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Metal organic framework derived
NaCo, O, for room temperature
hydrogen sulfide removal

Nishesh Kumar Gupta?, Jiyeol Bae'?*! & Kwang Soo Kim®2

Novel NaCo,O, adsorbents were fabricated by air calcination of (Na,Co)-organic frameworks at

700 °C. The NaCo,O, crystallized as hexagonal microsheets of 100-200 nm thickness with the
presence of some polyhedral nanocrystals. The surface area was in the range of 1.15-1.90 m?g™*.
X-ray photoelectron spectroscopy (XPS) analysis confirmed Co?* and Co** sites in MOFs, which
were preserved in NaCo,O,. The synthesized adsorbents were studied for room-temperature H,S
removal in both dry and moist conditions. NaCo,O, adsorbents were found ~ 80 times better than
the MOF precursors. The maximum adsorption capacity of 168.2 mg g™* was recorded for a 500 ppm
H,S concentration flowing at a rate of 0.1 L min™™. The adsorption capacity decreased in the moist
condition due to the competitive nature of water molecules for the H,S-binding sites. The PXRD
analysis predicted Co;S,, CoSO,, Co;0,, and Co(OH), in the H,S-exposed sample. The XPS analysis
confirmed the formation of sulfide, sulfur, and sulfate as the products of H,S oxidation at room
temperature. The work reported here is the first study on the use of NaCo,0, type materials for H,S
remediation.

Hydrogen sulfide (H,S) is a toxic malodorous gas originating from different natural and anthropogenic activi-
ties, including volcanic eruption, microbial degradation of vegetation, natural gas and oil industries, and sewage
treatment facilities. H,S creates human discomfort even at a low concentration of 0.1 ppm. Long-term exposure
to 50 ppm causes respiratory tract irritation, whereas a range of 500~1000 ppm could lead to death"2 H,S pres-
ence in various energy sources like natural gas, petroleum oil, and biogas is the major concern for industries as
H,S corrodes transport pipelines and poison catalysts®. The combustion of H,S-rich fuel releases sulfur dioxide
in the atmosphere, which eventually leads to the formation of aerosol sulfates and sulfuric acid by reacting with
air components®. The presence of aerosol sulfates and sulfuric acid in the atmosphere adversely affects human
health and the environment by acidifying oceans, lakes, and soil. Thus, mitigation strategies are required to
remove H,S from energy gases.

Metal-organic frameworks (MOFs) are inorganic-organic hybrid materials formed by the self-assembly of
metal ions and bridging organic ligands. Unique physicochemical properties like large surface area and pore
volume, good structural stability, and ease of fabrication have popularized their use in various environmental
applications™¢. MOFs are being used as precursors for the fabrication of porous metal oxides with application-
specific structural and functional characteristics’"!!. MOFs transformation to metal oxides has provided an
alternative pathway to develop metal oxides with newer morphologies, high surface area, and high porosity'?.

Unlike oxides of Fe, Cu, and Zn, oxides and hydroxides of cobalt are less explored for room temperature
desulfurization. Xue et al. screened several transition metal oxides for room temperature H,S removal. The
study reported 6 mg g™! of H,S uptake capacity for Co;0,, which increased to 134 mg g™! for Zn;;C0oQO,,
mixed oxide'. Since the surface area of Co;0, was undetermined, the low adsorption capacity was probably
due to its low surface area. This inference was supported by the reported work of Pahalagedara et al. The study
reported mesoporous Co;0, with a surface area of 143 m? g™ and an adsorption capacity of 134 mg g™! at room
temperature'®. Wang and coworkers integrated Co;0, in three-dimensionally ordered macroporous silica for
room temperature desulfurization process, where the adsorption capacity reached as high as 189 mg g™!'>. Besides
Co;0,, CoOOH' and Co(OH),"” integrated with graphite oxide has been successfully tested for the room tem-
perature desulfurization process. Long et al. developed aerogels and xerogels of Na-MnO, and H-MnO, which
had the H,S adsorption capacity in the range of 17-680 mg g1'8. Also. Some reports are available for the appli-
cation of cobalt-based MOFs like ZIF-67 in the desulfurization process'’. Though Co-MOFs and MOF-derived
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cobalt oxides have not been studied for H,S adsorptive/oxidative removal, Dong et al. have reported catalumi-
nescence sensing of H,S using ZIF-67-derived porous Co;0, dodecahedra.

The product of MOF pyrolysis/calcination depends on the temperature, metal ions, substrates, and rate of
heating?®2!. While the calcination of monometallic MOFs yields single-phase oxides, the presence of a second
metal in the MOF has unpredictable outcomes. Huang et al. reported the formation of CuCr,0,/CuO compos-
ite after the calcination of bimetallic Cr-embedded MOF-199 at 600 °C°. Yang et al. reported the formation of
CoFe,0, nanocrystals after the air calcination of bimetallic Co-Fe terephthalate MOF at 400 °C*2. Lee and Kwak
reported the formation of Mn-doped Fe, O, after air calcination of the bimetallic FeMn-MOF?.. Thus, the forma-
tion of metal oxides as composites, single-phase, or doped oxides is highly unpredictable.

In the literature, the role of sodium in MOFs is largely unexplored, with some reports on sodium
metal-organic frameworks?. In the present study, the unexpected presence of sodium in Co-based MOFs has
played a decisive role in the formation of MOF-derived oxides. The presence of Na in Co-MOF resulted in the
formation of single-phase NaCo,O, as opposed to Co;0,/Na,O as the air calcination product. Apart from unique
microsheets like morphology, the material showed exceptionally high H,S removal capacity in ambient condi-
tions. The parameters associated with the column studies were optimized. Moreover, the H,S removal mechanism
was studied in detail using different microscopic and spectroscopic analyses.

Materials and methods

Chemicals. Benzene-1,4-dicarboxylic acid (H,BDC), benzene-1,3,5-tricarboxylic acid (H;BTC), and
cobalt(II) nitrate hexahydrate (Co(NO;),-6H,0) were purchased from Sigma Aldrich. Ethanol, methanol, N,N-
dimethyl formamide (DMF), and sodium hydroxide (NaOH) pellets were acquired from Samchun Pure Chemi-
cals, Korea. H,S gas (500 ppm balanced with N, gas) was procured from Union gas, Korea.

Synthesis of adsorbents. A 4.29 g of NaOH pellets were dissolved in 82.5 mL methanol, which served as
the precipitating agent. The cobalt salt solution was prepared by dissolving 12.07 g of Co(NO;),-6H,0 in 75 mL
of DME. The NaOH solution was added to the cobalt salt solution to form hydroxide. Then, it was kept under
ultrasonication, and H,BDC solution (6.64 g in 190 mL of DMF) was added to it. After 20 min of ultrasonication,
the CoBDC MOF product was separated, washed with ethanol, and dried at 70 °C in a hot air oven. CoBTC MOF
was synthesized using the same protocol with 8.50 g of H;BTC in 190 mL of DME. Finely powdered MOF in an
alumina crucible was calcined in air at 700 °C for 24 h. The CoBDC and CoBTC-derived oxide was labelled as
NCO-D and NCO-T, respectively.

Material characterization. The surface morphology of materials was probed by field emission scanning
electron microscopy (FE-SEM, Hitachi S-4300, Japan). A gold-platinum alloy was coated on dried samples using
an E-1048 Hitachi ion sputter. The transmission electron microscopy (TEM) was conducted on a field emission
TEM (FE-TEM, JEM-2010F, JEOL, Japan). Elemental mapping was done by energy-dispersive X-ray spectros-
copy (EDAX, X-Maxn 80 T, Oxford, UK). N, adsorption-desorption isotherms were recorded at—196 °C over
a Gemini series Micromeritics 2360 instrument and analyzed by the Brunauer-Emmett-Teller (BET) equation.
Samples were pre-heated at 200 °C for 8 h for degassing purpose. XRD patterns were recorded on an X-ray dif-
fractometer (Ultima IV Rigajku, Japan) with Cu Ka and a Ni filter. Fourier-transform infrared (FTIR) spectra
were recorded on a Cary670 FTIR spectrometer after pelletization with KBr. For XPS analyses, a K-alpha XPS
instrument (Thermo Scientific Inc., UK) with a monochromatic Al Ka X-ray source and 4.8 x 10~ mbar of pres-
sure was used. Spectra were charge-corrected to the main line of the carbon 1s spectrum (aromatic carbon) set
to 284.7 eV. Spectra were analyzed using CasaXPS software (version 2.3.14).

Breakthrough studies. H,S breakthrough studies were carried out in a fixed bed micro-reactor at 25 °C. A
known mass of an adsorbent packed between glass wool was supported on silica beads in a pyrex tube (height:
50 cm, diameter: 1 cm). The adsorbents were tested in dry and moist (by passing moist air through the adsorbent
bed for 0.5 h with 0.3 L min™! of flowrate) conditions. The concentration of the outgoing gas was measured by a
multi-gas analyzer (GSR-310, Sensoronic, Korea) every 15 s until the effluent concentration reached 10 ppm (2%
was the breakthrough condition). The adsorption capacity of an adsorbent (g, mg g™') was calculated by integra-
tion of the area above the breakthrough curve.

_GQ [ C

where Cy—initial concentration (500 ppm or 0.697 mg L), Q—flowrate, m—the mass of adsorbent (g), and
t,—breakthrough time.

Results and discussion

Characterization of adsorbents. The SEM and TEM micrographs of Co-MOFs and derived oxides are
shown in Fig. 1. CoBDC has a cluttered sheet-like morphology (Fig. la,e). CoBTC has distorted hexagonal
microcrystals surrounded by nanothreads (Fig. 1b,f). The oxides formed by the calcination of MOFs have simi-
lar morphology. The NCO-D has smooth intercalated hexagonal sheets with some deposition of nanoparticles
(Fig. 1c,g). The hexagonal microsheets and nanothreads in CoBTC were transformed to irregular hexagonal
microsheets and polyhedral nanoparticles, respectively, in NCO-T (Fig. 1d,h). The TEM-EDS analyses of Co-
MOFs and derived oxides are shown in Figs. S1 and S2. The EDS analysis confirmed the presence of Co, C, and
O with an additional Na peak at~1.0 eV for Co-MOFs (Fig. S1). For CoBTC, a metal-to-ligand ratio of 1:1

Scientific Reports |

(2021) 11:14740 | https://doi.org/10.1038/s41598-021-94265-7 nature portfolio



www.nature.com/scientificreports/

Figure 1. SEM images of (a) CoBDC; (b) CoBTC; (c) NCO-D; (d) NCO-T; TEM images of (e) CoBDG; (f)
CoBTC; (g) NCO-D; (h) NCO-T.

(opposed to the conventional 3:2) was adopted in the present study. The deficient Co ions for metal-ligand inter-
actions in CoBTC was balanced by Na-ligand interactions**. The probable consumption of some of the cobalt
hydroxide to form cobalt oxide was compensated by Na ions, which interacted with the carboxylate groups in a
strong alkali medium?. The oxides derived from the calcination of Co-MOFs (NCO-D and NCO-T) (Fig. S2)
have all peaks except for carbon. Based on EDS analysis, a compositional formula of NaCo, ;O, , and NaCo, ;0; 5
was assigned to NCO-D and NCO-T, respectively (Table S1). The excess oxygen could be from the hydroxyl
density, adsorbed molecular oxygen, and mixed-valence states of cobalt ions.

The surface and pore properties of MOFs and oxides were evaluated by N, adsorption—desorption isotherms
(Fig. 2a). The MOFs exhibited adsorption-desorption isotherms for mesoporous materials. The surface area of
these MOFs (6.9-18.3 m* g™!) was in agreement with the reported values?. The low surface area of MOFs was due
to the formation of microparticles?. The MOF-derived binary metal oxides exhibited curves for macroporous or
non-porous materials”’. Metal oxides have a lower surface area than MOFs due to complete loss of mesoporosity
after high-temperature calcination. The measured surface area of NCO-D and NCO-T was 1.15 and 1.90 m* g/,
respectively (Table S2).

The PXRD pattern of MOFs and derived oxides are shown in Fig. 2b. The PXRD pattern of CoBDC matched
with the one reported by Ma et al. with a slight variation in the peak intensity at 28.5°%%. Moreover, the peak at
9.0° has a minor split due to a slight distortion in the symmetry of MOF?’. The PXRD pattern of CoBTC largely
matched with the reported MOF by Nowacka et al. with an additional presence of diffraction peaks in the 5°-10°
range™. Since MOFs were synthesized in a strong alkali medium, Na* ions in the MOFs as the nodes had a strong
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Figure 2. (a) N, adsorption-desorption isotherms (b) PXRD patterns; (c) FTIR spectra; (d) XPS surveys of
Co-MOFs and derived oxides.

impact on their PXRD pattern®'. The calcination of these MOFs results in the formation of conventional oxides
like Co;0,*% On the other hand, mixed metal ions in a MOF yields binary metal oxides®. In the present study,
(Na,Co)-based MOFs oxidized to yield single-phase NaCo,O, materials and not Co;0,/Na,O composite. The
possible reason for single-phase NaCo,O, formation was a high calcination temperature of 700 °C and a long
heating time of 24 h. In the literature, numerous reports are available on the fabrication of sodium cobalt oxides
by the solid-state synthesis method with Na,O, and Co,0, as precursors®. During the calcination of (Na,Co)-
MOFs, the oxide formation occurs through the initial growth of oxide nanoparticles on the MOF surface. These
nanoparticles served as seeds for the development of microsheets®. In the case of the delocalized distribution
of Na and Co in the MOF structure, both the metal cations took part in the formation of oxide to yield NaCo,O,
type materials. On the contrary, localized distribution of Na and Co in the MOF may have formed Na,0/Na,0,
and Co;0, nanoparticles, which served as the precursors for NaCo,O, type materials at a high temperature of
700 °C for 24 h. Thus, in both cases, NaCo,O, formation was possible. For this reason, the PXRD pattern of
NaCo,O, matched with the pattern of NaCo,0,*® with the absence of Na,O or Co;0, (Fig. S3).

The FTIR spectra of MOFs and oxides are shown in Fig. 2c. The band at 3432 cm™ was assigned to the stretch-
ing vibrations of O-H stretching vibrations of adsorbed water molecules. The high-intensity bands at 1579, 1387,
and 1357 cm™! were due to the asymmetric and symmetric O-C-O stretching of organic linkers. The band at
1502 cm ™! was for C=C stretchings of the aromatic skeleton. The mid-intensity bands at 825, 808, and 753 cm™*
were attributed to the C-H bending modes®”*%. The band at 457 and 510 cm ™! were due to the Co-O stretching®.
For CoBTC, additional peak at 1668 and 1707 cm™! were possibly due to the Na-bound carboxylate groups. In the
FTIR spectra of NaCo,O,, the band at 1639 cm™" was due to the bending mode of the adsorbed water molecules.
The bands at 881 and 1442 cm™ were ascribed to the asymmetric stretching Co-OH and Na-O vibrations,
respectively. The band at 561 cm™ was due to the Co-O stretching vibrations®®*. The full scan XPS survey of
MOFs and derived oxides confirmed the presence of Na in the materials along with C, O, and Co (Fig. 2d). The
C peak in NaCo,O, materials was due to the adventitious carbon. Na 1s and Na KLL peak intensity increased in
the NaCo,O, compared to the MOFs due to the loss of carbon after calcination.

The HRXPS spectra of CoBDC and CoBTC are shown in Fig. S4, and the curve-fitting parameters are listed
in Tables S3-S5. The HRXPS C 1s spectrum of CoBDC has five contributions at 284.7, 285.8, 287.0, 288.6, and
290.6 eV for C=C/C-H, C-0, -COOCo, ~-COONa, and nt-t* satellite, respectively (Fig. S4a)*". The HRXPS Co 2p
spectrum of CoBDC has peaks at 782 and 798 eV for Co 2ps, and Co 2p, ,, respectively (Fig. S4b). The HRXPS
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Figure 3. HRXPS (a) Na Is; (b) Co 2p; (c) O 1s spectra of NCO-D; (d) Na 1s; (e) Co 2p; (f) O 1s spectra of
NCO-T.

Co 2p;, spectrum deconvoluted into two contributions at 781.1 and 782.7 eV for Co** (49.1%) and Co®* (50.9%),
respectively, with two satellites at 785.0 and 788.2 eV*%. The HRXPS O 1s spectrum of CoBDC has four contri-
butions at 531.5, 532.5, 533.7, and 535.4 eV for O-Co/O-Na, O-C=0, O-H, and H,0, respectively (Fig. S4c)*.
For CoBTC, the HRXPS C 1s spectrum deconvoluted into four peaks at 284.7, 285.9, 288.3, and 290.0 eV for
C=C/C-H, C-0, -COOCo, and ~-COONa, respectively (Fig. S4d). In the HRXPS Co 2p spectrum of CoBTC,
the Co** and Co*" peaks were observed at 781.0 and 782.5 eV with 48.7 and 51.3% contribution, respectively
(Fig. S4e). The HRXPS O 1s spectrum of CoBTC has peaks at 531.5, 532.5, and 533.8 eV for O-Co/O-Na,
0-C=0, and O-H, respectively (Fig. S4f).

The HRXPS spectra of NCO-D and NCO-T are shown in Fig. 3, and the curve-fitting parameters are listed
in Tables S6 and S7. The HRXPS Na 1s spectra of NCO-D (Fig. 3a) and NCO-T (Fig. 3d) has a peak at 1070.6
and 1070.8 eV, respectively, for Na* ions**. The HRXPS Co 2p spectrum of NCO-D has peaks at 779.8 and
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Figure 4. H,S breakthrough curves of MOFs and derived metal oxides in (a) dry; (b) moist conditions.
[Adsorbent] =0.2 g, flowrate=0.3 L min™".

794.9 eV with satellite peaks at 789.6 and 804.8 eV for Co 2p;,, and Co 2p, ,, respectively (Fig. 3b). The Co 2p;,
peak was deconvoluted into two contributions at 779.7 and 780.7 eV for Co*" (36.4%) and Co?* (63.6%) ions,
respectively*®. The HRXPS O 1s spectrum of NCO-D has three contributions at 530.1, 532.1, and 533.5 eV for
0-Co/O-Na, O-H, and H,0, respectively (Fig. 3c)*. The HRXPS Co 2p spectrum of NCO-T has peaks at 779.7
and 781.1 eV for Co®" (44.1%) and Co?* (55.9%), respectively (Fig. 3e). The HRXPS O 1s spectrum of NCO-T
has similar contributions as observed in NCO-D (Fig. 3f). Based on the analysis, NCO-D and NCO-T were
NaCo™),sCo'; 450, 33 and NaCo™ ,sCo™ ;,O 47, respectively.

H,S breakthrough studies. The breakthrough curves for MOFs and oxides in dry and moist conditions
are shown in Fig. 4. CoBDC and CoBTC showed a low adsorption capacity of 1.6 and 5.7 mg g™', respectively,
in dry condition (Fig. 4a). The studies dealing with Co-based MOFs for H,S removal are absent in the literature.
The closest study is the role of Co ions in UiO-67(bipy) for H,S removal. The post-synthetic inclusion of Co in
the MOF could not substantially improve its H,S removal capacity. The Co-sites in a highly porous MOF with
a surface area of ~ 2500 m* g™! failed to interact with H,S gas*. The low adsorption capacity of Co-MOFs in the
present study was probably due to the low Co-density and poor accessibility of Co-sites in MOFs for H,S interac-
tion. The NCO-D and NCO-T had an adsorption capacity of 133.9 and 134.6 mg g”!, respectively, which was a
significant improvement compared to MOF precursors. In the moist condition, the adsorption capacity of MOFs
and derived oxides decreased. In general, the presence of moisture plays a positive role in the H,S adsorption
process by dissociating H,S molecules in the water film*”#". The adsorption capacity could decrease due to the
competitive behaviour of water molecules for the adsorption sites*®. Moreover, the formation of sulfuric acid
could lower the structural integrity of the adsorbent and decrease its adsorption capacity. In the present case,
moisture alone can destroy the adsorbent structure due to the hygroscopic nature of sodiated transition metal
oxides®. Nevertheless, the H,S adsorption capacity was satisfactorily preserved even in the presence of mois-
ture. The higher adsorption capacity of NCO-T was due to its comparatively higher surface area than NCO-D.
The surface area of nonporous adsorbent is highly relevant in the adsorption of gases. Zheng et al. reported an
increased CO, adsorption capacity (1.02-2.83 cm® g™!) in KNbWO,-H,O pyrochlore with an increase in the sur-
face area (1.82-2.90 m* g™') after Sn** substitution®. Thus, the surface area plays a decisive role in the gas adsorp-
tion capacity of nonporous materials. The N, adsorption-desorption isotherms of spent NCO-D and NCO-T
are available in Fig. S5. The surface area of spent NCO-D and NCO-T was 0.94 and 1.16 m* g”', respectively. The
deposition of elemental sulfur and sulfate species was responsible for the decreased surface area. The decreased
surface area after H,S exposure further supported the fact that a low surface area restricts the gas diffusion pro-
cess and limits the adsorption capacity.

The effect of dosage and flowrate on the adsorption capacity was studied for NCO-D and NCO-T (Fig. 5). The
adsorption capacity was negatively impacted by the increasing adsorbent mass (Fig. 5a,b). The adsorption capac-
ity of 154.6 and 168.2 mg g™ with a 0.2 g dosage reached 117.6 and 118.9 mg g~! with 0.4 g dosage for NCO-D
and NCO-T, respectively. The decreased adsorption capacity was due to the formation of dead zones in the bed
with the increasing bed loading, which remained unused during the initial phase of the adsorption process®'. The
adsorption capacity decreased with the increasing H,S flow rate (Fig. 5¢,d). The adsorption capacity of 154.6 and
168.2mg g™ (0.1 L min™") for NCO-D and NCO-T dropped to 134.8 and 133.9 mg g™' (0.3 L min™"), respectively.
The decrease in the adsorption capacity with the increasing flow rate was due to the insufficient contact time for
adsorbate-adsorbent interactions at a higher flow rate. The impact was stronger due to the low surface area and
porosity of the metal oxide adsorbents®.

The adsorption capacity of synthesized oxides was compared with the Co-based adsorbents reported in the
literature (Table 1). The H,S uptake capacity of NCO-D and NCO-T were superior to many of the reported
adsorbents. The higher adsorption capacity of the Co;0,-SiO, composite was due to its high porosity. Only
Zn-Co hydroxide had a higher capacity than NCO adsorbents. Nevertheless, the MOF-derived NaCo,O,
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Figure 5. Effect of dosage on the adsorption capacity of (a) NCO-D; (b) NCO-T, flowrate=0.1 L min™"; effect
of flowrate on the adsorption capacity of (c) NCO-D; (d) NCO-T, [Adsorbent] =0.2 g.

Experimental conditions
Adsorbent C, (ppm) | Mass (g) | Flow rate (mL min™!) | BTP (%) | q.(mgg™)
Mesoporous Co,0,4 10,000 0.05 50 05 143.0¢
Co;0, 6.0¢
Zn;5C00,, 10 0.025 # - 134.0¢
Zn,Co, sAlO4, 107.0¢
C0,;0,-Si0, composite' 364 - 100 0.2 189.0™
C0,0,/MCM-41% 14,340 0.2 20 100 52.6¢
16.2¢
Co(OH),
26.7™
1000 - 500 10
Co(OH),/graphite oxid ite'? 2437
o raphite oxide composite
28rap P 120.37
69.1¢
CoOOH
121.8™
1000 - 500 10
66.34
CoOOH/graphite oxide composite'®
108.2™
31.0¢
Zn-Co hydroxide® 1000 - 500 10
228.1™
NCO-D 154.6¢
500 0.2 100 2
NCO-T [present study] 168.24

Table 1. The adsorption capacity of cobalt-based adsorbents at room temperature. *Static condition with 20 L
of gas equilibrated for 24 h; C]Dry condition; ™Moist condition.
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Figure 6. (a) TEM-EDS analysis; (b) PXRD patterns; (c) XPS surveys of spent NCO-D in dry condition.

adsorbents reported in these studies are unique and highly effective in removing H,S from effluent gases at
room temperature.

Adsorption mechanism. The distribution of sulfur in the spent NCO-D was probed through TEM-EDS
analysis (Fig. 6a). The EDS map has peaks for Co, O, and Na with a new high-intensity peak for S at ~2.1 keV.
The 2D elemental mapping confirmed the wide distribution of Na, Co, and O in the NCO-D adsorbent. Apart
from the constituent elements, uniform distribution of S was observed in the spent adsorbent. The PXRD pat-
terns of fresh and spent NCO-D are shown in Fig. 6b. The major peaks observed at 16.2°, 36.6°, 40.2°, 49.8°,
65.9°, and 68.6° for fresh NCO-D either disappeared or remained with decreased intensity after the H,S expo-
sure. Wang et al. have studied the H,S oxidation process over Co;O,. Though the mechanism was probed by
XPS analysis, the study suggested at least five products (CoS. CoSO,, CoSOH, CoOOH, and elemental sulfur)".
Park et al. reported the catalytic oxidation of H,S at 350 °C over Co;0,, where the XRD pattern confirmed the
formation of CoSO,*. Jun et al. reported the formation of Co,S; after high-temperature oxidation of H,S over
ZnCoTiO,**. Pahalagedara et al. reported the formation of Co,S, after the H,S desulfurization process over
mesoporous Co;0, at 200 °C'*. The PXRD pattern of spent NCO-D has sharp peaks in the entire 15°-70° range.
These peaks were assigned to Co;S;, CoSO,, Co;0,, and Co(OH), phases. The XPS surveys of fresh and spent
NCO-D are shown in Fig. 6¢. The XPS survey of spent NCO-D has peaks for S 2p and S 2s at~ 165 and ~ 234 eV,
respectively. The S present in the spent sample accounted for 14.2% of the total atomic composition.
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Figure 7. HRXPS (a) Na 1s; (b) Co 2p; (c) O 1s; (d) S 2p spectra of spent NCO-D in dry condition.

The HRXPS Na 1s peak at 1070.6 eV for fresh NCO-D shifted to 1071.1 eV for spent NCO-D (Fig. 7a). The
shift in the binding energy of Na 1s peak by 0.3 eV was probably due to the redistribution of electron density after
the formation of different sulfide and oxide phases of cobalt. In the HRXPS Co 2p spectrum of spent NCO-D,
the peaks at 780.3 and 796.7 eV were assigned to the Co 2p;,, and Co 2p,,,, respectively (Fig. 7b). The HRXPS
Co 2p;), peak has two contributions at 779.7 and 781.2 eV for Co** (39.9%) and Co?* (60.7%) sites, respectively.
In the fresh NCO-D, the Co*" and Co?* contribution was 36.4 and 63.6%, respectively. The variation in the
contributions of Co** and Co?" sites in the NCO-D was due to the involvement of the Co**/Co?* catalytic cycle
in the H,S oxidation process. The HRXPS O 1s spectrum of spent NCO-D has two contributions at 530.0 and
531.0 eV for O-Na/O-Co and O-S/O-H, respectively (Fig. 7c). The increase in the hydroxyl density over the
adsorbent was most likely due to the interaction of H,S molecules with the surface lattice O*~ to yield HS™ and
-OH groups®. Moreover, the absence of surface H,O in the spent sample hinted towards its full utilization to
form sulfates and Co(OH),. The HRXPS S 2p spectra of spent NCO-D is shown in Fig. 7d. The spectrum was
fitted into six peaks for different sulfur species. The peaks at 162.0 and 163.2 eV were assigned to the S 2p;;, and
S 2p,,, of sulfide species, respectively, which were bound to Co ions in Co;S,'>°°. The sulfide species was primar-
ily formed due to the reactive interaction of adsorbed H,S molecules with the lattice oxygen. The peaks at 164.1
and 165.3 eV were attributed to the S 2p;,, and S 2p,, of elemental sulfur, respectively'®. The peaks at 168.1 and
169.2 eV were assigned to the S 2p;, and S 2p,, of sulfate ions, respectively. These sulfate ions were considered as
CoSO,, observed in the PXRD pattern as well'®*”. Thus, all three major sulfur species were conclusively detected
in the XPS analysis. Moreover, the sulfide, sulfur, and sulfate contribution in the total sulfur content were 39.1,
11.1, and 49.8%, respectively. Based on the above discussion, the following reactions have been proposed for
the H,S removal over NCO-D.

lattice (O*7) + H,S — —OH + HS™ (2)

200 + 87 — 2C*t +§ (3)
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2Co*t + %Oz — 2Co™" + 0%~ 4)

S+ %Oz + H>0 — H;S04 (5)
NaCo,x0O, + H,O — NaOH + Co304 + CoO (6)
Co304 + 4H,0 — 3Co(OH), (7)

CoO + H3S804 — CoSO4 + H,0 (8)

Conclusion

We have reported a novel approach for the fabrication of NaCo,O, adsorbents by air calcination of (Na,Co)-
organic frameworks. NaCo,O, were formed irrespective of the type of organic linkers used in the MOF precursor.
Moreover, the oxides crystallized as microsheets of 100-200 nm thickness with the presence of some polyhedral
nanocrystals. These macroporous oxides have a surface area in the range of 1.15-1.90 m* g™'. X-ray photoelectron
spectroscopy (XPS) analysis confirmed the near equal presence of Co?* and Co** sites in MOFs, which were
largely preserved in the NaCo,O,. The maximum adsorption capacity of 168.2 mg g™ was recorded for NCO-T
in dry conditions. The competitive nature of water molecules led to the decrease in adsorption capacity in moist
condition. The adsorption capacity decreased with the increasing flow rate and bed loading due to the insufficient
contact time for adsorbate-adsorbent interactions and the formation of dead zones, respectively. TEM-EDAX
analysis confirmed abundant and uniform distribution of sulfur in the adsorbent. PXRD analysis of the spent
sample suggested the formation of Co;S,, CoSO,, Co;0,, and Co(OH), after the H,S exposure. The products of
the H,S adsorption-oxidation process were further confirmed by XPS analysis. Thus, we have reported highly
efficient adsorbents for the adsorptive-oxidative removal of H,S gas in ambient conditions.

Received: 14 May 2021; Accepted: 16 June 2021
Published online: 19 July 2021

References
1. Agbroko, O. W,, Piler, K. & Benson, T. J. A comprehensive review of H,S scavenger technologies from oil and gas streams. Chem-
BioEng Rev. 4, 339-359 (2017).
2. Zwain, H. M., Nile, B. K., Faris, A. M., Vakili, M. & Dahlan, I. Modelling of hydrogen sulfide fate and emissions in extended aera-
tion sewage treatment plant using TOXCHEM simulations. Sci. Rep. 10, 22209 (2020).
3. Méndez-Mateos, D., Barrio, V. L., Requies, ]. M. & Cambra, J. E. A study of deactivation by H,S and regeneration of a Ni catalyst
supported on Al,O;, during methanation of CO,. Effect of the promoters Co, Cr, Fe and Mo. RSC Adpv. 10, 16551-16564 (2020).
4. Feilberg, A., Hansen, M. J., Liu, D. & Nyord, T. Contribution of livestock H,S to total sulfur emissions in a region with intensive
animal production. Nat. Commun. 8, 1069 (2017).
5. Lopez, Y. C. et al. Transition metal-based metal-organic frameworks for environmental applications: A review. Environ. Chem.
Lett. 19, 1295-1334 (2021).
6. Viltres, H. et al. Functional metal-organic frameworks for metal removal from aqueous solutions. Sep. Purif. Rev. https://doi.org/
10.1080/15422119.2020.1839909 (2020).
7. Liao, Y.-T., Matsagar, B. M. & Wu, K.C.-W. Metal-organic framework (mof)-derived effective solid catalysts for valorization of
lignocellulosic biomass. ACS Sustain. Chem. Eng. 6, 13628-13643 (2018).
8. Maiti, S., Pramanik, A. & Mahanty, S. Extraordinarily high pseudocapacitance of metal organic framework derived nanostructured
cerium oxide. Chem. Commun. 50, 11717-11720 (2014).
9. Huang, Y.-Y. et al. De novo synthesis of Cr-embedded MOF-199 and derived porous CuO/CuCr,0, composites for enhanced
phenol hydroxylation. Green Chem. 21, 1889-1894 (2019).
10. Koo, W.-T., Choi, S.-J., Jang, J.-S. & Kim, I.-D. Metal-organic framework templated synthesis of ultrasmall catalyst loaded ZnO/
ZnCo,0, hollow spheres for enhanced gas sensing properties. Sci. Rep. 7, 45074 (2017).
11. Hsu, S.-H. et al. Platinum-free counter electrode comprised of metal-organic-framework (MOF)-derived cobalt sulfide nanopar-
ticles for efficient dye-sensitized solar cells (DSSCs). Sci. Rep. 4, 6983 (2015).
12. Zhan, Y. et al. MOF-derived porous Fe,O; with controllable shapes and improved catalytic activities in H,S selective oxidation.
CrystEngComm 20, 3449-3454 (2018).
13. Xue, M., Chitrakar, R., Sakane, K. & Ooi, K. Screening of adsorbents for removal of H,S at room temperature. Green Chem. 5,
529-534 (2003).
14. Pahalagedara, L. R. et al. Low temperature desulfurization of H,S: High sorption capacities by mesoporous cobalt oxide via
increased H,S diffusion. Chem. Mater. 26, 6613-6621 (2014).
15. Wang, J. et al. Synthesis of porous cobalt oxide and its performance for H,S removal at room temperature. Ind. Eng. Chem. Res.
56, 12621-12629 (2017).
16. Florent, M. & Bandosz, T. J. Effects of surface heterogeneity of cobalt oxyhydroxide/graphite oxide composites on reactive adsorp-
tion of hydrogen sulfide. Microporous Mesoporous Mater. 204, 8-14 (2015).
17. Mabayoje, O., Seredych, M. & Bandosz, T. J. Cobalt (hydr)oxide/graphite oxide composites: Importance of surface chemical
heterogeneity for reactive adsorption of hydrogen sulfide. J. Colloid Interface Sci. 378, 1-9 (2012).
18. Long, J. W, Wallace, J. M., Peterson, G. W. & Huynh, K. Manganese oxide nanoarchitectures as broad-spectrum sorbents for toxic
gases. ACS Appl. Mater. Interfaces 8, 1184-1193 (2016).
19. Liu, X. et al. Investigation on the capture performance and influencing factors of ZIF-67 for hydrogen sulfide. Sep. Purif. Technol.
250, 117300 (2020).

Scientific Reports |

(2021) 11:14740 | https://doi.org/10.1038/s41598-021-94265-7 nature portfolio


https://doi.org/10.1080/15422119.2020.1839909
https://doi.org/10.1080/15422119.2020.1839909

www.nature.com/scientificreports/

20.

Lee, J. MOF-derived 1D hollow bimetallic iron(III) oxide nanorods: Effects of metal-addition on phase transition, morphology
and magnetic properties. CrystEngComm 22, 8081-8087 (2020).

21. Lee, J. & Kwak, S.-Y. Mn-doped maghemite (y-Fe,O;) from metal-organic framework accompanying redox reaction in a bimetallic
system: The structural phase transitions and catalytic activity toward NO, removal. ACS Omega 3, 2634-2640 (2018).

22. Yang, S. et al. MOF-templated synthesis of CoFe,0, nanocrystals and its coupling with peroxymonosulfate for degradation of
bisphenol A. Chem. Eng. J. 353, 329-339 (2018).

23. Siman, P, Trickett, C. A., Furukawa, H. & Yaghi, O. M. L-Aspartate links for stable sodium metal-organic frameworks. Chem.
Commun. 51, 17463-17466 (2015).

24. Gupta, N. K,, Bae, J., Kim, S. & Kim, K. S. Terephthalate and trimesate metal-organic frameworks of Mn Co, and Ni: Exploring
photostability by spectroscopy. RSC Adv. 11, 8951-8962 (2021).

25. Wu, Y. et al. 3D-monoclinic M-BTC MOF (M = Mn Co, Ni) as highly efficient catalysts for chemical fixation of CO, into cyclic
carbonates. J. Ind. Eng. Chem. 58, 296-303 (2018).

26. Bueno-Ferrer, C., Parres-Esclapez, S., Lozano-Castelld, D. & Bueno-Ldpez, A. Relationship between surface area and crystal size
of pure and doped cerium oxides. J. Rare Earths 28, 647-653 (2010).

27. Thommes, M. et al. Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (ITUPAC
Technical Report). Pure Appl. Chem. 87,1051-1069 (2015).

28. Ma, H.-M. et al. Stable bimetal-MOF ultrathin nanosheets for pseudocapacitors with enhanced performance. Inorg. Chem. 58,
9543-9547 (2019).

29. Hafizovic, J. et al. The inconsistency in adsorption properties and powder XRD data of MOF-5 is rationalized by framework
interpenetration and the presence of organic and inorganic species in the nanocavities. . Am. Chem. Soc. 129, 3612-3620 (2007).

30. Nowacka, A., Briantais, P,, Prestipino, C. & Llabrés i Xamena, F. X. Facile, “green” aqueous synthesis of mono- and bimetallic
trimesate metal-organic frameworks. Cryst. Growth Des. 19, 4981-4989 (2019).

31. Cheng, D, Khan, M. A. & Houser, R. P. Structural variability of cobalt(II) coordination polymers: Three polymorphs of Co;(TMA),
[TMA = Trimesate, CsH5(COO)5*"]. Cryst. Growth Des. 4, 599-604 (2004).

32. Li, A. et al. Facile synthesis of Co;0, nanosheets from MOF nanoplates for high performance anodes of lithium-ion batteries.
Inorg. Chem. Front. 5, 1602-1608 (2018).

33. Jayakumar, A., Antony, R. P., Wang, R. & Lee, J.-M. MOF-derived hollow cage Ni,Co,_,O, and their synergy with graphene for
outstanding supercapacitors. Small 13, 1603102 (2017).

34. Lei, Y, Li, X, Liu, L. & Ceder, G. Synthesis and stoichiometry of different layered sodium cobalt oxides. Chem. Mater. 26, 5288-5296
(2014).

35. Cendrowski, K., Zenderowska, A., Bieganska, A. & Mijowska, E. Graphene nanoflakes functionalized with cobalt/cobalt oxides
formation during cobalt organic framework carbonization. Dalton Trans. 46, 7722-7732 (2017).

36. Rami Reddy, B. V., Ravikumar, R., Nithya, C. & Gopukumar, S. High performance Na,CoO, as a cathode material for rechargeable
sodium batteries. J. Mater. Chem. A 3, 18059-18063 (2015).

37. Gupta, N. K., Kim, S., Bae, J. & Kim, K. S. Chemisorption of hydrogen sulfide over copper-based metal-organic frameworks:
Methanol and UV-assisted regeneration. RSC Adv. 11, 4890-4900 (2021).

38. Maiti, S., Pramanik, A., Manju, U. & Mahanty, S. Reversible lithium storage in manganese 1,3,5-benzenetricarboxylate metal-
organic framework with high capacity and rate performance. ACS Appl. Mater. Interfaces 7, 16357-16363 (2015).

39. Murinzi, T. W,, Hosten, E. & Watkins, G. M. Synthesis and characterization of a cobalt-2,6-pyridinedicarboxylate MOF with
potential application in electrochemical sensing. Polyhedron 137, 188-196 (2017).

40. Shirpour, M., Cabana, J. & Doeff, M. New materials based on a layered sodium titanate for dual electrochemical Na and Li inter-
calation systems. Energy Environ. Sci. 6, 2538 (2013).

41. Elder, A. C., Bhattacharyya, S., Nair, S. & Orlando, T. M. Reactive adsorption of humid SO, on metal-organic framework
nanosheets. J. Phys. Chem. C 122, 10413-10422 (2018).

42. Stawowy, M. et al. HKUST-1-supported cerium catalysts for CO oxidation. Catalysts 10, 108 (2020).

43. Precht, R. et al. Investigation of sodium insertion into tetracyanoquinodimethane (TCNQ): Results for a TCNQ thin film obtained
by a surface science approach. Phys. Chem. Chem. Phys. 18, 3056-3064 (2016).

44. Mandal, S., Rakibuddin, M. & Ananthakrishnan, R. Strategic synthesis of SiO,-modified porous Co;0, nano-octahedra through
the nanocoordination polymer route for enhanced and selective sensing of H, gas over NO,. ACS Omega 3, 648-661 (2018).

45. Alogayli, S. et al. Nanostructured cobalt oxide and cobalt sulfide for flexible, high performance and durable supercapacitors. Energy
Storage Mater. 8, 68-76 (2017).

46. Nickerl, G. et al. Integration of accessible secondary metal sites into MOFs for H,S removal. Inorg. Chem. Front. 1,325-330 (2014).

47. Yang, C. et al. Bifunctional ZnO-MgO/activated carbon adsorbents boost H,S room temperature adsorption and catalytic oxida-
tion. Appl. Catal. B 266, 118674 (2020).

48. Gupta, N. K,, Bae, J., Kim, S. & Kim, K. S. Fabrication of Zn-MOF/ZnO nanocomposites for room temperature H,S removal:
Adsorption, regeneration, and mechanism. Chemosphere 274, 129789 (2021).

49. Hwang, J.-Y., Myung, S.-T. & Sun, Y.-K. Sodium-ion batteries: Present and future. Chem. Soc. Rev. 46, 3529-3614 (2017).

50. Zeng, X. et al. Sn-Doped defect pyrochlore oxide KNbWO,-H,O microcrystals and their photocatalytic reduction of CO,. New J.
Chem. 42, 5753-5758 (2018).

51. Kim, S., Gupta, N. K., Bae, J. & Kim, K. S. Fabrication of coral-like Mn,05/Fe,O; nanocomposite for room temperature removal
of hydrogen sulfide. J. Environ. Chem. Eng. 9, 105216 (2021).

52. Long, N. Q. & Log, T. X. Experimental and modeling study on room-temperature removal of hydrogen sulfide using a low-cost
extruded Fe,O;-based adsorbent. Adsorption 22, 397-408 (2016).

53. Park,]. ], Jung, S. Y, Park, C. G, Lee, S. C. & Kim, J. C. A study on the regenerable Co and Ni-based sorbents to remove hydrogen
sulfide at middle temperature. Top Catal. 53, 635-640 (2010).

54. Jun, H. K, Lee, T. ], Ryu, S. O. & Kim, J. C. A study of Zn-Ti-based H,S removal sorbents promoted with cobalt oxides. Ind. Eng.
Chem. Res. 40, 3547-3556 (2001).

55. Zheng, X. et al. Insight into the effect of morphology on catalytic performance of porous CeO, nanocrystals for H,S selective
oxidation. Appl. Catal. B 252, 98-110 (2019).

56. Gupta, N. K., Kim, S., Bae, J. & Soo Kim, K. Fabrication of Cu(BDC),5(BDC-NH,), ; metal-organic framework for superior H,S
removal at room temperature. Chem. Eng. J. 411, 128536 (2021).

57. Jiang, B. et al. Ultrasonic-assisted preparation of highly active Co;0,/MCM-41 adsorbent and its desulfurization performance for
low H,S concentration gas. RSC Adv. 10, 30214-30222 (2020).

58. Mabayoje, O., Seredych, M. & Bandosz, T. . Enhanced adsorption of hydrogen sulfide on mixed zinc/cobalt hydroxides: Effect of
morphology and an increased number of surface hydroxyl groups. J. Colloid Interface Sci. 405, 218-225 (2013).

Acknowledgements

The authors are grateful for the funds [Project #20210152-001] provided by the “Korea Institute of Civil Engi-
neering and Building Technology” (KICT), Republic of Korea.

Scientific Reports |

(2021) 11:14740 | https://doi.org/10.1038/s41598-021-94265-7 nature portfolio



www.nature.com/scientificreports/

Author contributions
N.K.G. was in charge of data curation, formal analysis, methodology, and writing the original draft. N.K.G and
J.B. were in charge of visualization and validation. K.S.K. and J.B. were responsible for funding acquisition,
resources, and supervision.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-94265-7.

Correspondence and requests for materials should be addressed to J.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:14740 | https://doi.org/10.1038/s41598-021-94265-7 nature portfolio


https://doi.org/10.1038/s41598-021-94265-7
https://doi.org/10.1038/s41598-021-94265-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Metal organic framework derived NaCoxOy for room temperature hydrogen sulfide removal
	Materials and methods
	Chemicals. 
	Synthesis of adsorbents. 
	Material characterization. 
	Breakthrough studies. 

	Results and discussion
	Characterization of adsorbents. 
	H2S breakthrough studies. 
	Adsorption mechanism. 

	Conclusion
	References
	Acknowledgements


