
Citation: Sanyal, T.S.; Mugisha, A.I.;

Sowinski, A.; Fauteux-Lefebvre, C.

Enhancement of Sulfur Oxide

Capture Capacity by Deposition of

Iron Oxide Particles on Graphene

Oxide. Catalysts 2023, 13, 1469.

https://doi.org/10.3390/

catal13121469

Academic Editors: Salete Balula,

Fátima Mirante and Ioannis V.

Yentekakis

Received: 9 August 2023

Revised: 13 October 2023

Accepted: 31 October 2023

Published: 24 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Enhancement of Sulfur Oxide Capture Capacity by Deposition
of Iron Oxide Particles on Graphene Oxide
Tanushree Sankar Sanyal 1,2, Amanda Ineza Mugisha 1,2, Andrew Sowinski 1 and
Clémence Fauteux-Lefebvre 1,2,*

1 Department of Chemical and Biological Engineering, University of Ottawa, 161 Louis-Pasteur, Ottawa,
ON K1N 6N5, Canada; tsany089@uottawa.ca (T.S.S.); amugi019@uottawa.ca (A.I.M.);
andrew.sowinski@uottawa.ca (A.S.)

2 Centre for Catalysis Research and Innovation (CCRI), University of Ottawa, 30 Marie-Curie, Ottawa,
ON K1N 6N5, Canada

* Correspondence: cfauteux@uottawa.ca

Abstract: Sulfur dioxide (SO2) is a known pollutant that must be captured from gas streams. Dry
desulfurization processes are investigated due to their lower energy requirement and potentially
high capture efficiency. Carbon materials and metal oxides have been shown to have an affinity
with SO2. The aim of this study was to combine iron oxide and graphene oxide (GO) as a composite
material for SO2 capture for low-concentration streams. Iron oxide particles were prepared using
a polyol method in which the precursor was dispersed in ethylene glycol, heated under reflux and
then deposited on GO, a two-dimensional, single-layer material with a surface area of 400 m2/g. The
synthesized material was tested for continuous desulfurization in a flow-through capture system
with a stream of gas containing 25 ppm SO2 entering at 20 ◦C and 100 ◦C. Under all conditions
tested, the breakthrough times, evaluated when the SO2 started to be detected at the outlet with
a concentration of 1 ppm, as well as the capture capacities, were significantly higher for the iron
oxide GO composite than for the pristine GO alone. The presence of sulfur compounds as well as the
composite composition were confirmed by energy-dispersive X-ray spectroscopy (EDXS) and X-ray
photoelectron spectroscopy (XPS). The breakthrough experiment results at various temperatures also
suggest that the capture was not governed only by pure physical adsorption with the presence of
iron oxide. Addition of iron oxide particles positively influences SO2 affinity with the synthesized
material as shown by the increase in breakthrough time and capture capacity.

Keywords: sulfur dioxide; graphene oxide; desulfurization; iron oxide; adsorption

1. Introduction

It is well known that sulfur dioxide (SO2) has serious effects on human health and
on the environment [1,2]. In the atmosphere, SO2 forms sulfuric acid in the presence
of water [1], which is one of the main components of acid rain that contributes to soil
deterioration, formation of acid fog and destabilization of aquatic ecosystems [2]. Moreover,
dry acid deposits, also formed by SO2, cause the degradation of building materials, stone
and statues and consequently increase maintenance costs [2].

There are many regulatory initiatives worldwide to decrease SO2 emissions [3–5]. As
such, the emissions of SO2 in Canada decreased by 79% from 1990 to 2021 [6]. Know-
ing that approximately 87% of anthropogenic atmospheric sulfur oxides (SO2 and sulfur
trioxide—SO3) are emitted from fossil fuel-fired plants [7], these emissions are the main
target. Currently, the most used technology for SO2 removal is wet flue-gas desulfurization
(FGD) [8], in which up to nearly 99% SO2 removal can be achieved [8,9]. However, wet
FGD has high capital and operating costs due to its reliance on water and heat. This process
also produces waste sludge that requires intensive wastewater treatment. Moreover, the
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absorber column unit requires construction materials that can resist corrosion and abra-
sion [9,10]. New technologies that could be less energy intensive and could achieve higher
removal efficiency have therefore been investigated [7].

Dry adsorption is widely studied as an alternative approach for SO2 removal because
of its simplicity and relatively low costs [7,11–14]. It has the advantages of lower cap-
ital, operational and management costs and potential regenerability of the sorbents. It
also mitigates the wastewater treatment problem encountered with wet desulfurization
as less or no water is used during the process [11,14]. Moreover, physical adsorption
usually operates at low temperature (near room temperature), which reduces its energy
demand [14]. Typical sorbents studied for SO2 removal are carbon-based materials, zeolites,
metal oxides and metal organic frameworks [15,16]. Due to their higher stability against
moisture and corrosive gases [16], carbon materials, namely activated carbon [17], carbon
nanotubes [18] and graphene oxide [18,19], are one of the most studied adsorbent classes
for SO2 removal [16,20].

Nevertheless, large-scale SO2 adsorption on activated carbon application is still limited
due to the relatively high flue gas temperatures and the low SO2 concentrations [21], which
create capacity and selectivity challenges [15,22–25]. However, the capture capacity of
activated carbon can be improved by surface modification. Liu Xiao-Li et al. showed that a
nitric acid treatment of activated carbon led to an increase in the sorption capacity of the
material, explained by an increase in the concentration of C=O bonds that acted as Bronsted
basic sites for SO2 oxidation [26]. The SO2 removal efficiency of activated carbon was also
shown to be further increased using iron oxide-decorated (Fe3O4) activated carbon and
even further increased using iron oxide-decorated activated carbon treated with nitric acid,
which led to the conclusion that the presence of Fe3O4 promotes the transformation of SO2
into other more stable forms or compounds with different oxidation states [26]. During the
adsorption of SO2, in the presence of O2 and water, SO2 can then be oxidized to SO3 and
further react with the adsorbed water molecules to form H2SO4 [26]. Fe3O4 can react with
the generated H2SO4 and form Fe2(SO4)3 [26–28].

Carbon nanotubes (CNTs) have also been explored as a potential material for SO2
adsorption [29–34]. As for activated carbon, the adsorption capacity of CNTs can be
improved by functionalizing them with oxygen groups, by metal doping or by creating
vacancy defects [30]. Using theoretical calculations and experimental results, Zhang et al.
showed that hydroxyl-modified carbon nanotubes had a better sensitivity to SO2 than
non-modified carbon nanotubes [31]. Metals such as platinum, gold, nickel and iron have
been investigated by modeling using the first principles method, and the results have
shown an increase in the potential adsorption capacity of carbon nanotubes [32–34]. Libao
et al. showed that when doping carbon nanotubes with Fe, the adsorption energy and the
charge transfer between SO2 and the Fe-doped carbon nanotubes increased, leading to a
more stable chemical adsorption [32].

Due to its large surface area, thermal and chemical stability, low preparation cost,
recyclability and non-corrosive properties, graphene oxide (GO), a two-dimensional, single-
layer material, has received interest in many applications such as electronic sensors [35,36],
gas and energy storage [19,35] and catalytic reactions [37,38]. Moreover, GO has epoxy,
hydroxyl, carbonyl and carboxylic groups present on its surface [35]; it therefore provides
an alternative to having oxygenated functional groups on the surface of carbonaceous
materials. Nevertheless, when it comes to SO2 removal, only a few studies have investigated
the adsorption capacity of GO toward SO2. Ying Long et al. showed that upon adsorption
of SO2 by foam GO or by GO suspensions at room temperature, the material acted as an
oxidant and as a catalyst to form SO3 [38]. GO was found to adsorb SO2 through H-bonding
interactions between its hydroxyl groups and SO2. These hydroxyl groups also promoted
the oxidation of SO2 by the epoxy groups by reducing the oxidation barrier [39]. It was also
shown that the S–C covalent interaction of SO3 with the GO surface was higher than that
of SO2 [39].
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Graphene–oxide–metal nanocomposites have, however, been used as heterogeneous
catalysts or adsorbents in multiple organic reactions such as oxidation, reduction and
cross-coupling reactions [40–44]. The use of GO as a support facilitates the accessibility to
active metal catalytic sites, allowing for a better adsorption of the substrate on the active
sites. Additionally, GO modified with iron oxide was found to have nine times higher of a
CO2 adsorption capacity than pristine GO at a pressure of 20 bars [40].

Metal oxides themselves have also been studied since the 20th century as an alternative
sorbent for SO2 removal [45–50]. Transition metal oxides are frequently used for SO2
removal due to their low production cost, selective action and easy generation [15]. The
presence of active oxygen species on metal oxides was found to enhance the reactivity of
the solid surface with SO2 gas [48,49]. Metal oxide-supported sorbents have therefore been
investigated in an effort to improve their stability [47]. Various metallic oxides supported
on alumina were evaluated for the elimination of SO2, and oxides of Ni, Mn, Fe, Co and Zn
were generally proposed as the most suitable sorbents [50]. The adsorption performance of
SO2 over zinc aluminate (ZnAl2O4) was studied by Ling Zhao et al., who proposed that
the adsorption process is a combination of physisorption and chemisorption, where the
capacity is, respectively, related to the surface area and to the oxides’ surface basicity sites,
which consisted of the surface hydroxides or superoxide [48]. This interaction resulted in
the formation of adsorbed SO3

2− and SO4
2− [48]. Although the various materials currently

being investigated are promising, there are still challenges for industrial applications,
such as having a sufficient capture capacity, being regenerable and being stable while in
use [51–53].

In this study, we synthetized a new capture material combining properties of the
graphene oxide and iron oxide aiming to increase the capture capacity of the material.
We propose to modify the surface of GO with iron oxide particles and use it as a capture
material for SO2 removal. The objective was to improve the capture capacity of the material
by enhancing interaction with SO2, through dry adsorption. Metal oxide particles were
synthesized by the polyol method [54] and deposited on the surface of graphene oxide
through dispersion of the particles and support material in water, acting as the solvent. The
synthesized material was tested for the capture of SO2 at a concentration of 25 ppm in argon,
with the inlet gas hourly space velocity varying between 6,000 and 18,000 mL/h/gsample and
temperatures varying between 20 ◦C and 100 ◦C. This work confirms that the deposition of
iron oxide particles on GO increases the capture capacity of SO2.

2. Results and Discussion
2.1. Iron Oxide/Graphene Oxide Composite Characterization

To assess the changes in the morphology after iron oxide particle addition as well
as after the SO2 capture studies, transmission electron microscopy (TEM) analyses were
conducted. Figure 1a,b show the TEM images of the pristine GO and GO–FeO (before use
for capture). It can be observed that the morphology of pristine GO is a thin paper-like
layered structure corresponding to GO’s expected structure [35]. This structure provides a
high external surface area for particle deposition and SO2 capture. After the deposition of
the iron oxide, it can be observed that the GO conserved its layered structure with darkened
edges. The morphology of the iron oxide particles was not directly characterized, but their
presence was confirmed through the EDXS (Figure S1) and further investigated by XPS
analysis (See Section 2.3). The targeted content of iron after deposition was of 5 wt% in
order to be able to study the impact of adding metal, without covering a major part of the
surface of the graphene oxide, which was confirmed with the TEM analyses.
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Figure 1. TEM of (a) pristine GO; (b) prepared GO–FeO; (c) GO used for SO2 capture (at 15 mL/min
and 20 ◦C) and; (d) GO–FeO used for SO2 capture (at 15 mL/min and 20 ◦C).

The TEM analyses of samples saturated with SO2 are shown in Figure 1c,d (at
15 mL/min and 20 ◦C). Darker zones appear on the surface of the GO after the SO2
capture, indicating modification of the structure in the presence of SO2. These areas are
distributed rather unevenly on the surface, indicating a non-uniform capture of SO2 over
the surface of the GO. For the GO–FeO sample, more black zones are visible on the surface
of the material and are not uniformly distributed. Figure 2 shows the EDXS analysis of
the samples after the SO2 capture testing (GO and GO–FeO at 15 mL/min and 20 ◦C). The
analyses were performed in the darker areas and showed the presence of sulfur, coherent
with SO2 capture, and are also indicative of stronger interaction than solely pure physical
adsorption, as the analysis was performed under a vacuum. The intensity of the sulfur
peak was lower for the analyses performed on lighter gray zones (relatively to the carbon
peak), indicating that the sulfur was concentrated in the dark spot, as expected from the
TEM image. Moreover, the presence of an Fe peak confirms the successful addition of iron
on GO.
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Figure 2. EDXS analysis of (a) GO and (b) GO–FeO after SO2 capture (20 ◦C and 15 mL/min).

2.2. SO2 Capture Studies
2.2.1. Breakthrough Curves

The experiments for SO2 capture were conducted at temperatures of 20 ◦C to 100 ◦C
with flow rates of inlet gas of 5 mL/min (100 ◦C only) to 15 mL/min, containing 25 ppm
of SO2. Center point conditions of 60 ◦C and 10 mL/min were also tested. Figure 3
represents the breakthrough curves obtained from the capture studies of SO2 with the
pristine GO and GO–FeO samples. For the blank runs (without samples), a steep change
from a concentration of 0 to the maximum after a short delay was observed, coherent with
the absence of the sample and showing the delay time in the system. For the GO and
GO–FeO samples, the breakthrough time was generally a little higher. The main difference
was, however, the longer time to reach saturation.

In the case of the GO–FeO samples, the outlet concentration did not reach the inlet
concentration value over the time of the experiments, ranging from 0.6 to 0.8 of the inlet
concentration at temperatures of 60 ◦C and 100 ◦C, while it reached 0.9 at 20 ◦C. This
indicates that the presence of the iron oxide influenced the capture phenomena. At 20
◦C, the difference between the GO and GO–FeO breakthrough curves is less noticeable
than at higher temperatures of 60 ◦C and 100 ◦C. This suggests that chemisorption or
surface reaction played a more important role in the presence of the iron oxide. As physical
adsorption is exothermic, the chemisorption would predominate at a higher temperature
and could also be kinetically favored. The impact of the flow rate was not significant
enough reach conclusions about mass transfer limitation impacts.
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Figure 3. Breakthrough curves of pristine GO and GO–FeO samples used for SO2 capture under
various operating conditions: (a) 20 ◦C and 15 mL/min, (b) 100 ◦C and 15 mL/min, (c) 60 ◦C and 10
mL/min, (d) 100 ◦C and 5 mL/min, with the inlet concentration (C0) at 25 ppm.

2.2.2. Capacity for SO2

The absolute capture capacity values at saturation are presented in Table S1. Since
the length of experiments varied for the experiments and the samples with iron oxide
saturated at a lower value than the inlet concentration, the absolute capacity values cannot
be easily compared. However, the ratios between the mass of SO2 adsorbed on GO–FeO
and the mass of SO2 adsorbed on GO under the same operating conditions after the same
time on stream allow for a more direct comparison. Table 1 shows the calculated capture
capacity ratios between GO–FeO and GO for each set of operating conditions. In every
case, the capture capacity ratio is significantly greater than one, indicating that the addition
of iron oxide particles clearly enhanced the SO2 capture. These capacities were calculated
considering that the SO2 was not measured by the detector, corresponding to the SO2 that
was captured and converted.

Table 1. SO2 capture capacity ratios of GO–FeO:GO at the end of the experiment.

Operating Conditions Capacity Ratio for SO2
(mgSO2 on GO–FeO/mgSO2 on GO)

20 ◦C and 15 mL/min 4.6
60 ◦C and 10 mL/min 8.1

100 ◦C and 15 mL/min 6.5
100 ◦C and 5 mL/min 2.8
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2.3. Interaction of the Materials with Sulfur

Samples of GO and GO–FexOy were analyzed using XPS before and after they were
used for sulfur capture to investigate the impact of the addition of iron. Table 2 presents
the atomic and mass percentages of each element (C, O, Fe and S) from the XPS survey
scans of four representative samples: the pristine GO and synthesized GO–FeO, before and
after their use for SO2 capture (at 20 ◦C with a 15 mL/min flow rate). This information
represents the detected atomic and mass concentrations of the species on the surface of
the material.

Table 2. XPS quantitative elemental analysis of surface compounds.

Sample C
(At%/Mass%)

O
(At%/Mass%)

Fe
(At%/Mass%)

S
(At%/Mass%)

Change in S Amount
after Capture

(Mass%)

GO 71.46/64.86 28.02/33.88 0.00 0.52/1.26 –
GO–FeO 73.05/66.75 26.79/32.61 0.15/0.64 0.00 –
GO/SO2 70.47/63.75 28.98/34.92 0.00 0.55/1.33 0.07

GO–FeO/SO2 74.11/67.65 25.52/31.03 0.23/0.98 0.14/0.34 0.34

It can be observed that there was residual sulfur on the GO from its production of
pristine GO, as it was synthesized using the classic modified Hummers’ method in which
sulfuric acid was used [55]. In the process of depositing the iron oxide particles, with
the subsequent washing, the residual sulfur was removed. This explains why there was
no sulfur detected on the surface for the GO–FeO sample before its use for SO2 capture.
Therefore, even if the concentration of sulfur detected for the samples after the capture
is higher for GO than for the GO–FeO, this is attributable mainly to the initial amount of
sulfur already present before the capture (residual from GO production). Effectively, the
increase in the mass percentage after the capture test was of 0.07% (which represents 5% of
the final sulfur content) for the pristine GO while it was of 0.34% for the GO–FeO (which
represents 100% of final sulfur content), in accordance with the ratio obtained from the
capacity calculated from the breakthrough curves. The mass percentage of sulfur after
capture does not correspond exactly to the calculated capacity, which was expected since
the XPS analysis is a surface analysis and not a bulk analysis.

High-resolution spectra with deconvolution are shown in Figure 4. The typical features
of GO can be seen in the carbon 1s spectra for GO (Figure 4a). The sp2 and sp3 carbon
hybridization peaks of graphene oxide were identified at 284.0 eV and 284.8 eV [56],
respectively, with the second one used for calibration. They represent 48 at% with a ratio
of 3:10 between sp2 and sp3. The carbon–oxygen species were identified at 286.7 eV and
higher, representing the remaining 52 at%.

The iron 2p spectra for the GO–FeO before and after SO2 capture are shown in
Figure 4c,e. Even if the valency of iron was not specifically determined (between Fe2+ and
Fe3+), the XPS analysis confirmed that the iron was in an oxidized state as expected [54],
with no metallic iron detected, which would have been at 707 eV and a lower binding
energy [57]. Since the samples were synthesized and used in an oxidizing environment, the
XPS analysis would not have caused further oxidation. However, it could have potentially
been caused by partial reduction of the sample, and then a change in the ratio between Fe2+

and Fe3+.
No observable change in the iron spectra was observed after the sulfur capture. The

presence of a sulfate species, which would likely be at around 713 eV [58], could not be
distinguished from the iron oxides in the obtained spectra. Nevertheless, no iron sulfide
species (around 707 eV [59]) were identified. Finally, the sulfur spectra are shown in
Figure 4b,d,f for GO, GO after SO2 capture and GO–FeO after SO2 capture, respectively.
In the three cases, the position of the sulfur species corresponds to sulfur oxides. For the
pristine GO, it corresponds to sulfite (SO3

2−) with 2p3/2 at 167.4 eV [58,59], while for both
the materials, it could rather be attributable to sulfate (SO4

2−) after the SO2 capture, with a
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single 2p3/2 peak position between 168.5 and 169.0 eV [58,59]. The sulfur interaction with
iron or carbon could not be fully assessed because of the relatively low amount of sulfur.
Nevertheless, the presence of sulfur was confirmed after the capture. In addition, no sulfide
species (such as Fe–S) or S0 sulfur were detected, as the BE 2p3/2 would have been between
162 and 164 eV [59,60].
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The material characterization analysis was consistent with the results of the break-
through experiments. The characterization analyses confirmed the deposition of iron oxide
particles on the graphene oxide and the presence of sulfur after the capture experiments.
The breakthrough experiments demonstrated a substantial increase in capture capacity
with the addition of iron oxide particles, which was also confirmed with the XPS analysis.
An influence of the temperature was also observed. In comparison with other adsorbents
(Table 3), the proposed iron oxide/graphene oxide composite material is promising, even
if direct comparison is not trivial, as their capture capacities are dependent on operating
conditions. The main advantage of this material is in allowing a concentration of 0 ppm
(with a detection limit of <1 ppm) to be reached, therefore offering a virtually total sulfur
removal possibility.

Table 3. Comparison of sorbents used for SO2 capture.

Material Description Inlet SO2
Concentration (ppm) Temperature (K) Capture Capacity

(mg SO2/g sorbent) Reference

Modified coconut shell 200 298 0.4–0.8 [61]
Mn–Zn–Fe metal oxide

nanocomposite 100 298 31 [62]

Fly ash/ KOH 40 298 7.0 [63]
Modified nanocellulose 25 298 2.0 [64]

This study 25 293–393 0.6–1.5 N/A

3. Materials and Methods
3.1. Materials

High-surface area graphene oxide prepared by the modified Hummers’ method was
purchased from ACS Materials, Pasadena, CA, USA (type B GO), with a reported measured
BET specific surface area of 400 m2/g. Iron nitrate nonahydrate (FeNO3·9H2O, precursor
salt), ethylene glycol (99%) and sodium hydroxide (NaOH) pellets were obtained from
ThermoFisher Scientific, Ottawa, ON, Canada.

3.2. Iron Oxide Graphene Oxide Preparation

For the preparation of the iron oxide particles, the precursor salt was dissolved in
ethylene glycol, in a round-bottom flask. A 0.12 M solution of sodium hydroxide in ethylene
glycol was added dropwise to obtain a pH of around 12 to control the size of the particles.
The round-bottom flask was heated up to 160 ◦C under reflux using a silicone oil bath, thus
completing the polyol process [54].

For the deposition of the prepared particles on GO, a volume of 2.63 mL of the solution
was then mixed with GO (100 mg) and distilled water to target a 5 wt% loading of iron.
The stirring was continued for a duration of 48 to 72 h, to ensure proper deposition of the
particles on the surface of the GO. After stirring, the solution was centrifuged, air-dried
and ground to obtain the iron oxide GO composite material (referred to as GO–FeO).

3.3. SO2 Capture Studies

The SO2 capture studies were performed using a heated tubular horizontal quartz
tube containing the material to study (pristine GO or GO–FeO) sandwiched between quartz
wool to form a short-length packed bed (Figure 5). The inlet flow rate was controlled using
a rotameter (indicated as FC in Figure 5) connected to the system. To provide uniform
heating, the quartz tube was inserted in a steel tube wrapped with a heating tape around it.
A thermocouple (indicated as TIC in Figure 5) was connected to the outlet end of the reactor
and placed near the material to measure the temperature in the vicinity of the material. The
sample material was positioned in the last quarter of the tube to ensure the gas heated up
to the desired testing temperature. The outlet stream was analyzed using an SO2 detector
(Dräeger X-am 2500 Detector from Drägerwerk AG & Co. KGaA, Lübeck, Germany) to
measure its concentration in the outlet stream. When operated at a temperature higher
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than room temperature, the outlet stream, prior to SO2 analysis, was cooled by passing
it through a coil in an iced bath, to ensure accurate measurement. The entire setup was
placed in a fume hood.
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Each capture study was performed using 50 mg of the sample and until steady-state
outlet concentration was reached. Prior to the capture test, the sample was purged with N2
gas at room temperature for 20 min. For the capture studies, a standard mixture of 25 ppm
of SO2 in argon (standard mix obtained from Messer Canada, Mississauga, ON, Canada)
was used for the inlet gas stream. The following operating parameters (temperature and
flow rate) were investigated (Table 4).

Table 4. SO2 capture experiment operating conditions.

Sample Type Temperature (◦C) Inlet Flow Rate 2

(mL/min)
Inlet Gas Hourly Space

Velocity 2 (mL/h/gsample)

None 1 20/60/100 5/10/15 6000/12,000/18,000
GO 20 15 18,000
GO 100 5 6000
GO 100 15 18,000
GO 60 10 12,000

GO–FeO 20 15 18,000
GO–FeO 100 5 6000
GO–FeO 100 15 18,000
GO–FeO 60 10 12,000

1 Blank experiments (empty tube) were conducted for each combination of operating conditions. 2 Controlled at
20 ◦C and atmospheric pressure.

3.4. Calculation of Capture Capacities

Breakthrough curves were used to calculate the capture capacities of the samples after
the time on stream, as explained in previous work [64]. The system was considered to have
reached saturation when the outlet concentration was constant. The outlet concentration
measured and obtained for the blank experiments was 25 ppm, which differed from
the supplier-provided information of 35 ppm. The concentration of 25 ppm was then
considered and used for the calculation of saturation capacities to allow for a proper
comparison between samples and because it avoided any overestimation of the capture
capacity. The SO2 capture capacity at saturation was then calculated using Equation (1):

Q =
[(
∫
(C0 − Ct)dt)× volumetric flowrate]

Mass of material
(1)

where Q is the capture capacity (mg SO2/g adsorbent), C0 and Ct are the concentrations
of SO2 at the inlet and outlet, respectively, and t is time. Finally, the blank experiments
showed that the reactor system was inert in adsorbing gas, given that the concentration of
SO2 in the outlet gas steam quickly reached 25 ppm and was then stable.
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3.5. Material Characterization

Surface morphology investigations were performed using a JEOL JEM-2100F field-
emission TEM in brightfield mode (JEOL CANADA, St-Hubert, QC, Canada). Energy-
dispersive X-ray spectroscopy (EDXS) analyses for elemental composition were conducted
using the JEOL JSM-7500F field-emission SEM/STEM mode (JEOL CANADA, St-Hubert,
QC, Canada). The samples for TEM and SEM were prepared by dispersing the material in
ethanol using an ultrasonic bath and adding one drop on the grid or on the support.

X-ray photoelectron spectroscopy (XPS) analysis was conducted using an Axis Ultra
DLD from Kratos Analytical Ltd (Manchester, UK) with Al Ka monochromatic X-ray source
at 225 W, using the Kratos charge neutralizer. Survey scans were acquired at a 160 eV pass
energy and high-resolution scans, at a 20 eV pass energy. The charging effect was corrected
with the binding energy (BE) of sp3 carbon hybridization (BE = 284.8 eV [56,65]). A doublet
separation value of 1.18 eV was used for sulfur 2p, and 13 eV was used for iron 2p [58].
Data treatment was performed using CasaXPS software (Version 2.3.23).

4. Conclusions

In this work, particles of iron oxides were deposited on graphene oxide. Pristine
GO and composite (GO–FeO) materials were tested for SO2 capture at relatively low
temperatures and from a stream containing 25 ppm of the pollutant gas. The TEM analysis
of the samples showed that the GO structure was conserved, while the EDXS analysis
confirmed the presence of iron species on the surface through elemental analysis. The XPS
analysis of the prepared samples indicated that these deposited iron particles were in an
oxidized state with no metallic iron on the surface.

The capture experiments showed that both the GO and GO–FeO could capture SO2,
but that the capture capacity was higher when iron oxide particles were added. The mass
of SO2 captured on GO–FeO samples was 2.8 to 8.1 times higher than on GO, depending
on the conditions. The presence of sulfur on the surface after the capture experiment
was confirmed by both EDXS and XPS analysis of the used samples. The XPS analysis
performed on samples used for capture at 20 ◦C with a 15 mL/min flow rate indicated that
a higher sulfur mass was found on the surface for the GO–FeO (+0.34 wt%) sample than
for the pristine GO (+0.07 wt%), consistent with the increase in capture capacity measured
using the breakthrough experiments. Temperature seems to influence capture phenomena
by impacting the saturation point and capacity, suggesting that it does not purely involve
physical adsorption, but rather chemisorption or a combination of phenomena, especially
in the presence of iron oxide. These results indicate that the addition of iron oxide enhances
the SO2 capture properties of GO.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13121469/s1, Figure S1: EDXS analysis of a. pristine GO and b.
synthesize GO-FeO composite; Table S1: Calculated SO2 capture capacities of GO and GO-FeO.
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