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ARTICLE INFO ABSTRACT

Editor: S. Yi Carbon capture under post-combustion conditions has been the topic of numerous studies in the last decade.
Although exhaust gases typically contain different components other than COj, they are commonly neglected in
Keywords: these studies. The presence of sulfur dioxide, for example, tends to interfere in the carbon capture process

€Oy through different mechanisms. The present work aimed to evaluate the effects of SO5 on the CO; retention ca-
80, R pacity through the integration of experimental evaluation, column dynamics modeling and molecular simulation
Adsorption . . . . L . .
Activated carbon (multiscale modeling) for an activated carbon sample under typical conditions found in the post-combustion
Column dynamics environment. Results indicate that, under typical post-combustion flue gas conditions, SO has little influence
Flue gas on the CO, retention capacity of the carbon in comparison to other adsorbent materials. The highest concen-
tration of SOz (5 000 ppmv) led to a decrease of approximately 10 % in the CO capture capacity. Significant
deactivation (around 40 %) was observed experimentally and by molecular simulation only for very high con-
centrations of SO (50 000 ppmv). Additionally, no evidence of reactions with the material was found and both
captured components could be completely desorbed by means of suitable regeneration methods. To access in-
dividual pore performance, molecular simulations were implemented for SO, adsorption using, for the first time,
a rigorous heterogeneous pore model (rMD). The results revealed a large deactivation for the 7.0 A pore, a
surprising cooperative effect for the 8.9 A pore, and indifference for the larger 18.5 and 27.9 A pores. For SO,
concentrations up to 5 000 ppmv, the use of carbon-based adsorbent could rule out the need of a pre-treatment
operation to remove SO in carbon capture processes. For higher concentrations, molecular simulation showed
that tailoring carbon porosity in the range of 7 Ato8.9A considerably reduces the interference of SO,. Results
also point out that the IAST and Langmuir models diverge from the molecular simulation results, particularly at
low loadings (up to 5 000 ppmv SO), indicating the need for caution when applying these models in systems
where competitive interactions between molecules are relevant, as is the case with mixtures of CO2 and SO,.

1. Introduction emission control [3,4]. According to the International Energy Agency

(IEA), around 32 billion tons of CO5 were emitted worldwide in 2020,

Worldwide industrial activity and power sources are still based on
combustion processes to a great extent [1,2]. As a consequence of the
growing energy demand and industrial development, a continuous in-
crease in emissions of atmospheric pollutants such as COy has been
observed. From an environmental perspective, CO; is claimed as one of
the main causes of the intensification of the greenhouse effect, which in
turn closely relates to global warming and climate change. Therefore,
several policies and agreements have been set with the purpose of
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nearly 90 % coming from energy production [5,6].

Several strategies have been proposed to reduce CO5 emissions to
acceptable levels. The most widespread technologies used to separate
and capture CO5 are chemical absorption, membrane separation, cryo-
genic distillation, and adsorption [7-9]. In this context, adsorption-
based CO, capture has been gaining attention due to its relatively
lower operating costs and good efficiency as compared to other tech-
nologies [10,11].

Received 8 November 2023; Received in revised form 18 December 2023; Accepted 26 December 2023

Available online 2 January 2024
1383-5866/© 2023 Elsevier B.V. All rights reserved.


mailto:mbn@ufc.br
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2023.126219
https://doi.org/10.1016/j.seppur.2023.126219
https://doi.org/10.1016/j.seppur.2023.126219
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2023.126219&domain=pdf

D.D.S. Moreira et al.

In addition to carbon dioxide, combustion gases contain other
harmful components. The typical composition (v/v) of flue gases is 72 —
74 % No, 4.8 — 26.9 % CO2, 9 — 13.8 % Hy0, 0.7 — 15 % O-, and trace
compounds, such as particulate matter, sulfur, and nitrogen oxides [12].
These components tend to interfere with the efficiency of CO5 capture
processes by different mechanisms, such as the deactivation of the
adsorbent and competition for adsorption sites [13-15].

Despite the low concentration, often ranging from 500 to 5 000
ppmv, sulfur dioxide can affect CO2 capture by adsorption not only by
competing for the adsorption sites but also by undergoing parallel
chemical reactions that inactivate CO5 adsorption sites [2,15-19].

Literature dealing with the impacts of the presence of SO in CO;
capture processes is still scarce and there is no definitive consensus on
the configuration of separation units to take into account the presence of
this contaminant [20]. Some studies suggest the use of pretreatment
sections in order to dry and purify the flue gas (i.e., to remove SO3, NOy
and H,0) before capturing CO, [17,21,22], while other authors propose
a single separation unit in which both components (SO, and CO3) can be
removed simultaneously, provided that a suitable adsorbent is used
[23-25].

The choice of a suitable and robust adsorbent is therefore crucial to
maximize the efficiency of CO, capture. Literature reports high SO2/CO»
selectivities on different adsorbents such as MOFs [26-28], mesoporous
silicas [19,29,30], zeolites [15,31,32] and activated carbons
[11,33-35]. Although materials with preferential adsorption for CO5
over SO3 are currently unknown, activated carbons can show lower SOy/
COq selectivity, which makes them promising materials for CO capture
in the presence of SO, traces.

Most industrial separation and purification systems based on selec-
tive adsorption use packed columns that operate under adsorp-
tion—desorption cycles. Thus, the evaluation of the dynamic behavior of
S02/CO> in an adsorbent bed can provide a more realistic understanding
of this type of process [36-38]. Furthermore, the generated experi-
mental data can be used to validate mathematical models capable of
accurately describing the separation dynamics and performance, which
is an essential part of the study. As a matter of fact, process simulation
has been increasingly used as a tool for this purpose, since it reduces
costs related to experiments on lab or pilot scales [39,40].

Given the limited availability of studies investigating the impact of
SO, on CO; capture processes, particularly under conditions found in
post-combustion scenarios, molecular simulation methods were
employed to allow for a deeper understanding of the underlying
mechanisms of SO3 and CO, competitive adsorption in individual pores
of the activated carbon. To the best of our knowledge, no method based
on molecular simulation to predict the adsorption of SOz in carbona-
ceous materials has been reported. In this study, a novel heterogeneous
model to represent activated carbon is proposed, considerably
improving the prediction of isotherms.

Experimental breakthrough curves were obtained for single compo-
nent SO, and CO», as well as a for typical SO2/CO5 mixture. A mathe-
matical model was subsequently proposed to describe the dynamic
adsorption of these mixtures in a fixed bed and its validity was
confirmed by experimental data. In parallel, molecular simulations were
performed to predict adsorption within four representative carbon pores
for the SO,/CO, mixture. These simulation results were then cross-
referenced with column dynamics simulations for SO, in mixtures
with CO,. This cross-referencing aimed to confirm the reliability of the
process simulations. Furthermore, the study included a comparison of
values for carbon deactivation induced by SO,. These values were ob-
tained from column dynamics simulations (mathematical model) based
on the IAST and Langmuir models, and they were compared with results
derived from molecular simulations. Emphasis is placed on the fact that
the results achieved in this study were made possible solely through a
multiscale approach to the problem. The contribution and correlations
between the employed techniques, such as the experimental procedure,
macroscopic modeling of the column, and fundamentals at the atomic
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level (molecular simulation), are detailed in Fig. 1.
2. Material and methods
2.1. Materials

A granular activated carbon of 18 x 30 mesh (1.0 to 0.595 mm)
supplied by Industrias Quimicas Carbomafra S.A. (Brazil), namely C141-
S, was used in this study. The experiments were performed using helium
(99.99 %), carbon dioxide (99.8 %) and sulfur dioxide (99.9 %). Ni-
trogen (99.99 %) was used to determine the textural properties of the
adsorbent. All gases were supplied by White Martins Praxair Inc.
(Brazil).

2.2. Textural characterization

The activated carbon sample was characterized by adsorp-
tion—desorption isotherms of Ny at 77 K obtained with an Autosorb-iQ3
(Quantachrome Instruments, USA). From the N, isotherms, the textural
properties were determined: specific surface area using the method
proposed by Brunauer-Emmett-Teller (BET); total pore volume through
the adsorbed volume at P/Py ~ 1 (assuming that the pores are totally
filled with liquid adsorbate); and the micropore volume using the
Dubinin-Radushkevich (DR) model [41].

2.3. Single component isotherms

The adsorption isotherms of pure CO5 and SO, were obtained by
gravimetry with the aid of a magnetic suspension balance (Rubotherm,
Germany) equipped with a gas dosing system. The isotherms were
measured at 303, 323 and 343 K and pressures ranging from vacuum
(0.001 bar) to 2.0 bar. Prior to the equilibrium measurements, the
activated carbon sample was degassed under vacuum (0.001 bar) at a
temperature of 423 K for 12 h (with a heating ramp of 3 K min 1) until
no mass loss was detected. Experiments with helium were carried out to
determine the volume of the solid phase and to assess the buoyancy
effects. More details about the applied experimental procedure can be
found in the literature [42-48].

The Langmuir equilibrium model was fitted to the isotherms of pure
components. The model parameters were obtained by simultaneously
fitting the Langmuir equation to the isotherms obtained at the three
temperatures (303, 323 and 343 K). The isosteric heat of adsorption for
each component (AH;*°) was also estimated from isotherm data using
the Clausius-Clapeyron equation (Equation (01) according to the
methodology described by Rouquerol et al. [41].

iso __ a
AH = R<—a(1/Tg) ln(P))q (01)

where R is the ideal gas constant, T, is the gas temperature, P is the
pressure and the derivative has to be evaluated at a constant surface
loading (q).

2.4. Column dynamics

Single and multicomponent fixed bed adsorption experiments were
carried out in a fixed bed unit assembled and used in previous studies
[49-51]. The system consists of mass flow controllers, pressure regu-
lating valves, a pressure transducer, a multi-loop valve, a data acquisi-
tion system and two GCs connected in series.

In this study, breakthrough curves were measured for different gas
feeds, as shown in Table 1. All experiments were performed at pressures
(Pyotal) of approximately 1.3 bar, temperatures of 323 and/or 343 K, and
a total volumetric flow of 100 mL min~!. The adsorbent was packed in a
stainless-steel column 0.25 m long and 0.005 m of internal diameter.
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Experimental Evaluation
- Adsorbent characterization.
- Single component isotherms.

- Single component and mixture breakthrough curves.

- Elution curves.

Molecular Simulation

- Novel slit-pore model with heterogeneity.
- Representative pores method. 0
- Prediction of mixture adsorption.

- Single-pore analysis of mixture.

- Determination of suitability of IAST.

nomaizes CO, capacity (%)
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- IAST-based simulations.
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Fig. 1. Schematic illustration of the contributions associated with each area of the multiscale modeling approach.

Table 1
Feed composition of the column dynamics experiments.

feed composition volumetric flow
(diluted in He) (mL min~1)

CO2 SO, He
CO, 12 % CO- 12 - 88
SO, 5 % SO, - 5 95
CO; + SO, 12 % CO3 + 5 % SO, 12 5 83

After being packed, the adsorbent underwent a regeneration process
using a flow of helium (inert) of 15 mL min~! for 12 h at 423 K. At the
end of the regeneration procedure, the column temperature was set to
the desired experimental condition. After adjusting the flow rates of
each component, the gas mixture was fed to the bed and gas aliquots
were captured at the bed outlet at predefined times until its complete
saturation. At this point, the flow was stopped and the gas samples were
analyzed to determine the relationship between the outlet and the inlet
concentrations. All experimental runs were carried out in duplicates in
order to ensure repeatability. The amount adsorbed of each component
was estimated using the procedure described by Wilkins et al. [52].

The feed rate of each component in the column was set to obtain a
gas mixture of composition as close as possible to that of typical flue
gases. Due to system limitations in terms of detection sensitivity and
flow control, a concentration of 5% (5 000 ppmv) SO2, which is higher
than typical values found in exhaust gases, was used. In spite of that, the
proposed experimental conditions provide some insights and a good
understanding of the equilibrium and kinetics of the components in the
adsorbent material. Additionally, the results were used to validate a
dynamic model, which, in principle, allows the evaluation of different
conditions of pressure, temperature and concentration.

2.5. Mathematical model

The mathematical model implemented in this study consists of mass,
energy and momentum balances describing the phenomena taking place
simultaneously during the adsorption-based separation process. Given
the complexity of the system, mainly with regard to the mechanisms of
mass transfer between the phases and the gas—solid adsorption equi-
librium, some assumptions were made to simplify the process modeling.

The main ones are: (i) ideal gas behavior of the gas phase throughout the
bed; (ii) plugged flow with constant axial mass dispersion along the
flow; (iii) mass transfer rate described by the linear driving force (LDF)
model; (iv) non-isothermal and non-adiabatic conditions; (v) mass, heat
and velocity gradients in the radial direction are negligible [40,52-56].

The mass balance of each component in the fluid phase is written in
the form of Equation (02) [49,56,57].

9 . % E .‘)Cgvi . ,acg,i @ _
% (eDMCg_T az) az(ucg_,) e (1 b)(e,, Py ) =0

(02)

where Cgr and Cg; are the total and component i gas phase concentra-
tions, respectively; D, is the axial dispersion coefficient of the gas
mixture; y; represents the molar fraction of component i; u is the su-
perficial velocity; ¢ is the bed porosity; ¢, is the particle porosity; p, is the
particle density; and g; is the average adsorbed concentration of
component i.

The mass transfer rate of each component in the adsorbent is given
by Equation (03):

(3',~ x
73 = kuor (4, — )

(03)
where k;pr is the lumped mass transfer coefficient, and q: is the amount
adsorbed of the component i at equilibrium. In this work, the Extended
Langmuir model (Equation (04) was used to describe the adsorption
equilibrium.

* qmax.ibiPi

4G =T~ 7 p 04)
I+ Zj:]h.fpi

It was assumed that the adsorbent particle approaches a spherical
shape and that the controlling step for the diffusion of species occurs in
the micropore size range. As a consequence, the LDF constant, k;pr, may
be written according Equation (05) [47].
e = 15222 05)

"

where D,; is the micropore diffusivity of component i; and r, is the
micropore radius of the adsorbent. The values of D, /r2 were estimated
by the best fit of the mathematical model to the experimental data [47].
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The homogeneous energy balance that relates both phases (solid and
gas) was expressed by Equation (06) [49,58-60].

9 (0T, _ T, 0Cyr by
% (z a—;) - uc,z,Tc,,_ga—;Jr eRT,—! r_ A (T,~T.)

- - - SN R oT,
- [ch.TCv‘g +(1—e¢) <£p Z CeiCrgi + 0, Z qiCyadsi T PpCpJ) :| a_tg
=1 =1

i= i=

+(1— e)epRTg% +p, ;( — AH) % =0 (06)
where 4 is the axial heat dispersion coefficient; T, and T,, are the gas and
the column wall temperatures, respectively; h,, is the film heat transfer
coefficient between the gas and the column wall; ¢, ¢ and ¢, are the gas
mixture molar specific heat at constant pressure and constant volume,
respectively; C,g; is the molar specific heat of component i at constant
volume; ¢, q4s; is the molar specific heat of component i in the adsorbed
phase at constant volume; ¢, is the specific heat of the particle at
constant pressure (per mass unit); d; is the column internal diameter; p,
is the bed density; and AH;*° is the heat of adsorption of component i.

The energy balance for the column wall was expressed by Equations
(07) to (09) [39,49,60].

.. dT,
ﬂw C[),WW = awhw (Tg - Tw) — QL U(Tw - Too) (07)
d;
Gy = e(d;+e) (08)
2
Ay =——————F— 09
(di + e)In (%)

where p,, is the wall density; Cp, is the specific heat of the wall at
constant pressure; a, is the ratio of the internal surface area of the
column to the volume of the column wall; a,, is the ratio of the loga-
rithmic mean surface area of the column to the volume of the column
wall; U is the overall heat transfer coefficient; e is the wall thickness; and
T is the ambient temperature.

The Ergun equation (Equation (10) was used to describe the pressure
drop in the packed bed [49,57,58,60-62].

%7 150”(1 78)2u+ 1775(1 —€)ﬂg
0z g3dp2 &d,

|ue|ue (10)

where y is the viscosity of the gas mixture; d, is the particle diameter;
and p, is the density of the gas mixture.

The following series of boundary and initial conditions (Equations
(11) to (17) were necessary to solve the system of coupled partial
equations.

9y

2= QU C, el = u\zzocg,,-k:o — €Dy Cyr z:“a_z’ 11
z=0
0C,;
=1—% =0 12)
0z |,_,
. e - T,
7= OumlengYimleGC.g Tgmk'l — ul;:()cg‘i Z:[]prng o a_zg (13)
z=0
a7,
=% a4
0z |,
z=LP|_, = P™ @s)
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= OCH-,TL:O — Cg,Hei"let
yi|1:0 =0

0 (16)

q;

=0
— — inlet
1= 0Tg|1:0 - Tg

Tolieo = Two a7

The mathematical model was solved with gPROMS® software (Pro-
cess System Enterprise Inc., United Kingdom) using the orthogonal
collocation on finite elements method (OCFEM) with third order poly-
nomials and 25 intervals.

2.6. Model parameters

The affinity parameter of the Langmuir equation for component i was
written as a function of the temperature as described by Do [63]
(Equation (18).

b,' = bw,,‘exp (RQIi ) (18)
8

where b, ; is the pre-exponential factor of the affinity parameter of
component i and Q; is the heat of adsorption of the Langmuir equation
for component i.

Gas viscosity (4) was estimated using the Wilke equation [61,64].
The axial mass dispersion coefficient of component i (Dgy;) Was esti-
mated according to Edwards and Richardson [65] (Eq. (19)). For the
mixture, the axial mass dispersion coefficient (D) was calculated
through a simple Kay’s mixing rule [66].

Daxi =21 (0.736 41555 )3 0.008 < Re < 50 (19)

€
where Dy, ; is the molecular diffusivity of each component i, esti-
mated through Equation (20) as described by Ruthven [67].

1—vi
S o
Jj=1Dj

#i

Dy =

(20)

where D; represents the binary diffusivity calculated using the
Chapman-Enskog equation [61].

The film heat transfer coefficient was calculated according to
Equation (21) [68]. The conductivity of the gas mixture (kg) was
calculated as reported by Bird et al. [61] using the feeding conditions
and assuming them constant throughout the column. The overall heat
transfer coefficient was estimated as per Equation 22 [69].

h, = ng (0.6Pr'’Re"7); 1 < Re < 40 21
P

dex

bR s dn = de(*dl (22)
where 4, is the thermal conductivity of the column wall, calculated
according to Da Silva et al. [59]; hey is the external heat transfer coef-
ficient, estimated using the correlation proposed by Churchill and Chu
for a horizontal cylinder [69]; and d,, is the column external diameter.
The specific heats of each component of the gas mixture at constant

pressure and constant volume were obtained from Perry et al. [70].
2.7. Molecular simulation

The molecules of SO, and CO, were represented using the force fields
of Ketko et al. [71] and TraPPE [72], respectively. In the model of SO,
the oxygen and sulfur atoms were connected by bonds of 1.432 Ain
length, in an angle of 119.3°, three Lennard-Jones centers and their
respective point charges. Helium was represented by the united-atom
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model proposed by Maitland et al. [73]. These models are known to
accurately describe the vapor-liquid coexistence curves of the molecules
and are commonly used in adsorption studies [74,75].

The most widely adopted carbon model in existing literature is the
homogeneous slit-pore model. While the homogeneous model is able to
successfully predict the CO isotherm, it encounters limitations to pre-
dict the adsorption of SO, primarily due to its oversimplified uniformity
of the slit walls. To address this issue, a novel slit-pore heterogeneous
model (rMD) derived from reactive molecular dynamics [76-78] is
introduced. The heterogeneous model, represented in Fig. 2, will be used
for both gases. In section 3.5, a performance comparison is conducted
between this homogeneous model and the heterogeneous model (rMD)
for the prediction of single-component isotherms of CO, and SO,.

The methodology of representative pores [79,80] was employed to
select the most suitable pore sizes for studying the influence of SO on
CO3 adsorption in individual pores.

The interaction energy between atoms was calculated using the 12-6
Lennard-Jones (LJ) potential plus the Coulomb potential (Equation (23).

12 6
U, =4e; | (Z8) — (%) |+ 29 (23)
v "I\ ry Ty 4eory

where i and j are interacting atoms and ry; is the distance between them.
g; and oy are the LJ well depth and diameter, respectively. g; and g; are
the partial charges of interacting atoms and ¢ is the dielectric constant.
Lorentz-Berthelot mixing rules were used to calculate the LJ cross pa-
rameters. Table 2 presents the force field parameters used in the simu-
lations, where kg is the Boltzmann constant.

2.8. Adsorption selectivity

Adsorption selectivity is a parameter frequently used to assess the
separation efficiency [82]. It expresses the propensity of an adsorbent to
selectively capture a specific component of the mixture in comparison to
others. The adsorption selectivity of component i over component j (S;)
was calculated from the adsorption capacity of each component in the
mixture (g mix), as shown in Equation (24).

S; = Gimidi 24)
qjmixYi

where y; and y; are the molar fractions at equilibrium of components i
and j, respectively.

Given the difficulty in obtaining multicomponent adsorption exper-
imental data, the IAST model has been frequently used to predict both
the equilibrium and the selectivity in mixtures from single-component
isotherms [1,83-87]. The suitability of the IAST model to predict the
adsorption selectivity of the SO2/CO, mixture in a fixed bed packed with

Fig. 2. Heterogeneous pore models (rMD): i-innermost wall and ii-outer wall (a).
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Table 2
Lennard-Jones force field parameters and point charges.

molecule atom o(A) e/kg(K) q(e) bond distance (A)
CO, c? 2.8 27 + 0.7 1.16
o 3.05 79 —0.35 -
SO, sP 3.39 73.8 + 0.59 1.432
o’ 3.05 79 - 0.295 -
Carbon [ 3.4 28 0 1.42

2 TraPPE[72].
b Ketko et al.[71].
¢ Steele[81].

the studied activated carbon sample has been evaluated. The adsorbed
amounts of SO,/CO, mixtures were estimated from the single-
component equilibrium data following the methodology used by Do
(1998) [63] and results were compared to the binary adsorption data
obtained from the breakthrough curves and from the molecular
simulations.

3. Results and discussion
3.1. Textural properties of the adsorbent

Table 3 shows the textural properties of the C141-S adsorbent, ob-
tained from the Ny isotherm at 77 K. Results indicate that the sample is
essentially microporous, with a microporosity of 83 % [49,88] and
exhibit textural properties which render it suitable for the adsorption of
gases, such as high specific surface area and micropore volume
[30,37,57,89]. A more detailed characterization of the sample can be
found in Oliveira et al. [88].

3.2. Adsorption isotherms

In Figs. 3 and 4, the single-component adsorption isotherms of CO,
and SO are respectively shown for the sample C141-S at 303, 323 and
343 K, as well as their respective Langmuir fittings.

The behavior of the isotherms indicates that physical adsorption is

Table 3

Textural characteristics of C141-S activated carbon.
property value
BET surface area (m?/g) 1045
Total pore volume (cm® g~ 1) 0.45
Micropore volume (cm® g 1) 0.38
Microporosity (%) 83
Specific volume of solid (cm® g~1) 0.49

Graphene layer of the innermost wall with 25% of the oxidized carbon (b).
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Fig. 4. Pure SO, adsorption isotherm on the C141-S activated carbon. Symbols:
experimental data (solid — adsorption and open — desorption); Lines: Lang-
muir fit.

the predominant adsorption mechanism, since an increase in tempera-
ture promotes a decrease in the adsorbed concentration for both gases.
This is due to the fact that, with increasing temperature, the molecules in
the adsorbed phase achieve a sufficient energetic state to overcome the
existing van der Waals forces and return to the fluid phase [89,90]. The
desorption measurements presented in Figs. 3 and 4 indicate a complete
reversibility of CO; isotherms and a slight hysteresis of SO, isotherms,
especially at lower temperatures. Considering a cyclic separation pro-
cess operated only by pressure/vacuum swing (PVSA), this suggests that
even though SO; might build up in the pores over the adsorp-
tion-desorption cycles, depending on the pressure range applied and
feed concentration, the sample presents a reasonable potential for long-
term operation without the use of heat, as compared to zeolites or silicas
[19], which might lose considerable capacity. The effects of the SOq
hysteresis are further discussed in the next topic.

A distinct preferential adsorption for SO over CO; is also observed
from the isotherms, across the entire pressure range and for all tem-
peratures under study. This is related to the fact that SO, has a critical
temperature (T. = 430 K), which is higher than that of CO, (T, = 304

Separation and Purification Technology 336 (2024) 126219

K). Thus, sulfur dioxide is more likely to behave as a condensable vapor
than as supercritical gas, being relatively less volatile and more easily
adsorbed. These observations are consistent with established literature.
Dong et al. [91] and Mohammad and Sabeeh [92] have highlighted that
gases with higher critical temperatures are associated with greater
adsorption capacities when compared to gases with lower critical tem-
peratures. Rios et al. [49,93] also corroborate this idea by explaining the
enhanced adsorption of CO2 over CH4 and Ny, respectively, on activated
carbons due to the substantially higher critical temperature of CO,. This
lower volatility is also associated to the hysteresis observed in the
desorption branch of the SO, isotherms caused by the capillary
condensation of the gas in the pores of the material. Furthermore, SO,
has a higher permanent dipole moment and a high polarizability, as
shown in Table 4. Such characteristics promote more intense dispersion
interactions between the molecule and the surface of activated carbon,
leading to higher adsorbed amounts in comparison to COg2
[15,28,89,90,94,95]. Lastly, despite SO, being a larger molecule (ki-
netic diameter of 4.1 f\) than CO5 (3.3 A), both have suitable sizes for the
adsorption in the pore structure of the activated carbon, given the to-
pology of its microporous surface [2,31,88,96]. Oliveira et al. [88] re-
ported a pore size distribution analysis on the C141-S activated carbon,
revealing a predominant occurrence of pores ranging from 3 to 16 A
within its microporous structure. This characterization provides valu-
able insights into the capacity of the adsorbent material to accommodate
molecules of various sizes, such as CO5 and SOs.

Table 5 shows the calculated parameters of the Langmuir equation as
a function of temperature (gm.x, b and Q) along with the isosteric
enthalpy of adsorption (AH;*°) for each component of the mixture.
Parameter gpm, is the maximum adsorption capacity of the adsorbent
and parameter b represents how strongly an adsorbate molecule is
attracted to the adsorbent surface [63,96]. All parameters presented
higher values for SO in relation to CO», as expected from the isotherms.
Regarding the Langmuir fit to the experimental data, the correlation
coefficients (R%) were greater than 0.99 for both components.

The isosteric enthalpy of adsorption provides information about the
extent of the thermal effects within the bed during the adsorption and
desorption steps, indicating the minimum energy requirement for the
adsorbed molecule to return to the fluid phase [97]. The higher isosteric
enthalpy of adsorption of SO, also evidences the higher affinity of the
adsorbent for sulfur dioxide, which means a higher energy penalty for its
desorption. The values obtained for both components are in agreement
with data reported in the literature for activated carbons [1,49,90,98]
and other materials such as zeolites [31] and MOFs [2,26,28,58,95].

3.3. Breakthrough curves

Figs. 5 and 6 show the single-component breakthrough curves of CO5
and SO; (both in He), respectively, under the conditions specified in
Table 1, along with the respective simulations. The curves are step-
shaped with apparent low mass transfer resistance and adsorption ca-
pacities in agreement with the literature for activated carbon
[89,90,94,99]. The higher adsorption capacity of SOz observed in the
isotherms is also corroborated by its higher retention times.

Results show a satisfactory match between experimental and simu-
lated data, indicating the suitability of the mathematical model to
describe the dynamic behavior of single-component adsorption of CO5
and SO; in a fixed bed, which allows for its use in the analysis of

Table 4

Physical properties of CO» and SO,.
properties SO, CO,
Dipole moment (D) 1.633 -
Quadrupole moment (a.u.) 3.3 3.2
Polarizability (a3) 26 18

Source: Adapted from Li et al. [95].
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Table 5
Parameters of the Langmuir equation as a function of temperature along with
isosteric enthalpy of adsorption for each adsorbate.

parameters SO CO,
Gmax(mol kg™1) 8.83 5.03
bo(Pa™h) 3.1 x 1010 2.2 x 1010
Q(kJ/mol) 30.59 26.98
R2 0.9978 0.9969
AH;*°(kJ/mol) 30.60 26.97
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Fig. 5. Breakthrough curves of CO, in He (12 % v/v CO, and 88 % v/v He) on
C141-S activated carbon at temperatures of 323 and 343 K.
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Fig. 6. Breakthrough curves of SO, in He (5 % v/v SO, and 95 % v/v He) on
C141-S activated carbon at temperatures of 323 and 343 K.

different conditions. The diffusion parameter D, / rﬁ, estimated by fitting
the model to the experimental breakthrough curves was 0.216 s~ for
CO3 and 0.045 s! for SO9, which are in the same order of magnitude of
those reported in the literature [49,99-101] for activated carbons,
suggesting that the LDF approximation is suitable for the studied system.
This parameter presented no significant change within the studied
temperature range for each gas, which has also been observed in other
studies [49,99]. The relationship between the values of D, /ri obtained
for CO, and SO is also in good agreement with the literature [94].
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The dynamics of multicomponent adsorption for a feed containing
12 % v/v CO3 + 5 % v/v SO diluted in He was also evaluated at 323 K
and 1.3 bar, as shown in Fig. 7. Table 6 summarizes the parameters used
in the simulation.

While CO5 breaks through the column significantly earlier, SO, is
only detected much later at the outlet, with a nearly 10 times larger
breakpoint. There is a clear competition of the two gases for some of the
adsorption sites, which explains the overshoot behavior observed for
CO», indicating its displacement by SOo.

From the multicomponent breakthrough curves (Fig. 7), the calcu-
lated adsorbed amount of carbon dioxide was 0.294 mol kg ! whereas a
total amount of sulfur dioxide of 1.64 mol kg~ ! was retained by the bed.
In comparison to the single-component breakthrough curve, the capac-
ity of CO; is reduced by approximately 46 % (from 0.548 to 0.294 mol
kg™ 1) under the same conditions, indicating a severe negative impact of
SO; on CO; capture.

Regarding the simulation results, it noteworthy that the model was
able to satisfactorily predict the breakpoint for both gases, the kinetics
and also the complete overshoot observed of the less adsorbed compo-
nent. This demonstrates that the implemented model provides reliable
results and can be used to describe the behavior of the system under
different conditions of pressure, temperature and concentration.

The desorption of both components was also experimentally evalu-
ated in order to assess the regeneration requirements and suitability of
the sample for an application on CO5 capture by cyclic adsorption pro-
cesses in the presence of sulfur dioxide. After saturating the bed with the
mixture (as in Fig. 7), the feed is switched to pure helium flowing at 83
mL min~! under isothermal conditions. The helium flow purges the
gases from the column and the area under the concentration curves al-
lows to determine the amount of each gas leaving the column in this step
[51]. Subsequently, to verify the existence of remaining adsorbed
components, the system was submitted to a temperature ramp of 3 K
min~! up to 423 K while the concentrations of both components were
monitored until they were no longer detected. Fig. 8 shows the
desorption curves obtained using the elution with He (Fig. 8 — step B)
and using the temperature ramp (Fig. 8 — step C).

In Fig. 8 — step B, an immediate decrease in the concentration of both
components inside the bed is observed. It is noteworthy that a simple
decrease in the partial pressure of CO5 by He elution is sufficient to
remove practically all adsorbed molecules of the gas from the bed. The
same is not observed for sulfur dioxide, which presents a more disperse
concentration front along the time. This fact confirms the stronger

adsorbent-SO; interactions and the need of additional energy (i.e., heat)
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Fig. 7. Breakthrough curve of CO»-SO, in He (12 % v/v CO2, 5 % v/v SO,, 83
% v/v He) at 323 K and 1.3 bar on C141-S activated carbon. Symbols are
experimental data and lines are simulated data.
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Table 6
Model parameters used in the simulation of the CO,-SO, system at 323 K and 1.3
bar on C141-S activated carbon.

model parameters

bed/column
din(m) 0.005
L(m) 0.25
a,(m™") 833
ty(m ™) 991
€ 0.57
pp(kg m~3) 465
pw(kg m™3) 7833
particle
rp(m) 3.99 x 10
pp(kg m™2) 1053
& 0.48
mass transfer
Dex(m?/s) 5.10 x 10°
D /12 —CO,(s™) 0.06
D /12 —80,(s™ V) 0.046
energy transfer
Gpg(I mol T K 23.97
Crg(Imol 'K 15.67
Cygco,( mol 1KY 29.76
Cugso, (I mol K™ 34.85
Cgre@ mol P KY 12.47
CwI kg K 502.08
k(Wm K™ 0.10
hy(Wm=2 K1) 75.82
UWm 2K 0.06
AWm K 0.76
momentum transfer
uinlet(m/s) 0.078
PU(bar) 1.31
u(Pas) 2.09 x 10°
1.2 T T 440
t'...‘ A (B) ©)
10 .t" mAR ;‘A : 420
Foa ' = CO,exp. '
08 o N A SO, exp. ' 400 =
- —— temperature 1 X
A I 1 ~
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Fig. 8. Concentration histories of CO,-SO5 in He (12% v/v CO», 5% v/v SO,
83% v/v He) for (A) the adsorption step, (B) desorption step using elution with
He and (C) desorption step using a temperature ramp.

Table 7
Calculated adsorbed and desorbed amounts for SO, in the fixed bed experiments
for the CO,-SO, system.

component step adsorbed/desorbed concentration (mol kg™")
SO, (A) 1.640

® 1.531

© 0.121
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to remove the gas molecules from the sample, allowing a complete
regeneration. Table 7 shows the calculated amounts adsorbed (step A)
and desorbed (steps B and C) of sulfur dioxide from the curves presented
in Fig. 8.

In the case of sulfur dioxide, the elution with He (step B) is able to
remove approximately 93 % of the molecules retained in the bed,
requiring an additional step to remove the remaining SO,. The data in
Table 7, as calculated from mass balances, confirms that, only after
heating the sample (step C), SO is totally desorbed. It is evident that
heat is necessary to remove the remaining SO, which could build up in a
long-term pressure-swing cyclic operation decreasing the CO, capture
efficiency. Although all SO, adsorbed could be recovered, it was not
possible to confirm or refute an eventual capacity loss of the sample.
Note that no reactions are likely to take place under the studied condi-
tions and no extraneous signals have been detected by the chromato-
graph during the heating step. Besides, the experiments with SO, using
the same packed bed have shown very good repeatability. These results
suggest that activated carbons are potentially suitable for CO5 capture in
the presence of SO, via cyclic adsorption processes combining pressure
(or vacuum) and temperature swings.

3.4. Impact of SO2 on COy retention capacity

Considering that SOy concentration in flue gases typically ranges
from 500 to 5000 ppmv [18], the validated mathematical model was
used to simulate the capture process at such conditions and to evaluate
the impact of SO, on the CO; retention capacity.

The effects of SO, were assessed by simulations at T = 323 K and
Piotal = 1.3 bar for three additional gas feeds, with SO, concentrations of
2 % v/v, 5 000 ppmv and 2 000 ppmv diluted in He, as shown in
Table 8. All other parameters were the same used to describe the
experimental data.

Fig. 9 presents the results obtained for the carbon dioxide retention
capacity normalized to the capacity of the single-component COq
experimental data (feed A) as a function of the concentration of sulfur
dioxide in the mixture. Results confirm a severe and continuous decrease
in the CO4 retention capacity as SO, feed concentration increases. The
competition for adsorption sites is relevant even at the lowest tested SO5
concentration (feed B), leading to a capacity loss of about 5.8 %.
Although CO; concentration is about 60 times higher than that of SO,
(12:0.2 - feed B), the stronger interactions of SO, molecules with the
adsorbent are capable of reducing the CO, uptake that much. The
highest concentrations of SO (cases D and E) substantially affect the
CO;, retention capacity, leading to CO; capacity loss of approximately
24 % and 46 %.

Regarding the typical concentration ranges in exhaust gases, repre-
sented by feeds B and C, the observed capacity losses are about 5.8 and
9.3 %, respectively. Czyzewski et al. [33] report a decrease of up to 88 %
in CO; retention capacity of activated carbon samples containing CaO
and MgO when exposed to a SO2 concentration of 2 000 ppmv at a
similar temperature (318 K). In another study by Sanz-Pérez etal. [19] a
decrease in CO; retention capacity of up to 61 % is reported for an
amino-functionalized SBA-15 when submitted to a SO, concentration of
1000 ppmv also at a similar temperature (318 K). A simple comparison
with the results obtained in this work suggests that sulfur dioxide has a

Table 8
Feed compositions used to estimate the impact of SO, on CO, retention capacity
at 323 K and 1.3 bar on C141-S activated carbon.

feed composition source

A 12 % CO, + He experimental
B 12 % COz + 2 000 ppmv SO, + He simulation (mathematical model)
C 12 % CO, + 5 000 ppmv SO, + He simulation (mathematical model)
D 12 % CO3 + 2 % SO, + He simulation (mathematical model)
E 12 % CO2 + 5 % SO, + He experimental
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Fig. 9. Adsorbed amounts of CO, calculated from the breakthrough curves
obtained for different feed conditions.

relatively lower impact on the CO, retention capacity using non-
impregnated or non-modified carbon-based materials, such as the
C141-S. Combined to the fact that both gases can be completely des-
orbed under appropriate conditions, the results suggest that CO5 capture
in post-combustion conditions can be performed in a single operation,
ruling out the need of a pre-treatment unit for the removal of SO3 [102].
For CO; capture by VPSA (Vacuum Pressure Swing Adsorption) pro-
cesses, literature reports that the installation of a pre-treatment section
for SO, removal tends to be less costly than accepting the degradation of
the adsorbent capacity in cases where the sulfur dioxide is present in the
flue gas [17,22]. Therefore, even though SO, was found to cause little
interference in the CO, retention capacity at typical concentrations and
there is no clear evidence of adsorbent degradation, the analysis of the
feasibility of operating in a single-unit might require further investiga-
tion of possible poisoning/deactivation of adsorption sites and loss of
capacity over several adsorption/desorption cycles [19,27,34].

3.5. Molecular simulation

3.5.1. Validation

Fig. 10 shows the experimental and simulated single-component CO,
and SO isotherms at 323 K. The graphs are in log scale to highlight the
low loading range. It is evident that the homogeneous slit-pore carbon

30
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= L]
4
S 204 P N
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model (depicted by the blue line) cannot accurately reproduce the SO,
isotherm. In contrast, the heterogeneous model (indicated by the orange
line) describes much better the SO experimental isotherms (depicted by
black circles), which were obtained by gravimetry (Figs. 2 and 3). The
experimental data extracted from breakthrough curves are represented
by the empty triangles.

Details of the heterogeneous rMD model, in contrast with the con-
ventional homogeneous model, isotherm calculations and the repre-
sentative pore methodology are found in Montenegro et al. [103].
Table 9 presents a comparison of uptakes measured experimentally with
those obtained from molecular simulation, evidencing the suitability of
the rMD model for reproducing experimental data.

3.5.2. Deactivation of individual pores

Following the validation of the models, we investigated the indi-
vidual behavior of the CO; and SO, mixture within selected represen-
tative pores (Fig. 11). It was found that the 7 A pore was notably affected
by the presence of SO, (Fig. 11a). At 5 000 ppmv SO,, this pore
experienced deactivation over 8 %, and at 50 000 ppmv, it underwent
a deactivation exceeding 50 %. These figures strongly suggest a
competitive interaction between SO5 and CO5 molecules.

The enthalpies of adsorption for the different representative pores, as
calculated at 323 K and 1 kPa (Table 10), indicate that in the 7 A pore,
SO, exhibits a more pronounced interaction with the pore surface, as
compared to CO,. Consequently, it takes priority in occupying the pore
volume. Given the limited accessible volume in the 7 A pore (capable of
accommodating only one layer of molecules), SO, molecules swiftly
occupy the adsorption sites, leading to the inactivation of the pore for
CO; adsorption.

While assessing adsorption within the 8.9 A pore (as illustrated in
Fig. 11b), a surprising phenomenon emerged: the adsorbed amount of
CO4 increased with the concentration of SO5 in the mixture, even up to

Table 9
Adsorbed amounts of CO, and SO, diluted in He at 323 K and 1.3 bar on carbon
C141-S calculated according to the homogeneous slit-pore and rMD models.

CO,, uptake (mol kg™!)
(12 % CO; + 88 % He)
@ 323 K and 1.3 bar

SO, uptake (mol kg™!)
(5 % SO2 + 88 % He)
@ 323 K and 1.3 bar

molecular simulation

homogeneous model 0.37 1.4
rMD model 0.54 1.56
experimental
breakthrough curves 0.548 1.667
isotherms 0.49 1.63
8
® exp. - isotherm
74 & exp.-breakthrough curve
i —— MS - homogeneous model L
Ny MS - heterogeneous rMD model
2 6 °
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©
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Fig. 10. Single-component adsorption isotherms at 323 K predicted by the homogeneous model and the heterogeneous rMD model (lines): (a) CO, and (b) SO». The
experimental isotherms from Figs. 2 and 3 (black circles) and the values of adsorption from the breakthrough curves in Figs. 4 and 5 (empty triangles) are

also presented.



D.D.S. Moreira et al.

4.0

a)
3.54

3.0
2.5
2.04 °

1.54

CO, uptake (mmol cm™®)

1.0 4

05 e representative pore 7 A

0.0
0.01

0.1 1
concentration of SO, (%)

0.10

<)

0.08 4

0.06 4

0.04 1

CO, uptake (mmol cm™)

e representative pore 18.5 A

e

Q

]
1

0.00
0.01

0.1 1
concentration of SO, (%)

10

Separation and Purification Technology 336 (2024) 126219

0.50
0.49
0.48
0.47
0.46 .
0.45
0.44 4
0.43 4
0.42
0.41 4

0.40
0.01

b) e representative pore 8.9 A

CO, uptake (mmol cm®)
L

T T
0.1 1
concentration of SO, (%)

10

0.10

d) © representative pore 27.9 A

0.08

0.06

0.04 4

CO, uptake (mmol cm™®)

0.024

0.00
0.01

T T
0.1 1
concentration of SO, (%)

Fig. 11. Theoretical adsorbed amounts of CO, in the mixture containing 12 % CO, + He + varying SO, concentration at 323 K and 1.3 bar in the heterogeneous

rMD pores.

Table 10
Enthalpy of adsorption in heterogeneous pores rMD calculated for CO, and SO,
at 323 K and 1 kPa.

Table 11
Loading of CO, and SO, (molecules per pore) for the mixture with 12 % CO5 +
SO, + He at 323 K and 1.3 bar.

pore size A) enthalpy of adsorption (kJ/mol)

CO, SO
7 —28.08 —38.20
8.9 —18.13 -22.50
18.5 —14.96 —16.86
27.9 —14.21 —-16.47

50,000 ppmv. CO, uptake increased approximately 2 % at 5000 ppmv of
SO, and nearly 9 % at 50,000 ppmv. These counterintuitive finding
suggests the existence of a cooperative effect in which the presence of
SO, molecules enhances the adsorption of CO».

The difference in the filling regime of the 7 and 8.9 A pores is evident
in Table 11. In the absence of SO, the 7 and 8.9 A pores adsorb 13.13
and 2.72 molecules of CO, respectively. For the 7 A pore, as the con-
centration of SO, increases, a decrease in the adsorbed amount of CO, is
observed, reaching just 6.37 molecules at 5 % SO in the mixture, less
than half of the amount adsorbed in the absence of SO,. Conversely, in
the 8.9 A pore, the adsorbed amount of CO; increases, reaching 2.96
molecules/pore when SO, concentration is 5 %.

To further investigate this phenomenon, the energy distribution of
one CO, molecule within the 8.9 A was calculated according to the rMD
slit-pore model and compared to the distribution within the same pore
containing one CO; molecule and eight SO, molecules. These

10

% 74 894
SO,

CO,molecules/ SO,molecules/ CO,molecules/ S0O,molecules/

pore pore pore pore
5 6.37 24.53 2.96 8.59
2 9.11 14.27 2.86 2.64
0.5 12.06 4.11 2.75 0.58
0.4 12.27 3.35 2.75 0.46
0.3 12.54 2.50 2.75 0.34
0.2 12.62 1.62 2.74 0.22
0.1 12.88 0.80 2.72 0.11
0.05 13.02 0.40 2.71 0.0
0 13.13 0 2.72 0

simulations were carried out using the canonical ensemble (NVT), with
the number of SO, molecules inserted corresponding to the amount
adsorbed in the mixture containing 12 % CO3 + 5 % SO, + He at 323 K
and 1.3 bar. Fig. 12a presents the two distributions obtained.

The presence of SO, molecules within the pore shifted the energy
distribution toward higher values, approximately from 5 to 6 kcal
mol~!. The SO, molecules ultimately enhanced the adsorption of CO,
through the fluid-fluid potential (SO2-CO2). Fig. 12b illustrates the
system and its configuration. This cooperative effect mirrors what was
previously observed for the HyS-CO, interaction in the 8.9 A homoge-
neous slit-pore [74].
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Fig. 12. (a) Energy distribution of a CO, molecule in the 8.9 A rMD slit-pore without SO, molecules (blue line) and with SO, molecules (orange line). (b) Snapshot of
enhanced CO, interaction in the presence of SO, molecules (red: oxygen, gray: carbon, yellow: sulfur). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

The adsorbed amounts of CO; in larger pores — 18.5 and 27.9 A (as
shown in Fig. 10c and d) - remained constant despite increasing SO5
concentration. This behavior can be attributed to the minimal difference
in enthalpies of adsorption between both species and the low adsorbed
amounts. Consequently, there is no significant competition for adsorp-
tion sites within these representative pores.

3.5.3. Global deactivation

Simulations were performed to investigate the adsorption of the se-
ries of mixtures examined in the preceding sections. These mixtures
consisted of 12 % CO2 with varying concentrations of SOz, ranging from
500to5 000 ppmv, diluted in helium (He) at 323 K and 1.3 bar. These
simulations were conducted within the same four selected representa-
tive pores (7, 8.9, 18.5, and 27.9 A using the rMD model. Additionally,
the assessment was extended to encompass the upper limit concentra-
tion of 50 000 ppmv of SO,.

Fig. 13 and Table 12 offer insights into the deactivation of the
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Fig. 13. Deactivation of CO, adsorbed on C141-S carbon as a function of SO,
concentration in the mixture with 12 % CO, + He at 323 K and 1.3 bar. Cal-
culations are based in mathematical model of the column dynamics (full black
circles), molecular simulation of the mixtures (light blue circles) and experi-
mental breakthrough data (empty black circle). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Table 12
Sample deactivation for CO, adsorption in mixtures with SO, estimated from
column dynamics and molecular simulation.

SO, (%) column dynamics (%) molecular simulation (%)
0.05 4.0 0.3
0.1 4.6 0.6
0.2 5.8 2.0
0.3 7.1 2.2
0.4 8.4 3.5
0.5 9.3 4.1
2 24.1 20.3
5 46 40.2

adsorbent, quantifying the extent to which the capacity for CO5
adsorption is reduced in the presence of SOo, as calculated according to
Eq. (25).

4co, mix

deactivation(%) = 1 (25)

qco,

where gco, mix is the adsorbed amount of CO; in the mixture with SO2
and qco, is the adsorbed amount of pure CO,. Calculations were per-
formed across a range of mixtures, ranging from 0.05 to 50 000 ppmv
of SO5 and the results were compared to the data obtained from column
dynamics (experiments and simulations), shown in Fig. 9.

Both curves in Fig. 13 exhibit remarkably similar trends. Notably, the
mathematical model yields a higher level of deactivation than the mo-
lecular simulation within the low loading range (up to 0.5 %). As the SO,
concentration increases, the discrepancy between the values estimated
by the mathematical model and those from the molecular simulation
diminishes. At concentrations of 2 % and 5 %, the values derived from
the mathematical model and molecular simulation are nearly identical,
indicating that the carbon can be deactivated by 40 % to 46 % of its
original capacity (pure COy).

The more pronounced disparity in the low loading region can be
attributed to the simplifications inherent to the Langmuir model and the
IAST theory, both of which do not properly account for competitive
effects and lateral molecular interactions between CO5 and SO,. These
effects become more prominent in the low loading region due to
competition among the most energetically favorable sites, characterized
by increased heterogeneity. It is precisely this type of interaction that
the Langmuir + IAST models fail to incorporate.

3.5.4. Selectivity
The selectivity of SO, over CO, was computed for the carbon sample
at 323 K and 1.3 bar. Fig. 14 illustrates the theoretical selectivity of SO
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Fig. 14. Selectivity of SO in relation to CO in the mixture with 12 % CO, +
SO, + He at 323 K and 1.3 bar.

in C141-S concerning the concentration of SO; in the mixture with 12 %
CO4 + He. The predictions calculated using the mathematical model and
IAST are also presented. Selectivity experiences a slight increase with
the rising concentration of SO in the mixture, up to 5 000 ppmv. Mo-
lecular simulation suggests selectivity values around 8, while the
mathematical model and IAST suggest values hovering around 9. This
discrepancy can be attributed to the simplifications embedded in the
isotherm models employed in the mathematical model, as previously
discussed.

4. Conclusions

The presence of SO at typical flue gas concentrations (up to 0.5 %) is
likely to have little influence on the CO retention capacity in non-
impregnated carbon-based materials. The evaluated material pre-
sented a decrease of only 2 to 5.8 % in the amount adsorbed of CO5, for a
SO, concentration of 2 000 ppmv. Combining such a limited impact on
the CO,, retention capacity with the possibility of complete regeneration
of the material (the adsorption of both components appears to be pre-
dominantly physical), it is possible to carry out a capture process in a
single stage/equipment, without the need for a pre-treatment unit for
the SOz removal. Although unlikely to occur in the studied carbon,
potential deactivation effects must be carefully considered for long-term
cyclic processes.

A mathematical model coupling differential mass, energy and mo-
mentum balances with the equilibrium described by the extended
Langmuir model and kinetics described by the LDF approach is able to
satisfactorily describe both single and multicomponent adsorption of
SO, and COs in a fixed bed.

A new, more realistic carbon heterogeneous model, was used to
predict the adsorption of pure components and mixtures by molecular
simulation with excellent agreement between experimental and simu-
lated data. The molecular simulation of the adsorption of the mixture of
CO; and SO., in individual pores, revealed a surprising cooperative ef-
fect between the CO5 and SO, molecules for the 8.9 A pore, where small
concentrations of SO5 enhance the adsorption of more CO5. The 7 A pore
showed the most severe deactivation and pores of 18.5 and 27.9 A were
indifferent to the presence of SO. This discovery holds potential for the
development of materials designed for more efficient carbon capture
from flue gases despite the presence of SOs.

The IAST and the Langmuir Extended models showed discrepancies,
as compared with the molecular simulation model, suggesting caution
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when applying them for systems with SO, and CO; in the low loading
range (up to 0.5 %). The in-depth study of adsorption in individual pore
sizes shows promise of guiding the synthesis of carbons with optimized
performance for CO; capture in streams contaminated with SOa.
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