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Abstract: In quest of a substantial reduction in potentially toxic gas emissions into the air from
industrial plants, dry flue gas desulfurization (FGD) systems offer several advantages, such as reduced
operational costs, adaptability, ease of use, and the elimination of liquid waste. This study describes
the development of a laboratory-scale pilot system for conducting SO2 abatement experiments using
a fixed-bed reactor. To validate the experimental setup, the reactor was equipped with a control
system for measuring and monitoring relative humidity, temperature, and total flux composition. The
study utilized two standards, slaked lime and 13X zeolite, under identical experimental conditions
to ensure comparability. This research will significantly advance the understanding of adsorbent
materials for capturing low SO2 concentrations by measuring adsorption kinetics and equilibrium
data. The findings highlight the impact of distinct morphological, chemical, and crystallographic
properties on the efficiency of dry FGD systems.

Keywords: desulfurization; zeolite; portlandite; sulfur dioxide; FGD

1. Introduction

The imperative to reduce emissions of noxious gases has prompted extensive research
into effective gas desulfurization methods, particularly in industrial settings where sulfur-
containing compounds present significant environmental and health hazards [1–3]. Among
the various sulfur-containing compounds, sulfur dioxide (SO2) is of particular concern due
to its toxicity and corrosive nature [3]. Efficient removal of SO2 gas from industrial gas
emissions is therefore a critical priority. SO2 is a common byproduct of various industrial
processes, including the combustion of fossil fuels and the manufacturing of cement, glass,
paper, iron, steel, and copper. Consequently, sulfur dioxide emissions are strictly regulated
by every industrialized nation on the planet [4]. The European Community (2016/2284/UE)
outlined a plan to consistently reduce global SO2 emissions, with the objective of reaching
a 70% average decrease in SOx across all Member States by 2030 [5]. For instance, for coal-
fired power plants with a power generation capacity exceeding 300 MWth, the permitted
SOx content limit will be reduced to 200 ppm. Similar guidelines have been established
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in the United States and China, where the limits for new plant installations are 350 and
90 ppm, respectively [5].

Flue gas desulfurization (FGD) technologies used to mitigate SO2 emissions in flue
gases can be classified into three principal categories: wet, semi-dry, and dry systems.
The classification is based on the physical condition of the adsorbent and of the waste
product, which can be in the form of liquid, slurry, or ash. Wet FGD systems, which employ
liquid-phase adsorbents such as limestone solutions, have historically dominated the
market due to their high efficiency, achieving SO2 removal rates of 85–95%. However, SO2
residual concentrations of up to 150–450 ppm can still result in significant emissions from
conventional FGD systems, contributing to dozens of megatons of global anthropogenic
SO2 emissions annually from energy-related sources [6]. Furthermore, wet FGD technology
sustainability is limited by high water consumption, low byproduct utilization rates, and the
generation of secondary liquid waste [7]. Semi-dry FGD systems represent a cost-effective
alternative, eliminating the need for reheating energy and wastewater treatment [8]. Since
the 1980s, these systems have been commercially available, with the spray-drying process
being the most suitable for the transformation of pre-existing power plants. Nevertheless,
semi-dry systems are generally less efficient than wet systems [8]. For these reasons, it is
expected that the global flue gas desulfurization market will experience the adoption of
new strategies by leading players [9,10].

Among these, dry FGD systems are emerging as the market’s fastest-growing tech-
nology [6]. Indeed, they offer several advantages, including lower operational costs,
adaptability, ease of use, and the absence of liquid waste (which can be disposed of along-
side fly ash) [6]. In comparison to other dry FGD systems, the dry fixed-bed FGD process
facilitates straightforward testing of novel adsorbents. This process has already found
industrial applications in two steel companies with SO2 intake concentrations ranging from
250 to 800 ppm [11]. In one case, the temperature in the smelter off-gas was between 80 and
150 ◦C [11]. In addition to being proposed as an alternative treatment to wet FGD, the dry
fixed-bed FGD can be suggested as a complement to the latter approach to entirely remove
the exiting SO2. In this scenario, the SO2 concentrations arriving at the second FDG step
would be modest, and the temperature of the flue gas would be lower than that utilized in
the wet treatment, which is around 100–150 ◦C [12].

Research on dry FGD has predominantly focused on the SO2 uptake capabilities of
adsorbent materials under medium-to-high temperatures (150–850 ◦C) [13,14] and high
SO2 concentrations in the gas stream. Nevertheless, the FGD of some applications, such
as those described above, operates in milder conditions, characterized by lower operating
temperatures and SO2 flux contents. Therefore, this work addressed this gap by developing
a pilot system at laboratory scale, which was used to conduct SO2 abatement experiments
in mild conditions, including low reactor temperatures (T < 100 ◦C) and low SO2 con-
centrations (600 ppm), with adsorbents located in a fixed-bed reactor. Moreover, relative
humidity (RH%) was also considered, as increasing the RH% can improve the desulfur-
ization efficiency of the system. The reactor modeling and data acquisition (DaQ) system,
comprising humidity and temperature sensors, enabled comprehension of the experimental
FGD conditions. Two known materials, namely, slaked lime (Ca(OH)2) and 13X zeolite,
were employed to validate the pilot dry fixed-bed FGD system in mild conditions. The
experimental comparison and characterization of the SO2 uptake performance of Ca(OH)2
and the as-synthesized 13X zeolite, conducted under identical operational conditions, offer
insights into the influence of distinct morphological, chemical, and crystallographic prop-
erties on FGD in mild conditions, namely, a low reactor temperature, SO2 concentration,
and RH%.

The findings will contribute to advancing the understanding of adsorbents for effective
SO2 capture, paving the way for more efficient gas desulfurization solutions in various
industrial applications, particularly in the growing petrochemical sector. Indeed, in 2023,
the global market for FGD systems was valued at over USD 4328 million and is expected
to grow at a CAGR of around 6.8% by 2030 [9], with a notable shift toward more energy-
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efficient and low-emission technologies [9,10]. This market growth will be accompanied by
the development of next-generation systems, including dry and semi-dry FGD processes,
which will offer improved flexibility, reduced operational costs, and lower environmental
impacts compared to traditional wet FGD systems.

2. Materials and Methods
2.1. Choice of Adsorbent Materials

Two well-known adsorbent materials, slaked lime and 13X zeolite, were employed to
validate the pilot dry fixed-bed FGD system in mild conditions.

Ca-based materials, namely, slaked lime (Ca(OH)2), quicklime (CaO), limestone
(CaCO3), and calcium sulfide (CaS), are widely used as adsorbents in industrial FGD
processes [15], despite some limitations. For instance, CaO requires hydration with water
vapor to enhance its desulfurization capacity [15]. This preliminary treatment increases
the operational costs of CaO and may lead to adsorbent inhomogeneity. CaCO3 and CaS,
on the other hand, emit pollutants and toxic gases, namely, CO2 and S2, respectively. In
contrast, Ca(OH)2 was chosen over the other industrial standards due to its strong basicity,
which enables high reactivity vs. SO2, especially in humid environments. Furthermore,
the reaction of Ca(OH)2 with SO2 does not produce pollutant co-products, as evidenced in
Equation (1) [15]:

Ca(OH)2 +SO2 + 1/2O2 → CaSO4 + H2O (1)

Despite the advantages of Ca(OH)2, including its low cost and abundance of raw
material sources, several challenges remain to be addressed [15]. They include poor
regeneration performances and lower sulfur uptake capacity than adsorbents with larger
specific surface areas and better catalytic properties. These limitations have prompted
exploration of innovative materials like transition metal oxide desulfurizers, activated
carbons, mesoporous silica, metal–organic frameworks, and zeolites [16]. Among them,
zeolites exhibit properties particularly well-suited to FGD applications [15], including high
surface areas, good thermal stability, and promising regeneration potential [17].

Zeolite 13X (FAU-type topology) has already been proposed as an adsorbent for SO2
due to its favorable catalytic properties, high surface area, and microporous structure. In
2017, Luo et al. [18] demonstrated that zeolite 13X, calcined at 500 ◦C in dry conditions,
exhibits remarkable SO2 adsorption characteristics. In 2018, Yang et al. [19] conducted
a study on zeolite 13X, examining its adsorption capabilities for SO2 and H2S at high
concentrations (>10,000 ppm) at a temperature of 150 ◦C and 15 vol % of water vapor.
Moreover, 13X displayed good regeneration capabilities, which might be improved by
the addition of reducing gases during the treatment [18]. The development of efficient
regeneration processes would enable the economic and practical feasibility for real-world
applications of more expensive and less plentiful materials. Indeed, the recycling of the
spent sorbent for several sorption/desorption cycles offers significant benefits, including
waste reduction and lower byproduct generation in dry FGD systems [17].

2.2. Sample Sources and Data from Suppliers

The hydrated lime sample (sample name: “PC”) was synthesized and provided by
Cimprogetti (Dalmine, BG, Italy) using a state-of-the-art planetary mixer capable of operating
under controlled temperature and pressure conditions, suitable for producing dry hydrated
limes with high specific surface areas. The supplier provided the following characteris-
tics: BET Specific Surface Area = 35.9 m2/g; BJH Desorption Pore Volume = 0.18672 cm3/g;
DH Desorption Pore Width = 14.57 nm. The high-silica 13X zeolite (sample name: “13X”)
was supplied by Honeywell UOP (Des Plaines, IL, USA). The supplier provided the
following characteristics: SiO2/Al2O3 = 1.27, Na2O = 16.28 wt%, SSABET = 791 m2g−1,
SSAmicrop = 731 m2g−1, Vp = 0.301 cm3g−1, and Vmicrop = 0.267 cm3g−1.
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2.3. Desulfurization Experiments

The experiments were conducted on a laboratory scale. Figure 1 depicts a schematic
diagram of the experimental apparatus. The apparatus comprises a feed gas-flow control
system, a fixed-bed reactor, a heating plate, a bubbler filled with deionized water for moist
air, a micro-gas chromatograph (Micro GC Agilent 490 (Santa Clara, CA, USA)) for flue gas
downstream analysis, and a tail gas treatment system. The temperature and humidity data
acquisition (DaQ) system is described in the Supporting Information (SI1.2, see Figure S2).
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Figure S1a illustrates the main components of the reactor design. The cylindrical
reactor has an outer height of 70 mm and a base diameter of 29 mm. The reactor consists of
two blocks, their walls measuring 4 mm in thickness. The internal volume of the reactor
is 21.46 cm3. These geometrical specifications were used for the simulation described in
Section 2.3.2. In order to prevent corrosion by sulfuric acid, which may be produced as
a result of the chemical reactions indicated in (2) and (3) during the flow of vapors fed
into the reactor during FGD experiments, the reactor body was constructed using AISI
316L steel (Figure S1b).

2SO2(g) + O2(g) ↔ 2SO3(g) (2)

SO3(g) + H2O(g) ↔ H2SO4(g) (3)

The reactor was designed to accommodate the adsorbents between two microfiber
glass filters with a diameter of 25 mm (Whatman GF/A, Cleves, OH, USA), which were
suspended at the connection point of the two blocks that comprise the reactor’s body.
To facilitate the loading and removal of the samples, a Teflon ring was placed between
the two filters (Figure S1a,b). The ring has a thickness of 1.5 mm, with outer and inner
diameters of 25 mm and 15 mm, respectively.

A heating plate (VELP Scientifica) was employed to increase the reactor temperature.
The effective temperature in key geometric points of the reactor chamber was determined
in situ using the experimental procedure described in the Supporting Information (SI1.2).
In particular, thermocouple 5, located as shown in Figure S3, was utilized to ascertain the
temperature within the sample holder containing the adsorbent. The effective temperatures
of the samples during the FGD experiments were 75 or 160 ◦C, depending on the setting
of the heating plate. The model calculation in Section 2.3.2. enabled the description of the
temperature distribution along the reactor body. The reactor was connected to a flushing
system via Swagelok connectors (7 mm in diameter), which carried the gas flow within
Teflon tubes.

2.3.1. Gas Phase

Dry and wet synthetic air (20% O2 and 80% N2) and SO2 (complement in air) from cer-
tified cylinders (N5.0 degree of purity) were fluxed through mass-flow controllers (Brooks



Appl. Sci. 2024, 14, 11364 5 of 20

Instruments, Hatfield, PA, USA) and mixed before entering the fixed-bed reactor. Water
vapor was added by bubbling a portion of the synthetic air stream into a bubbler containing
deionized water (Figure 1). The relative humidity (RH%) within the reactor was moni-
tored downstream using the DaQ system (Figure S2), in accordance with the Supporting
Information. An extreme RH% will cause adsorbents to block and stick, preventing the
scrubber from operating correctly in industrial applications. For this reason, the stream
RH% content was set below 50% and evaluated in different RH% conditions, namely, at
30RH% and 45RH%. In all experiments, the total flow rate (comprising humid synthetic air
and SO2) was maintained at a constant value of 50 sccm.

2.3.2. Reactor Modeling

The model calculation was developed using the COMSOL Multiphysics® software
v.6.2 [20] (National Research Council, CNR, campus license). The model is based on the
reactor geometry and is presented in the Supporting Information (SI1.4). The geometry
was reproduced using the Comsol drawing tool, as illustrated in Figure S4. The materials
used in the model include 316L steel for the reactor body, “air” for the gas phase inside the
reactor, and those injected as a flowing fluid. The porous sect is modeled as a disk made of
slaked lime, Ca(OH)2, with 30% porosity.

The physics involved in this model include the non-isothermal flow (laminar approx-
imation) and heat transfer in solid and fluid media. The laminar flow (spf) interface is
used to compute the velocity and pressure fields associated with the laminar flow of a
single-phase fluid. A laminar flow persists as long as the Reynolds number is below a
certain critical value. As the Reynolds number increases, the disturbances tend to grow,
eventually leading to a transition to a turbulence regime. The equations solved by the
laminar flow interface are the Navier–Stokes equations for conservation of momentum and
the continuity equation for conservation of mass. The incorporation of a porous medium
domain resulted in the addition of a Forchheimer Drag subnode to the physics interface.
The simulation incorporates the effects of gravity, with the buoyancy force included in
the Navier–Stokes equations. The Heat Transfer Module contains a number of features
for modeling conjugate heat transfer and non-isothermal flow effects. Laminar flow is
supported and can be modeled with natural and forced convection. Moreover, the sim-
ulation incorporates pressure work and viscous dissipation to model the temperature
distribution. The Heat Transfer in Solids interface is used to simulate heat transfer in
solids by conduction, convection, and radiation. The model is operational by default in
all domains. All functionalities for including other domain types, such as a fluid domain,
are used to differentiate the steel reactor, the porous disk, and the air domain within the
reactor. The temperature equation defined in solid domains corresponds to the differ-
ential form of Fourier’s law, which may contain additional contributions such as heat
sources. As the system is heated from below by a heating plate, the bottom surface is
maintained at a constant temperature (see Table S1) for the 180 and 370 ◦C cases, which
are hereafter designated as the “A” and “B” cases, respectively. The only other bound-
ary condition is the top surface of the reactor, which is set at the measured temperature
values (see Table S1) for both cases. The model is exploited by combining two simula-
tions: the first one is a steady-state model, which solely considers heat transfer to replicate
the temperature distribution of the steel reactor. The second simulation is a transient
model in which the fluid flow is activated, as well as the solid–fluid heat transfer and the
non-isothermal fluid flow.

2.3.3. Analysis of Reaction Products

The concentration of SO2 in the gas phase exiting the bed reactor was monitored
at ≈4 min intervals using a Micro GC Agilent 490 with a thermal conductivity detector
(TCD). The µGC was equipped with a Porous Layer Open Tubular (PoraPLOT U) column.
According to the product details, this column is suitable for switching systems that analyze
polar (e.g., SO2) and apolar volatile compounds. Moreover, water elutes as a sharp and
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quantifiable peak, making the retention times of target compounds repeatable, as they
are not influenced by water in the sample. This last feature is crucial for the proposed
FGD system since it enables the monitoring of SO2 concentrations independently of stream
humidity adjustment. The µGC measurement parameters are listed in Table S3. The
carrier gas, column configuration (temperature and pressure), injector temperature and
time, and sample time were chosen according to the 490 Micro Gas Chromatograph User
Manual for the PoraPlot 10 m instrument. The backflush-time and run-time values were
established following preliminary tests to provide a suitable chromatogram for evaluating
SO2 peak areas. Indeed, the representative chromatogram in Figure S5 shows very good
peak separation between SO2 and other gaseous components (H2O and O2). Figure S6
displays the linear calibration of SO2 up to 1200 ppm with an R2 of 0.99935. The data trends
of the SO2 concentration versus time were transmitted to an online computer and stored in
a data file.

The actual SO2 content in the stream flowing inside the reactor may be contingent
upon the configuration of the reactor and the relative humidity content. Consequently,
the concentration of SO2 (in ppm) was evaluated over time for the two relative humidity
conditions used in this study (30 and 45 RH%). The same configuration used for FDG
measurements was maintained, i.e., a reactor loaded with two microfiber glass filters and
a Teflon ring, devoid of adsorbent material. Figure S7 shows that, at equilibrium, the
concentrations of SO2 in the streams with 30 RH% and 45 RH% were 600 ppm and 580 ppm,
respectively. Moreover, the experiments demonstrated a dead time of ≈5 min, during
which minimal concentrations of SO2 were detected from the µGC. To assess the effect of
humidity on the SO2 concentration and its reactor filling rate, Figure S7 also depicts the SO2
concentration vs. time for dry conditions (4 RH%). This evidence demonstrates the absence
of a dead time and the faster attainment of the equilibrium SO2 concentration, namely,
610 ppm. The interaction of SO2 with water vapor along the tubes or at the interface with
the reactor walls and the sample holder may result in a slight delay in the attainment of
equilibrium during FDG measurements. These experimental findings were integrated
into the FDG data analysis, which included the determination of breakthrough curves,
breakthrough times, and breakthrough sulfur capacities.

In each experiment, the breakthrough curve was measured until the dimensionless
concentration (C/C0) reached 0.90, where C0 was the SO2 air intake concentration obtained
from Figure S7 and C was the outlet SO2 concentration. Once this value is reached,
the material removal efficiency becomes insufficient for effective utilization within the
FGD process.

Figure S8 shows a schematic diagram of a breakthrough curve, which illustrates the
parameters considered in this work for the comparison of different experimental conditions.

The breakthrough times (tb) were determined with the objective of investigating the
impact of temperature and relative humidity on the loss rate of adsorbent efficiency in the
removal of the adsorbate. A longer breakthrough time indicates a reduced frequency of
regeneration of the adsorbent, which is economically more viable [21]. In this study, the
breakthrough time is defined as the time at which the instantaneous adsorbent removal
efficiency reaches 90%. The instantaneous removal efficiency, η (%), represents the capacity
of the adsorbent to remove the adsorbate at a specific point in time and is calculated
as follows [15]:

η =
(Cblank − Cads)

Cblank
× 100% (4)

where Cblank is the actual SO2 intake concentration (mg/m3) obtained from the measure of
the blank after stabilization (see Figure S7) and Cads is the outlet SO2 concentration (mg/m3)
when the adsorbent is placed within the reactor.

After a period of latency, known as the lag phase, during which the fresh adsorbent
contains a large number of available adsorption sites and thereby binds the adsorbate
molecules consecutively, the removal efficiency usually starts to rapidly decrease [21,22],
leading to the so-called logarithmic phase. The two phases of the breakthrough curve can
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be described by the maximum specific breakthrough rate, µmax, and the lag time, λ. As
shown in Figure S8, µmax represents the slope of the tangent line at the inflection point of
the breakthrough curve, while λ denotes its t-axis intercept. In order to graphically obtain
µmax, the experimental points were fitted by a polynomial function.

The breakthrough sulfur capacity (mg/g), S, is defined as the total amount of SO2
removed per gram of adsorbent in the breakthrough time, such that the concentration ratio
(C/C0) reaches 0.90 [15]. This is represented by the following equation:

S =

[
n

∑
ads=0

(Cblank − Cads)× t0

]
× V

G
(5)

where t0 represents the data recording interval, V is the total flue gas flow (mL/min), and
G is the quantity of desulfurizer (g).

Once the experiments had been completed, the sorbent was extracted from the reactor
bed for further characterization measurements.

2.3.4. Theoretical Model

The dynamic adsorption behavior and the adsorption affinity of PC and 13X can
be examined through different mathematical models. The Adams–Bohart, Yoon–Nelson,
and Thomas models are mathematical models widely used to describe the dynamics
of adsorption in a fixed-bed column. These models predict the breakthrough behavior
of adsorbates in packed-bed systems and are based on simplifying assumptions. Each
model’s applicability depends on the specific experimental setup, desired accuracy, and
available data. In summary, (i) the Adams–Bohart model is employed for preliminary
design and estimation of bed height, (ii) the Yoon–Nelson model enables quick predictions
of breakthrough time without needing detailed adsorption data, and (iii) the Thomas model
provides capacity and kinetic evaluation under equilibrium conditions.

Based on our experimental setup, and given the expected fast reactivity of SO2 with
Ca(OH)2, the equilibrium-driven assumption seemed the most reasonable; thus, from
among the most widely used adsorption models, we chose the Thomas model to fit the
entire breakthrough curve [23,24]. Indeed, the Thomas model had already been successfully
applied to Ca-based adsorbents for SO2 adsorption experiments in fixed-bed columns [25].

The satisfactory agreement of experimental data from the PC sample, here used as
a standard material, and the theoretical model provide evidence that the experimental
apparatus is suitable for FGD measurements.

Moreover, the Thomas model was used to calculate the Thomas rate constant,
kTH (mL min−1 mg−1), and the predicted bed capacity at the equilibrium, q0 (mg g−1), from
its linearized expression [24,26]:

ln
(

C0

Ct
− 1

)
=

kTHq0m
Q

− kTHC0t (6)

where m is the mass of adsorbent in the reactor (g) and Q is the flow rate (mL min−1). As
the points at low C/C0 prior to a dead time of 5 min described in Section 2.3.3 were due to
the system configuration rather than the adsorbent uptake, those experimental points were
removed from the calculation.

2.4. Material Characterization Techniques

The phase purity and crystallinity of the samples were examined by X-ray powder
diffraction (XRPD). XRPD data were collected using the Bruker D8 Advance Da Vinci
powder diffractometer, which operates in Bragg–Brentano geometry and is equipped with
a Cu-anode X-ray tube, a Ni-filter to suppress CuKβ component, and a LynxEye XE silicon
strip detector set to discriminate CuKα1,2 radiation. The sample was mounted on a PMMA
(polymethyl methacrylate) holder with pseudo-lateral loading, and a knife, perpendic-
ular to the sample, was placed at a suitable distance from the sample surface to reduce
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the air-induced scattering. The samples were scanned in a continuous mode from 5 to
90◦ 2θ with a step size of 0.02◦ 2θ and a counting time of 2 s per step. Qualitative phase
identification was conducted using the EVA software v.7.1 (Bruker), and the XRPD patterns
obtained were refined using the Rietveld method (TOPAS v.7.0, Bruker and GSAS software
in EXPGUI graphical interface), starting from the structural model reported by Guzzinati
et al. (2018) for the same 13X used in this work [27].

The thermal behaviors of the samples were analyzed by thermogravimetric (TG) and
differential thermal (DTA) analyses. TG analysis was carried out on both the unloaded
and loaded powder samples under constant and controlled synthetic air-flow conditions
using an STA 409 PC LUXX®—Netzch instrument (Gerätebau, Germany). The heating rate
was set at 10 ◦C/min, with the temperature ranging from room conditions (RT) to 1200 ◦C.
Approximately 30 mg of sample was used for each test. Alumina (Al2O3) was used as the
control and standard.

Scanning electron microscopy (SEM) analyses were performed at the MEMA Center
of the University of Florence (Italy). The samples were prepared by placing an aliquot of
powder on double-sided conductive carbon tape on aluminum stubs. A carbon coating
was applied to the top of the supports to ensure electrical conductivity. The choice of
the carbon layer was made with the intention of providing preferential access to the
microchemical information. Conversely, high-magnification morphological investigations
(magnification: > 6000×) were affected by a certain amount of noise.

The samples were examined with a ZEISS EVO MA15 SEM equipped with an Oxford
INCA 250 energy-dispersive X-ray (EDS) spectrometer for microanalysis. The operating
accelerating voltage was maintained at 20 kV. The EDS peak quantification was automati-
cally performed by Gaussian fitting of the peak profile, considering corrections for atomic
number, absorption, and fluorescence (ZAF). Although the EDS microchemical information
was semi-quantitative in nature, the spectral response was calibrated with respect to a
metallic Co reference sample analyzed under the same conditions.

All samples were subjected to at least 6 different microanalyses: 3 different raster
analyses were conducted at 500× magnification over the whole analytical field, while
3 different point analyses were performed at three points of a further analytical field at a
magnification of 4000×. For all fields, high-resolution morphological micrographs were
obtained using either secondary electrons (SEs) or backscattered electrons (BSEs) or both.

X-ray photoelectron spectroscopy (XPS) measurements were conducted using a Kratos
AXIS UltraDLD instrument (Kratos Analytical, Manchester, UK) equipped with a hemi-
spherical analyzer and a monochromatic Al Kα X-ray source (1486.6 eV) in spectroscopy
mode. For the measurements, the powders were deposited on carbon tape and placed on a
silicon support. Samples were analyzed at a 0◦ take-off angle between the sample surface
normal and the analyzer axis, corresponding to a sampling depth of approximately 10 nm.
A survey spectrum (binding energy range: −5 to 1350 eV) was acquired for each sample to
identify surface elements. High-resolution spectra of the Ca 2p, O 1s, C 1s, and S 2p core
levels were subsequently collected. XPS quantification was performed using instrument
sensitivity factors and high-resolution spectra. Alignment was achieved by setting the
C 1s peak, related to hydrocarbons, at 285 eV. All XPS data were analyzed using previously
described software [28].

3. Results and Discussion
3.1. Modeling

The internal temperature distribution of the reactor and the porous disk, as well as
the velocity field of the air flow, were obtained through the use of COMSOL Multiphysics®

software [20], as described in Section 2.3.2. The internal temperature distributions depicted
in Figure 2a,b were compared with the measured values (Table S1) to validate the model.
The discrepancy between the computed and measured values was 77 ◦C vs. 75 ◦C (case A)
and 150 ◦C vs. 158 ◦C (case B).
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Figure 2. Temperature within the reactor computed for (a) case A (heater temperature of 180 ◦C) and
(b) case B (heater temperature of 370 ◦C). The scale legends to the right of the models in (a,b) connect
the temperature data with a color gradient. The computed velocity fields for cases A and B are shown
in (c,d). The scale legends on the right of the models in (c,d) connect the flow velocity values with a
color gradient. The red arrows indicate the direction of the flux.

The computed velocity field was concentrated in the center of the reactor and the
porous disk in both cases, as shown in Figure 2c,d. The velocity fields for 180 and 370 ◦C
exhibited only minor differences. This was due to the fact that the temperature of the air
itself remained relatively constant, with outlet temperatures of 28 ◦C for A and 34 ◦C for
B. Consequently, the inner system can be described as a flow of air that has a temperature
of 25.5 ◦C at the bottom of the reactor, which gradually increases until it interacts with
the porous media at 77 and 150 ◦C (for cases A and B, respectively). This means that the
reaction between the SO2 carried by the air flow and the adsorbent substrate likely occurs
at the temperature of the porous media.

3.2. System Validation with Slaked Lime
3.2.1. Fixed-Bed FGD Experiments

Figure 3 shows the breakthrough curves for PC obtained under different experimental
conditions, conducted for the purpose of validating the dry fixed-bed FGD system. The
samples are labeled according to FGD temperature and RH%, as indicated in Table 1. The
discussion that follows will also include the parameters λ and µmax (see Figure S8) and the
breakthrough sulfur capacity (mg/g) (obtained from Equation (5)), presented in Table 2.

Figure 3a displays the effect of varying the quantity of the sample within the reactor
on the desulfurization process conducted at 75 ◦C and 30RH%. An increase in weight of
the adsorbent from 0.10 g to 0.14 g resulted in a rise in both the tb and λ parameters. On
the other hand, the maximum specific breakthrough rate (µmax) exhibited similar values in
both breakthrough curves, indicating that the adsorbent quantity had a minimal impact on
this parameter. The breakthrough sulfur capacity in both experiments was 18 mg/g, as this
value was normalized by the PC weight. Notably, the breakthrough lag phase was very
short when 0.10 g of PC was utilized. This may be attributed to the low ratio of adsorbent
employed to inlet SO2 adsorbate concentration [17]. Additionally, the geometry of the
sample holder within the reactor may have influenced the shape of the breakthrough curve.
Indeed, the vertical path of the flux along the adsorbent in the configuration described in
Section 2.3 is relatively thin (1.5 mm) compared to that of other tubular reactors described
in the literature [29]. Therefore, 0.10 g of adsorbent is considered the sample weight
limit for loading the reactor to study the uptake capabilities of the material under these
conditions. The desulfurization experiment with 0.14 g of PC at 75 ◦C in a humidified
stream at 30RH% was replicated three times to evaluate the repeatability of the fixed-
bed FGD experiments. Data plotted in Figure 3b highlight that the breakthrough curves
look very similar. The breakthrough sulfur capacities are 18, 19, and 20 mg/g, indicating
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that the results are reproducible, with an error of 1 mg/g. An increase in the reactor
temperature resulted in a notable variation in all breakthrough variables (Figure 3c). Indeed,
at 160 ◦C, the breakthrough sulfur capacity was 24 mg/g. Conversely, an increase in stream
humidity at 45RH% resulted in a slight increase in the breakthrough sulfur capacity of
PC [75 ◦C_45RH%] to 21 mg/g (Figure 3d). Both humidity and temperature exert an
influence on the sulfur uptake process, resulting in prolonged tb and λ. In addition, the
breakthrough curve of PC [160 ◦C_30RH%] is distinguished by a more rapid increase in
C/C0 during the logarithmic phase and a longer time to reach the stationary phase. This
refers to the condition in which the adsorbent approaches saturation [22].
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Figure 3. (a) Breakthrough curves obtained from different PC quantities, namely, 0.10 g and 0.14 g.
C0 = 600 ppm SO2, uptake temperature = 75 ◦C, and 30RH%. (b) Breakthrough curves of PC collected
in triplicate for repeatability evaluation. C0 = 600 ppm SO2, adsorbent quantity = 0.14 g, uptake
temperature = 75 ◦C, and 30RH%. (c) Breakthrough curves for PC samples at 75 ◦C and 160 ◦C.
C0 = 600 ppm SO2, adsorbent quantity = 0.10 g, and 30RH%. (d) Breakthrough curves for PC samples
at 30 RH% and 45 RH%. C0 = 600 ppm and 580 ppm SO2, respectively; adsorbent quantity = 0.14 g;
uptake temperature = 75 ◦C.

Table 1. Experimental conditions and labels for portlandite. The values in the “Temperature”
column refer to the temperature of the adsorbent during the FGD experiments, which correspond to
position 5 in Table S1.

Adsorbent Material Temperature RH% SO2 Concentration Label

Portlandite 75 ◦C 30% 600 ppm PC [75 ◦C_30RH%]
Portlandite 75 ◦C 45% 580 ppm PC [75 ◦C_45RH%]
Portlandite 160 ◦C 30% 600 ppm PC [160 ◦C_30RH%]
Portlandite 75 ◦C 30% 600 ppm PC [75 ◦C_30RH%]
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Table 2. Breakthrough sulfur capacity (mg/g) of PC in different conditions of temperature and RH%.

Sample Weight λ tb µmax Breakthrough Sulfur Capacity

PC 0.10 g 16 min 10 min 0.027 18 mg/g
1-PC [75 ◦C_30RH%]
2-PC [75 ◦C_30RH%]
3-PC [75 ◦C_30RH%]

0.14 g 28 min 20 min 0.029
19 mg/g
18 mg/g
20 mg/g

PC [160◦C_30RH%] 0.10 g 21 min 20 min 0.034 24 mg/g
PC [75◦C_45RH%] 0.14 g 33 min 30 min 0.033 21 mg/g

The increase in breakthrough sulfur capacity at 45RH% compared to 30RH% can be
attributed to the formation of liquid-film water molecular layers with extended thicknesses
at higher moisture levels. Indeed, such films of water molecules promote SO2 dissolution,
enhancing the reaction kinetics at the adsorbent surface. The wetter the surface of the
adsorbent, the more SO2 might be dissolved from the flue gas, accelerating the process of
desulfurization. The effect of different relative humidities on the desulfurization efficiency
of Ca-based adsorbents has been widely discussed in previous studies [30,31].

The more pronounced performance shift caused by increasing the reactor tempera-
ture, on the other hand, was explored in greater depth in the current study via Ca(OH)2
characterizations (see Section 3.2.3).

The breakthrough sulfur capacity values agree well with those previously reported in
the literature, where Ca-based materials were used as adsorbents in dry fixed-bed FGD
experiments (see Table S4; [15,32–39]). The obtained experimental results (Table 2) validate
the experimental apparatus for mild desulfurization tests.

3.2.2. Application of the Thomas Model

Figure S9 shows the results of the linearized Thomas model, as described by
Equation(6), as a linear plot of ln(C0/Ct−1) against time, at various operational conditions.
The Thomas parameters, calculated with linear fitting, are summarized in Table S5.

The Thomas model assumptions, namely, pseudo-second-order adsorption kinetics
and negligible external resistance during the mass transfer processes, appear to be satisfied
for 0.10 and 0.14 g of PC [75 ◦C_30RH%] and 0.14 g of PC [75 ◦C_45RH%], as evidenced
by their correlation coefficient values (R2 > 0.95). In these FGD experiments, the results
for the adsorption capacity parameter, q0, were found to be consistent with the values
calculated by numerical integration of the experimental data. Indeed, the calculated q0
is slightly higher than the corresponding breakthrough sulfur capacity in Table 1, which
was calculated using the experimental point until C/C0 = 0.9. In contrast, the fitting of the
data for PC [160 ◦C_30RH%] yielded a relatively low R2 value of 0.83, indicating that the
Thomas model may not be as effective in this case.

The satisfactory agreement between the experimental data and the theoretical Thomas
model for the PC adsorbent at 75 ◦C provides further evidence that the experimental
apparatus is suitable for FGD measurements. The following paragraph provides an inter-
pretation of the deviation of the PC [160 ◦C_30RH%] experiment from the model-based PC
characterization before and after the FGD process.

3.2.3. PC Characterization

The results of the FGD experiments for the PC sample indicated that the increase in
temperature was more sensitive than the relative humidity in terms of the uptake observed.
Consequently, the characterization of PC was based on experimental findings to explain
the differences between the reactions of PC with SO2 at 75 ◦C and 160 ◦C.

The XRPD patterns of the pristine PC, PC [75 ◦C_30RH%], and PC [160 ◦C_30RH%]
are presented in Figure S10. The unit-cell and structural parameters were determined start-
ing from the trigonal R-3c (for calcite) and the trigonal P-3m1 (for portlandite) space
groups. The PC samples exhibited the characteristic peaks of crystalline portlandite
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(~96 wt%) and calcite (~3 wt%), as reported in Table S6. No evidence of a loss of crystallinity
or the formation of new secondary phases was observed after the SO2 uptake experiments.
In PC samples, the SO2 uptake was not clearly identified by diffraction data and unit-cell
variations (Table S7).

Figure S11 illustrates that the PC samples exhibited a multistep weight loss in three
distinct temperature ranges, with a total weight loss from 27 wt%, for the samples subjected
to a gas flux at different temperatures, to 31 wt%, for the unloaded sample (Figure S11a).
The first temperature range, up to approximately 400 ◦C, is marked by an endothermic event
with a peak centered at approximately 100 ◦C (Figure S11c). This phenomenon is commonly
associated with a dehydration reaction, which is the result of the release of surface-bonded
water molecules. The transitions between the three thermal ranges, beginning at about
400 and 675 ◦C, are characterized by an endothermic and an exothermic reaction with peaks
centered at approximately 500 and 750 ◦C. These reactions typically occur in samples of
portlandite and calcite, where the release of hydroxyl and CO2 molecules occurs during
the decomposition processes of these phases in the temperature ranges of 390–485 ◦C and
600–870 ◦C, respectively [40,41].

In order to experimentally prove SO2 chemisorption over the adsorbent surface,
further experimental techniques were required for the PC samples. Therefore, EDS and
XPS analyses were also performed.

The results of the micromorphological investigation indicate that the process of SO2
adsorption carried out within the reactor did not significantly alter the size of the particles
or their state of aggregation. This observation can be clearly discerned by comparing the
micrographs of the pristine portlandite (PC) (Figure S12a) with those of [PC_75 ◦C_30RH%]
and [PC_160 ◦C_30RH%] (Figure S12b,c). With regard to the microchemical investigation,
the SEM-EDS measurements performed on PC samples corroborate their composition with
respect to the major and minor components, namely, Ca, Mg, and O (Table S8). Carbon
was detected, but its content was not quantified due to the carbon coating procedure
used for the sample preparation. In addition to the aforementioned elements, Al, Si,
P, and Sr were occasionally identified, just above their respective detection limits. The
slight oxygen deficiency observed in all analyses can be ascribed to the well-known dif-
ficulty of accurately dosing light (Z < 9) elements using EDS. The most striking feature
of the microchemical results presented in Table S8 is the S content, which appears be-
low the detection limit in PC but is unquestionably present in PC [75 ◦C_30RH%] and
PC [160 ◦C_30RH%], with values exceeding 1.0 wt%. The S content in PC [160 ◦C_30RH%],
which exhibited the highest breakthrough sulfur capacity, is slightly greater than that
observed in PC [75 ◦C_30RH%]. This suggests that elevated temperatures promote the
formation of stable sulfur-based species, potentially due to uptake of SO2. Indeed, as the
FGD temperature increases, the Gibbs free energy of the system decreases, while significant
molecular movement accelerates the chemical process [15].

To further investigate the presence of SO2-derived species on the surface of PC, XPS
analysis was conducted. The elemental analysis revealed the exclusive presence of Ca,
O, C, and S in the samples. Quantitative analysis, presented in Table S9, indicated that S
was absent in pristine PC, while PC [75 ◦C_30RH%] and PC [160 ◦C_30RH%] exhibited
comparable concentrations of S-based species on their surfaces.

To ascertain the chemical nature of the species absorbed on the PC surface, high-
resolution spectra of S 2p were collected (Figure 4). PC [75 ◦C_30RH%] displayed a
doublet at 167.0 and 168.2 eV, which corresponded to S 2p3/2 and S 2p1/2 of CaSO3,
respectively [42,43]. In contrast, PC [160 ◦C_30RH%] showed an additional S 2p doublet,
corresponding to CaSO4 (S 2p3/2 at 169.0 eV and S 2p1/2 at 170.2 eV), alongside the
S 2p doublet related to CaSO3 [13,42,43].
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The ratio of S in CaSO4 to S in CaSO3 was approximately 50:50 (Table S10). These
findings indicate that, at low temperatures, SO2 tends to adsorb on the surface of PC as
CaSO3, following reaction (7). Conversely, an increase in temperature during the uptake
of SO2 results in the formation of both CaSO3 and CaSO4 species. This is likely due to the
oxidation of adsorbed SO3 at high temperatures [42,43], as in reaction (8).

Ca(OH)2(s) + SO2(g) → CaSO3(s) + H2O(g) (7)

CaSO3(s) +
1
2

O2(g) → CaSO4(s) (8)

Therefore, the Thomas model’s assumption of a Langmuir kinetic, described by
a pseudo-second-order reaction, could be validated only for PC [75 ◦C_30RH%]. For
PC [160 ◦C_30RH%], both reactions (7) and (8) contributed to the system uptake kinetics,
deviating from simple modeling.

3.3. FGD Through Zeolite 13X
3.3.1. Fixed-Bed FGD Experiments

In order to investigate the impact of different properties of adsorbent materials on
FGD in mild settings, namely, at low reactor temperatures (T < 100 ◦C) and low SO2
concentrations, the SO2 uptake capacity of Ca(OH)2 was compared with that achieved
through the deployment of zeolite 13X under analogous operational conditions. Specifically,
FGD experiments were conducted at 75 ◦C, relative humidities of 30RH% and 45RH%,
and 600 ppm of SO2. The samples were labeled based on FGD temperature and RH%, as
indicated in Table 3. The discussion that follows will also include the parameters λ and
µmax and the breakthrough sulfur capacity (mg/g) presented in Table 4.

Table 3. Experimental conditions and labels for zeolite 13X. The values in the “Temperature” col-
umn refer to the temperatures of the adsorbent during the FGD experiments, which correspond to
position 5 in Table S1.

Adsorbent Material Temperature RH% SO2 Concentration Label

13X Zeolite 75 ◦C 30% 600 ppm 13X [75 ◦C_30RH%]
13X Zeolite 75 ◦C 45% 580 ppm 13X [75 ◦C_45RH%]

The breakthrough curves of 13X in Figure 5 are markedly different from those of
PC in Figure 3, indicating that 13X exhibits an enhanced SO2 uptake capacity. Such an
improved FGD performance can be attributed to the greater surface area available for SO2
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adsorption of the zeolite in comparison to PC (i.e., 791 m2g−1 vs. 35.9 m2g−1, respectively).
Moreover, the zeolite surface sites exhibited notable catalytic activity, which may have
boosted the adsorbent properties of this material. As the RH% increased, both the tb and λ
values increased, yet the breakthrough sulfur capacity was significantly reduced. It can
be observed that the µmax value of 13X [75 ◦C_30RH%] is approximately half that of 13X
[75 ◦C_45RH%], indicating a slower decay in removal efficiency over time. This results
in SO2 uptakes of 51 mg/g for 13X [75 ◦C_30RH%] and 41 mg/g for 13X [75 ◦C_45RH%]
(see Table 4). 13X characterizations before and after the FGD experiments were used to
explain the influence of humidity on the breakthrough curve results.

Table 4. Breakthrough sulfur capacity (mg/g) of 13X in different conditions of RH%.

Sample Weight λ tb µmax Breakthrough Sulfur Capacity

13X [75 ◦C_30RH%] 0.14 g 27 min 30 min 0.0076 51 mg/g
13X [75 ◦C_45RH%] 0.14 g 42 min 45 min 0.015 41 mg/g

Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 20 
 

concentrations, the SO2 uptake capacity of Ca(OH)2 was compared with that achieved 
through the deployment of zeolite 13X under analogous operational conditions. Specifi-
cally, FGD experiments were conducted at 75 °C, relative humidities of 30RH% and 
45RH%, and 600 ppm of SO2. The samples were labeled based on FGD temperature and 
RH%, as indicated in Table 3. The discussion that follows will also include the parameters 
λ and µmax and the breakthrough sulfur capacity (mg/g) presented in Table 4. 

Table 3. Experimental conditions and labels for zeolite 13X. The values in the “Temperature” column 
refer to the temperatures of the adsorbent during the FGD experiments, which correspond to posi-
tion 5 in Table S1. 

Adsorbent Material Temperature RH% 
SO2 

Concentration 
Label 

13X Zeolite 75 °C 30% 600 ppm 13X [75 °C_30RH%] 

13X Zeolite 75 °C 45% 580 ppm 13X [75 °C_45RH%] 

Table 4. Breakthrough sulfur capacity (mg/g) of 13X in different conditions of RH%. 

Sample  Weight  λ tb μmax Breakthrough Sulfur Capacity 

13X [75 °C_30RH%] 0.14 g 27 min 30 min 0.0076 51 mg/g 

13X [75 °C_45RH%] 0.14 g 42 min 45 min 0.015 41 mg/g 

The breakthrough curves of 13X in Figure 5 are markedly different from those of PC 
in Figure 3, indicating that 13X exhibits an enhanced SO2 uptake capacity. Such an im-
proved FGD performance can be attributed to the greater surface area available for SO2 
adsorption of the zeolite in comparison to PC (i.e., 791 m2g−1 vs. 35.9 m2g−1, respectively). 
Moreover, the zeolite surface sites exhibited notable catalytic activity, which may have 
boosted the adsorbent properties of this material. As the RH% increased, both the tb and 
λ values increased, yet the breakthrough sulfur capacity was significantly reduced. It can 
be observed that the μmax value of 13X [75 °C_30RH%] is approximately half that of 13X 
[75 °C_45RH%], indicating a slower decay in removal efficiency over time. This results in 
SO2 uptakes of 51 mg/g for 13X [75 °C_30RH%] and 41 mg/g for 13X [75 °C_45RH%] (see 
Table 4). 13X characterizations before and after the FGD experiments were used to explain 
the influence of humidity on the breakthrough curve results. 

 
Figure 5. Breakthrough curves for 13X adsorbents at 30 RH% and 45 RH% and C0 = 600 ppm and 580 
ppm SO2, respectively; adsorbent quantity = 0.14 g; uptake temperature = 75 °C. 

Figure 5. Breakthrough curves for 13X adsorbents at 30 RH% and 45 RH% and C0 = 600 ppm and
580 ppm SO2, respectively; adsorbent quantity = 0.14 g; uptake temperature = 75 ◦C.

The uptake capacities of zeolite 13X are compared to those of other zeolites in Table S4.

3.3.2. Application of the Thomas Model

Figure S13 shows the results of the linearized Thomas model (Equation (6)) as a
linear plot of ln(C0/Ct−1) against time under varying operational conditions. The Thomas
parameters, obtained from the linear regression, are summarized in Table S11.

The R2 values obtained for 13X [75 ◦C_30RH%] and 13X [75 ◦C_45RH%] were 0.95
and 0.92, respectively, indicating a best fit to the experimental data at lower humidity con-
ditions. Figure S13 shows a clear deviation from linearity for 13X [75 ◦C_45RH%] between
5 and 30 min. This is attributed to the low values of C/C0 observed in the breakthrough
curve (Figure 5).

The kTH value was approximately twice as high for 13X [75 ◦C_45RH%] as for 13X
[75 ◦C_30RH%], in accordance with the µmax values reported in Table 2. Furthermore, the
results for the adsorption capacity parameter, q0, were found to be in accordance with the
values calculated by the numerical integration of the experimental data.

3.3.3. 13X Characterization

The XRPD patterns of pristine 13X, 13X [75 ◦C_45RH%], and 13X [75 ◦C_30RH%],
presented in Figure S14, evidence the high crystallinity of these samples, which exhibit
characteristic peaks of zeolite with an FAU topology and a minimal contribution of LTA-
type zeolite. At low 2Θ angles, both the position and intensity of the X-ray diffraction
peaks exhibited differences between the unloaded and loaded 13X samples, suggesting that
the zeolite structure is affected by exposure to SO2. According to the literature, the zeolite
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adsorptive desulfurization of SO2 encompasses both physisorption and chemisorption
processes [44]. In contrast to PC, 13X is characterized by the presence of primary porosities
(referred to as supercages or α-cages) accessible through a 12-ring window (12R) with a
diameter ≈6 Å interconnected by windows with a diameter of ≈7.4 Å.

The chemisorption of SO2 in these large windows and supercages can occur by sulfur-
sorbent π-complexation and sulfur–metal (S-M) direct coordinate bonding. On the other
hand, the filling of the zeolite microporous adsorption space, as with slaked lime, can be
considered a physisorption process. Moreover, the adsorbed molecule diffuses within a
zeolite channel and becomes subjected to diverse energy fields, which are characterized
by different potentials (i.e., polaritazion) [45]. This encompasses both monolayer and
multilayer adsorption, as well as capillary condensation [13]. Our results indicate that
the structure of the zeolite samples was affected by exposure to SO2. After the FGD
experiments, the decrease in the crystallite size (Table S12) in both 13X [75 ◦C_45RH%] and
13X [75 ◦C_30RH%] was concomitant with variations in the unit-cell volume (Table S13) as
well as bond distances and angles in comparison to the pristine sample (Table S14).

Tables S14 and S15 show the structural details and the atomic bond distances O1–O1
and O4–O4 limiting the 12-ring windows. All these features indicated the phenomenon
known as “adsorption-induced deformation” due to the interactions between the adsorbate
and the zeolite pore walls [46,47]. The deformation pattern can be affected by several
factors, such as limitations of the pore size and pore shape, the surface chemistry of the
adsorbent, as well as interactions of the adsorbate molecules with the extra-framework
cations and framework oxygens of the zeolite. The extra-framework content in zeolites
is related to the zeolite framework type and the Si/Al ratio, and it affects the enthalpy
of adsorption of gases in these materials [18]. According to Emelianova et al. [46] and
Nasluzov et al. [48], SO2 and the 13X framework can interact by donor–acceptor interactions
and hydrogen bonding.

An alternative bridging mechanism proposes that both oxygens of the captured gas
interact with distinct extra-framework cations of the zeolite. However, it is more accu-
rate to refer to the entrance of the gas into the zeolite cavities rather than the surface
contact when discussing the steady growth of parameters, such as the total unit-cell vol-
ume and the crystallographic free area (CFA) (Table S12 and Table S15, respectively).
The latter is derived from the combination of the O1–O1 and O4–O4 bond distances of
the oxygen framework [15]. Specific features, such as a framework topology and the
type/location of the charge-balancing cations, can affect the deformation mechanism; thus,
when the pore is loosely filled with the adsorbate, the adsorbing molecules can exert a
pressure on the pore walls, thus deforming the zeolite framework, as was observed for
13X. Notably, the increase in the unit-cell volume as well as the pore apertures (CFAs)
(Table S12 and Table S15, respectively) were more pronounced in 13X [75 ◦C_45RH%] than
in 13X [75 ◦C_30RH%]. The diffusion of both H2O and SO2 through the zeolite framework
can potentially be attributed to two concomitant factors: increased hydration of 13X at
45RH% or higher sulfur uptake during the FGD process. To gain further insight into the
two systems, thermogravimetric (TG) and microchemical EDS analyses were performed.

Figure S15 shows the thermal behavior of the 13X zeolite samples. The pristine zeolite
displayed the most significant weight loss during the heating process in comparison to
the zeolites in the uptake experiments. The 13X samples showed a weight loss of ≈25 wt%
for the pristine sample and 20 wt% after the FGD experiments. The weight loss at low
temperatures (up ~150 ◦C) indicates both SO2 and water molecules physiosorbed on the
surface. This process is accompanied by endothermic reactions, as evidenced by the DTA
data. A further weight loss took place and persisted until approximately 400 ◦C. This
phenomenon can be ascribed to the chemosorbed water molecules, which were trapped as
extra-framework species in all the samples. The exothermic peak at ~850 ◦C is associated
with structural zeolite collapse. Slight differences in the maxima at high temperatures are
indicative of differences in thermal stability. This last may be attributed to the presence
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of guest molecules within the zeolite structure which could have modified the thermal
behavior of the material [49].

Micromorphological investigation revealed that the FGD experiments did not signif-
icantly alter the size of 13X particles or their state of aggregation (see Figure S16). The
SEM-EDS measurements performed on zeolite samples corroborate their composition with
respect to the major and minor components, namely, Na, Al, Si, and O (see Table S16). In
addition to the aforementioned elements, Ca and Cl were occasionally observed in the
zeolite samples, just above their respective detection limits. The slight oxygen deficiency
observed in all analyses can be ascribed to the well-known difficulty of the EDS system in
accurately dosing light (Z < 9) elements.

It is noteworthy that while the breakthrough sulfur capacity of 13X [75 ◦C_30RH%] was
significantly higher than that of 13X [75 ◦C_45RH%], the S contents of both samples after the
uptake measurement were nearly identical, namely, 3.69 and 3.82 wt%, respectively. This
phenomenon may be attributed to a reduction in the stability of the SO2 adsorbate generated
at a lower RH%, which would have been desorbed from 13X [75 ◦C_30RH%] shortly after
the FGD process. Indeed, the presence of water molecules may exert two opposing effects
on the uptake process. On the one hand, both H2O and SO2 may compete for the same
adsorption sites [50]. This would result in a reduction in the breakthrough sulfur capacity
of 13X, as observed when the humidity was increased from 30RH% to 45RH%. Conversely,
intrazeolitic water may facilitate the sorption of SO2 through the zeolite framework by the
Grotthuss mechanism, which works as a carrier [51]. This possibility entails the formation
of H2SO3 within the Na-Y zeolite cavities [51,52]. The enhanced stability of the trapping
of the SO2 derivatives adsorbed within the microporosities of the zeolite may explain
why 13X [75 ◦C_45RH%] appears to retain a greater quantity of S-based compounds than
13X [75 ◦C_30RH%].

4. Conclusions

This study successfully developed and validated a laboratory-scale pilot system based
on a dry fixed-bed reactor for FGD experiments under mild conditions (75/160 ◦C and
30/45 RH%). The system was systematically monitored using a custom-designed data
acquisition system and mass-flow controllers. COMSOL Multiphysics software provided
valuable insights into the reactor’s internal temperature distribution and air-flow opera-
tional dynamics.

Two materials, portlandite and 13X zeolite, were used to validate the system. The
breakthrough sulfur capacity of PC was consistent with the existing literature. Furthermore,
the breakthrough curves indicated that an increase in temperature had a more pronounced
favorable effect on PC absorption than an increase in relative humidity. It can be reason-
ably assumed that at a temperature of 160 ◦C, the PC catalytic activity in relation to SO2
chemisorption will increase. 13X zeolite exhibited a superior breakthrough sulfur capac-
ity to PC, due to its microporosity, large surface area, and high catalytic activity. XRPD
analyses revealed that 13X underwent structural changes upon interaction with H2O and
SO2, highlighting its potential for efficient sulfur capture. Notably, the breakthrough sulfur
capacity of 13X zeolite was higher at 30%RH, suggesting the complex role of water in
facilitating or hindering sulfur adsorption.

The results underscore the potential of dry fixed-bed FGD systems, particularly in
applications where sulfur capture from flue gases is critical, as in the petrochemical indus-
try. These systems offer significant advantages, including high efficiency, scalability, and
operational flexibility under varying environmental conditions. Future research should
focus on optimizing material properties, system design, and operating conditions to further
enhance sulfur capture efficiency and develop robust solutions for large-scale industrial
applications, including the petrochemical sector. Continued exploration of the interaction
between temperature, humidity, and adsorbent materials will be essential to fine-tune
performance and ensure sustainable, cost-effective sulfur removal.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app142311364/s1, Figure S1: (a) Three-dimensional model representation of
the reactor design with the main components described. (b) Picture of the reactor and accessories used
for the fixed-bed FGD process; Figure S2: Photo of the DaQ system, consisting of a single custom-made
circuit which allows readings up to 8 TC-K, two air humidity/temperature sensors (model: SHT75,
produced by Sensirion), and one air humidity/temperature sensor (model: AHT25, produced by Asair);
Figure S3: Three-dimensional model representation of the reactor, with red circles indicating the TC-K
positions. The numbers correspond to the ones mentioned in Table S1; Table S1: Temperature values
measured by the TCs-K in positions 1–5 represented in Figure S3; Table S2: Experimental conditions
and labels. The values in the “Temperature” column refer to the temperature of the adsorbent during
FGD experiments, which correspond to position 5 in Table S1; Figure S4: Reactor geometry reproduced
using the geometry drawing tool in Comsol. The orange disk inside the reactor represents the porous
material made of portlandite and air with 30% porosity; Figure S5: Representative chromatogram
showing the retention times of O2, SO2, and H2O. N2 is not detected by the TCD. The synthetic flue
gas was used with a SO2 composition of 600 ppm in a complement of air. The relative humidity was
30 RH%, and the reactor temperature was 75 ◦C; Table S3: PoraPlot U parameters used for the analysis
of the gas phase leaving the bed reactor during FGD processes; Figure S6: SO2 calibration fitted by
the linear equation represented with the red line. The areas of integration values (black squares) were
obtained from the chromatograms. The flow rate was 50 sccm. SO2 was diluted by dry synthetic air;
Figure S7: SO2 concentration in ppm at the exit of the reactor without sorbent as a function of time
under different RH% and temperature conditions; Figure S8: Schematic diagram of a breakthrough
curve (in red) showing the breakthrough time (tb), the inflection time (t50), and the tangent line at the
inflection point (in blue); Figure S9: Thomas model linear plot for SO2 adsorption on PC; Table S4:
Brief literature review of Ca- and zeolite-based adsorbents for SO2 abatement in fixed-bed reactors;
Figure S9: Thomas model linear plot for SO2 adsorption on PC; Table S5: Thomas parameters for the
adsorption of SO2 on PC using the linearized expression given in Equation (6); Figure S10: X-ray powder
diffraction patterns for unloaded and loaded PC samples; Table S6: Mineral phase contents (% in weight)
calculated on the basis of the Rietveld refinements; Table S7: Lattice parameters for selected PC samples
and crystallite size (nm); Figure S11: (a) TG, (b) DTG, and (c) DTA plots of bare and loaded PC samples;
Figure S12: Secondary electron micrographs comparing (a) pristine PC, (b) PC [75 ◦C_30RH%], and
(c) PC [160 ◦C_30RH%]. Magnification: 6000×; Table S8: Chemical composition of PC samples obtained
through SEM-EDS raster microanalyses at 500× magnification. Analyses expressed as wt%. Nd—
not detected; Table S9: Quantitative analysis of elements on the surface of PC samples; Table S10:
Quantification of the concentration of the different S 2p species in the four samples; Figure S13: Thomas
model linear plot for SO2 adsorption on 13X; Table S11: Thomas parameters for the adsorption of SO2 on
13X using the linearized expression given in Equation (6); Figure S14: X-ray powder diffraction patterns
for unloaded and loaded 13X zeolite samples; Table S12: Unit-cell parameters for 13X zeolites; Table S13:
Crystallite size (nm) values for 13X zeolite; Table S14: Framework atomic bond distances (Å) for 13X
zeolite; Table S15: Framework oxygen bond distances (Å), free diameters (Å), crystallographic free areas
(CFA = π·(mean radius)2; Å2), and channel ellipticities (ε = largest/shortest oxygen–oxygen distance).
The ionic radius for oxygen atoms is assumed to be 1.35 Å; Figure S15: TG-DTA-DTG plots of bare
and loaded 13X zeolite samples; Figure S16: Backscattered electron micrographs comparing raw and
processed 13X samples: (a) 13X; (b) 13X [75 ◦C_45RH%]; (c) 13X [75 ◦C_30RH%]. Magnification: 4000×;
Table S16: Chemical composition of 13X samples obtained through SEM-EDS raster microanalyses at
500× magnification. Analyses expressed as wt%. Nd—not detected.
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