Published on 04 January 2018. Downloaded on 9/24/2024 11:21:17 PM.

CrystEngComm

COMMUNICATION

i '.) Check for updates ‘

Cite this: CrystEngComm, 2018, 20,

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

Efficient removal of low concentration methyl
mercaptan by HKUST-1 membrane constructed on

407 porous alumina granulest

Received 6th November 2017,
Accepted 4th January 2018

DOI: 10.1039/c7ce01922j

rsc.li/crystengcomm

A HKUST-1 metal-organic framework membrane was constructed
on porous Al,Os granules for the first time for the removal of low
concentration CH3zSH. The granules exhibited higher sulfur capac-
ity than the pure HKUST-1 powders owing to the excellent disper-
sion of the MOF membrane on the Al,O3 substrate. The granules
also showed good water resistibility.

Methyl mercaptan (CH3SH) is a kind of typical volatile
organosulfur odor in natural gas, petroleum gas, and water
gas with a smell like that of rotten or cooked cabbage. In
particular, industrial units such as pharmaceutical factories,
insecticide factories and dyestuff plant using thiophene or
thiocarbamide are troubled with serious odor problems.
Municipal wastewater treatment plants also emit odors and
appropriate  deodorization methods are used.' Gas
purification techniques such as adsorption, photocatalytic
oxidation, biological degradation, thermal decomposition,
and catalytic oxidation are emphasized to resolve the
challenges aroused by this air pollutant.”® However, there are
a variety of advantages and disadvantages manifested by
these techniques, and they show different degrees of cost
effectiveness. For example, biological degradation requires a
bioreactor with an associated aeration system, which is
expensive. Photocatalytic oxidation needs high maintenance
and high system control to avoid residual ozone. Catalytic
oxidation has high ongoing chemical costs with the storage
and handling of hazardous chemicals. Furthermore, all the
methods mentioned above except for the adsorption
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technique could successfully reduce the CH;SH concentration
in gas flow from 100 ppm to 10 ppm; these methods,
however, could hardly remediate gas with low CH3;SH
concentrations (<10 ppm) to odorless. In terms of the
adsorption technique, the adsorption capacity of materials
and the removal of CH3;SH at low concentrations remain a
challenge because the CH;SH molecule is small in size so is
not strongly retained on the surface of the adsorbents. This
requires adsorption media with highly polar/hydrophilic
surface features, which can induce reactive adsorption
through hydrogen bonding, complexion and acid-base
reactions.” ™

Metal-organic frameworks (MOFs) are emerging as a class
of very important materials offering high levels of porosity
with considerable control over pore size and composition.'*™**
Their potential versatility, especially in adsorption of air-
borne pollutants due to high selectivity, chemical and thermal
stability in the low and mid temperature range, moderate heat
of adsorption, and enhanced mass uptake, give them advan-
tages over other porous materials such as activated carbon
and zeolite.">"'* Adsorptive removal of sulfur-containing com-
pounds by MOFs has received attention because of the
increasingly  stringent regulations for environmental
protection.'”™"” HKUST-1 was one of the first investigated ma-
terials to be identified as having a remarkably high capacity
for various organosulfur compounds. Petit et al. found that re-
active adsorption occurred, resulting in the formation of Cus,
when HKUST-1 was used to adsorb H,S.'® Li et al. carried out
adsorption of H,S, CH;CH,SH and CH3;SCH; present in natu-
ral gas by HKUST-1 and different adsorptive behavior of these
sulfur compounds was found through breakthrough experi-
ments.’® In a recent study, we reported that a copper-based
MOF HKUST-1 with controllable size and shape can success-
fully adsorb low concentrations of CH;SH owing to the strong
interaction between the unsaturated copper sites of HKUST-1
and the -SH group of CH;SH.>® However, in practical applica-
tions, the granulation process will lead to unnecessary loss of
HKUST-1 powder. Moreover, the inside part of the HKUST-1
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adsorbents will be wasted owing to the collapse of the pore
structure in the outside part during the CH;SH adsorption
process, resulting in poor usage efficiency of the HKUST-1 ad-
sorbents. Moreover, the water resistibility remains a challenge
because of the competitive adsorption of water molecules at
the open metal copper sites.>" Alumina oxide is widely used in
practical applications because of its high mechanical
strength, chemical stability and porous structure.*>”>* Herein,
we prepared continuous HKUST-1 membranes on commercial
porous alumina supports (denoted as HKUST-1@Al,0;) using
secondary growth, which showed good mechanical stability
and technical feasibility of the ceramic supports for scale-up.
The HKUST-1@Al,O; adsorbents exhibited higher sulfur ca-
pacity than that of the pure HKUST-1 powders owing to the ex-
cellent dispersion of the MOF membrane on the Al,O; sub-
strate. Furthermore, the granules showed good water
resistibility, which is ascribed to the hydroscopicity of porous
alumina.

To fabricate the HKUST-1 membrane, a thermal seeding-
mediated secondary growth strategy was employed, as illus-
trated in Fig. 1.*° Firstly, the as-synthesized crystals of
HKUST-1 along with excessive organic ligands and Cu species
in the seed suspension were poured on the hot AlL,O; sup-
ports. Then, the seed-deposited Al,O; was treated by second-
ary growth of HKUST-1 under hydrothermal conditions to
form a continuous membrane. The whole seeding and grow-
ing process were accompanied with an obvious color change
whereby the Al,O; granules varied from white to green during
the seeding process, and then to blue during the growing
process, confirming the success of the thermal seeding and
growth of HKUST-1 membrane procedure (see the synthetic
details in the ESI}).

The morphologies and microstructures of the alumina
support and HKUST-1@Al,O; were examined by SEM. The as-
synthesized crystals of HKUST-1 show octahedron crystalline
morphology with size of about 2 um by hydrothermal method
(as shown in Fig. S1f). The SEM images of bare Al,0; and
seed-mediated Al,O; are shown in Fig. 2a and b, respectively.
The comparison between bare Al,O; and seed-mediated Al,O;
exhibited the presence of seed crystals of HKUST-1 uniformly
attached to the Al,O; surface, which made the surface of
Al O; less rugged. The top-view SEM image revealed that

HKUST-1 crystalsin Q

synthesis solution

Support
Thermal Secondary
seeding at 200 C ’ Growth

&
Fig. 1 Schematic illustration of the synthesis procedure of HKUST-1
membranes on alumina granules.

408 | CrysttngComm, 2018, 20, 407-411

View Article Online

CrysttngComm

Fig. 2 SEM images of (a) Al,Os support, (b) seed layers on Al,Os3, (c)
top views of HKUST-1@Al,Osz, and (d) cross-section of HKUST-
1@AL;0s.

HKUST-1@Al,0; consisted of well-grown crystals fully cover-
ing the Al,O; substrate surface, which is shown in Fig. 2c.

This membrane is continuous, without any cracks or pin-
holes. The cross-section image shown in Fig. 2d also illus-
trates the well-grown crystals on the substrate. The crystals
were randomly oriented along the surface of the Al,O;. The
thickness is about 20 um for the MOF layer. The good disper-
sion of the HKUST-1 layer is favorable for the gas adsorption
process.

The crystallographic structures of the alumina support
and HKUST-1@Al,O; materials were determined by XRD mea-
surements. Fig. 3a illustrates the XRD patterns of the alu-
mina support, which is indexed to the orthorhombic phases
of alumina oxide hydrate. The detected diffraction peaks of
HKUST-1@Al,O; in Fig. 3b are in good agreement with
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Fig. 3 XRD patterns of (a) Al,O3z support and (b) HKUST-1@AL,O3; (c)
N, adsorption-desorption isotherm of HKUST-1@ Al,Os (the inset is
the corresponding DFT pore size distribution); (d) TGA curve of
HKUST-1@AL,0s.
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previously reported simulated HKUST-1 patterns, indicating
the formation of a pure phase of HKUST-1 membrane.”® It
should be pointed out that the diffraction peaks of HKUST-1
were relatively weak because of the large content of alumina
support. The porosity is considered as of paramount impor-
tance to the adsorption of hazardous pollutants. Fig. 3 dis-
plays the N, adsorption-desorption isotherms and the pore
size distribution of the as-prepared HKUST-1@Al,O;. The
pore diameter distributions of HKUST-1@Al,O; consisted of
two parts. One part is about 1 nm, which is in accordance
with the structure of HKUST-1. The other part is located be-
tween 2 nm to 15 nm and is originated from the pores of the
porous alumina support. The pores below 1 nm are absent
for the bare alumina support (as shown in Fig. S21). More-
over, the BET surface area of HKUST-1@Al,O; is about 284
m? g”" which is higher than that of the bare alumina support
and an additional contribution to the adsorbed amount at
very low relative pressure related to HKUST-1 was observed
confirming the successful growth of the HKUST-1 membrane
on the alumina substrate. The corresponding porosity data of
HKUST-1@Al,0; are summarized in Table S1.f The high sur-
face area in synthesized HKUST-1@Al,O; materials could pro-
vide more active sites and the highly porous structure would
be more favorable for the adsorption and diffusion of reac-
tant molecules. The loading amount of HKUST-1 is also con-
sidered as a paramount factor that affects the adsorption be-
havior of HKUST-1@Al,0;. Therefore, thermogravimetric
analysis (TGA) was done for HKUST-1@Al,O;, bare alumina
support and HKUST-1 and the results are shown in Fig. 3d
and Fig. S3.f The loading amount of HKUST-1 on the alu-
mina substrate is calculated through comparing the three
TGA curves (as shown in ESIt). A four-step thermal decompo-
sition process was observed for HKUST-1@AlL,O; that in-
cluded the first weight loss of 10% from 40 to 150 °C, which
is attributed to the loss of adsorbed H,O and solvent mole-
cules from both the alumina support and the HKUST-1 mem-
brane. The second weight loss of about 2% between 150 °C
to 280 °C resulted from the loss of adsorbed water and sol-
vent molecules from the pores in the HKUST-1 membrane.
The third weight loss of 4.5% between 280 °C to 380 °C is at-
tributed to the decomposition of organic ligands of HKUST-1
(as shown in Fig. S31). According to our calculation, the rela-
tive weight loss of the HKUST-1 crystals at this stage is ap-
proximately 60%, which is similar to the previously reported
work,”” roughly corresponding to the theoretical weight loss
caused by the burning of the organic ligands in HKUST-1 in
air (around 64% for the reaction Cuz(BTC), — Cu,O and 60%
for the reaction Cuz(BTC), — CuO). Therefore, the loading
amount of HKUST-1 membrane is about 7.5 wt% in the
HKUST-1@Al,0; adsorbents. The fourth weight loss of about
6.5% between 380 °C and 550 °C originated from the chemi-
cally bonded H,O in the alumina support.>®

CH;SH breakthrough curves measured for the HKUST-
1@Al,0; and HKUST-1 under both dry and moist conditions
are presented in Fig. 4a. The calculated breakthrough capac-
ities of CH;SH under dry and humid conditions are shown
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Fig. 4 (a) CH3SH breakthrough curves and (b) CHsSH adsorption
capacity for the HKUST-1@Al,03 and HKUST-1 composites measured
under moist and dry conditions.

in Fig. 4b. The calculation of CH3;SH capacity is presented
in the ESLi The results indicate that the HKUST-1@Al,O3
composite is a better adsorbent than the bare HKUST-1
powders and exhibits good water resistibility. Under dry at-
mosphere conditions, the HKUST-1@Al,O; material could
last about 28 h till the outlet concentration reached the
breakthrough value. It should be noted that the break-
through time is longer than that of bare HKUST-1, although
the content of HKUST-1 (about 75 mg) of HKUST-1@Al,03
is lower than that of bare HKUST-1 (100 mg). The excellent
dispersion of the HKUST-1 membrane on the Al,O; sub-
strate enhances the use efficiency of HKUST-1 because the
mass transfer resistance for the 40-60 mesh HKUST-1 pow-
ders is higher than that of the uniform membrane, espe-
cially in low concentration CH3;SH gas flow conditions.
Moreover, because the adsorption of CH;SH could give rise
to obvious damage to the HKUST-1 structure, the damaged
outside part of HKUST-1 would hinder the transfer of CH;-
SH towards the inside of the HKUST-1 powders. Under hu-
mid atmosphere conditions, the bare HKUST-1 powders
performed worst in the adsorption process, which is as-
cribed to the competitive adsorption of H,O molecules to
the open metal copper sites, leading to a decrease in the
number of active sites in the HKUST-1 materials. The CH;-
SH capacity is 50% lower than that of bare HKUST-1 under
dry conditions. Interestingly, the HKUST-1@Al,O; composite
under humid conditions performed only a little worse than
that under dry conditions, probably because the hydro-
scopicity of porous alumina, which leads to competitive ad-
sorption of water between HKUST-1 membrane and alumina
(as shown in the TGA curve of bare alumina oxide below
150 ©°C), could reduce the adsorption of water on the
HKUST-1 membrane. Therefore, the CH;SH capacity is only
10% lower than that under dry conditions, indicating the
good water resistibility of HKUST-1@Al,0;. Comparison of
the sulfur compound capacity between HKUST-1@Al,O; and
previously reported work is summarized in Table S2.f The
CH,;SH capacity of HKUST-1@AlL,O; is higher than that of
most other sulfur compounds, such as SO,, C,HsSH,
CH3;SCH; and dibenzothiophene, adsorbed on HKUST-1. It
is comparable to that of H,S adsorbed on HKUST-1 com-
bined with GO because the introduction of modified GO
can lead to the formation of new micropores as a result of
linkages between the sulfonic acids and amine groups of

CrystEngComm, 2018, 20, 407-411 | 409
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Fig. 5 (a) XPS spectra for Cu 2ps,, of fresh and exhausted HKUST-1
and (b) XPS spectra for S 2p of exhausted HKUST-1.

modified GO and copper sites in HKUST-1. The break-
through curve of the bare alumina support is presented in
Fig. S4,f indicating that the alumina support is inactive for
adsorbing CH3;SH. The top view SEM image of HKUST-
1@Al,0; after CH3SH adsorption process is shown in Fig.
S5.f The MOF membrane structure was well kept, indicating
the good structural stability of the HKUST-1@Al,O; compos-
ites. The HKUST-1@Al,O; granules exhibiting high CH;SH
capacity with good water resistibility are applicable to a
broad range of applications with varied operation
conditions.

To determine the desulfurization mechanism, we charac-
terized the exhausted samples through XPS measurements
and compared the results against fresh samples using bare
HKUST-1 materials (Fig. 5). Assignments of separate peaks in
the XPS Cu 2p;/, and S 2p spectra are listed in Table S3.} The
Cu 2p3,, spectrum of the fresh HKUST-1 is in accordance
with that in the literature*® while the Cu 2ps/, spectrum of
exhausted sample was quite different from the fresh one with
the appearance of CuS located at 933.2 eV.>® The S 2p spec-
trum of the exhausted sample was fitted into two pairs of
2pszs» and 2p,, doublets. The first pair located at 162 eV and
162.6 €V is attributed to surface tangling sulfur anions, and
the second pair located at 163.4 eV and 164.3 eV is assigned
to the lattice sulfur of CuS in the surface region.*'*> The
peak located at 168.3 eV is assigned to the adsorbed methyl
thiolate.>® Apparently, CuS was formed during adsorption, co-
inciding with the colour change of HKUST-1 before and after
the adsorption process.

The synthesized HKUST-1 materials have open sites of
copper that exhibit Lewis acidity and, thus, the ability to ad-
sorb compounds with lone electron pairs, such as sulfur com-
pounds. The small size of CH3;SH molecules and the small
hydrogen atom bound to sulfur at the end make it easy to ac-
cess the open copper sites by coordination. Upon extended
exposure to CH3SH, the strong affinity between copper and
sulfur may break the original Cu-O bond, form a new bond
(O-Cu-S-CHj;) and release carboxylic groups. A fraction of
-SCH; can further break down, resulting in the formation of
CuS. Nevertheless, because the binding energy of S in O-Cu-
S-CH; might be very close to that of CuS,** XPS results could
not show the difference between them. The reactive adsorp-
tion of CH3;SH molecules creates a different chemical envi-
ronment for Cu and eventually results in the colour change
of the HKUST-1 material.
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Conclusions

In summary, a HKUST-1 MOF membrane is prepared by the
thermal seed-mediated secondary growth strategy. Structural
studies show that MOF crystals fully cover the surface of the
substrate and form a continuous MOF membrane. In a low
concentration CH;SH adsorption experiment, the MOF mem-
brane showed higher CH;SH capacity and better water resist-
ibility than the bare HKUST-1 powders. The sulfur compound
capacity is higher than that of other previously reported
works. Reactive adsorption was found because of the strong
interaction between the unsaturated copper sites in HKUST-1
and the -SH group of CH3;SH, which resulted in the forma-
tion of CuS. The exceptionally high sulfur capacity and good
water resistibility using alumina oxide as the substrate make
this MOF membrane a very promising candidate for practical
applications.
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