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ARTICLE INFO ABSTRACT

Handling Editor: Grzegorz Lisak Carbon-encapsulated iron oxide nanoparticles (CE-nFe) have been obtained from an industrial waste (oil mill
wastewater-OMW, as a carbonaceous source), and using iron sulfate as metallic precursor. In an initial step, the

Keywords: hydrochar obtained has been thermally activated under an inert atmosphere at three different temperatures

Hydrothermal carbonization (600 °C, 800 °C and 1000 °C). The thermal treatment promotes the development of core-shell nanoparticles, with

Core-shell nanoparticles
Fe@C
HaS

an inner core of a-Fe/Fe304, surrounded by a well-defined graphite shell. Temperatures above 800 °C are needed
to promote the graphitization of the carbonaceous species, a process promoted by iron nanoparticles through the
dissolution, diffusion and growth of the carbon nanostructures on the outer shell. Breakthrough column tests
show that CE-nFe exhibit an exceptional performance for HyS removal with a breakthrough capacity larger than
0.5-0.6 g H2S/8catalyst after 3 days experiment. Experimental results anticipate the crucial role of humidity and
oxygen in the adsorption/catalytic performance. Compared to some commercial samples, these results constitute
a three-fold increase in the catalytic performance under similar experimental conditions.

* Corresponding author.
E-mail address: joaquin.silvestre@ua.es (J. Silvestre-Albero).

https://doi.org/10.1016/j.chemosphere.2024.142140

Received 9 January 2024; Received in revised form 16 April 2024; Accepted 24 April 2024

Available online 28 April 2024

0045-6535/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


mailto:joaquin.silvestre@ua.es
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2024.142140
https://doi.org/10.1016/j.chemosphere.2024.142140
https://doi.org/10.1016/j.chemosphere.2024.142140
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2024.142140&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Abid et al.
1. Introduction

Hydrogen sulfide is a colorless gas with a characteristic “rotten egg”
odor that is soluble in a number of liquids (e.g., water, alcohols, amines,
etc.). In the atmosphere, hydrogen sulfide can undergo a number of
oxidation reactions to produce sulfur dioxide and sulfuric acid,
responsible for acid rain, or elemental sulfur. H,S emissions to the at-
mosphere are attributed to the volcanic activity on Earth and to the
degradation of plants and animal proteins by bacterial action. Indus-
trially, HoS is a by-product in several reaction processes (e.g., coke
production from sulfur-containing coal, manufacture of viscose rayon,
pulp and paper processing, etc.), and it is also an important reagent in
some processes. HyS is also a typical impurity in fuel gases, such as
natural gas, biogas, syngas, etc., and wastewater streams. The World
Health Organization (WHO) and the National Institute for Occupational
Safety and Health (NIOSH) have defined an occupational exposure limit
for HyS of 10-15 mg/m> (7-10 ppm) in an 8h time-weighted-average or
a ceiling limit of 20 ppm in workplace air for a 15-min time-weight-
average (WHO Report, 1981; EPA Report, 2016). These stringent regu-
lations require the design of novel, cost-effective technologies for the
efficient capture and removal of HyS from industrial streams (Pudi et al.,
2022; Sun et al., 2022). In addition to the toxic effects identified, ppm
levels of HyS in industrial streams can cause severe problems due to the
corrosion of pipes, equipments, as well as poison downstream catalysts.
Among the different possibilities to remove hydrogen sulfide (amine
scrubbing, biofilters, etc.), adsorption in the cavities of nanoporous
solids (e.g., using carbon materials) can be considered a promising
approach for industry owing to its affordability, flexibility, energy effi-
ciency, and ease of operation (Liu et al., 2020). In a very comprehensive
study, Bandosz et al. identified the critical aspects defining the perfor-
mance of activated carbon materials for HyS adsorption/oxidation
(Bandosz et al., 2002). Parameters such as pore size (smaller pores can
be important for the process), surface chemistry, presence of water,
surface pH, etc., were identified as critical parameters defining the
adsorption/oxidation capacity and the selectivity towards the final
products. Activated carbons’ performance for hydrogen sulfide removal
can be highly improved by surface impregnation with caustic sub-
stances, e.g., NaOH, KI, or KOH (Bandosz et al., 1999; Bagreev and
Bandosz, 2022). However, impregnation with these chemicals has
several disadvantages such a decrease in the ignition temperature of the
carbon, corrosion problems, production of elemental sulfur as the main
reaction product, etc. Incorporation of metal species in the carbon ma-
terial has been also proposed as a promising approach to enhance the
oxidation performance towards H»S. Impregnation with transition metal
salts (e.g., iron, copper, zinc, etc.) has been described in the literature to
enhance the catalytic performance of carbon materials with a small
additional cost (Chen et al., 2022; Balsamo et al., 2016; Choudhury and
Lansing, 2021). One of the critical aspects in the preparation of met-
al/carbon composites concerns the presence of a highly dispersed active
phase, with an optimum in the number of exposed active sites, and the
mitigation of potential sintering phenomena. A promising approach to
achieve highly dispersed metal oxide nanoparticles in a carbon matrix
consists in the catalytically assisted hydrothermal carbonization (HTC)
of organic precursors. This approach allows to fabricate metal/carbon
nanoarchitectures (Te, Fe, etc.) under mild synthesis conditions, with
controlled size and shape, in most cases, with a core-shell morphology,
and more importantly, with the possibility to use biomass-residues as
carbon source (Qian et al., 2006; Yu et al., 2004; Calderon et al., 2018;
Munoz et al., 2021; Vargas-Estrada et al., 2023).

Taking into account the promising results achieved so far with HTC
to reach highly dispersed metal nanoparticles, the main goal of this
manuscript is the synthesis, characterization and application of iron
oxide nanoparticles encapsulated in carbon-rich nanostructures ob-
tained via a one-pot synthesis approach through hydrothermal metal-
catalyzed carbonization (HTC). A biomass residue from the oil pro-
cessing industry (Alpechin) was used as a carbon source. The
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synthesized hybrid nanoparticles have been characterized using a
number of techniques and their catalytic performance has been tested in
the dry/humid removal of H,S in industrial simulated streams.

2. Materials and methods
2.1. Synthesis of metal-doped hydrochars

The nanoparticles used were synthesized at the spin-off company
CALPECH (Ce-in Plus) belonging to the University of Alicante. These
consist of iron oxide nanoparticles covered by an amorphous carbona-
ceous layer. The nanoparticles were synthesized from olive mill waste-
water (known as Alphechin) through a hydrothermal carbonization
process (HC-OMW), similar to the ones described elsewhere, but using
FeSO4 as a metal precursor (Calderon et al., 2018). Once synthesized,
iron nanoparticles were thermally treated or “activated” at high tem-
peratures in a horizontal furnace. Briefly, the HC-OMW sample was
spread in an alumina boat and thermally treated at the desired tem-
perature (600-1000 °C) for 3h under a nitrogen flow (100 ml/min;
heating ramp: 10 °C/min). Upon completion of the thermal treatment,
samples were cooled down and exposed to water vapour in the tem-
perature range from 100 °C down to room temperature. The passivation
step using humid nitrogen is mandatory to avoid ignition upon air
exposure. The obtained products were labelled HC-OMW-T, where T
represents the activation temperature.

2.2. Sample characterization

Phase composition of the evaluated samples was identified using
XRD. These analyses were performed in a Bruker diffractometer (model
D8-Advance) equipped with a copper anode and a Goebel mirror.
Textural properties were evaluated through nitrogen adsorption at
cryogenic temperatures (—196 °C) using a home-built manometric
equipment designed and constructed by the “Laboratorio de Materiales
Avanzados” group (and now commercialized by Gas-to-Materials — www
.g2mtech.com). Before gas adsorption measurements, samples were
outgassed at 250 °C for 4h. The surface area was calculated using the
BET method, while Dubinin-Radushkevich equation was applied to es-
timate the micropore volume. Raman spectroscopy studies were per-
formed using a Jasco NRS-5100 spectrometer working with a laser of
532 nm and a CCD detector.

X-ray photoelectron spectroscopy (XPS) analyses were performed
using a K-ALPHA Thermo Scientific instrument (pressure 5 x 107 N
m’z). The spectra were collected using Al-K radiation (1486.6 eV) with
a twin crystal monochromator, generating a focused X-ray spot with a
diameter of 400 nm, at 3 mA x 12 kV.

Transmission electron microscopy (TEM) measurements were ob-
tained using a TEM 120 kV JEOL JEM-1400Plus model equipped with an
image acquisition camera GATAN model ORIUS with a resolution of
0.38 nm between points and 0.2 nm between lines. The morphology of
the synthesized carbon materials was evaluated using field-emission
scanning electron microscopy (FESEM). These analyses were collected
in a Merlin VP Compact system from ZEISS equipped with an EDX
microanalyzer Quantax 400 from Bruker with a resolution of 0.8 nm at
15kV and 1.6 nm at 1 kV.

Thermogravimetric analyses were carried out in a Mettler Toledo
TG-DSC2 equipment using 20 mg of sample in an alumina crucible and a
thermal treatment up to 1500 °C in air or nitrogen, accordingly (100 ml/
min; heating rate 10 °C/min).

2.3. Breakthrough tests

Hj,S breakthrough column experiments were performed in a fixed
bed tubular reactor (i.d. 1 cm and height 15 cm) at room temperature
using ca. 0.5-1 g of sample. A total flow of 80 ml/min was used (space
velocity ~ 2000-3000 h™!) by combining two different gas cylinders, i.e.
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40 ml/min of mixture (I) containing HsS (1600 ppm)/N3 (50%)/
CO2(50%), and 40 ml/min of a mixture (II) containing N2/O3 (5% O2).
HoS concentration was continuously monitored using an electro-
chemical detector from Draguer. The inlet concentration was always
fixed at 800 ppm and breakthrough tests were stopped after 72h.
Moisture was added using a glass saturator (relative humidity range
40-70%).

3. Results and discussion
3.1. Synthesis and characterization of the core-shell nanoparticles

Understanding the conversion of biomass-derived residues into
advanced hydrochars is challenging due to the complexity of the reac-
tion processes taking place under hydrothermal carbonization condi-
tions (HTC) (Shi et al., 2019). In a first step, cellulose and hemicellulose
in the biomass are hydrolyzed to biomolecules, such as lipids, tannins,
glucosides, carbohydrates, etc., and subsequently converted (e.g., aldol
condensation) into polyphenols, amino acids, aldehydes, and peptides.
In a subsequent step, these primary key components are oxidized (e.g.,
quinones) and polymerized to more complex structures, including
humid macromolecules (Wei et al., 2022). The final product, hydrochar,
is a solid polymer rich in unsaturated polycyclic structures and a rich
surface chemistry (oxygen functional groups) (van Zandvoort et al.,
2015; Sevilla and Fuertes, 2009). Previous studies described in the
literature have anticipated that alphechin-based residues (coming from
the olive oil extraction process), modified with iron salts, can be con-
verted into well-defined zero-valent iron nanoparticles (CE-nFe) with
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core-shell morphology via hydrothermal carbonization (Calderon et al.,
2018; Munoz et al., 2021; Vargas-Estrada et al., 2023). Under hydro-
thermal conditions, iron nanoparticles are encapsulated by chelating
agents (e.g., polyphenols), and after polymerization/aromatization give
rise to a brownish solid made of carbon nanostructures encapsulating
iron nanoparticles. One of the open questions at this stage is the amount
and nature of these iron nanoparticles and the structure and morphology
of the carbon layers. To this end, several characterization techniques
have been applied to the CE-nFe sample. Fig. S1 shows the thermogra-
vimetric (TG) analysis in an air atmosphere of the original sample
(called HC-OMW). TG profile shows several weight losses in the tem-
perature range 200-600 °C, the main contribution at 210 °C (ca. 40%)
due to the combustion of amorphous carbon encapsulating the iron
nanoparticles. Upon complete combustion, the remaining metal content
is 41.6 wt%.

Hydrothermally synthesized hydrochars do not exhibit porosity and
a thermal processing or “activation treatment” is needed. This activation
is performed under an inert atmosphere (e.g., N») and gives rise to a
highly porous network through the conversion of the amorphous
carbon-based precursors into ordered graphite and/or graphene micro-
domains. This re-structuring process must be assisted by iron nano-
particles, thus explaining the core-shell morphology observed (Fig. 1A).
TEM images confirm the core-shell morphology with well-defined car-
bon layers encapsulating iron nanoparticles. Interestingly, the width of
the carbon shell increases with the activation temperature (from ca. 10
nm at 600 °C to ca. 50 nm at 1000 °C). A careful evaluation of these
shells allows to identify some structural ordering in the form of gra-
phene/graphite layers. The observed morphology and the identification
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Fig. 1. A TEM images for (a) HC-OMW-600, (b) HC-OMW-800 and (d) HC-OMW-1000, B XRD pattern for the different samples after the activation step, C Nitrogen

adsorption/desorption isotherms for the activated samples.
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of FesC species (Fig. 1 A&B) provide some light into the formation
mechanism, most probably through the dissolution of amorphous car-
bon species in the iron nanoparticles and their subsequent re-
organization in the outer shell, similar to the growth of carbon nano-
tubes on Fe or Co nanoparticles. This mechanism involves the decom-
position of the carbon precursors, diffusion of carbon into the iron
nanoparticles (through the formation of iron carbide) and the re-
structuring of these carbon nanostructures at the interface (Abdullah
et al., 2017). For large metal nanoparticles (>50 nm, such as the ones
used in this study), nanoonions are favored over carbon nanotubes (Gore
and Sane, 2011). XRD pattern of the activated samples reflects a sig-
nificant difference in composition for the iron nanoparticles, depending
on the activation temperature applied. At low temperatures (e.g.,
600 °C), Fe304 is the main phase. Higher temperatures (above 800 °C)
are needed to identify the presence of iron carbide, metallic iron (a-Fe)
and graphite. In other words, temperatures above 800 °C are needed to
promote the nanoonions growth mechanism. TEM images suggest that
although these ordered graphite nanostructures are already formed at
600 °C, their width is larger at 800 °C and above. TEM images also
anticipate the presence of larger iron nanoparticles (metal sintering) for
sample HC-OMW-1000. Nitrogen adsorption/desorption isotherms
(Fig. 1C) confirm the development of the porosity with the activation
temperature (preferentially above 800 °C). The BET surface area scales
from 110 m?/g, for sample HC-OMW-600, up to a maximum around
230-245 mz/g, for samples activated at 800 °C and 1000 °C (Table S1).
These results confirm that carbon deposits surrounding iron nano-
particles are porous, the newly developed micro- and mesopores being
responsible for the increased surface area. Nitrogen adsorption data
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confirm the presence of a widely developed microporous structure
(rounded knee at low relative pressures), together with well-defined
mesocavities. Furthermore, mesoporosity is evident in all samples due
to the presence of a market hysteresis loop down to p/pg =~ 0.42 (Type
H4, according to the IUPAC), attributed to mesopores of ca. 4-6 nm
(Fig. S2) (Thommes et al., 2015). Fig. S3 shows the Raman spectra for
the three evaluated hydrochar samples. The sample activated at low
temperatures (HC-OMW-600) exhibits a rather flat spectrum due to the
amorphous nature of the carbon deposits on the iron nanoparticles. The
scenario changes drastically for samples thermally treated at higher
temperatures. For these samples (800 °C and above), the Raman spectra
consist of two well-defined overlapping bands at around 1332 cm ™! and
1573 cm™}, known as D (assigned to ring-breathing vibrations in ben-
zene or condensed benzene rings) and G (assigned to in-plane bond--
stretching motion of pairs of C sp? atoms in aromatic and olefinic
molecules) bands, respectively, characteristic of carbonized materials
(Cuesta et al., 1994). These results anticipate that aromatization/-
graphitization of the hydrochars takes place after a high-temperature
thermal treatment, in close agreement with XRD observations and Ny
adsorption isotherms. Evaluation of the Ip/Ig ratio shows that this ratio
increases for sample HC-OMW-1000, i.e., graphitization is higher at
high temperatures. Furthermore, Raman spectra for this sample reflects
a contribution at 2674 cm™! (second order of zone-boundary phonons),
attributed to the 2D band of graphene/graphite layers (Ferrari et al.,
2006). Interestingly, the asymmetry of the 2D band at low Raman shifts
and the lower intensity of the 2D band compared to the G band suggests
the preferential formation of defective graphite microdomains, in
agreement with XRD results.
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3.2. Catalytic performance of the Fe-based nanoparticles

The catalytic performance of the synthesized nanoparticles has been
tested in the removal of H,S at low concentrations (800 ppm) and room
temperature. Fig. 2 A&B shows the breakthrough column experiments at
two different humidity ratios (40 and 70%). In both scenarios, the cat-
alytic performance follows a similar tendency, i.e., samples HC-OMW-
600 and HC-OMW-800 exhibit an exceptional performance, while
sample HC-OMW-1000 breaks down relatively fast (at this point it is
important to highlight that temperatures below 600 °C were tested but
with poor adsorption/catalytic performance). Furthermore, these results
anticipate a promoting effect of humidity for all samples, the adsorp-
tion/catalytic performance being highly improved for the samples tested
under 70% relative humidity. The crucial role of H,O in the catalytic
process can be more clearly discerned in Fig. 2C. Sample HC-OMW-600
exhibits a poor performance under dry conditions (114 mg/g), with a
breakthrough time of ca. 153 min. Incorporation of 40% relative hu-
midity improves the catalytic performance (removal capacity 434 mg/
g), with a breakthrough time of ca. 1216 min, and finally, the sample
tested at 70% relative humidity exhibits a removal performance as high
as 661 mg/g, with a total break time of ca. 1650 min. These results are
summarized in Fig. 2D and Table S2. Overall, breakthrough tests reflect
the exceptional performance of samples HC-OMW-600 and HC-OMW-
800 at high humidity ratios (ca. 650-660 mg/g for both samples). At
this point, it is important to highlight that the non-activated sample (HC-
OMW) exhibits a total removal capacity of ca. 2 mg/g (not shown), i.e.,
the thermal processing step at 600 °C and above is crucial in the
development of the active sites for the catalytic conversion of HyS. The
activation step also promotes the development of the porosity, although
the effect of the porosity in the HyS removal process, if any, must be
minimal considering the drastically different performance of samples
HC-OMW-800 and HC-OMW-1000 (despite a similar porosity). The
crucial role of water in the oxidation mechanism has been widely
described in the literature (Kaliva et al., 1983). In fact, H,O is needed in
the initial steps of the reaction to promote HyS dissolution and dissoci-
ation to hydrogen sulfide ions (HS™) and the formation of iron
hydroxides.

To check the reproducibility of the synthesis procedure, samples HC-
OMW-T have been reproduced using the original HC-OMW residue and
following the activation procedure described above. Reproduced sam-
ples (batch 2) have been tested in the H,S adsorption process exclusively
at 70% relative humidity and 25 °C. As it can be appreciated in Fig. 54,
the breakthrough profiles for batch 2 are rather similar to those obtained
with batch 1, for the three samples evaluated. The results obtained with
samples HC-OMW-600 and HC-OMW-800 are exceptional, with values
above 550-600 mg/g. However, these numbers are slightly lower than
those obtained in the first batch, preferentially for sample HC-OMW-800
(i.e., 649 vs 564 mg/g — 13% lower). The larger difference for the sample
activated at 800 °C (only 7% in the case of sample HC-OMW-600)
demonstrates that highly activated samples are more heterogeneous in
nature and the reproducibility has larger variance. A third batch was
produced (not shown) to estimate the uncertainty for HyS removal
depending on the sample evaluated. Total adsorption values were 632
+ 24 mg/g (HC-OMW-600), 607 + 42 mg/g (HC-OMW-800) and 188 +
4 mg/g (HC-OMW-1000). Furthermore, samples HC-OMW-T (batch 1)
were evaluated 6 months after preparation to identify potential aging
processes. Fig. S5 shows that the breakthrough profiles keep the original
shape after aging, although the adsorption performance slightly de-
creases for all samples (ca. 15-25%). In any case, the obtained results for
samples HC-OMW-600 and HC-OMW-800 are always close to or above
500 mg/g, independently of the batch evaluated and the aging process,
thus confirming the exceptional quality of these samples for HyS
removal.

Another key component in the catalytic tests is the presence of ox-
ygen in the reaction mixture. As described in the experimental section,
the results described in Fig. 2 were performed with 2.5% of O, in the gas
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mixture. To identify the crucial role of oxygen in the catalytic process,
similar experiments were performed for sample HC-OMW-600, but
using pure nitrogen instead of a No/Oy mixture. Breakthrough column
experiments in Fig. S6 demonstrate the drastic effect in the reaction
process after the incorporation of a small oxygen content (2.5%). In the
absence of oxygen, the catalytic performance is significantly decreased
with a total capacity as low as ca. 61 mg/g. In summary, breakthrough
column experiments demonstrate that CE-nFe nanoparticles activated at
temperatures between 600 °C and 800 °C are exceptional materials for
the removal of HyS in industrial streams, preferentially in the presence
of oxygen and humidity.

To complete the catalytic/adsorption evaluation, a final test was
performed to evaluate the potential regeneration of these catalysts after
the HyS breakthrough column experiments. Two different regeneration
approaches were applied to the exhausted samples (4200 min under HoS
reaction conditions): (A) a thermal treatment at 300 °C for 4h using a
humid nitrogen flow (200 ml/min; heating rate 10 °C/min), or (B) a
simple regeneration process flowing pure nitrogen at 25 °C overnight
until no sulfur is detected in the sensor. Fig. S7 shows that none of the
regeneration approaches evaluated is suitable to recover the original
adsorption/catalytic activity of sample HC-OMW-600. In both cases,
after 4200 min under working conditions (experiment 1) the catalysts
are nearly deactivated, and only the cleaning process with nitrogen at
25 °C is able to recover partly some catalytic activity. Overall, these
findings anticipate that the regeneration is a complex process and novel
approaches must be evaluated in future studies.

3.3. Characterization of the used catalysts

To ascertain the nature of the active species, iron-encapsulated
nanoparticles have been characterized after the HyS experiments
(labelled HC-OMW-T-af). XRD patterns of the used samples (Fig. 3A)
show the characteristic contributions for Fe3Og4, for sample HC-OMW-
600, and o-Fe and Fe3C, for samples HC-OMW-800 and HC-OMW-
1000. In addition, some tinny contributions due to elemental sulfur
(Sg) at 25° and 28°, and FeS can be discerned, preferentially for the most
active catalysts. XPS analyses have also been used to estimate the surface
composition of the different catalysts before and after the HjS tests
(Table S3). As expected, the original samples contain a high carbon
(70-90 at.%) and oxygen (7-25%) content. In addition, original samples
contain a significant amount of iron, and some residual sulfur due to the
metal precursor used (FeSO4). Iron and oxygen contents decrease for the
sample activated at 1000 °C due to the decomposition of the surface
functionalities and the sintering of the metal nanoparticles at high
temperatures. After exposing the iron nanoparticles to H,S, the chemical
composition of the catalysts remains relatively unchanged, except the
sulfur content that highly increases with a maximum for sample HC-
OMW-800, in close agreement with the catalytic data. The comparison
of the XPS spectra in the Fe2p region for the fresh and used catalysts is
shown in Fig. 3B. XPS spectra show the characteristic peaks of Fe3O4
with maxima at 709.8 eV (Fe*") and 711.0-713.1 eV (Fe>" octahedral
and tetrahedral, respectively) (Yang et al., 2014; Li et al., 2019). These
results are in close agreement with the XRD patterns described above.
The absence of peaks due to iron carbide (ca. 708.2 eV) and metallic iron
(ca. 706.8 eV) must be attributed to the surface sensitivity of the XPS
data (Li et al., 2019; Tian et al., 2019). The XPS spectra of the used
catalysts are relatively similar those obtained for the original samples
with contributions at 710.1, 711.4 and 713.7 eV, characteristics of
Fe304. At this point it is important to highlight that Fe-S species will
nearly overlap with the Fe-O contributions, with the associated
complexity to identify changes after H,S treatment (Zhang et al., 2017).
However, a tinny contribution at 708.1 eV can be appreciated for sample
HC-OMW-600-af, most probably due to Fe-S. For a better evaluation of
the sulfur species formed under reaction conditions, the XPS spectra in
the S2p region have been evaluated for the used catalysts (Fig. 3C). The
sample activated at the lowest temperature (HC-OMW-600) exhibits the
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Fig. 3. A XRD pattern of the evaluated samples after the breakthrough tests; B XP spectra of the different samples in the Fe 2p region before and after the

breakthrough tests, C XP spectra in the S2p region for the used nanoparticles.

characteristic peaks of iron sulfate (doublet at 169.8 eV and 168.6eV),
sulfur and iron mono-, di- and polysulfides anions (164.9 eV, 163.8 eV,
162.8 eV and 161.9 eV). More specifically, contributions in the
165.0-161.0 eV could be assigned to elemental sulfur (164.9 eV), and
sulfide anions: Slz,’ (163.8 eV) and S%’ and S%~ (162.8 eV and 161.9 ev,
respectively) (Zhang et al., 2017; Lang and Butler, 2016; Mikhlin et al.,
2001). Samples activated at higher temperatures (800 °C & 1000 °C)
promote the formation of elemental sulfur and polysulfide anions over
sulfates (coming from the metal precursor used) and mono-/disulfides.
These observations will agree with the reaction mechanism described in
the literature under oxygen-rich conditions, i.e., intermediate formation
of sulfides (e.g., FesSs, FeS, FeS; and FesS,), and their subsequent
oxidation to regenerate the initial oxides, and the formation of Sg de-
posits or S,ZC anions in carbon defects (Davydov et al., 1998; Wang et al.,
2019). The in-situ regeneration of the active sites under the oxygen-rich
reaction conditions applied in this study will explain the similarity in the
XPS spectra for Fe, before and after HS tests, and the optimum per-
formance of these HC-OMW-T catalysts for extended time-periods.

The pH of the synthesized catalysts is also an important parameter

that can influence the HyS removal capacity. Shang et al. highlighted the
important role of surface pH in the adsorption performance (Mikhlin
et al., 2001). Table S4 compares the pH of the original and used cata-
lysts. Original HC-OMW sample (non-activated) exhibits a neutral pH.
However, after the activation treatment, all samples exhibit an initial pH
close to 10. The initial pH (highly above the pK, for HyS) is highly
favorable for the HyS adsorption process, although it cannot fully justify
the catalytic performance (for instance, the low catalytic activity for
HC-OMW-1000). In other words, although pH could define the H,S
adsorption mechanism, a basic environment is not the main factor
defining the total oxidation capacity (Bandosz et al., 2002). After reac-
tion, the pH of all samples remains basic (ca. 7-8), thus precluding the
formation of sulfuric acid as the main reaction product in these catalysts.

The morphology of the original and used catalysts has been evalu-
ated using FE-SEM images and mapping for C, Fe and S. Figs. 4 and 5
show representative images for the HC-OMW-600 and HC-OMW-1000
catalysts after being exposed to HsS breakthrough column experi-
ments. Raw images (upper left corner) show a heterogenous distribution
of micrometer-size aggregates containing white spherical nanoparticles
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on the outer surface. The presence of these rounded nanoparticles on the
outer surface is more clearly visible in the sample activated at 1000 °C
(larger particles), thus showing that their size depends on the activation
conditions used. Similar spheres are observed in the original samples
upon activation (Fig. S8). These nanospheres are typical in thermally
treated biomass-based residues and could arise from polymerization of
saccharides or polyphenols. Similar spherical micrometer-size nano-
particles were observed by Sevilla et al. upon hydrothermal carboniza-
tion of carbohydrates (glucose, sucrose and starch) (Sevilla et al., 2009).
Fe, C and S mapping shows that these three elements are homogenously
distributed in the evaluated regions. The similarity in size and shape
between the spherical nanospheres (Figs. 4 and 5) and the core-shell
nanoparticles observed with TEM (Fig. 1A) confirm that these outer
nanospheres correspond indeed to the iron/graphite nanoparticles.
Their homogeneous distribution confirms the success of the HTC process
in the preparation of perfectly designed core-shell carbon-encapsulated
iron nanoparticles. At this point it is important to highlight the larger
size of these Fe@carbon nanospheres after a thermal treatment at
1000 °C (Fig. S8), also reflected in the iron XPS content described in
Table S3, and in agreement with TEM images (Fig. 1A). Iron sintering at
high temperatures could be one of the reasons to explain the poor per-
formance of sample HC-OMW-1000 in the HsS removal process.

To further understand the reaction process, original and used cata-
lysts were evaluated using thermogravimetric analysis under a nitrogen
atmosphere. The main goal was to identify differences in the surface
evolved species before and after the H,S experiments. Fig. 6 compares
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the TG profiles for the original and used catalysts in the temperature
range from 25 °C to 1500 °C. As expected, the weight loss in all catalysts
is much higher in the used samples due to the formation of sulfur-based
species, the weight loss decreasing with the thermal background of the
evaluated samples (600 °C > 800 °C > 1000 °C). Original samples
exhibit three small weight losses at ca. 140 °C, 700 °C and 950 °C
attributed to the decomposition of oxygen-containing functional groups
(low temperature peak), and decomposition of deposited amorphous/
defective carbon structures at high temperatures (Liu et al., 2007; Han
et al., 2016). Han et al. proposed similar weight changes above 600 °C
for GO, r-GO and graphite (Han et al., 2016). The higher stability of the
surface species in samples HC-OMW-800 and HC-OMW-1000 must be
attributed to the thermal history of these samples and the lower content
of amorphous/defective carbon (higher graphitization degree).
Concerning the used catalysts, thermal analysis shows some differ-
ences compared to the original samples. All samples exhibit an initial
weight loss at relatively low temperatures (275 °C-297 °C), not present
in the fresh catalysts. This peak is relatively large (main component) for
samples HC-OMW-600 and HC-OMW-800, i.e., the most active catalysts.
Bandosz et al. observed similar decomposition peaks in activated carbon
materials after serving as HyS adsorbents, and attributed them to the
vaporization of surface generated species, mainly sulfur, or the decom-
position (or oxidation when using air in the TG) of adsorbed sulfuric and
sulfurous acids (with the associated emission of SOz and SO5) (Bandosz
et al., 2002, Bandosz et al., 1999). Vaporization of elemental sulfur can
explain these low-temperature peaks, taking into account the large

HC-OMW-600

Weight (%)

HC-OMW-800

HC-OMW-1000

. . Vs -
942°C
1112°C

L
(niwyy) o1a

T T T T T T T T T T
200 400 600 800 1000 1200 1400 200 400 600

Temperature (°C)

T T T T T T T T
800 1000 1200 1400 200 400 600 800

Temperature (°C)

T T T
1000 1200 1400

Temperature (°C)

100 HC-OMW-600-af 4

80

20 1
275°C

1 .
643°C  822°C

HC-OMW-800-af HC-OMW-1000-af

1 1074°C

o
]
@
- -4 §
2
2

T T T T T T T
200 400 600 800 1000 1200 1400

Temperature (°C)

T
200

T
400

T T T T T
600 800 1000 1200 1400

Temperature (°C)

T
200

T
400

T T T T T
600 800 1000 1200 1400

Temperature (°C)

Fig. 6. Thermogravimetric analysis of the three evaluated catalysts original and used in the HyS breakthrough column experiments.
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content of elemental sulfur identified using XPS in the used HC-OMW-T
catalysts. TG profiles of the used catalysts show additional peaks in the
temperature range 600 °C-1000 °C, most probably due to the decom-
position of other sulfur species associated with the graphite micro-
domains (most probably due to newly created polysulfide species
C-S-S-S—C in surface carbon defects).

3.4. Comparison with commercial catalysts

To identify the potential of the HC-OMW-T catalysts in the conver-
sion of HyS, similar experiments were performed using two dedicated
catalysts for HyS developed and commercialized by Jacovi Group Ltd.
Fig. S9 compares the breakthrough column test for samples ADDSORB™
VA3 (coal-based sample impregnated with KOH) and ADDSORB™ VA6
(impregnated activated carbon). VA adsorbents are commercialized as
one of the most promising systems for the removal of acid gases in in-
dustrial streams (containing oxygen and humidity). Breakthrough tests
show the typical profile for acid-base adsorbents with a sharp increase in
H,S concentration after the break point with a total removal capacity of
177 and 204 mg/g, for samples ADDSORB™ VA6 and ADDSORB™ VA3,
respectively. The results obtained with the HC-OMW-based samples
constitute more than a three-fold increase in the adsorption/oxidation
capacity compared to these commercial samples. Similar experiments
described in the literature using iron hydroxides (e.g., a-FeOOH) sup-
ported on activated carbon powder reported a total capacity of 171 mg/
g, a large improvement compared to the non-supported iron hydroxide
(46 mg/g) (Lee et al., 2017). Bulk oxides/hydroxides suffer from sin-
tering processes with the associated reduction in the active surface and
the oxidation capacity (Lian et al., 2009). Dispersion of these active
phases in carbon materials has been widely applied as a promising
approach to improve the catalytic performance, although with limited
removal performance (Choudhury and Lansing, 2021; Lee et al., 2017;
Zeng et al., 2015). Based on these premises, application of hydrothermal
synthesis (HTC) using biomass-based residues can be envisaged as a
highly promising approach to reach high iron contents, with a high
dispersion, with minimal aggregation, and to provide an optimum in the
exposed active sites. Our finding constitutes a step-stone towards in-
dustrial application of these encapsulated Fe@carbon nanoparticles for
the efficient removal of H,S in industrial streams at room temperature.

4. Conclusions

Fe@carbon-rich nanoparticles have been successfully prepared from
an industrial waste (oil mill wastewater-OMW) using catalyzed hydro-
thermal carbonization. Upon a thermal processing at high temperatures
(above 800 °C), these hybrid nanoparticles are converted into nano-
structured architectures with a core-shell morphology. More specif-
ically, amorphous carbon deposits are converted into highly ordered
graphite microdomains encapsulating the o-Fe/Fe3O4 nanoparticles.
Thermal processing also promotes the development of micro-/meso-
porosity and the aromatization of the graphite layers. Once character-
ized, these hybrid nanoparticles have been tested in the removal of HsS
at room temperature. Experimental results demonstrate the exceptional
performance of these HC-OMW-T catalysts, preferentially under oxygen-
rich conditions and in the presence of moisture. The total removal ca-
pacity of these samples after three days reaches more than 0.5-0.6 g/g, a
three-fold increase compared to dedicated commercial adsorbents. Post-
mortem characterization of the used catalysts anticipates the preferen-
tial formation of elemental sulfur deposits and polysulfide anions, most
probably associated with the defective graphite microdomains.
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