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Abstract

Sorbent with a great quantity of highly dispersed active components is of importance to achieve excellent desulfurization perfor-
mance. Thus, Zn@MnOx/porous carbon nanofibers (PCNF's) sorbents have been constructed via electrospinning, carbonization,
activation and hydrothermal techniques in this study. The as-prepared sorbent realizes a sulfur capacity of 9.63 g S 100 g-1
sorbent and a utilization rate 117% of ZnO, which could be attributed to the synergetic effects of the enlarged surface area of
PCNF's and uniformly distributed active components. The specific surface area of modified PCNFs is nearly five times higher
than that of the pristine CNF's, providing larger loading area and more attachment sites for metal oxides. Activation with
KMnO4 not only generates active MnOx components but also presets ‘seed’ for ZnO crystals growth, which is beneficial for
the high dispersion of nano-sized active components. The presented method is beneficial to producing sorbents with better

structure and promoted desulfurization performance.

1. Introduction

Coal consumption has been increased from 2830 million tons to 2934 million tons in China in 2021.' The
clean and efficient utilization of coal thus becomes significant for the country to achieve the strategic goal
of “Emission peak and carbon neutralization”. Nevertheless, in the clean transformation of coal, coal gas,
as an indispensable raw material and power source, corrodes equipment and causes catalyst poisoning in
subsequent processes, for the presence of H,S in it.2 Therefore, removal of HyS is an important prerequisite
for the clean utilization of coal.?

Among the existed techniques of HyS removal, dry desulfurization, compared with wet desulfurization, is
widely employed in the situations at medium and high temperatures, which not only makes full use of
the sensible heat of coal gas, but also reduces the consumption for raw coal in coal-fired system.? High
temperature coal gas desulfurization is realized through the reaction between single or composited metal
oxides and HyS with metal sulfide as products. Theoretically, the more active components the better sulfur
capacity of desulfurization sorbent.®>**However, previous studies reveal that the pure metal oxides own a poor
sulfur capacity due to the aggregated oxide grains and undesirable plugged structures, resulting in insufficient
utilization of active components.”® In order to solve this problem, porous supporters such as activated carbon,
zeolites, y-AlyO3 and molecular sieve have been introduced into the preparation of sorbent.”!! Liu et al.
synthesized desulfurization sorbent with highly dispersion of active components by combining porous MAS-9
and Ca-based oxides.'? It was found that the sorbent exhibited a sulfur capacity of 17.16 ¢ S 100 g'! sorbent.
Mi et al. applied MCM-41 as porous supporter to promote the desulfurization performance of ZnO-based
sorbent.'® They achieved a sulfur capacity of 5.7 ¢ S 100 g'! sorbent due to the uniform distribution of ZnO



nanophase on MCM-41. However, the utilization rate of the ZnO/MCM-41 sorbent is low (57%), which
differs greatly from the theoretical value. The key to removing hydrogen sulfide is the replacement process
of O% (radius 0.140 nm) in metal oxide and S* (radius 0.184 nm) in hydrogen sulfide, but the greater
molecular volume of metal sulfide than that of the metal oxide is bound to occupy a larger space.'*While
within the sorbent preparation with porous solid supporters, the active components are expected to scatter
in the internal surface of channels, the induced volume expansion of desulfurization products is likely to
fill and plug the inner channel of supporters, which happens in the “pore closing” process, finally limiting
the mass transfer and ion diffusion of the reaction. Besides, though the rich channels of meso-supporter
contribute high surface area, they are also easily to be plugged due to the limited pore size, which cannot
meet the requirements for desulfurization applications that need massive reaction agent.

To overcome the above challenges, carbon nanofibers (CNFs) with large specific surface area and open-
ing three-dimensional structure have been proposed into preparing desulfurization sorbent.'®'6For example,
Bajaj et al. investigated the synergetic effect of activated carbon nanofibers (ACNFs) and Cu,O nanopar-
ticles for coal gas desulfurization. They found that ACNFs as supporting matrix play an important role
in preventing aggregation of nanoparticles.'” Similar results have also been obtained by Kim et al., where
the CNFs-supported sorbent showed 3 times higher in ZnO utilization efficiency compared to pure ZnO
nanopowders.'® However, the loading content and dispersion of active components are heavily influenced by
the limited surface area of CNFs. Besides, the preparation strategy applied lowers the utilization of active
components due to the fact that metal ions are encapsulated by CNFs. By learning from these strategies and
the opening three-dimensional structure of CNFs, we hypothesize that an enlarged surface area for desul-
furization sorbent by introducing the CNFs supporter with high specific surface area and porous structural
features with ease gas diffusion performance, which are beneficial for the uniform distribution of massive
active components and increase its loading content (Figure. 1a ). More important, CNFs are conducive to
the avoidance of the negative effects arising from the volume expansion of the desulfurization products based
on its opening structure and flexibility. Upon the hypothesis, the CNFs materials with enlarged surface are
expected to provide a much wider supporter area for active components and thus achieve a highly dispersed
distribution, which can promote the loading content and utilization of desulfurization sorbent.

In this work, a surface area enlarged structure of Zn@MnO,, /porous CNFs (PCNFs) desulfurization sor-
bent with highly dispersed active components is rationally constructed by electrospinning, carbonization,
etching, oxidation activation and hydrothermal treatments, which facilitates improving the loading content
and utilization of active component. PCNFs were obtained by taking SiOs as sacrifice phase after the co-
electrospinning of polymers and SiO;. The PCNFs are effective in increasing specific surface area, which
is beneficial for keeping active components distributed in small grain size. Manganese oxides derived from
oxidation activation by KMnO,4 not only serve as active components for desulfurization, but also as acts as
seeds for the growth of ZnO on PCNFs. Benefited from our rational structure design, the desulfurization
performances of the as-prepared sorbents tested with a fixed-bed reactor at 500 °C achieves 9.63 g S 100 g!
sorbent, with an overall utilization rate of active components up to 73%. It is worth noted that the utilization
rate of ZnO reached up to 117% at the breakthrough concentration of 900 ppm.
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Figure 1 . (a) Schematic illustration of synthesis of ZnY@MnO, /XPCNFs sorbent. (b) Schematic illus-
tration of the surface areas of CNFs and PCNFs. (c¢) Structural parameters of pristine CNFs, 0PCNF's and
24PCNFs. (d) Loading contents of Mn in sorbents MnO, /CNFs, MnO, /OPCNFs, MnO, /24PCNFs and
Zn@MnO,, /24PCNFs.

First, the surface area enlargement of pristine CNFs and PCNFs is theoretically studied to rationally guide
structural tuning of CNFs supporter (Figure. 1la). SiOs nanospheres were introduced into the electrospun
PAN matrix as hard template for the purpose of expanding the surface area and attachment sites for metal
oxides. Herein, as shown in Figure. 1b, assuming the single nanofiber in pristine CNF's is a cylinder with
diameter (d) [?] 0.1 mm and height [?] 0.1 mm, the lateral area S of the single nanofiber is 0.1256 mm?.
In the meantime, the diameter (dp) of the hollow carbon shell derived from the etching of SiOy sphere is
assumed equal to d of the cylinder. Based on the above hypothesis, after the introduction and etching of
SiOg, the St and Sp of the enlarged single nanofiber calculated are 0.2405 and 0.2856 mm?, respectively,
which are 1.9 and 2.3 times higher than that of the pristine CNFs. Theoretically, the highest area of enlarged
single nanofiber can reach up to 0.3556 mm?, more than 2.8 times higher than that of the pristine CNFs
(Figure. S1). According to the models established and the calculations, our hypothesis is beneficial for an
enlarged and expanded surface area of porous CNFs.

Besides, N5 adsorption-desorption was applied to analysis the structural parameters of the modified PCNF's
(Figure. 1lc). The strategy employed successfully enlarges the specific surface area and total pore volume
from 51.765 m2?g! and 0.082 cm3g! to 250.684 m?g! and 0.228 cm3g!, which realizes amplifications of
483% and 278%, respectively. Furthermore, the pristine CNFs, PCNFs were processed through activation
oxidation in KMnQOy solution for the adherent of MnO, . ICP characterization verified the same trend in
Mn?" content as structural parameters display. The Mn?* content in sorbent MnO, /24PCNFs is 17.8%,
while it’s only 5.5% in sorbent with pristine CNF's as supporter. According to the above results, it can be seen
that this unique desulfurization sorbent using the surface area enlarged PCNFs as supporter could provide
expanded surface area and a plenty of attachment sites for the loading of active components. Besides, the
three dimensional opening structure of the modified CNF's will improve the mass transfer and ion diffusion
rate of the corresponding desulfurization sorbent.

2. Results and discussion
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Figure 2 . SEM and TEM graphs of (a, d, g) 24PCNFs, (b, e, h) MnO, /24PCNFs and (c, f, i) Zn@MnO,
/24PCNFs. (j) EDX graphs of elements C, O, Mn and Zn within sorbent Zn@MnO,, /24PCNFs.

The morphology of the modified CNFs and the supported sorbents after electrospinning, heat treatment
and etching was characterized via SEM (Figures. 2 and S2). As shown in Figure. 2a, 24PCNFs exhibit
the characteristics of smooth surface and 3D continuously interconnected networks with hollow carbon shells
uniformly embedded. In addition, as displayed in Figure. S2, supporters CNFs, OPCNFs, SPCNFs 16PCNF's
and 32PCNFs were also prepared to uncover the effect of the compositions of spinning solution on the
morphology of carbon nanofibers. It can be seen that the morphology of CNFs (Figure. S2a) is smooth
surface and no significant pore structure have been observed, which is similar to that of OPCNFs (Figure.
S2b). When the content of SiOsincreased from 0 to 8 wt.%, the content of embedded hollow carbon shells
in 8PCNF's was less and still retained most of the morphology of 0PCNFs (Figure. S2¢). With the increase
of the content of hollow carbon shells embedded on porous carbon nanofibers, the original micro-structure
of OPCNFs was completely changed. However, the content of hollow carbon shells embedded on 16PCNF's
was significantly lower than that of 24PCNFs, which show little potential for the purpose of enlarging the
surface area of CNFs (Figures. S2d and e). The content of carbon shells embedded on carbon nanofibers
is limited when the polymer content in the electrospinning solution is certain. Due to the excessive SiOq
content, the hollow carbon shells on 32PCNFs were no longer distributed uniformly along the fibers, the
aggregation phenomenon increased, and the fiber fracture was aggravated (Figure. S2f). In conclusion, the
morphology of 24PCNF's were consistent with the preset expectation of the optimal supporter.

Due to the surface hydrophobicity and chemical inertness, KMnQO,4 oxidation was adopted in order to anchor
the manganese oxide uniformly on the carbon nanofibers based on the reaction: MnO4 4+ C + Hy0 - MnO,
+ CO3% + HCO3™ .12 As show in Figure. 2b, the morphology of MnO, /24PCNFs oxidized under 30 °C
is similar to that of 24PCNFs, and no obvious observations involved manganese oxide particles have been
found upon the supporter 24PCNFs, indicating that the structure of porous carbon nanofibers after the
oxidation process is well preserved under 30 °C (Figure. S3a). 24PCNFs were also oxidized at 45 and 60 °C



for increasing the loading of manganese oxides, however, compared with MnO,, /24PCNFs oxidized at 30 °C,
fractures and cracks have been observed within the 24PCNFs processed at 45 and 60 °C (Figures. S3b and
¢). Therefore, 30 °C is selected as the optimal activation temperature of 24PCNF's,; which is to maintain the
completeness and continuous characteristics of activated MnO,, /24PCNFs sorbent. MnO,, /CNFs and MnO,,
/XPCNF's were prepared under the same oxidation parameters to investigate the effect of different structure
and morphology of carbon nanofibers on the loading content of manganese oxide anchored on them. As
displayed in the SEM images of sorbents MnO, /CNFs and MnO,, /XPCNFs (Figures. S4a-f), the activated
sorbents remained structural integrity, except the sorbent supported by 32PCNFs, which appeared fractures
within the nanofibers (Figure. S4f). The loading content of element Mn in the sorbent was tested by ICP.
The order of MnO,, /32PCNFs > MnO,, /24PCNFs > MnO,, /16PCNFs > MnO, /8PCNFs > MnO,, /CNFs
> MnO, /OPCNFs based on the manganese oxide content loaded is proposed (Table S1). The results show
that the embedded hollow carbon shells greatly increase the number of anchor sites and improve the loading
of the active components. Furthermore, by comparing the integrity of the oxidized CNFs and desulfurization
performance of the corresponding sorbents, 24PCNF's was seemed as the optimal supporter and the sorbent
MnO, /24PCNFs was selected as ‘seed’ for further investigation for the bi-oxides desulfurization sorbents.2

As shown in Figure. 2¢, namely the SEM graph of sorbent Zn@MnO, /24PCNFs, nano particles with
uniform size and evenly distribution appeared on the surface of porous carbon nanofibers, of which the
structure completeness did not change obviously. In addition, sorbents Zn0@MnO,, /24PCNFs, Zn2@MnO,
/24PCNFs and Zn3@MnO,, /24PCNFs were also prepared to investigate the effect of Zn?* concentration in
hydrothermal solution on the morphology and performance of the composited sorbents. As shown in Figure.
Sha, manganese oxides were found to be randomly scattered on supporters with bulk crystals in large particle
size when Zn?* was not introduced in the hydrothermal process. While for that of the sorbent Zn@MnO,,
/24PCNFs, it was suggested that the addition of Zn?* could inhibit the formation of bulk crystals, thus
forming uniformly dispersed particles on 24PCNFs (Figure. S5b). As far as the concentration of Zn?* reached
up to 0.02 M, in addition to nano particles anchored on the carbon nanofibers, nanowires with length of 50-80
nm appeared within the nanofibers have been observed in the sorbent Zn2@MnO,, /24PCNF's (Figure. S5c).
Besides, the quantity of nanowire increased when the content of Zn went up to 0.03 M (Figure. S5d). By
analyzing the elemental mapping graphs of sorbents ZnY@QMnO,, /24PCNF's in Figure. S5, the nanoparticles
anchored on porous carbon nanofibers could be attributed to zinc oxide and manganese oxides, while the
nanowires between the fibers may be the excessive zinc oxide that restricted by the attachment sites on
CNFs. The presence of nanowires can improve the sulfur capacity of the composite sorbents only through
the way of increasing the content of active components (Table S1), but its utilization rate is low according
to their large size and the uneven distribution. Therefore, based on the above analyses, sorbent Zn@MnO,,
/24PCNF's was selected as the optimal composited sorbents, in which the active components were uniformly
anchored on porous carbon nanofibers, and the active components that in the shape of nanowires and bulk
crystals were absent.

Figure. 2d shows the TEM image of PCNF's, the structure of nanofibers embedded with hollow carbon shells
can be clearly observed. The structures of MnO, /24PCNFs (Figure. 2e) and Zn@MnO,, /24PCNFs (Figure.
2f) were similar to the original PCNFs, verifying that the results from SEM. Figures. 2g-i represent the
corresponding enlarged TEM images of Figures. 2d-f, respectively, showing that the carbon layer thickness
of the hollow carbon shells was about 12 nm. Compared with 24PCNFs, the surface of MnO, /24PCNFs
after oxidation treatment was darker in many regions (Figure. 2h), which could be the anchored ‘seed layer’
of manganese oxides, as verified by elemental mapping images of MnO, /24PCNFs (Figure. S6). Evenly
distributed granular active components with diameter around 3.1-13.0 nm have been observed in sorbent
Zn@MnO, /24PCNFs. The EDX elemental mapping images in Figure. 2j also prove the even distributions
of elements O, Zn and Mn.

Structural performance of various CNFs-derived supporters and loaded sorbents has been investigated to
reveal the variations under different compositions of the spinning solution as well as the changes before and
after oxidation and hydrothermal processes. As shown in Figure. S7 and Table S2, the smooth surface and
absence of pores led to low specific surface area (51.765 m? g!) of CNFs, which is not conducive to gas



adsorption. Therefore, PVP was added in the spinning solution to modify the structural parameters due to
its low carbon yield after decomposition that increasing the micro-pores.?1"?® As a result, 0PCNFs exhibited
specific surface area of 275.077 m2g™! and pore volume of 0.169 cm3g™!

Further, Si05 was also introduced to increase the pore volume. After the introduction of SiOs, the specific
surface area of SPCNFs was 145.193 m? g'!, the reduction from OPCNFs was due to the fact that part of
micro-pores was destroyed and only a small count of hollow carbon shells was generated in 8PCNFs. With
the increase of SiOs, the specific surface area of 16PCNFs, 24PCNFs and 32PCNFs was similar to that of
OPCNFs and pore volume values increased largely, which were 0.200, 0.228 and 0.247 cm3g™!, respectively
(Figure. 3a ). The adsorption-desorption isotherm curves of 16PCNFs, 24PNCFs and 32PCNFs all showed
type IV isotherms with a weak H4-type hysteresis loop (P Py > 0.5) according to the IUPAC classification,
suggesting the presence of slit shaped mesopores.?4?® These results indicate that with the increase of the
content of hollow carbon shells embedded on porous carbon nanofibers, the structure of pristine CNFs was
completely changed and exhibited positive effect of SiO5 on the enlargement of surface area and pore volume.
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Figure 3. (a) Ny adsorption-desorption curves and structural parameters, (b) XRD patterns and (¢) FT-IR
spectra of 24PCNFs, MnO, /24PCNFs and Zn@QMnO,, /24PCNFs. (d) XPS spectra of MnO, /24PCNFs
and Zn@MnO, /PCNFs. Fitted XPS spectra of elements (e¢) Zn, (f) Mn, (g) high revolution TEM graphs
and lattice fringe analyses of sorbent Zn@MnO,, /24PCNFs.

After activation, the specific surface area and pore volume of sorbents MnO, /CNFs and MnO, /XCNFs
decreased sharply and displayed a unified trend with the increased content of SiOy. Taking MnO,, /24PCNFs
as a sample, whose specific surface area and pore volume decreased of from 250.684 m?g™' and 0.228 cm3g!
of 24PCNFs to 70.280 m?g! and 0.140 cm®g! of MnO, /24PCNFs, respectively, which may be due to the
blocking of micro-pores by the anchored manganese oxides (Figures. 3a and S8, Table S2).2¢ Interestingly,
an increase in the pore size of MnO, /XCNFs sorbents have been observed, which is beneficial to alleviate
the reduction of specific surface area after oxide loading to improve the gas adsorption performance. During
the hydrothermal process, the attachment of zinc oxide generates new micro structures on the original



basis, which is the reason why the specific surface area and pore volume (113.854 m?g™! and 0.180 cm3g™?t)
of Zn@MnO, /24PCNFs are better than MnO, /24PCNFs. BET characterizations were also performed
on ZnY@MnO, /24PCNFs sorbents to reveal the effect of loading content of ZnO on pore structures of
sorbents. As shown in Figure. S9 and Table S2, the pore volume values of ZnY@MnO, /24PCNFs sorbents
with different Zn?* content were similar but the specific surface area decreased slightly with the increase of
Zn?*contents in hydrothermal solution, which might be caused by the aggregation of excessive ZnO particles
and the increase of ZnO nanowires.

Figure. 3b shows the XRD patterns of 24PCNFs, MnO,, /24PCNFs and Zn@MnO, /24PCNFs. 24PCNFs
possessed a relatively broad diffraction peak at around 25° for the presence of C, which corresponded to the
(002) planes of graphite carbon.?”-?® Besides, no added diffraction peaks of XPCNFs were observed to that of
CNFs, indicating that no impurities were introduced in the etching process (Figure. S10). The broad diffrac-
tion peaks appeared at 25.2°, 37.3° and 65.6° of sorbent MnO,, /24PCNFs could be attributed to the (002),
(-111) and (020) planes of MnO,.2Y Characteristic peaks in the same location but with different intensities
were found in the XRD patterns of sorbents MnO,, /CNFs and MnO, /XPCNFs, implying that nanosized
MnOy was successfully loaded on carbon nanofibers with different structures but there were more mangane-
se oxides loaded on sorbent with XPCNF's as supporter, which was influenced by their bigger surface area
(Figure. S11). After hydrothermal growth of ZnO, weak diffraction peaks at 20 = 34.4°, 36.2° and 56.6° were
assigned to the (002), (101) and (110) planes of the ZnO (No. JCPDS 36-1451).3% Besides, the strong diffrac-
tion peaks at 20 = 30.2° and 35.6° were assigned to the (220), and (311) planes of the ZnMnO3(No. JCPDS
19-1461).3! The above phenomenon indicated that the particles anchored on 24PCNFs were the composited
oxides of Zn and Mn, in which the part of Zn?* was directly loaded on manganese oxide as ZnO, while the
other part was combined with manganese oxide to form ZnMnOj3 within sorbent Zn@MnO, /24PCNFs. In
addition, the trace of MnzO4(No. JCPDS 13-0162) was also found after hydrothermal according to the strong
diffraction peaks at 20 = 29.9°, 35.3°, 12.7°, 43.0°, 53.2°, 56.7° and 62.3°, which could be assigned to the
(220), (311), (400), (422), (511) and (440) planes of Mn304.32 The XRD patterns of Zn0@MnO,, /24PCNFs,
Zn2@MnO,, /24PCNFs and Zn3@MnO,, /24PCNFs were also showed in Figure. S12. It was found that MnOq
was easily reduced to MnzO4 (No. JCPDS 80-0382) with better crystalline when there was no Zn?* in the
hydrothermal solution, which was verified by the sharp peaks of at 20 = 18.0°, 28.9°, 30.9°, 32.3°, 36.0°, 44.4°,
50.8° and 58.4° within sorbent Zn0@MnO,, /24PCNFs.33 While in contrast to sorbent Zn@MnO,, /24PCNFs,
strong and sharp diffraction peaks of ZnO appeared upon sorbent Zn2@MnO,, /24PCNFs. With the further
increase of Zn?* concentration in hydrothermal solution, the diffraction peaks of ZnO in sorbent Zn3@MnO,,
/24PCNF's were much stronger, indicating the existence of ZnO nanowires with complete crystalline between
carbon nanofibers, which was basically consistent with the results from SEM and elemental mapping images.

The FT-IR spectra of 24PCNFs, MnO,, /24PCNFs and Zn@MnO,, /24PCNFs are exhibited in Figure. 3c.
Characteristic peaks at 3414, 1617 and 1278 cm™' were similar in all the three samples, relating to the
stretching vibrations of -OH, C=0 and C-C, respectively.?* The carboxylic groups in the samples were
mainly originated from the etching treatment. Si containing peaks were observed at 623 and 477 cm™of
24PCNFs that belong to the stretching vibration of Si-O and O-Si-O from silicate, suggesting the completely
removing of Si09.3% After oxidation and hydrothermal processes, peaks that corresponding to Mn-O (613,
483 cm™) and Zn-O (524 cm™) were recorded, implying that the sorbents MnO,, /24PCNFs and Zn@MnO,,
/24PCNFs have been successfully synthesized.?6:37

The chemical composition and state of elements in sorbents MnO, /24PCNFs and Zn@MnO, /24PCNFs
composites were examined by XPS, as shown in Figure. 3d, in which elements C, N, O and Mn were
identified, while element Zn was traced in spectrum of Zn@MnO, /24PCNFs. High resolution spectrum of
Mn 2p was presented to investigate the properties of Mn in the as-prepared sorbent MnO, /24PCNFs. As
seen from Figure. S13a, the Mn 2p3/, peak and Mn 2P, /; peak could be decomposed to three parts, namely,
Mn?*(641.40 eV), Mn** (642.13 eV) and Mn3" (644.92 eV), respectively.>*C 1s spectrum in Figure. S13b
could be deconvoluted into three peaks, C-C (284.66 eV), C=N (285.42eV) and O-C=0 (288.14 eV), and the
presents of O-C=0 bonds representing the partial oxidation of the surface carbon layer.3*While the spectrum
of N 1s could be fitted into four peaks, which corresponding to pyridinic N (398.28 eV), pyrrolic N (400.10



eV), graphitic N (402.25 eV) and oxidized N (406.60 eV), respectively (Figure. S13c).4%4! Deconvoluted
peaks of the O 1s spectrum were centered at 529.58, 531.11, 532.59 and 533.97 eV, respectively (Figure.
S13d). The lower binding energy located at 529.58 and 531.11 eV could be attributed to the O%* forming
oxide with manganese (Mn-O-Mn, Mn-O-C) and the hydroxide (Mn-O-H), respectively.*?>*3*While the latter
two peaks were assigned to O-C=0 and H,0.**The high resolution XPS spectra of the C 1s, N 1s, O 1s, Mn
2p and Zn 2p of Zn@MnO,, /24PCNFs were presented in Figures. 3e and f, S18e-g. The Mn 2p3,, peak were
consisted of three separated peaks at 640.95, 642.32 and 644.68 eV, which were in accordance with Mn?T,
Mn3t and Mn**t, respectively.*>It could be inferred that element manganese was mainly in the state of
Mn?* and Mn3*, and the relative content ratio of Mn?* /Mn3* was close to 1:2, indicating that manganese
oxide was partially in the form of Mn3Oy4. Figure. 3f displays two sharp peaks of Zn 2p3,; and Zn 2p; /5 at
binding energy of 1021.55 and 1044.64 eV, implying the oxidation status of ZnO and ZnMnOj3 in Zn@MnO,
/24PCNFs.26:47 The C 1s and N 1s spectra of sorbent Zn@MnO, /24PCNFs were almost the same as that
in the sorbent MnO, /24PCNFs, which were both deconvoluted into three peaks, respectively (Figure. S13e
and f). Deconvoluted peaks of O 1s spectrum were resolved into, 529.76, 530.89, 531.58, 532.47 and 533.57
eV, attributing to Mn-O-Mn (or Mn-O-C), Zn-O, Mn-O-H, O-C=0 and H,O, respectively (Figure. S13g).*"
Based on the above analyses, both the ‘seed layer’ of MnO, and Zn@MnO, nanoparticles were successfully
anchored at 24CPNFs through strong chemical bonds.

High-resolution TEM images of sorbent Zn@MnO,, /24PCNFs in Figure. 3g indicated the presence of ZnO,
Mn304 and ZnMnOsg. Specifically, the lattice fringes with spacing distances of 0.2474, 0.2138, 0.2981 and
0.2947 nm could be recognized, corresponding to the planes of (101) in ZnO, (400) and (220) in Mn3Oy,
and (220) in ZnMnOs, respectively. The above results are consistent with those observed by XRD and XPS.
Besides, the HRTEM image of MnO, /24PCNFs was displayed in Figure. S14, no obvious lattice fringes
were found, indicating that manganese oxides were existed in grains with small size and high dispersion.

Furthermore, the as-prepared MnO, /24PCNF's and Zn@MnO, /24PCNFs sorbents were applied to remove
H5S at 500 °C for practical application. In Figures. 4a , S15 and S16, it was found that the active compo-
nent MnO, and Zn@MnO, transferred to the products of MnS (No. JCPDS 88-2223) and (Zn, Mn)S (No.
JCPDS 11-0513) after the desulfurization reaction, respectively. The representative peaks at 34.3° and 49.3°
corresponded to the (200) and (220) planes of MnS, besides, the strong diffraction peaks at 26.5°, 28.2°,
30.1°, 46.8°, 51.1° and 55.6° were assigned to the (100), (002), (101), (110), (103) and (112) planes of the (Zn,
Mn)S.*® However, XRD diffraction peaks of ZnY@MnO, /24PCNFs sorbents with different contents of ac-
tive components were different after desulfurization (Figure. S16). It can be seen that the used Zn0@MnO,
/24PCNFs sorbent exhibited diffraction peaks of MnS and MnO (No. JCPDS 78-0424), suggesting that
Mn3Oy4 was transformed in the presence of HyS to MnS and MnO with poor utilization rate of Mn?+. XRD
patterns of Zn2@MnO, /24PCNFs and Zn3@MnO, /24PCNFs after desulfurization showed that they were
mainly consisted of (Zn, Mn)S and ZnO crystals. The strong ZnO diffraction peaks came from ZnO nano-
wires that were not fully involved in the desulfurization reaction. In conclusion, this is the reason for the
much higher utilization rate of active components of sorbent Zn@MnO,, /24PCNF's than that of the sorbents
contained ZnO nanowires.
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Figure 4 . (a) XRD patterns of MnS/24PCNFs and (Zn, Mn)S/24PCNFs. (b) Fitted XPS spectra S 2p
in (Zn, Mn)S/24PCNFs. (c) Ny adsorption-desorption curves and structural parameters, TEM graphs of
(d ,e) MnS/24PCNFs and (f, g) (Zn, Mn)S/24PCNFs. (h) high revolution TEM graphs and lattice fringe
analyses, (i) elemental mapping graphs of elements Zn, Mn and S of (Zn, Mn)S/24PCNFs.

Chemical compositions and states of elements in the desulfurized sorbents MnS/24PCNFs and (Zn,
Mn)S/24PCNFs were characterized using XPS technology. As shown in Figure. S17a, the desulfurization
process introduced element S into sorbents MnO, /24PCNFs and Zn@MnO, /24PCNFs. High-resolution
XPS spectra of the S 2p in MnS/24PCNFs showed characteristic peaks at 161.90 and 163.11 eV, which could
be derived from the bond of S-Mn-S, while the peaks at 163.73 and 164.91 eV were attributed to the bond
Mn-S, implying that the main sulfide products were manganese sulfides (Figure. S18b).4%-51 While for the
XPS spectra of S 2p in sorbent (Zn, Mn)S/24PCNFs, the peaks at 161.25, 162.44 eV and 163.70, 164.85 eV
should be attributed to the bonds of Zn-S and Mn-S, respectively.?? Besides, the proportion of bond Zn-S
was much higher than that belonged to MnS when referring to the multiples fitting of the S 2p peaks (Figure.
4b). In addition, the characteristic peaks belonged to SO4% may be the result of the adsorption of water by
SOsgenerated from the oxidation of HyS.53Moreover, by comparing the O 1s spectra of MnO, /24PCNFs
and Zn@MnO,, /24PCNFs before and after desulfurization, it was found that the relative content of Mn-O
decreased, and the fitting peak of Zn-O disappeared in the O 1s spectra of (Zn, Mn)S/24PCNFs. These also
indicate that desulfurization reaction is a replacement process between O?" and S? (Figure. S17c-d).

Structural performance of desulfurized MnS/24PCNFs and (Zn, Mn)S/24PCNF's has been investigated and
represented in Figure. 4c and Table S2. The pore volume and pore size increased from 0.140 cm3g™t, 7.957
nm of MnO, /24PCNFs to 0.164 cm® g'', 12.621 nm of MnS/24PCNFs, respectively, while the specific
surface area decreased from 70.280 m? g! of MnO, /24PCNFs to 52.119 m?g! of MnS/24PCNFs. By
combining the TEM graphs of sorbent MnO,, /24PCNFs displayed in Figure. 4d and e, it could be seen
that the nanosized particles MnO, transferred into MnS particles with diameter about 8-12 nm, meaning
that the pore structure of MnQ, /24PCNFs before and after desulfurization changed obviously. The larger
particle volume of the desulfurized products generated new structures with larger pore size and reduced the
proportion of micro-pores that contributed a lot to the specific surface area. In the contrast, opposite trend
in structural parameters of sorbents Zn@MnO, /24PCNFs and (Zn, Mn)S/24PCNFs has been observed.
Specifically, the specific surface area and pore volume increased of from 113.854 m? g!, 0.180 cm?® g'! of
Zn@MnO, /24PCNFs to 198.300 m2g!, 0.196 cm® g lof (Zn, Mn)S/24PCNFs, respectively (Table S2). The
Nsadsorption-desorption isotherm type (IV) and hysteresis ring type (H4) of sorbent (Zn, Mn)S/24PCNFs



were similar to that of Zn@MnO, /24PCNFs, except for the sharp increasing in the region 0 <P Pyl<
0.1, representing the existence of massive micro-pores instead of macro- or meso-pores (Figure. 4c). The
structural variations between sorbents before and after desulfurization were mainly attributed to the fact
that O% in manganese oxide was replaced by S? in HyS during desulfurization, which increased the size
of active components and thus blocked meso-pores into micro-pores, and this is why the specific surface
area increased and pore size decreased from 6.336 to 3.949 nm in the meantime.’® TEM analysis was also
performed to observe the morphology changes of (Zn, Mn)S/24PCNFs. The particle size of desulfurization
products was found to be in range of 9.1-23.0 nm, which was increased as compared to that of fresh sorbent
due to the fact that the MnS and ZnS are much larger than MnO, and ZnO in molecular size (Figure. 4f
and g). High-resolution TEM images of (Zn, Mn)S/24PCNFs in Figure. 4h implied the presence of zinc
sulfide and manganese sulfide according to the lattice fringes with spacing distances of 0.3345 and 0.2964
nm, respectively. In addition, elemental mapping graphs in Figure. 4i indicated the even distribution of the
elements Zn and Mn after desulfurization, meaning the high stability of the as-prepared sorbent.

Furthermore, deconvoluted peaks of Mn 2ps/; spectrum of MnS/24PCNFs were resolved into three parts,
namely 640.73 and 642.03 eV, attributing to Mn?t of MnS and MnO, respectively, while the peak located
at 645.32 eV could be attributed to Mn** (Figure. S17e). However, the Mn 2p3/o peak of used (Zn,
Mn)S/24PCNFs was consisted of four separated peaks (Figure. S17f), the difference from MnS/24PCNFs
was that the peak represented Mn**t at 641.10 eV and the peak located at binding energies of 644.87
corresponded to the shake-up satellite. Moreover, as shown in Figure. S18g, the two peaks at binding
energies of 1021.51 and 1044.56 eV were consistent with Zn2p3/,, and Zn2p, /o, respectively, indicating the
oxidation state of Zn was Zn2*.5®
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Figure 5 . (a) Illustration of desulfurization process of sorbent Zn@MnO, /PCNFs. (b) Breakthrough
curves, (c) sulfur capacities of sorbents MnO,, /CNFs, MnO,, /OPCNFs, MnO,, /24PCNFs and Zn@MnO,
/24PCNFs. (d) Utilization rates of active components of sorbents MnO,, /24PCNFs and Zn@MnO, /24PC-
NFs.

Based on the above analyses, the process of HoS removal upon sorbents MnO,, /24PCNFs and Zn@MnO,,
/24PCNF's was proposed as the reactions and illustration graph displayed (Figure. 5a) .

2MnQOsy + HsS - 2MnO + HoO + SO, (1)
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3Mn304 + HsS - 9MnO + Hy0 + SO; (2)

MnO + HsS - MnS + H;0 (3)

MnOy + 2HsS - MnS, + HoO (4)

ZnO + HsS - ZnS + H,0 (5)

ZnMnOj3 + 2H5S + Hy - ZnS + MnS + 3H;0 (6)

The desulfurization performance of MnO, /CNFs, MnO, /XPCNFs and ZnY@MnO, /24PCNFs sorbents
was also tested to uncover the influential factors behind the sorbent performance (Figure. 5b). Figure.
S18a and b showed the breakthrough curves and the total sulfur capacities at the detection point of 900
ppm. The breakthrough sulfur capacities of various sorbents were ranked in the following order: Zn3@MnO,
/24PCNF > Zn2@MnO, /24PCNF > Zn@MnO, /24PCNF > MnO, /32PCNFs > MnO, /24PCNFs >
MnO, /16PCNFs > Zn0@MnO, /24PCNFs > MnO, /8PCNFs > MnO, /CNFs > MnO, /OPCNFs, which
was consistent with the content order of active components in different sorbents. As shown in Figure. 5b and
¢, the breakthrough sulfur capacity of MnO, /24PCNFs sorbent (6.51 g S 100 g'! sorbent) was 2.3 and 2.8
times higher than that of the sorbents MnO, /CNFs and MnO, /OPCNFs, respectively, which was also in
the same trend with the content of Mn?* loaded on the corresponding sorbents. This phenomenon is mainly
attributed to the different structure types of the sorbents, of which the effect of massive micro-pores within
supporter 0PCNF's exceeded that of its high specific surface area. In contrast, the meso- and macro-pores
within supporter 24PCNFs contributed greatly to the improvements in loading content and desulfurization
performance of the sorbent MnO, /24PCNFs.

After the ZnO nanoparticles anchored on MnO, /24PCNFs via hydrothermal reaction, the sulfur capacity of
sorbents ZnY@MnO,, /24PCNFs all increased. Although the sulfur capacity of Zn2@MnO, /24PCNFs and
Zn3@MnO,, /24PCNFs was higher than that of Zn@MnO, /24PCNFs (9.63 ¢ S 100 g'! sorbent), but their
utilization rates of active components were far behind due to ZnO nanowires were not fully participated in
desulfurization. More important, the total utilization of active components increased from 46% of MnO,
/24PCNFs to 73% of Zn@MnO, /24PCNFs (Figure. 5d). These results indicate that the introduction of
7Zn0O not only increased the sulfur capacity, but also improves the total utilization of active components.
Among them, the utilization of ZnO was up to 117%, owing the uniform dispersion of ZnO on the surface
of MnO,, /24PCNFs.

3. Conclusions

In conclusion, the combination of electrospinning, etching, oxidation activation and hydrothermal treatments
has been applied to synthesize the surface area enlarged CNFs supported Zn-Mn-based sorbents for high
temperature coal gas desulfurization. SiO5 was introduced as hard template for the purpose of creating hollow
carbon shells on CNFs, then enlarging the surface area of the porous carbon nanofibers and increasing the
loading content of active components. As revealed in the various characterizations, the modified PCNF's
that with 24 wt.% SiO, possess a specific surface area of 250.684 m? g and a Mn?*loading content of 17.8
wt.%, which are 4.9 and 3.3 times higher than that of pristine CNFs. More important, the sulfur capacity
of sorbent supported by 24PCNFs is 2.3 times higher than that with pristine CNFs. Furthermore, the
existence of MnQO,, ‘seed layer’ also serves for the uniformly growth of nanosized ZnO and the promotion
of desulfurization performance of the as-prepared sorbent. Zn@MnO, /24PCNFs sorbent prepared with
24 wt.% SiO2 and 0.01 M Zn2* possesses an optimal breakthrough capacity (9.63 g S 100 g !sorbent) and
excellent utilization rate of active components (overall 73%) with a high utilization rate of ZnO reaches
up to 117%. Methods like TEM and SEM suggest that the contributions come from the synergetic effects
of the enlarged surface area of porous carbon nanofibers and the oxidation of KMnO, that providing the
potentials for rapid mass transfer and chemical reaction. In brief, the PCNFs supported Zn-Mn bimetallic
desulfurization sorbent can facilitate the HoS clean-up in electric power plant and coal chemical industry.
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