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Hydrogen sulfide (H,S) removal by adsorption from gas streams is crucial to prevent the environmental
and industrial damage it causes. Amongst the nanostructures considered excellent candidates as sorbents,
porous carbon has been studied extensively over the last years. In the present work we present a syn-
thetic procedure for three high potential sorbents based on carbon cuboids, namely a low-surface-area
copper-rich structure, a highly porous aggregate without metal addition, and lastly the same porous car-
bon decorated with copper. The properties and performance as catalysts of these three sorbents were
evaluated by powder X-ray diffraction, X-ray photoelectron spectroscopy, thermal analysis, scanning elec-
tron microscopy with energy dispersive X-ray analysis, surface area determination through N, adsorption
and desorption, as well as by H,S adsorption measurements.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Hydrogen sulfide (H,S), is a hazardous, colourless, flammable
gas, with a ‘rotten egg’ odour, that can be encountered either in
the natural environment of gas/crude oil wells and hot springs, or
as a by-product of industrial activities [1]. It has lethal effects on
humans and animals and at the same time is the cause for extreme
corrosion in industrial facilities [2]. A lot of effort has been put
into developing technologies that can effectively remove H,S and
mitigate its negative effects; most of them fall under the following
categories: absorption, adsorption, conversion, catalytic reactions,
chemical oxidation, chemical scrubbing, incineration, and biological
treatment [1-4].

Adsorption is the most widely applied approach due to the
good balance between cost and effectiveness [1], and amongst the
types of sorbents that have been studied for capturing H,S (acti-
vated carbons, zeolites, polymers, metal oxides, etc.)[5-8], porous
carbons are particularly attractive due to their surface chemistry
and large surface areas [3,9,10]. Furthermore, it has been proven
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that the desulfurization performance can be further improved
when combining a porous matrix, that acts as support, with metal
oxides [11-14]. Apart from adsorption, both carbon-based materi-
als and metal oxides are being successfully used in desulfurization
processes that involve catalytic procedures [15-21].

Inspiration for the present work came from a recently reported
new member of the carbon family that combines porosity with
the capability to accept functional groups on its surface, and has
shown excellent performance in the capture of atmospheric wa-
ter vapour [22]. This novel nanostructure is called porous carbon
cuboids (PCCs) and combines a series of intriguing properties, such
as light weight, unusual ultra-hydrophilic behaviour, great stability,
surface heterogeneity, and a very high hierarchical porosity (esti-
mated approximately 800-900 m2/gr) [22]. In contrast to graphene,
which has to be subjected to oxidation in order to make it eas-
ily processible in solution, PCCs are highly hydrophilic as synthe-
sized because of the high number of functional groups on the sur-
face. PCCs show a significant number of N:C and O:C active sites,
which, in combination with the narrow micropore size distribu-
tion, promote adsorption. Additionally, they have the advantage
of being functional up to 400 °C and can therefore be used in
higher temperature applications. The specific geometrical charac-
teristics, hierarchical porosity, and surface chemistry identify PCCs
as perfect hosts for metallic nanoparticles (NPs) that are homoge-
neously distributed on their surface as well as inside their pores.

2667-0569/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Immobilizing metal cations via functional groups avoids aggrega-
tion, which would compromise the outstanding properties of such
nanoparticles [23,24]. In fact, PCC scaffolds decorated with Cu and
Ag NPs have already been confirmed as promising antibacterial
agents [25].

To explore how the high surface area and the presence of cop-
per oxide can be balanced and how they synergistically affect hy-
drogen sulfide removal, in the study reported here three differ-
ent carbon nanostructures were synthesized and their performance
evaluated with a H,S chemisorption experiment at 150 °C. Powder
X-ray diffraction (XRD), X-ray photoelectron spectroscopy, thermal
analysis, scanning electron microscopy (SEM) with energy disper-
sive X-ray analysis (EDX), as well as surface area determination
through N, adsorption and desorption were used to characterize
the novel sorbents.

1.1. Materials and methods

111. Materials

4,4’ bipyridine (98%) was purchased from Alfa Aesar, ethanol
(absolute, 99.9%) was obtained by ].T. Baker, Pluronic F127 and cop-
per chloride dihydrate (> 99%) CuCl,e2H,0 were acquired from
Sigma-Aldrich, and nitric acid (> 65%) HNO3 was purchased from
Boom BV. All reagents were of analytical grade and used without
further purification. The water used in the experiments was dis-
tilled and deionized.

1.1.2. Materials synthesis

PCC synthesis: Two solutions were prepared. The first one con-
sisted of 1 g of pluronic dissolved in 100 mL of 0.1 M 4,4'-
bipyridine in water-ethanol (volume ratio of 1:17) and the sec-
ond one was an aqueous solution of copper (II) chloride (900 mL,
5.6 mM CuCl,e2H,0). The first solution was then poured rapidly
into the second one under vigorous stirring. The formed products
were retrieved through centrifugation, washed three times with
water, and air-dried. The turquoise-coloured product was then py-
rolyzed under argon flow (500 °C for 2 h, heating rate 1 °C/min)
and the copper species were leached away (stirred in a 4 M HNO3
aqueous solution for 24 h). The final black powder was washed
with water until pH was ~5.0 and air dried. This sample was de-
noted as PCC [22]. The intermediate product before the leaching
step was denoted as PCC-unleached.

PCC-Cu synthesis: Metal-substituted porous carbon materials
were synthesized using Cu. PCCs were dissolved in a metal salt
aqueous solution (approximately 10% w/w). The mixture was
stirred for 1 h and then centrifuged. The precipitate was dissolved
again in a new solution (1 h stirring), and the material was cen-
trifuged again, washed with water, and air-dried. This sample is
denoted as PCC-Cu.

1.1.3. Characterization techniques

The XRD patterns of the PCC, PCC-unleached and PCC-Cu were
collected on a D8 Advance Bruker diffractometer with a Cu Ko X-
ray source (wavelength 1.5418 A) and a secondary beam graphite
monochromator. In the case of PCC-unleached a 1 mm divergent
slit and a 3 mm antiscattering slit were used. The patterns were
recorded in a 26 range from 2 to 80 °, in steps of 0.02 ° and with
a counting time of 2.00 s per step. The XRD measurements that
were recorded before and after the H,S adsorption measurements,
were performed on a Panalytical X'Pert PRO powder diffractometer.
About 30 mg of the selected sample was first placed on a zero-
background holder and the measurements were conducted using
Cu-Ko radiation (A = 1.5406 A). The diffraction patterns were col-
lected over the 26 range of 10 ° to 80 ° with a step size of 0.02 °
and the time per step of 1.3 s. The nitrogen adsorption-desorption
isotherms for PCC and PCC-Cu were measured on a Sorptomatic
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1990 Thermo Finnigan porosimeter and for PCC-unleached on
a Autosorb iQ gas sorption system from Quantachrome Instru-
ments at 77 K. Specific surface area values were determined by
the Brunauer-Emmett-Teller (BET) method. The samples were de-
gassed under high vacuum for 10 h at 100 °C prior to the mea-
surements. XPS measurements on the PCC and PCC-Cu were per-
formed under ultra-high vacuum conditions with a base pressure
of 5 x 1010 mbar with a SPECS GmbH instrument equipped with
a monochromatic Mg Ko source (hv = 1253.6 eV) and a Phoibos-
100 hemispherical analyser. Samples were suspended in water,
drop casted on Si wafers, and after drying left in high vacuum
overnight to outgas, before being transferred to the main chamber
for XPS measurement. The energy resolution was set to 1.18 eV,
and the photoelectron take-off angle was 45° with respect to the
surface normal. Recorded spectra were the average of three scans
with the energy step set to 0.05 eV and a dwell time of 1 s. XPS
measurements for PCC-unleached were performed using a Surface
Science SSX-100 ESCA instrument with a monochromatic Al Ke X-
ray source (hv = 1486.6 eV). The pressure in the measurement
chamber was maintained at 1 x 10~° mbar during data acquisition.
The electron take-off angle with respect to the surface normal was
37° The XPS data were acquired by using a spot size of 1000 um
in diameter and the energy resolution was 1.3 eV for both the sur-
vey spectra and the detailed spectra of the core level regions. The
Au4fy, core level was used as a reference binding energy [26]. For
the measurements, evaporated polycrystalline 150 nm thick gold
films supported on mica (grade V-1, TED PELLA), prepared by subli-
mation of 99.99% gold (Schone Edelmetaal B.V.) as detailed in Men-
doza et al. [27] were used as substrates where freshly prepared
samples were drop casted. Deconvolution of the spectra included a
Shirley[28] baseline subtraction and peak deconvolution employing
mixed Gaussian—Lorentzian functions. All XPS spectra were anal-
ysed using the least-squares curve-fitting program Winspec (devel-
oped at LISE laboratory of the University of Namur, Belgium). Ther-
mogravimetric (TG) and differential thermal (DTA) analyses were
performed using a Perkin Elmer Pyris Diamond TG/DTA and a TA-
Instruments Discovery TGA 5500. Samples of approximately 5 mg
were heated in air from 25 to 800 °C, at a rate of 5 °C/min. SEM
images of PCC and PCC-Cu were recorded using a JEOL instrument
(JSM-6510LV with a LaBg filament) equipped with an EDS detec-
tor (Oxford Instruments, x-act) operating at an accelerating volt-
age of 20 kV and using high vacuum (10~ bar). All samples were
in the form of a powder; they were placed on a double-sided car-
bon tape and were measured without coating. The SEM images of
PCC-unleached were recorded using a Zeiss Gemini 500 Scanning
Electron Microscope. The SEM images of the samples before and
after the H,S adsorption measurements were obtained on a Quanta
250 FEG-FEI microscope, using a Schottky field emission gun as the
electron source, with a spatial resolution of ~1 nm at 5-10 kV. El-
emental analysis and phase mapping were also conducted using
this microscope, equipped with an Apollo silicon drift detector, in-
tegrated with the EDAX Genesis software.

1.14. H,S adsorption

Hydrogen sulfide adsorption experiments were performed at at-
mospheric pressure in a fixed-bed U-shaped quartz reactor with
4 mm internal diameter. After sieving to sizes ranging between
125 pm and 250 pum, 200 mg of quartz particles were used to
dilute 10 mg of the sorbent and the mixture was transferred to
the reactor, where it was sandwiched between two layers of quartz
wool. After pre-treating the bed at 150 °C overnight using a stream
of ultra-pure Ar (flow rate: 44 mL/min, 5.0 purity) to remove all
water and residues, a feed gas consisting of 100 ppm H,S in N,
was introduced at a flow rate of 40.5 mL/min. Effluents of the bed
were analysed using a PerkinElmer Clarus 580 gas chromatograph
equipped with Model Arnel 4025 PPC and Model Arnel 4016 PPC
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Fig. 1. Schematic diagram of the H,S breakthrough setup.

sulfur chemiluminescence detector. After breakthrough took place,
the argon gas was passed through the system to flush out any
remaining H,S. (The schematic diagram of the H,S breakthrough
setup is shown in Fig. 1)

Sulfur capacity and conversion determination: To determine the
sulfur capacity and conversion we proceeded as detailed in refs
[29,30]. The breakthrough time was determined as the time when
the total concentration of sulfur gases (H,S+S0,) at the outlet ex-
ceeded 5 ppm and the experiment was stopped at 100 ppm of
H,S at the outlet [11]. The sulfur capacity (mmol/g) was calculated
from the Eq. (1), defined as the total H,S moles adsorbed per mass
of sorbent.

. mmol Total moles adsorbed of H,S
Sul fur capacity ( ) = Niass of sorbent (g); 22 1073
(M

The total moles of H,S adsorbed was estimated taking into con-
sideration the amount of H,S (mol/s) passing through the reactor
and the breakthrough time as:

[

Total moles adsorbed of H,S (mol) = /(hin — Ty )dt (2)
0

. XPV

=R 2

where n, is H,S molar rate in the bed effluent (mol/s), ty; is the
breakthrough time, x is H,S mole fraction either in the feed gas or
in the bed effluent, Vis the feed gas volumetric flow rate at stan-
dard conditions (L/s), P is pressure (kPa), R the universal gas con-
stant (L-kPa-K~!-mol~') and T the temperature (K).

The sorbent utilization can be calculated as follows:

Sul fur capacity (4)
12.571Ycyo

where: 12.571 is the maximum theoretical capacity of CuO in
mmols of H,S per gram CuO, Y¢,o is the mass fraction of CuO in
the sample.

Hydrogen sulfide conversion was calculated at 1000 min on
stream as follows:

Utilization =

. Nip — Moyt — N

HaS Conversion = —n——-out — 7502 (5)
Nip

where 1;, is the H,S molar rate in the feed gas (mol/s), ngy is the

H,S molar rate in the bed effluent (mol/s), and nsg, is the molar

flow rate of SO, in the bed effluent (mol/s) [31].
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Fig. 2. XRD patterns of PCC-unleached, PCC-Cu and PCC.

2. Results and discussion
2.1. Structural and morphological characterization of the sorbents

In order to verify that the synthesis of the porous carbon
cuboids was successful and their properties the same as reported
in literature[22], we applied a series of characterization techniques
as detailed in the following.

The pore characteristics of PCC, PCC-Cu, and PCC-unleached
were investigated by nitrogen adsorption and desorption analysis.
The corresponding isotherms are presented in Fig. S1. By apply-
ing the Brunner-Emmett-Teller theory, we found that PCC shows a
high apparent surface area of ~824 m?/g, which is in agreement
with the first carbon cuboids reported [22] and with our earlier
batches [25,32]. After the addition of copper the apparent surface
area of PCC-Cu is slightly lower than that of the pristine compound
(BETss ~790 m?/g). As expected, due to the high amount of copper
present in PCC-unleached the porosity is significantly lower with
an apparent surface area of 245 m2/g.

The X-ray diffraction patterns of all three samples are shown
in Fig. 2. The patterns for PCC and PCC-Cu are similar, both ex-
hibiting only one broad peak at ~25° that is characteristic of an
amorphous structure. The absence of sharp peaks in the case of
PCC-Cu is attributed to the good distribution of the copper species
as well as the fact that the broad carbon peak is superimposed to
and probably covering the copper peaks. On the contrary, in the
XRD pattern of the PCC-unleached six peaks appear at 16.2°, 32.4°,
39.7°, 43.3°, 50.5° and 74.1°, which, considering their FWHM (full
width at half maximum) and shape, can be divided into groups
that correspond to different crystal structures containing copper.
Three phases were identified: metallic Cu (sharp double peaks at
43.3°, 50.5° and 74.1°) [33], CuO (32.4° and 39.7°) [33] and CuCl,
(16.2°) [34,35].

Thermogravimetric (TG) analysis was performed on pure car-
bon cuboids as shown in Fig. 3. The TG curve testifies to the to-
tal absence of copper traces (within the detection limit) after the
synthetic preparation of PCC. From the TG curves of PCC-Cu and
PCC-unleached, we calculated that the metal NPs embedded in the
final nanostructure make up 4.5 wt.% of PCC-Cu, while for PCC-
unleached the metal remaining at the end of the heat treatment
corresponds to 65 wt.%.
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Fig. 3. Thermogravimetric analyses of PCC, PCC-Cu and PCC-unleached.

The morphology of the samples was characterized with SEM.
The image in Fig. 4 top left shows the typical cubic structure
of PCCs, where randomly aggregated particles overlap with each
other. One also notices that the surface of the particles is not
smooth but shows many macroporous holes, analogously to what
has been observed in previous reports [22,25]. As seen in Fig. 4 top
right, this distinctive shape of the nanomaterial is already formed
before the leaching step, with the only difference being that much
of the mass of PCC-unleached is made up by copper. The mor-
phology of PCC-Cu, whose image is presented in Fig. 4 bottom, re-
mained almost unaffected by the metal substitution.

XPS provides insight in the elemental composition, and the
chemical environment of the elements. Fig. 5 shows the XPS spec-
trum of the Cls core level region of PCC; five contributions are
necessary to obtain a good fit. The intense peak at a binding en-
ergy (BE) of 284.6 eV is due to C — C bonds and accounts for
51.6% of the total Cls spectral intensity, whereas the contribution
at 285.8 eV is attributed to C — O and C — N moieties, which rep-
resent 27.9% of the total amount of carbon. The peaks at BEs of
287.4 and 289.1 eV are attributed to C = O and carboxylic groups,
respectively. Finally, the fifth peak, located at 291.1 eV, is a shake-
up satellite, characteristic of the aromatic structures [36].

In the case of PCC-Cu, the decoration with copper was con-
firmed by the detection of a Cu2p core level photoemission signal
(see Fig. 6). Unfortunately, the amount of copper is so small that
the low intensity of the signal does not allow to extract more in-
formation than that the copper is in the form of oxides.

In the survey scan of PCC-unleached, presented in Fig. 7(a),
we find the signature of the expected elements, namely carbon,
oxygen, nitrogen, chlorine and copper, and by analysing the de-
tailed spectra of the various core level regions we can calculate
the atomic composition as C 44.1 at.%, O 32.4 at.%, N 11.8 at.%, Cl
7.5 at.% and Cu 4.1 at.%. The large Au4f signature and the other Au
peaks arise from the Au/mica substrate on which the sample was
deposited.

The XPS spectrum of the Cls core level region, shown in
Fig. 7(b), requires seven contributions to obtain a good fit. The first
peak at a BE of 284.2 eV derives from C-Cu bonds, the most in-
tense peak at 285.0 eV is due to the C-C bond, whereas the one at
286.1 eV is attributed to the C-O and C-N bonds [36]. The peaks
at 287.3 and 288.6 eV arise from the C = 0/C-O-C and C(O)O
bonds respectively, and the two peaks at 290.1 and 291.8 eV are

Carbon Trends 7 (2022) 100145

Table 1
Summarized specific surface areas, copper content, breakthrough time
and capacity, and H,S conversion of PCC, PCC-Cu and PCC-unleached.

Sample
Parameter/Property PCC PCC-Cu  PCC-unleached
Sger (mM2/g) 824 790 245
Copper content (wt.%) (traces) 4.5 65
tpe (Min) 202 207 247
Capacity at t,, (mmol/g)  3.332 3.347 4,069
H,S Conversion (%) 32.24 23.79 17.80

shake-up satellite peaks due to final states where -7* transitions
of the aromatic rings occurred in the photoemission process to-
gether with the emission of the photoelectrons. Fig. 7(c) presents
the spectrum of the N1s core level region, where four contribu-
tions can be identified; C—Cu-N bonds give rise to the peak at a BE
of 398.5 eV [37], pyrrolic-N is responsible for the contribution at
399.6 eV, while the signals at BEs of 401.0 and 402.7 eV are due to
graphitic-N and oxidized N, respectively. Finally, in the XPS spec-
trum of the Cu2ps, core level region in Fig. 7(d), the peak at a BE
of 932.8 eV is attributed to metallic copper as well as to Cu-C-N
bonds [37], the one at 935.1 eV is due to the CuO, and the one at
937.0 eV derives from the Cu(OH),. Lastly, the contributions at BEs
above 940.0 eV represent satellite features of copper?+.

The XPS spectra of PCC-unleached therefore clearly support the
existence of the coordination network connecting carbon, copper,
and nitrogen atoms, at the basis of the formation of the carbon
cuboids [22].

2.2. H,S removal study

The breakthrough curves that inform on the quantity of adsor-
bate that can be retained, were collected for each sample at 150 °C
and are depicted in Fig. 8; a summary of the experimental values
is presented in Table S1 in the Supporting Information. We noted
that H,S and SO, evolution, represented in Fig. 8 by the black and
red line respectively, start concurrently and that the breakthrough
curves do not show the typical S-shape typically observed for ad-
sorption of one adsorbate. The breakthrough time, t,;, was calcu-
lated as the time when the total concentration of the two sulfur-
containing gases exceeds 5 ppm at the outlet; the t,, and the cal-
culated H,S capacity at 5% for each of the samples, as well as the
percentages of H,S conversion, are shown in Table 1.

Conducting the sulfidation experiments on porous (PCC & PCC-
Cu) and copper rich (PCC-unleached) materials, the expected be-
haviour is that of sorbents. When a sample acts as a sorbent, the
recorded curve reaches at a certain time 100 ppm, which marks
the point where the material starts to saturate and stops to adsorb.
On the other hand, in the case of a perfect catalyst there would be
no breakthrough and all of the gas would be transformed into el-
emental sulfur. After each experiment, a significant amount of el-
emental sulfur concentrated on the walls of the reactor between
the sample and the exit is easily discernible (a photograph of the
reactor right after the experiment for the PCC sample is shown in
Fig. S2 as an example). This indicates that sulfur is produced dur-
ing the reaction and that the three carbon powders do not act as
only as sorbents but also as catalysts.

The sorption capability of all three compounds is significant:
PCC and PCC-Cu both capture 3.3 mmol/g of hydrogen sulphide,
and PCC-unleached 4.1 mmol/g (using a steady flow of H,S the
amount of moles adsorbed are recorded and the capacity is cal-
culated as explained in Section 1.2.4). All three capacities are com-
parable with the ones of other carbon materials that contain cop-
per already reported in literature, and sometimes even exceed
them. A list of literature reported capacities and conditions are



E. Thomou, G. Basina, K. Spyrou et al.

WD16mm SS35

SEl  20kV
Uol

SEl  20kV
Uol

WD15mm SS49

Carbon Trends 7 (2022) 100145

EHT = 1LOOKY  Signal A= InLens  Image Pixel Size am Date

WD = 4.5 mm Width = 30.32 pm

x11,000 1pm
0000 26 Apr 2018

Fig. 4. Scanning electron microscopy images of PCC (top left, white bar = 5 ym), PCC-unleached (top right, white bar = 2 um) and PCC-Cu (bottom, white bar = 1 pm).
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Fig. 5. XPS spectrum of the C1s core level region of PCC. The fit is also shown and
for each component the binding energy together with the relative contribution to
the total Cls spectral intensity are indicated.

supplied as comparison in the Supplementary material (Table S2).
PCC-unleached works better as a sorbent due to the higher amount
of copper in the structure [38]. In the case of PCC, the absence of
copper leads to lower capacity but higher conversion (~32%) due
to the higher surface area. The breakthrough curves in the cases of
PCC and PCC-Cu are less slanted since they act more as catalysts;

Cu2p
Cuo CuO
- 952,46V 932.8eV
."é
5
Ke)
—_
S
P
)
C
Q
C
- Cu2p,),
Cu2pzp

T T T T T T T T T T T T T T T
960 955 950 945 940 935 930 925
Binding Energy (eV)

Fig. 6. XPS spectrum of the Cu2p core level region of PCC-Cu.

the existence of more pores means that there are more pathways,
which enhances the mass transfer. Finally, in the case of PCC-Cu,
copper causes a partial blockage of the pores and hence a slightly
lower surface area, which explains the lower conversion percent-
age (~23%), but at the same time the amount of Cu is not sufficient
to increase the capacity, or the copper is not accessible to the H,S.
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Fig. 8. Breakthrough curves of H,S over PCC-unleached (blue), PCC (red) and PCC-
Cu (black) after sulfidation at 150 °C. The SO, evolution for each sorbent is pre-
sented as well.

to the total spectral intensity of the respective line are indicated.

Hence for PCC and PCC-Cu, which both show a similar be-
haviour, the performance is credited to the porous matrix since in
the first one there is no copper and in the latter the amount of
Cu is calculated to be below 5 wt.%. Factors that might contribute
to the good adsorptive behaviour are the nitrogen heteroatoms in
the structure, which have been proven to enhance adsorption [1],
or the presence of oxygen, which when part of the surface func-
tional groups of activated carbon can promote oxidation reactions
leading to elemental sulfur or other sulfur containing products that
can participate in further reactions [39].

The accumulation of sulfur on all three porous carbon cuboids
also decreases the active surface for adsorption and catalysis. With
the evolution of the experiment, from a certain time onwards, H,S
can therefore no longer be totally adsorbed/consumed and this
leads to saturation [40].

One notes that in none of the cases the breakthrough curves are
completely smooth, as most evident in the case of PCC-Cu (Fig. 8),
where bursts with an oscillating behaviour are seen. The reason for
this behaviour is not clear but relevant literature reports that this
phenomenon is observed whenever elemental sulfur is produced,
accumulated on the catalyst, and cannot be removed from the re-
actor [41].
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Fig. 9. Powder XRD patterns of the PCC-unleached sample, before and after sulfi-
dation at 150 °C.

PCC-unleached was investigated a bit further because it has the
highest sorption capacity despite its lower porosity, and presents
a catalytic activity caused by carbon matrix and the presence of
copper in various chemical environments.

It is clear that at least two reactions take place; as a first step,
hydrogen sulfide is adsorbed onto the carbon matrix, then sulfida-
tion of copper and selective oxidation of the gas occur to produce
CuS and sulfur.

As mentioned in Section 1.3.1, copper in PCC-unleached is
present in different forms: Cu-C-N bonds, metallic Cu, CuO and
CuCl,. After the H,S experiment, the structure of the adsorbent-
catalyst was again assessed via X-ray diffraction and the data are
shown in Fig. 9 together with those of the initial PCC-unleached
sample (remeasured right before the sulfidation process for better
comparison). The peak at 36.5° can be attributed to Cu,O (JCPDS
card No. 01-078-2076), whereas the ones at 17.7, 28.6 and 53.6°
could not be identified and may also be caused by impurities.

After the sulfidation experiment, the powder XRD pattern dis-
plays all the characteristic peaks of CuS (JCPDS card number of
Covellite 06-0464, shown in Fig. S3 in the Supporting Informa-
tion). This means that before the breakthrough time, when the ad-
sorption is taking place, CuO is converted to CuS concurrently. Sec-
ondary reactions start to take place after the first three hours have
passed, and as can be easily seen in Fig. 8, where the emission of
SO, starts at that time. The concentration is low and SO, can be
considered a by-product of the reactions taking place.

To learn whether these chemical reactions changed the mor-
phological characteristics of PCC-unleached, we also collected SEM
images after the sulfidation experiment. As seen in Fig. 10 no
changes in the morphology of the sample can be identified (com-
pare to Fig. 3 top right panel). The EDX results and the elemen-
tal mapping Table 1 and Fig. 10, respectively) confirm that a large
amount of sulfur is present and well distributed all over the sam-
ple. The SEM elemental mapping and analysis of PCC-unleached
before sulfidation are shown for comparison in Fig. 10 (top panel),
and in Table 2, respectively Eqs. (2)-((5).

From the EDX analysis we calculated that the ratio of copper to
sulfur atoms in the sample after sulfidation is almost 1:2, which
justifies the presence of CuS as well as the emission of SO, and
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Table 2
EDX analysis of PCC-unleached before and after sulfidation.
Before After
Element wt.% at% wt.% at%
C 39.5 61.8 331 57.0
N 6.9 9.3 5.7 8.4
0] 11.7 139 6.6 8.6
S - - 25.5 16.5
Cu 315 9.4 29.1 9.5
cl 10.4 5.6 - -

the production of elemental sulfur. It is noteworthy to mention
that there is no chlorine detected after the sulfidation experiment;
this proves that Cl has reacted with hydrogen sulfide leading to the
production of sulfur [42].

2.3. Possible reactions - proposed mechanism

Based on experimental studies and theoretical calculations
based on DFT [29,43-46], the reaction mechanism that leads to the
conversion of H,S to CuS can be explained by the following reac-
tion steps:

Step 1: H,S + Cu-O—H,S --- Cu --- O
Step 2: H,S --- Cu --- O— HS-Cu + H-O
Step 3: HS-Cu + H-O— CuS + H,0

In parallel, a redox (oxidation-reduction) reaction like the one
shown here could be taking place:

H,S 4+ 3Cu0 — H,0 + SO, + 3Cu

which would explain the emission of SO,. CuO is an oxidizing and
H,S is a reducing agent:

3Cu? + 6e~ — 3Cu’(reduction)

S—2 — 6e~ — S*(oxidation)

Sulfur dioxide could in turn react with hydrogen sulfide, to pro-
duce elemental sulfur through the following redox reaction (H,S is
a reducing agent, SO, is an oxidizing agent):

S0,(g) + 2H,5(g) — 2H,0(1) + 35(s)
2572 — 4e~ — 25%(oxidation)

S* + 4e~ — S%(reduction)

In the case that a significant amount of oxygen was present during
the experiment (possible leak or impurities in the H,S gas from
the provider), the reactions that take place when CuO is used for
gas sensing applications [47-49], could also happen:

1/20; +e~ - O~
307 + HyS — Hy0 + SO, + 3e”
CuO + H,S — CuS + H,0
2CuS 4 30, — 2Cu0 + 250,
It has been proven that the presence of oxygen during hydro-

gen sulfide capture leads to the formation of elemental sulfur and
sulfur dioxide, which can be enhanced by the presence of water
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Fig. 10. SEM and elemental mapping of the PCC-unleached before (top) and after (bottom) sulfidation.

and can improve the adsorption process especially in sorbents that
contain copper through the following reactions [10,39,50]:

1/20; + H,S — S+ H,0

H,S +1.50, — SO, + H,0

2H,S + S0, — 1/nS, + H,0

Hydrogen sulfide is partially oxidized to sulfur, and as the oxi-
dation proceeds sulfur dioxide is also emitted, which is then con-
sumed again by reacting with the gas to produce more sulfur [31].

Finally, other copper species (Cu,O, Cu(OH),) present on the
surface although not detected by XRD, might also have an impor-
tant role and even be responsible for the sulfur production through
their involvement in the reactions taking place. More specifically,
Cu,0 can be converted to Cu,S through sulfurization [51] and
the chemical adsorption efficiency of copper hydroxide has already
been reported in literature; it can react with hydrogen sulfide
through the following reaction [52]:

Cu(OH);(s) + HaS(g) — CuS(s) +2H,0(g)

3. Conclusions

Three porous carbon cuboids with different characteristics were
synthesized through carbonization of the product of a coordina-
tion reaction and their potential as H,S sorbents was evaluated.
The sorbents with the higher porosity showed lower sorption ca-
pacity and were also catalytically active. The copper-rich sample
with the lowest surface area was proved to function also as a cata-
lyst, with selective oxidation of hydrogen sulfide taking place. The
latter was investigated a bit further and ideas about the potential
mechanism behind the catalytic activity were put forward. Further
improvement of the designed materials could lead in high perfor-
mance catalysts suitable for H,S conversion.
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