffusivity of CO, in pure water [m?/s]
d¢ Internal diameter of the column [m]

dp Nominal diameter of the packing particle [m]

G Gas molar flow rate [mol/s]

Gg Gas mass flux [kg/(m2 s)]

g Gravity acceleration = 9.80665 [m/s%]

H Henry constant [Pa m?/mol]

Ha Hatta number [-]

J Molar flux through gas/liquid interface [mol/(s m?)]
K; Equilibrium constant Tab. 3

Kig Gas phase overall transfer coefficient [mol/(m? s Pa)]
kig Gas phase local transfer coefficient [mol/(m? s Pa)]
ki Liquid phase local transfer coefficient [m/s]

Kapp Apparent kinetic constant [1/s]

L Liquid molar flow rate [mol/s]

Lg Liquid mass flux [kg/(m2 s)]

MW Molecular weight [g/mol]

P Total pressure [Pa]

p Partial pressure [Pa]

p* Equilibrium partial pressure [Pa]

Qg Gas volumetric flow rate [m®/s]

QL Liquid volumetric flow rate [m>/s]

Qir Volumetric liquid flux [m3/(m? s)]

R Gas constant [J/(mol K)]

T Temperature [K]

Vg Interstitial gas velocity [m/s]

\%% Interstitial liquid velocity [m/s]

X Liquid phase molar fraction [-]

y Gas phase molar fraction [-]

Z Column Height [m]

z Spatial coordinate [m]

Greek letters

Y Column porosity [-]

€ Enhancement factor [-]

€inf Infinite enhancement factor [-]

(g Gas volume fraction (gas hold-up) [-]

43 Liquid volume fraction (liquid hold-up) [-]
n Column capture efficiency [-]

B Liquid phase viscosity [Pa s]

Ho Water viscosity at the temperature of 20 °C = 0.0010 [Pa s]
Hu20 Water viscosity [Pa s]

He Gas phase viscosity [Pa s]

UNH3 NH; stoichiometric coefficient in R. 3 [-]
QG Gas molar density [mol/m?3]

oL Liquid molar density [mol/m®]

QG Gas mass density [kg/m>]

QL Liquid mass density [kg/m°]

c Liquid phase surface tension [kg/s?]

Oct Critical surface tension of the packing material [kg/s%]
Superscripts

in Inlet conditions

eq equilibrium conditions

Subscripts

G referred to the gas phase

i referred to the i species

j referred to the j™ reaction

L referred to the liquid phase

|z = 2= Calculated at the coordinate z*

such as high regeneration energy demand, solvent degradation and
equipment corrosion (Chehrazi and Moghadas, 2022). Precisely, con-
taminants typically present in flue gases along with CO2, such as NOx
and SOy, can form heat-resistant corrosive species like HCl and SO as
well as NOy, that cause solvent degradation. For this reason, a pre-
treatment process is usually required that, along with the high regen-
eration energy, invariably determines very high operational costs
(Echevarria Huaman, 2015; Lawal et al., 2005; Zhao et al., 2012).
Accordingly, several studies have been carried out in recent years to
develop a cost-effective technology based on alternative solvents that
can overcome these limitations. Many of these investigations identify
aqueous ammonia solutions as one of the best CO; sorbents since they
show higher CO4 absorption capacity (Rivera-Tinoco and Bouallou,
2010) and significantly lower regeneration energy than amines. More-
over, NHs has the potential to react with several flue gas components
(NOy, SOy and CO3), once absorbed, so that specific byproducts, such as
ammonium sulphate and ammonium nitrate that are commonly used as
fertilizers (Powlson and Dawson, 2022), can be then recovered thus
reducing the operating costs of the CO, capture process (Wang et al.,
2017).

In the present work, the CO, absorption process via aqueous
ammonia into a packed column is studied both experimentally and
theoretically in order to develop a rate-based mathematical model
capable to describe the capture process. The rate-based model consists of
two different mass balances, one for the gas and one for the liquid phase,
mathematically and physically interconnected by the mass transfer
through the gas-liquid interface (Ramesh et al., 2007), rigorously
modelled as suggested in the literature (Whitman, 1923). To

quantitatively describe how the chemical reactions affect the liquid
phase chemical composition, the approach proposed in our recent work
(Atzori et al., 2023), that assumes that the relevant reactions taking
place have reached the thermodynamic equilibrium, is integrated into
the rate-based model. Such an aspect is usually not covered by most
mathematical models for CO, absorption, with both aqueous ammonia
(Chu et al., 2016; Li et al., 2014; Chu et al., 2017) and amine solutions
(Saidi, 2017). In such works the solute consumption rate is typically
assumed equal to the CO, transfer rate, thus without considering the
occurring chemical transformations. Instead, the developed model de-
scribes how the liquid phase chemical composition changes during the
process, allowing to evaluate the driving force variation for COy and
NHj3 mass transfer and thus accurately compute both the CO; absorption
rate and the ammonia evaporation. By simulating the ammonia slip and
by evaluating the sorbent solution chemical composition, the most
important aspects of the entire separation process can be faced: sorbent
regeneration and ammonia loss. Specifically, based on the chemical
composition, the thermodynamic and physical features of the exhausted
solution can be evaluated and used to properly select and design the best
regeneration strategy. Above all, the model predictions can be used to
minimize ammonia loss as much as possible by identifying the most
appropriate operating conditions (e.g., system temperature).

The ordinary differential equation (ODE) system resulting from the
proposed model of a counter-current process represents a two-boundary
value problem whose solution is typically achieved by means of recur-
sive algorithms that implement the shooting method, as also proposed in
(Saidi, 2017; Afkhamipour and Mofarahi, 2013; Aboudheir et al., 2006),
where the packed column system for the CO5 absorption with different
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amine solutions is addressed. To the best of our knowledge, a rate based
mathematical model that quantitatively describes the packed column
system for the CO; capture with ammonia aqueous solutions, along with
the corresponding shooting method to solve the two-boundary value
problem, is presented in this work for the first time. Finally, the pro-
posed model is used as the key component for developing a model-aided
algorithm for the packed column design. Based on the selected operating
conditions, the algorithm relies on model results to perform an iterative
calculation to determine the column height that allows to reach the
capture specification (i.e., the capture efficiency).

2. Materials and methods
2.1. Materials

All reagents were used as received, without further purification. The
diluted aqueous ammonia solutions were prepared from a concentrated
aqueous ammonia solution (15.2 M, Sigma-Aldrich) and deionized
water. Pure CO3 (99.999 %) and N3 (99.99 %) were provided by Rivoira
Spa, and were mixed to simulate the composition of a flue gas (CO2 10
%y,v). Flow rates of the gases were regulated by means of digital gas
mass flow controllers (Aalborg) equipped with gas flowmeters (Cole
Parmer). The CO concentration in the gas mixture entering and exiting
from the absorber was measured with a Varian CP-4900 gas chro-
matograph, equipped with a PoraPLOT U column (Agilent) and a ther-
mal conductivity detector (TCD), and calibrated with 15 % ., and 40
%y,v CO2/Ny reference mixture and 100 % ,, CO2 reference gas (Rivoira
Spa).

2.2. CO3 capture experiment

The CO, capture experiments were carried out by means of the
apparatus depicted in Fig. 1. The absorber was a glass column (height
520 mm, internal diameter 40 mm) equipped with an external jacked
and packed with glass rings (average dimensions: height 6 mm, internal
diameter 4.5 mm, external diameter 6 mm, nominal size: 6 mm), for a
total packing height of 400 mm. A thermostated liquid, circulating
through the jacket of the column by means of a thermostatic bath
(Julabo F33-MC, accuracy + 0.1 °C), ensured that the desired temper-
atures (0-10 °C) were kept constant for the whole experiment. In this
study, three experimental trials were conducted under different oper-
ating conditions and were repeated twice for the sake of reproducibility.
Each experimental trial was divided into 10 consecutive steps, where the
inlet NHg solution consisted of the outlet solution from the previous step.
The experimental procedure is reported in Fig. 1, while the operating
conditions for the different trials are shown in Table 1.

N2 flow meter P05

CO: flow meter

Peristaltic pump

|

JU A e X i)

Thermostatic bath

Fig. 1. Scheme of the process of carbon capture with aqueous
ammonia solution.
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Table 1

Operating conditions.
Exp T [°C] Clis [M] Qg [m*/h] Q. [m*/h]
1 10 1 25.47¢107 1.6710°
2 0 1 25.47010° 1.67¢10°
3 0 2 25.47010° 1.67010°

In the first step of each experiment, 400 mL of fresh ammonia so-
lution was prepared and stored in flask 1. At the start of the step, the
absorber was fed from the top with the ammonia solution from flask 1 at
the desired flow rate, regulated via a peristaltic pump (Masterflex).
Countercurrent to the NH3 solution flow, the gaseous CO2/Njy mixture
was fed from the bottom of the column at a constant flow rate of 25.47
L/h (CO2 = 10 %y,y; 0.00176 molcoo/min). After passing through the
entire column, the CO,y-rich ammonia solution left the bottom of the
column and was stored in flask 2 (Fig. 1). The vent gas leaving the top of
the absorber was dried with a tower filled with P5Os5 before being GC
analyzed to determine the amount of CO2 present in real time. By
comparing the percentage of CO5 in the gas mixture before and after the
absorption, the capture efficiency was calculated. The step lasted as long
as it took the transfer of the entire solution from flask 1 to flask 2. At the
end of the first step, the second step begins, in which the column was fed
with the solution now contained in flask 2. The same procedure was
adopted for each subsequent step, where the absorbent solution was that
one recovered from the previous step, for a total of 10 steps. The average
absorption efficiency and the total amount (mol) of captured CO, were
measured for each operating step.

2.3. Packing specific surface area

An essential parameter for the absorption rate modeling that strictly
depends on packing type is the packing specific surface area (a) that, in
this work, was experimentally evaluated for the glass rings. The specific
surface area is defined as the ratio between the surface area of the single
packing particle column volume it occupies. The surface area is easily
calculated as the surface of the hollow cylinder, while the volume
occupied by particles has been measured. After the vessel was randomly
packed with the particles, by knowing both the number of particles
needed to fill up the vessel (about 1950) and the vessel volume, the
volume occupied by a single particle and also the number of particles in
1 m3 could be calculated. From the values of the surface area of a single
packing particle and the number of particlesin 1 m®, one could calculate
the packing specific surface area. The obtained value (a = 704 m?/m®)
was in accordance with the data of the specific area of Raschig rings
dimensionally similar to glass rings used in this work (Perry et al., 1999).

3. Mathematical model
3.1. Mass transfer rate

To evaluate the mass transfer through the gas/liquid interface, ac-
cording to the two-film theory, Eq. (1) is used:

Ji=Kic(pi—p;) €))

where J; represents the molar flux (flow per unit surface), K; ¢ the gas
overall mass transfer coefficient, p; the partial pressure into the gas
phase and p;* the equilibrium partial pressure, given by Eq. (2)
(Rosenberg and Peticolas, 2004):

P, = H;-C;. (2)

where H; represents Henry constant of i species and C; is the corre-
sponding concentration into the liquid phase. Based on the two-film
theory, both liquid and gas phase resistance need to be considered
when evaluating mass transfer. Accordingly, K g should depend on the
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Table 2

Chemical reactions into liquid phase.
Reaction D
CO, + H,0 ©X HCO3~ + H* R.1
HCO3;~ ©*2C04% + H* R2
2NH3 + CO, X NH,CO,~ + NH4" R.3
NH3 + HCO3~ ©XNH,CO,~ + H»0 R4
NH; + H>0 ¥ NH,* + OH™ RS5
H,0 X 0OH" + H*. R.6

two local mass transfer coefficients of gas and liquid phase, k; g and ki1,
respectively, as shown in Eq. (3):
1 1 H;

= 3
Kic ki.GJrgki,L ®

where ¢ is the enhancement factor needed to account for the reaction
effects on the mass transfer rate.

3.2. Reaction mechanism

Once the carbon dioxide is absorbed by the liquid phase, it reacts
with water and ammonia, following the reaction scheme reported in
Table 2. Carbon dioxide dissolution determines pH reduction thus
resulting in bicarbonate (HCO3) and carbonate (CO%’) ions formation
(R.1, R.2), while carbamate ion (NH,COO") is produced by reactions R.3
and R.4 that consume and transform most of the carbon transferred into
the liquid phase, finalizing the chemical absorption.

The CO,-NHj3 reaction system could potentially give rise to hetero-
geneous reactions involving solid chemicals. Nevertheless, due to the
high water solubility of the species involved, such heterogeneous equi-
libria can be neglected. Accordingly, the reactive system is well
described by the reactions shown in Table 2.

3.3. Enhancement factor

In order to incorporate the effects of chemical reactions on the CO,
mass transfer, the enhancement factor (¢), defined as the ratio between
the absorption rate in presence and in absence of chemical reactions, is
considered (van Swaaij and Versteeg, 1992). Its rigorous determination
would need the solution of the mass balances that take into account
simultaneously mass transfer and chemical reactions into the liquid film
and thus there is not a general analytical expression to calculate this
value (Kierzkowska-Pawlak, 2012).

Alternatively, the enhancement factor can be calculated by means of
approximated methods, that consider different absorption regimes,
identified by taking into account the enhancement factor of an infinitely
fast reaction (ginf) and the Hatta number (Ha). For a CO2-NHg system, ein¢
can be evaluated through Eq. (4) (van Swaaij and Versteeg, 1992; Fang
et al., 2015),

Dyy, 1. Cyy 4
Pco,
Hco,

&y =1+

Uniy Dco, 1

where Dj 1, is the diffusion coefficient of the ith species in the liquid phase
and vyys is the ammonia stoichiometric coefficient in the reaction
involving CO2 consumption (R. 3). The Hatta number, whose expression
isreported in Eq. (5), represents the ratio between the maximum amount
of consumed gas in the liquid film and the maximum amount of trans-
ferred gas in absence of reactions for the case when the bulk carbon
dioxide concentration is zero (Kierzkowska-Pawlak, 2012):

Ha — AY kappDC()Z.L (5)

kCOg L
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where k,p;, is the apparent kinetic constant of the reactive phenomena
that determine CO, consumption into the liquid phase, evaluated
through the kinetic model proposed in (Qin et al., 2010).

Typically, in view of sorbent regeneration, the ammonia concentra-
tion never tends to zero. Accordingly, the absorption regime that occurs
is the so-called fast pseudo first order regime that holds when 2 < Ha < &jnf
and allows to approximate the Enhancement factor as shown in Eq. (6)
(Kierzkowska-Pawlak, 2012).

Ha
€= tanh(Ha) ©)
It is well-known that the latter one tends to Ha if Ha > 3.

3.4. Model equations

Assumption

The multiphase system related to the COy absorption by aqueous
NHj into a packed column is described by means of the pseudo-single-
liquid model, where the liquid phase is supposed to be pseudo-
continuous. The model equations are based on the following
assumptions:

1. Liquid phase is incompressible and the variation of both pressure and
concentration range do not have a significant influence on liquid
density which is then considered to be constant.

2. The boundary effects at the vessel walls can be neglected and liquid
and gas phases properties are assumed to be uniform along the radial
direction.

3. There is no axial o radial dispersion in the gas and liquid phase and
the volumetric flow rates remain constant.

4. Liquid and gas interstitial velocity are assumed to be zero along the
radial direction.

5. The capture column is operated under steady-state conditions.

6. The process of gas absorption is isothermal.

7. Liquid and gas velocity field are assumed to be uniform along the
column.

8. Liquid phase is considered an ideal solution.

In order to develop the model equations governing the capture
process along the column, the classical scheme, shown in Fig. 2, has been
adopted.

In Fig. 2 the direction of the spatial domain, chosen to perform the
calculation, is shown. It goes from the bottom (z = 0), to the top of the
column (z = Z), with G and L representing the molar flow rate of gas and
liquid, respectively.

Treated gas 4;\

7 l&—— Lean solution
G | 2=2+Az Ll 2=2+Az
? Interface *
Mass éTransfer
z Az e,%"
Gas phase Liquid phase
G | z=7 L I 7=z
0L
—
Feed gas

\—iv Rich solution

Fig. 2. Schematic representation of capture column and control volume.



F. Atzori et al.

Gas phase.

Based on the scheme presented in Fig. 2, the continuity equation for
the gas phase can be written as reported in Eq. (7):

d(vg

7 CGQG)
0= T+ Z[:C02<NH3aWI{i.G(pi —H;e () @)

where vy is the interstitial gas velocity, (g is the gas volume fraction (gas
hold-up) and gg is the gas phase molar density. The second term in the
right-hand side of Eq. (7) accounts for the molar transfer of carbon di-
oxide and ammonia through the gas/liquid interface. The molar flux is
expressed with Eq. (1) and a,, represents the wetted surface area,
defined as the transfer surface per unit volume of the column.

Moreover, to describe how the gas phase partial pressure of the ith
component changes, the molar balance for the single i species can be
written as reported with Eq. (8):

1 d(velepi)

O=%T &

+ dwKi,G(Pi - Hi'Ci> 8

being T the absolute temperature and R the gas constant.

Liquid phase.

Based on the assumption (7), related to the liquid velocity field, and
assumption (1), accounting for the constant liquid density, the liquid
phase continuity equation can be approximated as follows:

0= d(vigiop)

dz ©)

where py, is the liquid phase density, vy, is the interstitial liquid velocity
and (y, is the liquid phase volume fraction (liquid hold up) that can be
related to {g through the packing porosity, y, by Eq. (10):
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solution:

0= Cy+ — Con — Chco; — 2Cco§ — Cyyco; + Cut (15)

Even though the rigorous description of the reactive phenomenon would
need to take into account all reaction rate (direct and inverse) of (R.1-
R.6), the fast dynamics of the reactive process, with respect to the mass
transfer one, allows to assume that the reactions immediately achieve
equilibrium conditions (Atzori et al., 2023). Accordingly, Eq. (11), Eq.
(12) and Eq. (15) can be expressed as a function of C¢oz, Cnus and Cy
by substituting the equilibrium relations (reported in the supplementary
materials) and then obtain the equation system Egs. (16)-(18). Note that
the equilibrium constants (Kj with j [1, 2, 3, 4, w, am] and Cp20 keeps
constant along the column height since the capture column is
isothermal.

K\Cco,  KiK:Cco, K3K\Cco,Cnu,
Ce, = Ceo, + 24+ : N 16
G c0: CH+ CH+2 CH* CHZOKum ( )
KamCNH CHZ()CH+ K3KWCC0 CNH
Cy, = Ci, + : e an
N NH3 Kw CH‘ CHZOKam
0—Co _ Kv  KiCco, _ZKIKZCCOZ _ K3K,,Cco,Cnpy | KamCt; Cr2oCi
e ie Cy+ Cy:? Cy+ CraoKam K,
(18)

As proposed by (Atzori et al., 2023), Egs. (16)-(18) are derived with
respect to the independent variable (spatial coordinate, z) to obtain an
algebraic equation system, shown with Egs. (19)-(21), whose unknowns
are [dCgpa/dz, dCnps/dz, dCy,/dz]. The explicit derivation of Egs.
(19)-(21) is reported in the supplementary materials.

r=Cct+{L (10)
dC dC dcC dCy+
dzC' =a (Ccoz , Cy s CH’) dZOz +b (Ccoz , Cy s CH+) dzl-h +c (Ccoz , Cy s CH+) dg 19)
dcC dCco, dcC dcC
d_zM: a>(Cco,, Cnpy» Ciiv) % +b>(Ceo,, Crmy» Crr+) dzm +¢2(Cco, s Cuity, Cr+) d;ﬁ (20)
dC dcC, dCy+
0=as (C(tozj Chts s CH+) 202 +bs (Ccaz, Chas CH+) ];H! +c;3 (Ccoz, Chus CH+) T: 21

Following the approach used in (Atzori et al., 2023; Concas et al., 2012,
2021) total carbon (C;) concentration and total nitrogen (N¢) concen-
tration in the liquid phase can be defined with Eq. (11) and Eq. (12),
respectively:

Cer = Cco, + Crco; + C(ro; + Cwm,co, an
Cwni = Cyiy + Cyut + Chvmiyco; 12)

As proposed in (Atzori et al., 2023), since NHs and CO; are the only
nitrogen-containing and carbon-containing species that cross the gas/
liquid interface, the molar balances of total carbon, C;, and total nitro-
gen, Ny, can be written as reported in Eq. (13) and Eq. (14), respectively:

d(CC ) awKCO G
0= —— 4 = =27 , — Hco, C 13
dz I (Pco_ CO, COz) 13)
d (CN ) a,Kyu, 6
= ! -2 —H 1
0 dz vil, (pNH; NH3 CNH;,) (14)

Moreover, the electroneutrality equation, Eq. (15), is used to account for
the solution neutrality and relate the ions concentrations into the

For the sake of simplicity, the coefficients involved in Egs. (19)-(21),
that represent the partial derivatives of Eqs. (16)-(18) with respect to
Cco2, Cnus and Cy, are named as a = [a;, ag, ag], b = [by, by, bs]l, and ¢
= [c1, cg, c3]. Accordingly, such coefficients depend on the instanta-
neous values of Ccoz, Cngs and Cy; and their mathematical expression is
given in full in the supplementary materials. The equation system Egs.
(19)-(21) is now solved to obtain Egs. (22)-(24): the ordinary differ-
ential equations (ODEs) that describe the spatial profile of Cco2, Cnus
and Cg,. In this work, the vector f = [fy, f5, f3] is used to symbolize the
right-hand side of Egs. (22)-(24), whose explicit expression is reported
in the Supplementary materials. It is worth noting that the constant
terms of Eq. (19), dC¢/dz, and Eq. (20), dCn¢/dz, given by Eq. (12) and
Eq. (13), respectively, depend on pcoz and pyys. Accordingly, the so-
lution of Egs. (22)-(24) needs to account for the gas phase mass balances
for carbon dioxide and ammonia, reported with Eq. (25) and Eq. (26),
respectively:

d CCO;
dz

=fi (pCOzvaHgv Cco,; Cyns, Ch ) Cco, |Z:z = Cco, " (22)
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dc )
# = f(Pco,, Pty s Ceoys Cty Criv ) Cwvity |,z = O™ (23)
dcC, i
d;ﬁ :f3(pC027pNH37CC027CNH3',CH‘ ) Ci |z:Z =Cy" 24
d, RT )
IZICOZ = ——avKco, 6 (Pco2 —Heo, ® CCOz) Peo;|.—o = Pco,” (25)
4 vela
d, RT )
Py _ ——aKxny 6 <pNH; —Hyn, CNH?) PNH; | =0 = P, (26)
dz vela

The state variables can be also indicated with the variable vector y =
[Cco2, Cnuss CH+»> Pco2, PNusl. Typically, the inlet conditions of both gas
and liquid stream are known. On the other hand, in a counter-current
absorption process, they refer to different coordinate, since the flue
gas is fed at the bottom (z = 0) while absorption liquid on the top (z = Z)
of the column, as shown in Fig. 2. Accordingly, the ODE system with the
corresponding boundary conditions, expressed with Egs. (22)-(26),
represents a two-point boundary value problem, whose numerical so-
lution is obtained by means of the shooting method, as discussed in
section 4.

3.5. Physical parameters

Fluid dynamic parameters.

The liquid hold-up, defined as the ratio between the liquid and the
actual column volume, is usually determined through empirical corre-
lations that depend on the fluid dynamical regime. In this work, the Eq.
(27) is used since the liquid volume flux is lower than Qi = 40 m®m2h!
(Fu et al., 2020; Suess and Spiegel, 1992):

_0.0169 453 o037 HL o
“="q00 @ 9\,

27
with p, representing the liquid phase viscosity at the process tempera-
ture, obtained through Eq. (28) where xyu3 represents the ammonia
molar fraction into the solution (Frank et al., 1996) and py is the water
viscosity at the temperature of 20 °C (0.0010 Pa s), calculated with Eq.
(33)

17900
py, = (0.67 +0.78xps,) 10~ %exp (—> (28)

RT

According to the literature (Onda et al., 1968) (Wang et al., 2005), the
Eq. (29) can be used to relate the wetted surface area, ay, to the specific
surface area, a,
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where L, represents the liquid mass flux, ¢ is the surface tension of the
solution, o is the critical surface tension of the packing material, gy, is
the mass density of the liquid phase and g is the gravity acceleration.

Thermodynamic parameters.

The equilibrium constants of reactions R.1-R.6 are summarized in
Table 3 (Atzori et al., 2023), while the equation used to calculate water
concentration (Cyoo) is reported in the supplementary materials

The Henry constants accounting for the interface equilibrium both
for carbon dioxide and ammonia are given by Eq. (30) and Eq. (31)
(Sander, 2015), respectively:

—1.206-10° 2350
Hco, = (53.3 + 0.00281Cyy, ) exp {# + 5081 5} (30)
Hygy, = — 4200 ! ! 31
Ny =0 59 P T 29815

It is worth noticing that Eq. (30), accounting for the ammonia concen-
tration effect on H¢og, is obtained by considering the “N2O analogy”,
proposed in the literature (Versteeg and Van-Swaaij, 1988), in addition
to the relations inferred from (Qin et al., 2010; Sander, 2015; Seo et al.,
2011).

The CO, diffusion coefficient in aqueous ammonia, D¢oo1, Was
estimated by applying the modified Stokes-Einstein equation, where
PH20 is the pure water solution viscosity and Dcoz u2o represents the CO,
diffusion coefficient in pure water (Qin et al., 2010).

o 0.8
DCOZ,L = DC(JZ.H20 { ;20} (32)
L
164
Mo = 1.18-10 %exp (%) (33)
211
Dcoym0 = 2.35.10*6exp< T 9) 34

Finally, NHj3 diffusion coefficient is given by Eq. (35) (Poling et al.,
2001):

7.7.4108,/2.6MWp,0

finso-10724.9606

(35)

Dyyy 1 =

where MWyy0 represents the water molar weight.
Mass transfer coefficient.
Local liquid and gas phase mass transfer coefficient, as reported in

Table 3
Equilibrium constants.
Symbol M.U. Keq(Tiy) Reference
K, - 71 Perrin, 1969
! [m“l m 3} (7 340471 | 17,8435 — 0A032786T> (Perrin, 1969)
10
e [motm2] (f 29091 9119 0.02272 T) (Perrin, 1969)
10 T
K 3 mol~! 107 22362 71 (Atzori et al., 2023)
’ [ mot | (+3.9sl.% 223620 34871, 566 0.049T + 065 ln(T))
Crizo © 10 T T T
K4 {ms mo]—l] (2900 _ &6) (Edwards et al., 1978)
103ee\ T
K, - 5. Li et al., 2015
o (-] <7 733‘? 7 1.257 — 0.037057T + 1.497In(T) ) (Lieta )
e
K 2 -6 107 22362 245.2 (Marshall and Franck, 1983)
" {mol m ] (—3 981-% + 32 0 - 3245 + 2.098)
10 T T T
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(Perry et al., 1999), can be calculated as follows

5\ 13/ L\ —12
kiz, = 0.0051 (Q—L> (7‘5> (L) (adp)0.4 36)

Hr8 awly, oDiy

D; G, \"’
ki = 5.23 (” ,c) <_g) _He
RT aplc o6Dic

where dj, is the nominal diameter of the packing particle, g is the gas
viscosity, g is the mass density of the gas phase, D; ¢ is the diffusion
coefficient of the i species into the gas phase and Gy is the gas mass flux.

1/3

(ad,)? 37)

4. Model solution

The design algorithm for the column height calculation consists in
two nested loops, separately shown in Fig. 3 and Fig. 4, for the sake of
simplicity.

Shooting method.

The external loop (Fig. 3) implements the shooting method, needed
to manage the two-boundary value problem, and thus solve the model
equations (22)-(26), whose results are used in the internal loop (Fig. 4)
that actually performs the column height calculation. Specifically, the
column capture efficiency (1), chosen as the design specification in the
column height calculation, is defined in terms of CO, absorbed along the
column (z € [0, Z]), with respect to the corresponding inlet value, ac-
cording to Eq. (38):

- Shooting method

Column design
- Column height (Z) calculation

- Evaluation of the y profiles into liquid and gas phase

T

Evaluation of [Cco,|z=0, CHz=0, Ch*z=0] '

Cy,|z=0 (Initial guess

Q- Cc,m +1-G }’cazin
Ccelz=0 = T R—

Initial guess correction

GYNH3lz=2

Coloso =Cyim—
Nlz=0 N, o

Fig. 3. The shooting method adopted.
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_ GyCOzm - G)./C02|z:Z (38)
Gyco,™

where Yicnoz is the inlet molar fraction of CO; in the gas phase. i.e., atz =

0. The gas molar flow can be easily calculated as G = % vg (g oG ndg,

where d¢ is the internal column diameter and gg can be obtained

through Eq. (7).

The shooting method, reported in Fig. 3, is used to transform the two-
boundary value problem, expressed in Egs. (22)-(26), into an initial
value problem to be solved through a recursive algorithm. The inte-
gration is performed from z = 0 with pié‘oz and pli\‘}Hg as boundary values
of Eq. (25) and Eq. (26), respectively.

Based on the shooting method procedure, the boundary conditions at
z =0 of Egs. (22)—(24) are initially guessed and successively corrected in
order to meet the known boundary conditions at z = Z. The recursive
procedure is described below.

Firstly, the capture efficiency value, 1, selected as design specifica-
tion, is used to evaluate the first value of the carbon concentration at z =
0, Cct|z=0- In fact the latter one can be obtained under steady state
conditions, through Eq. (39), since the inlet values ci® and yié‘og as well
as the operating conditions Qp, and G are known,

_01-Ce,"™ 4 1-Gyco,™
Coloa =20

39
which clearly represents a macroscopic material balance on the total
carbon within the liquid phase.

Once Cct|z—o is evaluated, the total nitrogen concentration at z =
0 (Cnt|z=0) is initially guessed and, together with Cct|,—0, is substituted
in the algebraic equation system, Egs. (16)-(18), to determine the
(guessed) boundary conditions [Ccoz|z—0, Cnmslz=0, Chi|z=0] of Egs.
(22)—(24). 1t should be noted that the initial guess value of Cy¢|,—¢ is
chosen to be equal to C}\'I‘t.

The ODE system of Egs. (22)-(26) can be then solved as an initial
value problem by performing the relevant integration from z = 0 and its
results are used to evaluate the column height, as described next (col-
umn design section). In the present work, it was solved through the
subroutine ODE45 which takes advantage of the Runge-Kutta (4,5)
method on Matlab.

Once the column height and the spatial profiles of the state variables
(y) are obtained, since Cnys and pnus profiles along the column height
are known, Eq. (14) can be used to evaluate the actual value of Cy|,—z. If
its relative difference with respect to Ci% exceeds a defined tolerance
(Tols = 10:8 as reported in the decision block of the algorithm shown in
Fig. 3), the guess value (Ct|,—o) is corrected and the calculation is
performed again. Specifically, the guess value correction is performed
based on the macroscopic material balance on the total nitrogen, which
can be written as reported in Eq. (40), since we are dealing with a
steady-state process where the ammonia molar fraction in the inlet gas

- Column design

- Model calculation for z € D
x>/ D e [hy, hy] /¥
- Cco,z=h, evaluation.

-hy=hy +h° o
“h=h+h T

Yes

Fig. 4. Column height evaluation.
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stream is zero (ynu3|,—0) and NHj is the only nitrogen-containing species
in the gas phase.

QL : (CN, |;:z - CN,

;:o) =Gy, |Z:Z (40)

Eq. (40) shows that the difference in total nitrogen concentration be-
tween the top and column bottom is directly proportional to ammonia
losses. Accordingly, the latter one, i.e. G-ynus|z—z, is used to correct the
guess value by taking into account the known value of the nitrogen
concentration at the column top (Ci). As a result, by referring to Eq.
(40), and considering the inlet value, Cy,|,_,= C%\'ft, that is known as an
operating condition, and ynus|,—z, calculated by the model in the jth
iteration, the guess value for the next (]'thH) iteration is corrected as
Cnitlz—0 = C¥t — (G-ynm3|z=2)/ QL.

Column design.

It is apparent that, once the initial conditions, y° = y|, — o, are
known, the model equations, Egs. (22)-(26) can be numerically solved
as an initial value problem and the spatial profiles of the state variables,
y(2), can be evaluated within the defined spatial domain, D. Referring to
Fig. 4, let hg be the spatial step size of the algorithm, used to define the
first spatial domain, D = [hy, hy], with h; and h,, firstly equal to 0 and hy,
respectively. Once the model equations, Egs. (22)-(26), are solved and
thus the spatial profiles (y(z) with z € D) are computed, it is possible to
verify if Ccoz|,—hy results to be larger than the operating inlet condition,
Cicnoz. Then the spatial domain (D) is increased by the step size (hg),
while the final values of the state variables (y|,—ny) are used as the initial
values for the successive integration. This procedure is iterated until the
prescribed condition, i.e. Ccoz|z—hu < Cg‘oz, is satisfied. Consequently,
the calculated column height corresponds to the current upper boundary
h, of the spatial domain.

In order to verify the robustness of the result, the step size 10 is
halved and the calculation is repeated until the relative variation of the
calculated column height is lower than a certain tolerance: 10°®,

It is apparent that the developed procedure actually consists of two
nested loops, which in turn takes an additional external loop into ac-
count needed to allow the algorithm convergence. As demonstrated in
the supplementary materials, the choice to propose such algorithm
which takes advantage of consecutive column layers, allows to reduce
the computational cost by a factor of (N + 1)/2 with respect to the
method that performs the integration from z = 0 during each iteration,
being N = Z/hg the number of column layers needed to fulfill the pre-
scribed efficiency.

It is worth mentioning that implementing the shooting method from
scratch is not the only way to solve a boundary value problem. Indeed,
computing platforms such as Matlab provide bult-in functions for solv-
ing boundary value problems (bvp5c or bvp4c). The main reason why
such built-in functions are not used in this work is the will to develop a
resolution framework as reproducible as possible, irrespectively of the
programming language or numeric computing software used to solve the
problem. The implementation of a a simple iterative process such as the
shooting method, allows to easily handle boundary value problems
without pre-programmed functions. Indeed, albeit the latter may be
more performable than the shooting method, they may not be available
in specific computing platforms or may be embedded at a level such that
the modulation of internal parameters or functions is not possible, as is
the case with bvpc5c and bvp4c in Matlab. Accordingly, by program-
ming the boundary value problem solution from scratch, one has com-
plete control on the solution calculation, both because the tolerance
parameter or the correction factor can be easily changed, but also
because one is not constrained to rely on the solution method embedded
in the solver being used.

5. Results

In order to evaluate the algorithm design performance and test the
model accuracy, the experimental results of capture efficiency (1) have
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been used as input data for the design algorithm. As explained in section
2, each experimental trial is divided in 10 different steps during which
the system temperature, the liquid and gas flow rate and the inlet gas
composition are kept constant, whereas the capture efficiency and the
inlet CO; loading (defined as the ratio between C¢; and Cyy) change step
by step. Specifically, the outlet liquid stream that, at the end of the ith
capture step, is sent to the tank 2 and will be used as the inlet liquid
stream in the next capture step, (i + l)th, has a different (higher) CO,
loading with respect to the inlet liquid stream of the ith capture step. As a
consequence, the capture efficiency at the end of the i™ step will be
different (higher) than the one of the (i + 1t capture step. This pro-
cedure provides as many different experimental tests as the steps being
carried out, for each experimental trial (Exp. 1, Exp. 2, Exp. 3). To
summarize, during the single experiment trial, two operating conditions
change step by step:

e the capture efficiency, experimentally measured for the specific step
(i;

o the CO loading of the inlet liquid stream, calculated based on the
cumulative measurements of the absorbed CO5 related to the capture
steps preceding the step under consideration.

Asreported in Table 1, three different experimental trials, consisting
of 10 steps, have been performed. With this approach, 30 different ef-
ficiency measurements for 30 different experimental conditions have
been obtained. Since any single experimental trail is repeated twice
(trial A and trial B), for the sake of reproducibility, the experimental
result related to the measured capture efficiency, reported in Table 4,
consists of two columns (A and B) for each of them.

The efficiency values, reported in Table 4, along with the corre-
sponding operating conditions, shown in Table 1, are used as inputs in
the design algorithm to compute the packing height. The capture device
where the CO5 separation process is performed has a defined height (0.4
m) that, consequently, is the value the design algorithm should provide
(dashed line in Figs. 5-7). In this section, the comparison between the
height calculated by the algorithm and the capture device actual height
are compared for each experimental test (Figs. 5-7). Each figure shows
two series of calculated values (A and B), due to the two series of
measured efficiency values (1) for each experiment.

The results reported in Figs. 5-7 demonstrate the performance of the
design algorithm that manages to approximate the actual height of the
capture device with good accuracy for the three experimental trials, in
spite of the variation of operating conditions such as system temperature
and ammonia inlet concentration. The comparison between model re-
sults and experimental data related to the third series of experimental
trial is on the other hand less satisfactory respect to the previous ones
due to the higher values of efficiency (Table 4), used as input to perform
the height calculation. Indeed, the higher the efficiency achieved, the
lower the outlet pco2 in the gas phase and then the lower the driving
force for the CO; transfer at the column top. Accordingly, as the effi-
ciency increases, the absorption rate decreases at the column top and the

Table 4
Experimental results expressed in terms of evaluated efficiency.

Step Nexp1 [%] Nexp2 [%] Nexp3 [%0]
A B A B A B

1 88.57 89.55 92.02 91.28 98.92 98.94
2 84.80 84.86 81.19 79.68 99.11 98.83
3 77.14 78.44 73.85 71.05 98.40 97.21
4 78.89 76.04 67.14 61.31 97.40 93.35
5 67.99 70.97 58.11 58.45 95.89 90.18
6 63.30 62.95 56.96 55.49 92.04 89.38
7 54.17 56.08 49.53 53.16 88.94 85.26
8 48.05 52.08 45.35 49.97 84.40 80.92
9 45.57 48.04 39.83 46.24 78.59 76.85
10 39.85 43.81 38.36 41.13 75.70 70.98
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Fig. 5. Comparison between column actual height (0.4 m) and the one evalu-
ated through the proposed design method at the end of each step of Experiment
1. MSE = 0. 064.
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Fig. 6. Comparison between column actual height (0.4 m) and the ones eval-
uated through the proposed design method at the end of each step of Experi-
ment 2. MSE = 0.176.

column height value calculation becomes highly sensitive to changes in
efficiency. As a result, the measurement error in estimating the capture
efficiency determines higher variation in the height calculated by the
model.

However, the design algorithm output is not limited to the column
height evaluation. With Eq. (22), C¢o2 profile can be computed and CO»
loading can be easily obtained through its definition (Cc/Cyt). More-
over, once the spatial profiles of Cgpo, Cnys and Cy, are obtained
through Egs. (22)-(24), the concentration profiles of the remaining
species involved in the reactive process can be calculated by means of
the equilibrium relations (reported into the supplementary materials).
In this regard, the following Fig. 8 shows how the chemical composition
of the sorbent solution and the carbon content into the simulated flue
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Fig. 7. Comparison between column actual height (0.4 m) and the ones eval-
uated through the proposed design method at the end of each step of Experi-
ment 3. MSE = 0.224.

gas change both in the single step and during the entire Exp. 1. In Fig. 8a
the liquid phase ion speciation is reported, including the three main
ionic species (CO%’, HCO3, NH>COO") while in Fig. 8b the CO, loading
corresponding to the same experiment is shown. Due to the experi-
mental strategy adopted, CO; step by step accumulates into the liquid
phase, resulting in the increase of the CO; loading (Fig. 8b) and the
continuous and gradual perturbation of the equilibria among the species
(Fig. 8a).

At the beginning of the experimental trial, the strong alkalinity of the
solution brings about the exclusive production of the carbonate ion
(CO%) (Fig. 8c). Subsequently, as the CO, is absorbed, the liquid pH
decreases (Fig. 8c) resulting in a shift of the R.2 equilibrium toward
reagents which promotes the production of HCO3 and NH,COO™.
Finally, the decrease of the absorption capacity between the different
steps can be easily noticed in Fig. 8d. During the single step, ycoz de-
creases due to CO absorption, however, as the steps come in succession
and the CO; loading increases, the capture capacity of the liquid di-
minishes, as shown in Fig. 8d, where the yco2 variation in the single step
is progressively smaller as the steps proceed.

The model analysis can also focus on the single step by describing
how the chemical absorption process evolves along the column height.

Fig. 9a and b show the model prediction related to CO, loading and
Jco2, that represents the CO, molar flux at the interface.

As it can be seen, the Cgp2 increase determines the COy loading
growth and the driving force reduction, that in turn results in Jcoz
decrease. At the same time, the dissolved CO; is transformed by the
liquid phase reactions that give rise to carbonic ion formation whose
spatial profiles are reported in Fig. 9c. Finally, the ammonia evaporation
reduces the total nitrogen content within the liquid phase increasing the
ammonia molar fraction into the gas flow (yngs), as shown in Fig. 9d
where the initial rapid growth of ynus, due to the high driving force, is
followed by a slower increase when the equilibrium between gas and
liquid phase (yR3) is achieved.

These results can be useful in view of plant design. The knowledge of
the chemical composition of the exhausted stream (Fig. 9) could be used
to optimize the entire capture and regeneration processes by evaluating
the thermodynamic properties of the stream and thus selecting the best
regeneration strategy.

Finally, the model results can be used to identify the operating
conditions range to minimize the NH3 make-up stream thus reducing the
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Fig. 8. Model predictions for Exp. 1. (a) Ion speciation in the liquid phase; (b) CO, Loading; (c) pH of the liquid; (d) CO, molar fraction in gas phase.

process costs. The temperature increase influences both the molecular
diffusivity, resulting in larger mass transfer coefficients, and gas solu-
bility in the liquid phase that decreases with the temperature. Never-
theless, as reported in (Zeng et al., 2013), in the temperature range 0-40
°C, the temperature effect on CO, mass transfer coefficient predominates
on solubility reduction, showing an overall growth of the absorption rate
that allows to reach the desired efficiency with lower column. However,
the temperature increase also brings about the ammonia loss increment
since it results in the simultaneous NHg solubility decrease and the NH3
mass transfer growth. Accordingly, the operating temperature turns out
to be a crucial parameter whose value has to be identify to optimize the
process. In particular, Fig. 10 shows an example where the model is used
to calculate both NHj3 loss (GRi}3) and column height (Z) as a function of
absorption temperature. The capture efficiency is set at n = 0.85, the
operating conditions such as gas and liquid flow rate, column diameter
and packing type are the same as in the experimental trials discussed in
section 2, while initial ammonia concentration is set equal to 1 M. The
graph in Fig. 10 displays how the temperature increase allows to reduce
the column height while, at the same time, increases the ammonia loss.
Typically, the flue gas to be treated must be cooled down before the
absorption, generating an energy demand that is as high as the ab-
sorption temperature is low. Nevertheless, as shown by Fig. 10, the
lower the temperature, the lower the ammonia loss and thus the lower
the costs in terms of NH3 make up stream. With this in mind, the model
prediction can help to identify the absorption temperature needed to
minimize the overall costs, finding a trade-off value between the oper-
ating costs due to energy demand related to the flue gas cooling, the

10

column manufacturing costs and the ammonia make-up stream oper-
ating costs.

According to the current literature, the most interesting approaches
to model the packed columns for CO, chemical absorption with NH3 are
presented by authors (Chu et al., 2016; Li et al., 2014), who developed
detailed fluid dynamic simulations based on the computational mass
transfer model (CMT), solved with specific software as use the com-
mercial software FLUENT. Another approach proposed in the literature
(Niu et al., 2012; Qi et al., 2013) relies on the use the RateFrac module
on ASPEN.

As far as the first approach is concerned, the model predictive
capability is evaluated by comparing the experimental data of CO5 mass
fraction along the column height with model results, for three different
sets of operating conditions (Li et al., 2014). The results show a good
agreement between model prediction and experimental data, but no
statistical parameter is presented to quantify the model accuracy.
Moreover, the volumetric overall mass transfer coefficients are evalu-
ated with an empiric relation whose parameters are fitted based on the
specific experimental operating conditions such as CO» partial pressure,
volumetric flow rate of aqueous ammonia solution, and aqueous
ammonia concentration. Such an aspect limits the model applicability
within the experimental range considered to identify the parameter.
Moreover, as claimed by the authors (Li et al., 2014), to apply the
proposed correlation to the industrial-scale structured packing, a scale-
up factor involving packing geometry might be required. Moreover, the
model capability evaluation is carried out using experimental results
obtained in the same conditions used to fit the Kga. correlation
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parameter, hindering an actual validation of the model.

In the second approach, the absorption column is modeled with
RateFrac, the rate-based distillation module of Aspen Plus (Niu et al.,
2012; Qi et al., 2013). This approach requires a rigorous thermodynamic
model, a rate model, and transport property models to be implemented
in Aspen Plus. In both thermodynamic and rate model, the reaction
mechanism (R1-R6) is taken into account to evaluate Ccos and Cyys and
thus the driving force for CO, uptake and NHj evaporation, as the
process evolves. As a consequence, this second approach turns out to be
more similar to the model solution proposed in the present work. In
particular, Qi et al., (2013) evaluate the absorption model effectiveness
by comparing the experimental and model results in terms of CO5 ab-
sorption rate, obtaining a quite satisfactory agreement, despite, even in
this case, a quantitative evaluation of the model accuracy is not pre-
sented. Moreover, the absorption data used by Qi et al (2013) corre-
spond to the average value along the absorbent column and they are not
punctual value corresponding to a precise coordinate. Niu et al., (2012)
simulated the variation of the capture efficiency along the column
height obtaining a good agreement between experimental and simulated
results, except for an offset at intermediate values of efficiency.
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Specifically, in the first sections of the capture column, where CO,
loading of sorbent solution is low, the simulated capture efficiency well
captures the experimental data. However, as CO, loading gets larger, the
mismatch increases, up to the last sections of the column, where the flue
gas is nearly purified, and the efficiency approaches 100 %. In such
sections the offset decreases and the correspondence between prediction
and experimental data improves. Such an offset is probably due to an
inconsistency between the actual reaction mechanism and rection model
taken into account in the rate model for the NH3 — COy — H30 system.
Even in this case, the graphical results are not supported by any
parameter that allows to determine the model accuracy.

6. Conclusions

In this work, the CO, chemical absorption with aqueous ammonia in
a packed column system has been experimentally investigated in order
to develop a novel mathematical model useful to describe the COy
separation process from flue gas along the capture device. Such a model
is then exploited to implement an algorithm for the column design
(column height calculation) that has been validated by considering
different combinations of operating conditions and capture efficiency
specification. In particular, a capture column with a packing height of
40 cm was used to perform consecutive experimental tests to collect data
on capture efficiency of the column for different combination of system
temperature, initial ammonia concentration and CO2 loading. The
experimental values of the efficiency were then used as design algorithm
input to calculate the column height. The calculated heights, obtained as
algorithm output, were very close to the actual column height thus
confirming the effectiveness and the reliability of the developed tool
that managed to accurately estimate the packing height for several value
of efficiency end different combination of operating conditions.
Furthermore, the developed model allows to integrally describe the
absorption process, evaluating also the ammonia slip and the chemical
composition of the exhausted solution that turn out to be critical factors
in view of ammonia recovery and sorbent regeneration. The rate-based
model, coupled with the thermodynamical analysis of the liquid phase
equilibria, proposed in this work, allows to precisely quantify the
chemical composition of the sorbent solution and thus to evaluate the
driving force for the CO, absorption and ammonia slip. In view of design
an industrial plant, that should include a regeneration section, an
ammonia make-up stream and flue gas colling process, such a calcula-
tion could be used to evaluate the exhausted solution physical properties
to determine the most suitable regeneration strategy or identify the
operating temperature that minimize the operating cost related to the
sum of ammonia make-up and energy demand of the cooling process.
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