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ARTICLE INFO ABSTRACT

Keywords: Metal-modified zeolites and function-matched metal organic frameworks (MOFs) have been adapted to different

Hybrid structure scenarios of sulfides capture in order to meet increasingly stringent quality requirements and environmental

ggganos.ulﬁde regulations. However, achieving enhanced performances of both adsorption capacity and moisture resistance is
sorption

still challenging. In this study, we provided an approach to the synthesis of AgY@Cu-BTC hybrid composite for
enhanced sulfides capture and moisture resistance. Multiple characterizations confirmed the hybrid structure of
AgY@Cu-BTC. Additionally, computational simulation and dynamic adsorption measurement were combined to
evaluate the adsorption of several typical sulfides on synthesized adsorbents, and reveal the competitive
adsorption mechanism. Both Ag species and ethanol solvent lead to the partial reduction of Cu(II) to Cu(I) within
the AgY@Cu-BTC framework. The dynamic adsorption capacity of the AgY@Cu-BTC is 1.54 times and 1.38 times
higher than those of the parent AgY and Cu-BTC, respectively. Moreover, the AgY@Cu-BTC retains much more
adsorption capability for sulfides than the AgY sample with the same water content. Present study highlights the
competitive adsorption of various sulfides on the hybrid structures as well as the influences of pre-adsorbed
water on sulfide adsorption, and provides insights into the function-oriented development of adsorption
materials.

Moisture resistance

1. Introduction whereas fail to capture organosulfides from natural gas effectively [5].

Selective adsorption involving porous materials is an extensively used

Various sulfur-containing compounds including hydrogen sulfide
(H2S) and traces of organosulfides such as carbonyl sulfide (COS),
mercaptans, and thioethers are usually contained in fossil gases (like
natural gas and petroleum gases) [1]. In order to meet increasingly
stringent quality requirements and environmental regulations, these
harmful impurities in fuel gases should be removed efficiently [2].
Nowadays, the gas purification process is dominated by chemical ab-
sorption method employing a group of alkanolamine solvents including
monoethanolamine (MEA), diethanolamine (DEA), and N-methyl-
diethanolamine (MDEA) [3]. Generally, these solvents show satisfactory
performance for the removal of acid compounds of HyS and CO4 [4],

method for the removal of organosulfides from different mixtures [6,7].
A variety of adsorbents, such as synthesized zeolites [8], activated car-
bon (AC) [9], metal organic frameworks (MOFs) [10], and metal oxides
[11], have been adapted to different scenarios of sulfides removal.
Specifically, metal-modified zeolites [12] and function-matched
MOFs [13,14] have been reported as promising adsorbents for effi-
cient capture of organosulfides. Ag-exchanged zeolite Y has shown the
advantages of high capacity and selectivity for capturing organosulfide
compounds including thiophene, benzothiophene, and dibenzothio-
phene in the model gasoline. The promising adsorption affinity to sul-
fides is based on both n-complexation and direct sulfide-metal (S-M)
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coordination interaction resulting from the partial overlap of electron
cloud between the S atom of the sulfide molecule and the metal of the
framework [15]. However, sulfide adsorption on hydrophilic framework
of zeolite Y could be largely hindered by the moisture commonly
coexisting in various feed gases [16,17]. Recently, a structure of
copper-based metal organic framework, copper-1,3,
5-benzenetricarboxylic acid (Cu-BTC), was found to exhibit promising
sulfide adsorption [18,19] and its performance could be largely
improved via facile structural modification [20,21]. Specifically,
bromine-modified Cu-BTC has indicated the distinguished hydropho-
bicity and remarkable capability to capture thiophene under aqueous
circumstance [22]. Additionally, Cu-BTC displays a high initial
adsorption ability for t-butyl mercaptan (TBM) in pipeline-grade natural
gas and high adsorption selectivity for TBM over other components [10].
However, the Cu-BTC framework is fragile with moisture, resulting in
structural collapse under aqueous circumstance [23,24]. Although a
variety of hybrid composites, including Zn-BTC/ZnO [25], ZnO@zeolite
Y [26], and MOF-5@AC [27] have been attempted as the adsorption
materials to optimize the capture of sulfides with respect to diverse re-
quirements, achieving enhanced performances of both adsorption ca-
pacity and moisture resistance is still challenging.

In this work, we provided an approach toward enhanced sulfide
adsorption in the presence of adsorbed water via constructing an
AgY@Cu-BTC hybrid structure. The AgY@Cu-BTC composite was suc-
cessfully synthesized by using AgY zeolite as the precursor in a sol-
vothermal system. Samples were characterized applying multiple
technologies including energy disperse spectroscopy (EDS), X-ray
diffraction (XRD), scanning electron microscope (SEM), transmission
electron microscope (TEM), Nj adsorption, thermogravimetric analysis
(TGA), Fourier transform infrared spectroscopy (FT-IR), Raman, and X-
ray photoelectron spectroscopy (XPS). Computational simulation of
adsorption equilibria and dynamic adsorption measurement in a fixed-
bed were combined to carefully evaluate the adsorption of several
typical sulfides on different synthesized adsorbents. Present study
highlights the competitive adsorption of various sulfides on the hybrid
structures as well as the influences of pre-adsorbed water on sulfide
adsorption, and provides insights into the function-oriented design of
adsorption materials.

2. Experimental methods
2.1. Materials and reagents

The commercial NaY in powder was obtained from Nankai Univer-
sity Catalysts Co., Ltd. Silver nitrate (AgNOs, >99%), copper nitrate (Cu
(NO3)2-3H20, > 99%), and 1,3,5-benzenetricarboxylic acid (H3BTC, >
98.0%) were provided by Shanghai Macklin Biochemical Co., Ltd.
Ethanol (>99.5%) was purchased from Shanghai Titan Scientific Co.,
Ltd. Feed gas containing several sulfides (Table 1), including H»S, COS,
CH3SH, CSy, and CH3SCH3, was obtained from Shanghai Wei Chuang
Standard Gas Co., Ltd. All chemicals were directly used without further
purification.

Table 1
The composition of the feed gas.

Component Concentration (mg-S/m3)
HoS 511

COSs 508

CH3SH 516

CSy 513

CH3SCH3 512

CH4 the rest
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2.2. Preparation of samples

The commercial zeolite NaY in powder was used as the starting
material. AgY sample was prepared by liquid-phase ion exchange
method reported in previous publications [28,29]. 5 g of NaY powder
was immersed in 100 mL of 0.2 M AgNOs solution, and the mixture was
stirred at 90 °C for 12 h. Then the resulting product was separated by
centrifugation, washed twice, dried at 120 °C overnight, and finally
calcined at 400 °C for 4 h using a muffle furnace. A Cu-BTC sample was
synthesized according to previously reported process [30,31]. Using the
post-synthesized AgY as a precursor, an AgY @Cu-BTC composite sample
was prepared through performing a modified procedure. 0.8 g of AgY
was immersed in 160 mL of ethanol solution with 0.27 M Cu(NO3),.
Another 160 mL of ethanol solution containing 0.09 M H3BTC was
added into previous ethanol solution to obtain a mixture. Then the
mixture was stirred for 12 h at 25 °C and the resulting AgY@Cu-BTC
sample was separated by centrifugation, washed with ethanol for 3
times, dried at 85 °C for 6 h and thermally treated at 160 °C overnight.
The flowchart for synthesis of AgY@Cu-BTC is presented in Fig. 1.

2.3. Dynamic adsorption experiment

A laboratory scale fixed-bed setup (Fig. S1) was used to evaluate the
dynamic adsorption performance of several sulfides on AgY, Cu-BTC,
and AgY@Cu-BTC samples. In order to improve experimental accuracy
and avoid the adsorption of sulfides onto the metal material, the
adsorption setup was fixed using the sulfide-proof polytetrafluoro-
ethylene [32]. 0.3 g of adsorbent was filled into an adsorption column
with inner diameter of 8 mm and height of 200 mm. All adsorption
experiments were carried out at 25 °C. Prior to adsorption experiment,
this system was degassed using a vacuum pump. Hereafter, the feed gas
was fed at a flow rate of 84 ml/min. The outlet gas was sampled and the
contents of sulfides were determined using a GC-9560 gas chromato-
graph (Shanghai Huaai Chromatography Analysis Co., Ltd, Shanghai,
China) equipped with a flame photometric detector.

To reveal the effect of moisture on the adsorption of sulfide, the
activated adsorbent samples were contacted with water vapor in a well-
sealed desiccator at 40 °C for 0.5, 2, and 4 h, respectively. After that, the
resulting water-adsorbing samples were used for dynamic adsorption
measurement. The breakthrough adsorption capacity, q (mg-S/g), is
calculated using Equation (1).

q:[QCO/(l —Cgo)dt]/m (@9)]

where Cp and C are the concentrations of sulfides in inlet and outlet
gases, respectively, mg-S/m?; t is the sulfide breakthrough time, min; Q
is the flow rate of inlet gas, m3/min; m is the mass of adsorbent sample,
g.

2.4. Sample characterizations

Energy disperse spectroscopy (EDS) analysis was carried out on a
Falion 60 S energy dispersive spectrometer (EDAX, United States).
Elemental details were collected at seven random positions to obtain the
average chemical composition of each sample. X-ray diffraction (XRD)
analysis was carried out on a D8X-ray diffractometer (Bruker, Germany)
using Cu-Ka radiation. Data were collected in the 26 scanning range of
5-50° with a step of 0.02°. The morphologies of samples were examined
by using a NOVA Nano SEM450 scanning electron microscope (SEM;
FEI, USA) with a beam current of 10 nA and an accelerating voltage of
15 kV. Transmission electron microscope (TEM) analysis was conduct on
a JEOL JEM-2100 transmission electron microscope (JEOL, Japan) using
an accelerating voltage of 200 kV. The surface area and pore structure of
samples were analyzed using an As-6B physical adsorption analyzer
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Fig. 1. Flowchart for synthesis of AgY@Cu-BTC.

(Qantachrom, USA). Prior to the Ny adsorption test, all samples were
heated to 200 °C and maintained for 2 h under vacuum level of 0.01 Pa.
The specific surface area was calculated using the Brunauer-Emmett-
Teller (BET) method. The pore volume was calculated by using t-Plot
method. The mesopore and micropore diameters were calculated using
the Barrett-Joyner-Halenda (BJH) and Horvath-Kawazoe (H-K)
methods, respectively. Thermal stability of each sample was examined
using a STA 449 F3 thermal gravimetric (TG) analyzer (Netzsch, Ger-
many) under Ny atmosphere. Fourier transform infrared (FT-IR) spectra
were collected on a Nicolet 6700 Fourier transform spectrometer
(ThermoFisher, USA) in the wavenumber range of 400-4000 cm ! with
a resolution of 2 cm~!. Raman spectra were obtained by using an inVia
Reflex Raman spectrometer (Renishaw Plc., U.K.) with a 514 nm argon
ion laser. Data were recorded from 100 to 4000 cm™! with a spectral
resolution of 1.14 cm™! and a grating of 2400 lines/mm. X-ray photo-
electron spectroscopy (XPS) analysis was conducted on a PHI-5300
ESCA spectrometer (PE, USA) equipped with a magnesium anode.
Data were analyzed using XPS PEAK software and the contents of metals
were calculated from the integration of peak areas.

2.5. Density functional theory (DFT) calculation

All computational simulations were performed using a Sorption
module of Materials Studio 7.0 package (Accelrys Inc., USA). The sulfide
adsorption on different adsorbent samples was simulated based on the
grand canonical Monte Carlo (GCMC) and configurational bias methods
with periodic boundary conditions [33]. The parent FAU framework
topology was obtained from the Materials Studio database. Based on the
compositional results obtained from the EDS analysis, the Si atoms were
randomly replaced with Al atoms according to the Lowenstein’s Al-O-Al
avoidance rule [34]. In addition, the corresponding extra-framework
ions were distributed by using the Locate task in Sorption module
[35]. The structural model of Cu-BTC was obtained from the Cambridge
Crystallographic Data Centre (CCDC). The framework model of
AgY@Cu-BTC hybrid structure was constructed via perpendicularly
stacking the unit cells of AgY and Cu-BTC on top of one another [36] (see
structural models in Fig. S2). The interfacial interaction could generate
between unsaturated Cu atoms of Cu-BTC framework and O atoms of
zeolite FAU framework [37]. Molecular models of sulfides were estab-
lished using the Sketch Atom function of the toolbar and the Clean
function was used to optimize the initial molecular structure.

The adsorption isotherms of each sulfide on different structures were
obtained by running the Isotherm sub-project of the Sorption module,
and the temperature was fixed at 298 K. A pressure range of 0-5 kPa was

used to simulate the adsorption of sulfide under low partial pressure.
The obtained isotherms were fitted using the Langmuir adsorption
model shown as Equation (2):

bp.

—_— 2
1+ bp, 2

e = Gmax

where g, and gnax are the adsorption capacities of monolayer adsorption
at equilibrated and saturated states, mg/g. p, is the equilibrium pressure,
kPa. b denotes the adsorption equilibrium constant, 1/kPa. Adsorption
energy for each sulfide on the unit cell of different structures was
computed by using the Locate sub-project of the Sorption module. In
order to prevent the influence of intermolecular interactions among
absorbed sulfide molecules, the calculation was strictly restricted to the
adsorption level with one sulfide molecule in each unit cell. The
adsorption energy, Eqq4, can be calculated using Equation (3):

Euq = E(Z + X)-E(Z)-E(X) 3)

where E(Z + X), E(Z), and E(X) are the total energy of the adsorption
complex, the energy of host framework and the energy of the adsorbate,
respectively. Competitive adsorption of the five sulfides coexisting in a
mixture on different samples is simulated by using the Fixed pressure
sub-project of the Sorption module. The calculation of competitive
adsorption capacity was carried out with a partial pressure of 5 kPa for
each sulfide.

3. Results and discussion
3.1. Characterizations of samples

3.1.1. Chemical compositions

The chemical compositions of AgY, Cu-BTC, and AgY@Cu-BTC are
shown in Table 2. The characteristic elements of two parent materials
are found in the AgY@Cu-BTC composite, indicating the successful
synthesis of a hybrid material.

Table 2
Chemical compositions of synthesized samples.

Sample Chemical composition

AgY Ago.056 Nao.027 Alo.094 Sio.221 Oo.602

Cu-BTC Cuo.055 00.302 Co.643

AgY@Cu-BTC Ag0.001 Nao.010 Alo.o0s Sio.012 Cllo.037 Oo.275 Co.656
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3.1.2. XRD analysis

The XRD patterns corresponding to different samples are presented
in Fig. 2. Several diffraction peaks at 20 = 10.27°, 11.99°, 25.13°, and
25.90° are absent in the XRD pattern of AgY. In addition, the overall
intensity of characteristic peaks was reduced, suggesting the probable
lattice destruction during the ion-exchange or calcination process [38].
The similar ion-exchange process has been found to enable the deal-
umination of the FAU framework, resulting in crystallinity loss [39].
Moreover, the AgY@Cu-BTC sample show the characteristic peaks of
both Cu-BTC (26 = 6.8°, 9.6°, 11.7°, 13.6°, 15.0°, 16.6°, 17.6°, 19.3°,
20.1°, 26.1°, 29.6°, 35.4°, and 39.3°) and AgY (20 = 6.33°, 15.76°,
18.84°, 23.78°, 27.16°, 30.89°, 31.51°, and 32.58°), indicating the
hybrid framework structure of AgY@Cu-BTC [40].

Their corresponding d-spacings were listed in Table S1. The almost
invisible characteristic peaks with respect to the AgY phase in the
AgY@Cu-BTC composite can be explained that the AgY species located
in the core exhibit less exposed crystal surface. The simulated XRD
patterns are presented in Fig. S3. The simulated XRD pattern idealizes
the composite material and ignore the influence of the uncleanable
solvents in the actual prepared material [41], so the experimental and
simulated data are not completely consistent, especially in the small
angle (20) range of the composite material [42]. In previous studies,
Fe-ZSM-5@ZIF-8  [43], ZSM-5@UIO-66-NH,  [44], and
Zeolite-5A@MOF-74 [45] were also found to indicate very similar
co-existence of zeolite and MOF topological structures in their
composites.

3.1.3. SEM and TEM analyses

Both SEM and TEM images of AgY, Cu-BTC, and AgY@Cu-BTC are
shown in Fig. 3. From the SEM and TEM morphologies, AgY exhibits a
regular octahedron crystal structure and crystal size of 300-500 nm
while Cu-BTC shows an irregular crystal structure with crystal size of
100-500 nm. Present crystal morphology of Cu-BTC is quite different
from the octahedral structure synthesized through a typical sol-
vothermal method [46]. Moreover, it is clearly indicated that the AgY
crystals are covered with Cu-BTC nano particles having a smaller size of
about 20 nm in average. This can be explained that the surface of the
zeolite particles can act as nucleation sites to produce a large number of
nuclei. Moreover, there is significant effect of steric hindrance of the
surrounding, which prolongs the growth of Cu-BTC crystals on the AgY
surface [47]. Both SEM and TEM results indicate that the parent AgY
crystals are wrapped by Cu-BTC nano crystals to form the hybrid

l AgY@Cu-BTC
: ‘ : : Cu-BTC

Intensity (a.u.)

10 20 30 40 50
20/degree

Fig. 2. XRD patterns of NaY, AgY, Cu-BTC, and AgY@Cu-BTC.
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structure of AgY@Cu-BTC composite. We also present the SEM images of
samples collected at different reaction temperatures (see Fig. S4). It is
indicated that these composite samples have consistent particle size with
the parent AgY. Fig. S4 (a) shows the morphology of a sample obtained
from an unsuccessfully synthesis, indicating the rare AgY particles
without coating of Cu-BTC particles. Overall, the synthesized composite
samples have heterogeneous crystal structure and maintain the archi-
tecture and size of AgY particles. Moreover, the SEM image of Cu-BTC
sample indicates that a synthesis system without involving the AgY
particles will result in a completely different product, containing only
particles without coating of nanosized species. In general, it is hard to
form a hybrid crystalline structure (like a coating one) with a homoge-
nous phase composition. However, we have realized that our
AgY@Cu-BTC composite has an incompletely encapsulated core-shell
structure, which is very similar to Fe-ZSM-5@ZIF-8, MOR/MIL-101,
and ZSM-5@UIO-66-NH; reported by Imyen [43], Fallah [48], and Zhu
[44], rather than Zeo-A@MOF-74 reported by Naddaf [45].

3.1.4. XPS characterization

To reveal the binding state of metals involved in different samples,
XPS characterizations were conducted on AgY, Cu-BTC, and AgY@Cu-
BTC and the XPS patterns are presented in Fig. 4. All binding energies
were corrected by taking the C 1s peak at 284.6 eV as a reference. A peak
located at 369.0 eV (Fig. 4 (a) and (c)) is assigned to Ag 3ds/2, con-
firming the form of Ag™ in both AgY and AgY@Cu-BTC structures [49].
By integrating the XPS peaks at 374.8 and 369.0 eV, associated with Ag
3ds3/2 and Ag 3ds/2, we can conclude that AgY@Cu-BTC has lower Ag
content than AgY, which is accordance with our previous results of
composition measurement. In addition, AgY@Cu-BTC displays an
additional Cu(I) 2p3,2 peak at 932.8 eV, resulting from the reduction of
Cu(Il) in presence of ethanol and Ag species. The ethanol solvent and the
Ag species from AgY play the roles of reducing agent and catalyst
respectively, which enable the conversion of Cu(Il) to Cu(I) during the
solvothermal synthesis [23]. The molar ratio of Cu(Il) to Cu(I) is found
to be of 3.02.

3.1.5. FT-IR and Raman analyses

FT-IR and Raman analyses were carried out to examine the structural
details of AgY, Cu-BTC, and AgY@Cu-BTC (Fig. S5). In the FT-IR spec-
trum of AgY, the vibrations at 460, 720, and 1040 cem ! are assigned to
T-O bond of TO4 tetrahedron of FAU framework [50]. Moreover, the
vibrations located at 580, 790, and 1160 cm™! are designated to the
double six-membered ring (D6R) [51]. In addition, the bands at 3450
and 1630 cm™! can be assigned to the free or coordinated hydroxyl
groups [52,53]. Two Raman bands at 503 cm ™! and 298 cm ™! can be
assigned to the vibrations of the four-membered ring (4R) and D6R of
the FAU framework [53]. In case of the FT-IR spectrum of Cu-BTC, the
band at 1630 cm ™! is assigned to the symmetric stretching vibration of
the carboxylate group, while the bands at 1442.3 and 1372.9 cm™!
correspond to the asymmetric stretching vibration [54]. The same ab-
sorption peak at 3450 cm™! is also designated to the ~OH stretching
vibration caused by the incomplete removal of water or ethanol solvent
[55]. Raman spectrum indicates a typical absorption mode of Cu-BTC,
including the asymmetric stretching vibrations of benzene ring at both
1614 cm ™! and 1004 cm ™! [56], the O-C-O asymmetric and symmetric
stretching vibrations at 1543 cm~! and 1460 cm’l, the Cu(I)-O vi-
brations relating to the carboxylic acid bridge at 275 cm ™, 480 cm ™},
and 503 cm ™! [57], and the Cu-Cu stretching vibration at 170-195
em L. As for the AgY@Cu-BTC composite sample, its FT-IR spectrum
exhibits the characteristic absorption peaks of both AgY and Cu-BTC
frameworks, confirming the hybrid structure of AgY and Cu-BTC.
Furthermore, the AgY@Cu-BTC composite shows weaker peak in-
tensity than the AgY sample but much stronger peak intensity as
compared to the Cu-BTC sample. In the Raman spectrum of
AgY@Cu-BTC, the absorption peaks at 1614 and 1543 cm ! are found to
become broader and merge together. Moreover, three peaks at 175, 270,
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Fig. 4. Ag 3d XPS spectra of (a) AgY, (c) AgY@Cu-BTC, and Cu 2p XPS spectra of (b) Cu-BTC and (d) AgY@Cu-BTC.

and 480 cm™! become weaker or even disappear. Specifically, the
reduced peak intensity of 173 cm ! indicates that the Cu-Cu bond in the
framework structure is weakened. The absence of two peaks at 275 cm ™!
and 503 cm ! suggests the breakage of Cu(II)-O bond resulting from the
reduction of Cu(Il) to Cu(l) in the framework [58]. All these spectral
changes can be ascribed to the structure evolution of AgY@Cu-BTC
during the synthesis process, which are in accordance with the

damped XRD intensity. Additionally, two additional peaks at 233 and
945 cm ™!, which are responsible for the Cu(I)-Og 5 vibration [59], can
be clearly recognized in the spectrum of AgY@Cu-BTC, confirming the
existence of Cu(l). However, the Ag-O stretching vibration is not
detectable because of the extremely low content of Ag in the synthesized
sample [60].
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3.1.6. N3 adsorption

N adsorption measurements were performed to figure out the pore
structures of different synthesized samples. From the N, adsorption-
desorption isotherms illustrated in Fig. S6 (a), both Cu-BTC and
AgY@Cu-BTC show type-IV adsorption isotherms. The hysteresis loops
in the relative pressure ranging from 0.8 to 1.0 indicate that both of
them have hierarchical pore structures [61,62]. According to the
calculated results (see Table S2), as compared to the AgY sample, the
AgY@Cu-BTC sample shows reduced micropore volume but largely
improved total pore volume owing to the contribution of mesoporous
structure of Cu-BTC or interparticle pores of two-phase materials. From
the pore size distributions (Fig. S6 (b)), AgY has a BJH average pore
diameter of 4.4 nm while Cu-BTC and AgY@Cu-BTC have the average
pore size of 16.0 nm and 16.3 nm, respectively. Meanwhile, the HK
micropore diameter of AgY is of 0.658 nm while those of Cu-BTC and
AgY@Cu-BTC are found to be 0.683 nm and 0.662 nm, respectively.

3.1.7. TG analysis

Thermogravimetric analyses were performed on the AgY, Cu-BTC,
and AgY@Cu-BTC samples to examine their thermal stability. All TG
traces (Fig. S7) show an initial weight loss in the temperature range of
30-150 °C, which is attributed to the removal of adsorbed impurities
(including moisture and residual solvent). As the temperature continues
torise, AgY zeolite shows no further mass loss, whereas both Cu-BTC and
AgY@Cu-BTC exhibit a sharp weight loss at around 320 °C, corre-
sponding to the structural collapse of organic frameworks [63].

3.2. Adsorption equilibria of sulfides on different samples

The simulated adsorption isotherms of sulfides on AgY, Cu-BTC,
AgY@Cu-BTC are shown in Fig. 5. The Langmuir model was used to
fit all adsorption isotherms and the observed model parameters are lis-
ted in Table S3. The saturated adsorption capacities, gmax, for HoS, COS,
CH3SH, CS,, CH3SCH3 on AgY are found to be 84.61, 35.30, 91.86,
55.37, and 153.82 mg/g, respectively. This ranking order can be
explained by the S-M interactions which dominate the adsorption af-
finity to these sulfide compounds [64-66]. The stronger guest-host in-
teractions can endow the adsorbent with the greater adsorption affinity
to sulfides. According to the fitted Langmuir adsorption equilibrium
constants, the adsorption degrees of sulfides on AgY rank the order: HoS
> CSy > COS > CH3SH > CH3SCH3. From Table S3, the Cu-BTC has the
Qmax Of 494.43 mg/g for HyS, 110.71 mg/g for COS, 335.93 mg/g for
CH3SH, 176.13 mg/g for CS,, and 234.13 mg/g for CH3SCH3, which are
much higher than those of AgY. As for the AgY@Cu-BTC hybrid com-
posite, these sulfides have either higher saturated adsorption capacities
(272.74 mg/g vs. 234.13 mg/g for CH3SCH3) or higher adsorption
equilibrium constants (0.84 vs. 0.07 for H,S, 4.11 vs. 0.04 for COS, 2.69
vs. 1.36 for CH3SH, and 3.09 vs. 0.34 for CS,) as compared to their
adsorption on Cu-BTC sample, indicating the coupled advantages of the
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for five sulfides on AgY, Cu-BTC, and AgY@Cu-BTC are shown in Fig. 6.
Among three adsorbents, all sulfides except COS show the most
exothermic adsorption energies on the hybrid AgY@Cu-BTC. Addition-
ally, in all adsorbent cases, the adsorption energies for these sulfides are
in the consistent sequence with their saturated adsorption capacities. It
can be concluded that sulfides having stronger interaction with the host
frameworks exhibit higher adsorption affinity. This conclusion can also
be supported by the competitive adsorption capacities simulated via
using a mixed feed containing these sulfides simultaneously (Fig. S8).

The interactions between metal adsorption sites of the frameworks
and the sulfide molecules are confirmed to dominate the adsorption of
sulfides on adsorbents. Our previous evidence strongly suggests the
complex integration of increased binding site affinity from Cu(I) and
more open pore structure prior to pore collapse, which leads to the
sulfide uptake boost on Cu(l)-containing Cu-BTC. In addition, such
enhancement in adsorption capacity can also be attributed to the
interfacial structure of the two-phase structure as well as the synergistic
effect of the hybrid composite. The adsorption capacities of various
materials reported in earlier publications are summarized in Table S4.
These metal-exchanged zeolites show their adsorption capacities of
0.060-64.8 mg-S/g for sulfides (i.e., HyS, COS, CH3SH, CS,, and
CH3SCH3) contained in natural gas [6,8,65,66]. The adsorption capacity
of modified ZSM-5 [67] and Y [39] zeolite for DMDS is less than 40
mg-S/g. In addition, the adsorption capacity of HyS on ZnBTC/ZnO is
found to be of 14.2 mg-S/g [25], and the capacity of thiophene on
MOF-5@AC is 11.34 mg-S/g [27]. In comparison, the AgY@Cu-BTC
shows large advantage of sulfide capture.
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3.3. Dynamic adsorption tests

Dynamic adsorption experiments were carried out in fixed-bed filled
with AgY, Cu-BTC, and AgY@Cu-BTC. The adsorption breakthrough
curves for five sulfides are demonstrated in Fig. 7. Different sulfides
show distinct adsorption breakthrough times. As for the AgY adsorbent,
COS shows the shortest adsorption breakthrough time of around 60 min.
Hereafter, CSy, HyS, and CH3SH can been detected in sequence at 90
min, 150 min, and 170 min, respectively. CH3SCHs has the longest
breakthrough time of 300 min. Using Cu-BTC as an adsorbent, these
sulfides rank a quite different order of dynamic adsorption. Although the
first detectable component is still COS, Cu-BTC shows barely adsorption
affinity to COS. Following COS, CS, shows a breakthrough time of 120
min. In addition, CH3SCH3, CH3SH, and H»S exhibit the breakthrough
times of 230, 240, and 250 min, respectively. The adsorption break-
through of the AgY@Cu-BTC bed is in the same sequence to that of the
Cu-BTC bed. The breakthrough times are found to be 50 min for COS,
140 min for CS,, 240 min for CH3SCH3, 300 min for CH3SH, and 360 min
for HyS, respectively. It is worth noting that all sulfides except for the
one having the longest breakthrough time (i.e., CH3SCHj3 for AgY as well
as HyS for both Cu-BTC and AgY@Cu-BTC) display the maximum rela-
tive concentrations C/Cy > 1. It means that the outlet concentrations are
higher than their original contents in the feed gas, indicating the
adsorption displacement among these sulfides under a competitive
adsorption scenario. As a result, it can be informed that the adsorption of
sulfides on all samples is at least partially reversible. Furthermore, the
earlier breakthrough components have much weaker adsorption affinity
as compared with the components having longer breakthrough times,
leading to their partial displacement by the later ones [68]. The
breakthrough adsorption capacities for five sulfides on AgY, Cu-BTC,
and AgY@Cu-BTC calculated from the adsorption breakthrough curves
are presented in Fig. 8. AgY, Cu-BTC, and AgY@Cu-BTC have the total
adsorption capacities of 67 mg/g, 75 mg/g, and 104 mg/g, respectively.
The total adsorption capacity of the hybrid AgY@Cu-BTC is 1.54 times
and 1.38 times higher than those of the parent AgY and Cu-BTC.

3.4. Effect of water content on adsorption of sulfides

A series of AgY@Cu-BTC samples with water contents of 0.07, 0.32,
and 0.4 g/g were filled into the fixed-bed to evaluate the influences of
water content on dynamic adsorption of sulfides on the hybrid adsor-
bent. AgY samples with water contents of 0.06, 0.28, and 0.32 g/g were
also measured for comparison. The obtained adsorption breakthrough
curves and the calculated breakthrough adsorption capacities are shown
in Figs. 9 and 10, respectively. The adsorption displacement still occurs
during the dynamic adsorption on water-contained adsorbents. With the
increase of water uptake, all sulfides show decreasing breakthrough
times as well as descending adsorption capacities. Specifically, the dy-
namic adsorption capacities of these samples with water contents of
0.06, 0.28, and 0.32 g/g are reduced by 31.4%, 58.8%, and 63.6%,
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respectively. In the presence of moisture, a part of active adsorption sites
in the adsorbent are preferentially saturated with polar water molecules.
Besides, diffusion of sulfides can also be hindered by the pre-adsorbed
water molecules in diverse adsorbents [69]. The combined effects lead
to the largely reduced dynamic adsorption capacities for sulfides.

Compared with the anhydrous AgY@Cu-BTC sample, three hybrid
samples with water contents of 0.07, 0.32, and 0.4 g/g exhibit the ca-
pacity loss of 10.3%, 28.6%, and 39.3%, respectively. According to the
study reported by Yu et al. [22], the adsorption capacity of thiophene on
Cu-BTC samples with pre-adsorbed water of 0.03 and 0.06 g/g were
reduced by about 34% and more than 91%. At the same level of water
content, the AgY@Cu-BTC hybrid structure retains much more adsorp-
tion capability for sulfides. It can be concluded that the wrapped
structure of AgY by Cu-BTC in the composite can increase the moisture
resistance and, therefore, reduce the negative effect of the presence of
moisture on the adsorption of sulfides.

4. Conclusions

In this study, a AgY@Cu-BTC hybrid composite was successfully
synthesized by using AgY zeolite as the precursor in a solvothermal
system. Combined characterizations confirm that the AgY@Cu-BTC
composite has a hybrid structure with the parent AgY crystal wrapped
by Cu-BTC nano crystals. In addition, both ethanol solvent and Ag
species from the AgY enable the partial reduction of Cu(Il) to Cu(I)
within the AgY@Cu-BTC framework through acting as reducing agent
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Fig. 7. Adsorption breakthrough curves for five sulfides on fixed-bed filled with (a) AgY (b) Cu-BTC, and (c) AgY@Cu-BTC.
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Fig. 10. Breakthrough adsorption capacity of (a) AgY and (b) AgY@Cu-BTC with different water contents.

and catalyst, respectively. The AgY@Cu-BTC sample has either higher
saturated capacities or higher equilibrium constants for sulfide adsorp-
tion than the Cu-BTC sample. As compared to the adsorption on AgY and
Cu-BTC, all sulfides except COS show more exothermic energies of
adsorption on the AgY@Cu-BTC. Meanwhile, the breakthrough
adsorption capacity of the AgY@Cu-BTC is 1.54 times and 1.38 times
higher than those of the AgY and Cu-BTC, respectively. Moreover, the
AgY@Cu-BTC retains much more adsorption capability for sulfides than
AgY sample having the same water content. The enhanced adsorption
capacity of the AgY@Cu-BTC can be attributed to the interfacial struc-
ture of two parent frameworks as well as the synergistic effect of the
hybrid composite. Furthermore, the hybrid structure can be beneficial to
the moisture resistance and, therefore, reduce the negative effect of the
presence of moisture on the adsorption of sulfides.
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