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ABSTRACT: Zinc-based metal—organic frameworks/graphene
oxide (MOF-S/GO) composites were synthesized via the
solvothermal method. The materials were characterized by
scanning electron microscopy (SEM), nitrogen adsorption, X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectrosco-
py, and X-ray photoelectron spectroscopy (XPS), and their
performances for hydrogen sulfide (H,S) removal were evaluated
by dynamic testing at room temperature. The composites exhibit
microporous structure with a small amount of mesopores, and the
structure is highly dependent on the amount of GO loaded. The
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surface area and pore volume first increase and then decrease with increasing GO, reaching the maximum value when the GO
ratio is 5.25%. The composites exhibit high adsorption capacities for H,S, with the maximum uptakes reaching up to 130.1 mg/g.
Although the loading of GO makes a contribution to the enhancement of dispersive force in the porous structure, it leads to the

crystal distortion of MOEF-S. The introduction of glucose can restr

ain this distortion to maintain the structure stability. A good

match between GO and glucose have a well synergy effect to develop the porous structure, resulting in the highest H,S

adsorption capacity.
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1. INTRODUCTION

Hydrogen sulfide (H,S) is one of the most harmful
components arising from many industrial activities such as
biogas,1 petroleum reﬁning,2 coal gasiﬁcation,3 food processing
and livestock farming,4 natural gas processing,5 geothermal
wells,® and municipal sewage treatment facilities.” The
emissions of H,S have been associated with the formation of
acid rain and many other undesirable environmental and health
hazards. At levels up to 30—40 ppmv, H,S can cause acute
poisoning, instantaneous loss of consciousness, and rapid
apnea, while even death may result from acute exposure to H,S
at levels of 100—200 ppmv.* Therefore, controlling their
emissions has become increasingly urgent and important for
global atmospheric chemistry and quality of life.”

Many researchers have been performing experiments and
simulations to develop effective technologies for reducing H,S
emissions, and using solid adsorbent is a promising approach
for the removal of H,S. To evaluate the practicality of a solid
adsorbent, the following characteristics must be considered:
porosity, structural stability, reversible uptake and release, and
capability for surface modification for creating molecule-specific
adsorption sites.'® As far as we know, some disadvantages such
as low adsorption capacity, flammability, and other problems
associated with regeneration for most common porous
materials are encountered in practical applications..11 Therefore,
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much attention has been paid to new porous materials with
high adsorption capacity. Among various adsorbents, metal—
organic frameworks (MOFs) are a group of materials that have
been rapidly developed and have opened new possibilities of
applications, because of their excellent properties such as high
surface area, high porosity, regular structure, modifiable
surfaces, and tunable pore size. ”'> Recent literature deals
with the construction of MOF-based composites, and it
concerns the new trend in the MOF field that consists in the
construction of MOF-based composites and macro architec-
tures in order to enhance the separation or adsorption
properties of MOF."* Hamon et al." studied the adsorption
behavior of H,S on different MOFs, including MIL-53 (Al, Cr,
Fe), MIL-47(V), MIL-100(Cr), and MIL-101(Cr), and found
that all compounds were able to adsorb H,S, but reversible
adsorption with a total recovery of the initial porosity was
observed for MIL-53(Al, Cr) and MIL-47(V). In the case of
MIL-53(Fe), destruction occurred, because of the reactive
adsorption of H,S to form iron sulfide. For MIL-100 and MIL-
101, the porosity was only partially recovered, and partial
destruction of the MOF was hypothesized. Further research by
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combining infrared measurements and molecular simulations
showed that the MIL-47(V) structure remains rigid at H,S
pressures up to 1.8 MPa, while MIL-53(Cr) solid first presents
a switch from large pores (LP) to narrow pores (NP) at very
low pressure, then undergoes a second structural transition
from the NP to the LP at higher pressure.'® However, no
further tests were performed to confirm and explain the
assumed process of reactive adsorption, and the mechanisms of
adsorption on MOFs are rarely addressed and investigated in
detail when it comes to reactive adsorption.'”

Recently, Petit and co-workers reported the synthesis of
graphene oxide (GO) and MOF composites in order to
increase the dispersive forces in MOF via the presence of
graphene layers."® In this concept, GO with nonporous
structure and dense arrays of layers was introduced into
MOF to form composites, in order to overcome the drawback
of MOFs that its void space is not beneficial for the retention of
small molecules under ambient conditions, because of weak
dispersive forces,'® and the ammonia and nitrogen dioxide
adsorption were also tested."”™>* A copper-based MOF/GO
was synthesized and tested for H,S removal under ambient
conditions. Compared to the parent materials, an enhancement
in H,S adsorption was found, which was due to the
enhancement of physisorption in the pore space with strong
dispersive forces, and reactive adsorption was also found as the
main mechanism of retention.'” Zinc oxide has been proved as
an excellent adsorbent for H,S, because of its favorable
sulfidation thermodynamics and high sulfur capacity.”
However, the GO component in the composites can induce a
distortion in the structure of the MOF-5 component.
Moreover, more distortion in the structure of the MOEF-5
component with high amounts of GO would lead to the
decrease of adsorption capacity.”® As far as we know, there are
still few works on the removal of H,S by using Zn-based MOFs
or MOF/GO composites, and there is not a clear under-
standing on the influence of the distortion on H,S adsorption
capacity.

In the current work, MOF-5/GO composites were
synthesized with modification by glucose, and H,S adsorption
performances of the samples were measured. The influences on
porosity of the composites and H,S removal performance are
discussed, and the mechanism of desulfurization is also

proposed.

2. EXPERIMENTAL SECTION

2.1. Synthesis of MOF/GO Composites. GO synthesis: GO was
prepared from natural graphite powder according to a modified
Hummers method.** (See details in the Supporting Information.)

MOF-5 synthesis: zinc nitrate hexahydrate (5.2 g) and 1,4-
benzenedicarboxylate (BDC, 1.0 g) were mixed in 35 mL of DMF.
The mixture was treated solvothermally at 120 °C for 25 h. The
obtained sample was washed with DMF and CHCIl;, and MOE-S
obtained by vacuum drying at 80 °C.

MOF-5/GO synthesis: GO was dispersed in N,N-dimethylforma-
mide (DMF) solution by sonication to get DMF emulsion of GO. The
glucose-promoted MOF-5/GO composites were prepared according
to a modified preparation method of MOF-5.In a typical reaction,
zinc nitrate hexahydrate (5.2 g), BDC (1.0 g), and glucose (0.5 g)
were mixed in 35 mL of GO/DMF solution. The mixture was treated
solvothermally at 120 °C for 25 h. The obtained sample was washed
with DMF and CHCl;, and MOF-5/GOs were obtained by vacuum
drying at 80 °C. Samples with GO weight ratio of 1.75%, 3.5%, 5.25%,
and 7% were synthesized by changing the concentration of GO/DMF
solution, and the samples are referred as MG-Gn (n = 1—4),

respectively. For comparison, composite with 5.25 wt % GO was also
synthesized without glucose; this sample was named MG-GO.

All chemicals used are analytical purity.

2.2. Characterization of Materials. The nitrogen adsorption—
desorption isotherms were performed at —196 °C using a gas
adsorption analyzer (BELsorp-max, Japan). The specific surface area
was evaluated using o, plot method. The density functional theory
(DFT) was used to determine the pore size distributions (PSDs). The
morphologies of samples were examined by a LEO Model 1530 field-
emission scanning electron microscopy (SEM) device (LEO,
Oberkochen, Germany). Mid-IR spectra (4000—500 cm™) were
collected on a Nicolet 560 FTIR spectrometer using pellets with
samples dispersed in KBr. X-ray diffraction (XRD) analyses were
carried out by using an X-ray diffractometer (Rigaku D/max-2500)
with Cu Ka (40 kV, 200 mA) radiation. The data were recorded over a
20 range of 5°—90°. X-ray photoelectron spectroscopy (XPS) was
carried out by using an X-ray photoelectron spectrometer
(ESCALAB250Xi, ThermoFisher) with Al Ka radiation to obtain
the information of surface atomic concentration, and the binding
energies were calibrated by the carbon (C 1s = 284.8 V). The spectra
obtained were curve-fitted with the nonlinear least-squares iterative
technique based on the Gaussian function after baseline subtraction
using Shirley’s method.

2.3. Desulfurization Test. The performance of samples for H,S
removal was evaluated by the fixed-bed breakthrough test method
under ambient conditions (20 °C, 1 atm). The schematic diagram is
presented in Figure S1 in the Supporting Information. Before
measurement, the adsorbents were crushed into particles, and the
particles passed through 100-mesh sieve and were collected for the
breakthrough measurement. The adsorbent particles were packed into
a glass column (length of 250 mm, diameter of 6 mm) with the same
length for each desulfurization test. The inlet concentration of H,S
(balance of N,) was 100 ppmv and the flow rate was 300 mL/min.
The inlet and outlet gas (H,S) was analyzed using a gas
chromatograph (Shimadzu, Model GC2014) that was equipped with
a flame photometry detector (FPD). All outlet gases from the reactor
were sampled with an online autosampling system and analyzed every
3 min. The breakthrough was reached when the outlet concentration
was 1 ppmv. Correspondingly, the H,S breakthrough capacity was
calculated. The sample after desulfurization is named as MG-Gn-E.

3. RESULTS AND DISCUSSIONS

3.1. Morphology and Porous Structure. Figure 1 shows
SEM images of the samples. MOF-S occurred in the form of
cubic crystal aggregation. The particles of GO look very dense,
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Figure 1. SEM images of (a) MOF-S, (b) GO, (c) MG-G3, and (d)
MG-G4.
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Figure 2. (a) Nitrogen adsorption—desorption isotherms and (b, c) DFT pore size distributions of samples at 77 K.

Table 1. Textural Properties and Desulfurization Performances of the Samples

sample GO ratio (wt %) Sas (m* g7h) V, (em® g™') W, (nm) H,S breakthrough time (min) H,S breakthrough capacity (mg/g)
GO 3 2.3
MOFEF-5 812 0.27 1.25 22 16.7
MG-GO 5.25 295 0.12 2.48 42 319
MG-G1 1.75 598 0.22 1.83 57 43.4
MG-G2 3.5 648 0.28 34 79 60.1
MG-G3 5.25 1062 0.35 1.64 171 130.1
MG-G4 7 86 0.07 10.5 33 25.1
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Figure 3. Schematic view of the glucose-promoted MOF-5/GO
structure unit ((A) GO layer, (B) MOEF-S, and (C) glucose polymer).
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Figure 4. FTIR spectra for (a) GO, MOF-S, and MGs and (b) after
desulfurization for MG-G3.

with agglomerates of graphene sheets stacked together, which
can be attributed to the dispersive forces and strong specific
interactions between the surface groups on the graphene-like
layers."'” In contrast, the MOF-5/GO consisted of thin
platelets with square or round shapes, which derived from the
morphology of MOF-S5. With increasing GO ratio, the edges of
the platelets tended to be less sharp, which is likely ascribed to
more GO interference with the MOF-$ crystallization pattern.

Figure.2 shows the N, adsorption—desorption isotherms and
PSDs for various samples with the structural parameters listed
in Table 1. The isotherm of MOF-S belongs to Type I in the
IUPAC classification, which is a characteristic of microporous
materials.”® The steep rise and high N, uptake in the initial part

4944

Figure S. X-ray diffraction (XRD) patterns for the parent and
composites materials (a) before and (b) after the adsorption of
hydrogen sulfide (H,S).
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Figure 6. (a) H,S breakthrough curves and (b) the relationship of GO
ratio versus H,S breakthrough capacity and surface area at 25 °C.
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Figure 7. XPS spectra of the (a) Zn 2p;/, and (b) S 2p narrow spectra
for MG-G3 before and after desulfurization.

of the isotherm suggests the presence of a large proportion of
micropores. There is not obvious hysteresis and a “tail” at the

dx.doi.org/10.1021/am3013104 | ACS Appl. Mater. Interfaces 2012, 4, 4942—4947
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Figure 8. Mechanism of the desulfurization process of MOF-5/GO composites.

high-relative-pressure region, indicating that the amount of
mesopores or macropores is very few. Type H4 hysteresis loops
are observed for MGs, indicating the presence of a small
amount of mesopores. The hysteresis loop is broadened with
increasing GO ratio up to 3.5% and then becomes smaller with
further increasing GO ratio. However, an excessive addition of
GO would lead to the destruction of the pore structure. All
MOF-5/GO samples show a “tail” appearing at P/P, close to 1,
suggesting that there are some large mesopores or macropores,
which are likely to be the pores between the units of MOF-5/
GO, and their sizes could be limited by the sizes of GO flakes.
It is worthwhile to note that the N, uptake of MG-G4 is much
lower than other MGs, revealing the poor porosity and low
surfaces area of this sample.

Figure 2b shows the PSDs of the samples. All samples
possess roughly similar, multimodal PSDs with distinct maxima
in the micropore region. Very weak peaks are observed in the
range of 4—5 nm. For MG-G4, some large mesopores appear at
20—30 nm, which correspond to the “tail” at high relative
pressure. From Table 1, it can be seen that the surface areas of
MG-G1 and MG-G2 are lower than MOF-S, which may be
related to the destruction of partial pore structure by GO with
layer structure. This can be proved by the hysteresis loop H4,
which is a characteristic of slit pores.”> In addition, blockage by
polymers derived from partially solvothermal carbonation of
glucose may be another reason. It is interesting to note that
MG-G3 with 525 wt% GO exhibits more developed porous
structure than MOF-S. Unfortunately, with a higher content of
GO, the beneficial effect on porosity vanished, leading to a
sharp decrease in surface area for MG-G4. Therefore, it is
postulated that the developed pore structure for MG-G3 could
be attributed to the well synergy effects between GO and
MOF-S.

In order to clarify the effect of glucose on porous structure, a
sample (MG-GO) with 525 wt% GO was also synthesized
without using glucose. It can be seen from Table 1 that MG-GO
has a much lower surface area than other samples, except MG-
G4. That is to say, without the introduction of glucose, there
would be an undesirable influence of GO on porous structure.
It is reported that a polymerization process for glucose would
occur when treated by hydrothermal reaction below 140 °C,*
and polymers formed have a low degree of polymerization.”*
Some polymers may fill in the structure to support the
framework, and some may react with the functional groups on
the GO (Figure 3). In addition, Figure 2c shows that, with the
addition of glucose, the PSD of the MOF-5/GO composite is
narrowed, with a sharp peak centered at ca. 1 nm. Therefore,
glucose enhances the porous structure of the composites to
some extent, because of its hindrance on GO'’s distortion effect.
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With 525 wt% GO, the composite can get a good match
between GO and glucose to achieve the highest surface area.
However, an overloading of GO up to 7 wt % may destroy this
type of matching, leading to a very low surface area.

3.2. FTIR Analysis. Figure 4 shows the FTIR spectra for the
samples Several bands are observed in the region of 700—1300
cm™', which are assigned to the fingerprint region and the out-
of- plane vibrations of BDC.>***” The bands in the region of
750—875 cm™" are as51gned to aromatic C—H out-of-plane
bending vibrations,”® while the bands in the 1000—1450 cm™
correspond to C—O (hydroxyl ester, or ether) stretchmg and
O—H bending vibrations.”® The band at 1390 cm™ is due to
the symmetric stretching of carboxylic groups in BDC, whereas
those at 1510 and 1590 cm™" are attributed to the asymmetric
stretching of carboxylic groups in BDC.”® A broad band at
3000—3700 cm™' must be due to the overlapping bands from
O—H (hydroxyl or carboxyl), whereas the bands at 2855 and
2922 cm™" correspond to stretching vibrations of aliphatic C—
H."?° These results indicate that there are a large number of
residues including hydroxyl and carboxyl groups on the surface
of the as-prepared materials. It can be also seen that the
intensity of adsorption bands becomes stronger with the GO
ratio up to 3.5% and then tends to be weaker with further
increasing of GO ratio, indicating that the amount of functional
groups follows the same trend. These functional groups can
provide a potential avenue to load other functional groups,
molecules, ions, and nanopartlcles In addition, there is not
obvious difference between the IR spectra of MOF-5 and MG-
GO, indicating that GO almost does not have any influence on
the surface chemistry of the composites. However, when
glucose is introduced, the intensity of bands in the range of
1000—1300 cm ™', which include the C—OH stretching and OH
bending vibrations,”* tends to be stronger, suggesting the
existence of large numbers of residual hydroxy groups in the
composites.

After H,S adsorption, significant changes in the vibration
bands can be observed. The intensity of all bands is much
stronger after desulfurization, which can be attributed to the
H,S adsorption process, during which the adsorption of H,S
leads to a release of the BDC ligands. In addition, the
significant enhancement of bands at 660—1600 cm™" must be
due to the collapsing of the MOF-5 structure and change in the
environment of carboxylic groups and zinc oxide.'® Further-
more, the bands at 2510 cm™" observed on the spectra of the
exhausted samples can also be attributed to S—H stretching
vibrations in H,S species, and this band generally exhibits a very
weak IR intensity and can sometimes be missed."

3.3. XRD Analysis. Figure 5 shows the X-ray diffraction
(XRD) patterns of the samples before and after H,S

dx.doi.org/10.1021/am3013104 | ACS Appl. Mater. Interfaces 2012, 4, 4942—4947
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adsorption. The GO spectrum shows a peak at 26 = 12.1°,
indicating an interlayer distance of 7.3 A. It suggests that the as-
prepared GO has a high degree of orientation.>**> The
diffraction pattern of MOF-S5 is in agreement with those found
for well-defined MOE-$ crystals,>* suggesting that the current
material has the expected structure. The MOF/GO sample
(MG-GO) synthesized without using glucose exhibits a
significant splitting at 9.7°, indicating that the GO component
in the composites induces a distortion in the structure of the
MOF-5 component.”>** Interestingly, this splitting disappears
when glucose is used in the synthesis process, the diffraction
patterns of the MOF-5/GO composites are similar to that
observed for MOF-S, which indicates that the MOE-S structure
is preserved. These results suggest that glucose can sustain the
crystal structure of MGs similar as MOF-S, avoiding the
distortion caused by GO. It is noticeable that the relative
intensity of the XRD pattern for MG-G4 tends to be much
weaker, revealing that a higher content of GO still distorts the
crystal structure. After exposure to H,S, the spectra are slightly
modified and the strength of the diffraction peaks becomes
weaker, but the overall patterns are preserved. These results
suggest that exposure to H,S causes the partial collapse of the
MOE-S structure, because of the reactions of H,S with the
MOF-S units.

3.4. Desulfurization Performance. The desulfurization
would be a process consisting of both physical adsorption and
chemical reaction. The H,S breakthrough curves, the relation-
ship of GO ratio vs H,S breakthrough capacity, and the specific
surface area for various adsorbents are illustrated in Figure 6.
The breakthrough capacities are summarized in Table 1. The
breakthrough times for GO and MOF-S are very short (ca. 3
and 22 min, respectively), indicating that GO and MOF-$ are
poor adsorbents for H,S, although MOEF-S possesses a high
specific surface area. In contrast, the breakthrough time of MG-
GO is much longer than that of GO and MOF-5. This can be
attributed to an increase in the dispersive forces required to
retain H,S, because of the additional GO component.'®"
Moreover, the breakthrough times of MOF-5/GO composites
modified by glucose are even longer than that of MG-GO. From
Table 1, the order in terms of adsorption capacity is listed:

MG-G3 > MG-G2 > MG-G1 > MG-G0 > MG-G4
> MOE-S§ > GO

which suggests that the modification by glucose leads to a
significant enhancement for H,S removal. These results suggest
that the distortion in MOEF-S by GO is beneficial for H,S
adsorption. However, with higher amounts of GO, more
distortion in the structure of the MOEF-S leads to a decrease in
the amount of H,S adsorbed.”® Under this circumstance, the
introduction of glucose can promote the H,S adsorption of the
MOF-5/GO composites due to the structural support and
hindrance on more structural distortion. It should be pointed
out that a good match between GO and glucose can have the
well synergy effect. For MG-G3, it has more developed pore
structure and increased dispersive forces to retain H,S.

As Figure Sb shows, the H,S breakthrough capacities of
MOEF-5/GO composites first increased sharply with increasing
GO ratio up to 5.25 wt %, and then decreased dramatically with
further loading. The sample MG-G3 exhibits a super affinity to
H,S and the breakthrough capacity reached 130.1 mg/g. It also
can be seen that the H,S breakthrough capacity follows the
same tread as the specific surface area, except for MOEF-S
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(which is free of GO), indicating that the H,S adsorption
capacity is highly dependent on the porosity of the samples.
However, the high surface area and low H,S adsorption
capacity for MOF-5 demonstrates that the porosity of the
materials is not the only factor governing the desulfurization
capacity. That is to say, the desulfurization process is influenced
not only by physisorption, but also by chemical reaction.
Moreover, it is worthy to point out that the breakthrough time
not only depends on the micro/mesoscopic and surface
characteristics of the materials, but also tightly relates to the
macroscopic aspect of the materials (size and shape of the
grains) packed into the glass column, which affect the diffusion
kinetics of the analytes through the column. Therefore, it is
difficult to assign the different desulfurization performances to
the specific aspects exactly.

Figure 7 shows the XPS narrow spectra of Zn 2p;/, and S 2p
for MG-G3 before and after desulfurization. High-resolution
XPS curves in the region of 1020—1025 eV in Figure 7a show
an intense peak at a binding energy (BE) of 1022.5 eV, which is
a characteristic of the 2p;), transition of ZnO.”* A slight change
is observed after desulfurization, which indicates that the
exposure to H,S does not have any influence on the chemical
environment of zinc, because there is a similar status between
ZnO and ZnS. In Figure 7b, two BE peaks over 162.1 and 168
eV of S 2p are observed, which are usually related to sulfur in
sulfide and sulfate, respectively.36 The existence of sulfate
would be a consequence of sulfuric acid treatment in the GO
preparation process, and the sulfide can be attributed to the
formation of sulfur-containing species in the chemical reaction
between H,S and the MOF-5/GO composites. It can be seen
that the intensity of the S 2p curves becomes much stronger
after desulfurization, and, as expected, the atomic concentration
of sulfur increases from 0.06% in the fresh sample to 1.36% in
the sample after desulfurization (see Table S1 in the Supporting
Information). XPS only gives the surface atomic percentage of
materials, while the adsorption of H,S occurs not only on the
surface, but also in the bulk of the materials. Besides, the
physical adsorption of H,S could not be detected via XPS.
Therefore, the low atomic concentration of S in the sample was
obtained by XPS after the removal of H,S.

Based on the characterization of nitrogen adsorption, IR,
XRD and XPS, and considering the reaction mechanism of H,S
with copper-based metal—organic framework and graphene
oxide composites,'” the chemical reaction of H,S with the
MOE-5/GO composites was supposed, as shown in Figure 8.
H,S binds to the Zn sites by successive reactions, which leads
not only to the formation of carboxylic acid and ZnS, but also
to a change in the coordination between Zn and O in BDC.
These results can be confirmed by the fact that the bands are
significantly enhanced in the FTIR spectra, especially for the
band at ~1590 cm™), which is ascribed to the “release” of
carboxylic groups during the collapsing of MOF-5 structure."
During the process, the bond breaking results in the collapse of
the MOF-5 structure and a decrease in the porosity.

Generally speaking, as the number of available Zn site
increases, the possibility for H,S to be adsorbed to form sulfur-
containing species increases, resulting a corresponding increase
in the adsorption capacity. It is likely that a small amount of
GO not only creates pore space with strong dispersive forces
where H,S can be strongly retained, but also increases available
Zn sites of MOF-5. However, more GO loading would cause
more distortion and even destroy the pore structure, leading to
the decrease of H,S adsorption capacity. The introduction of

dx.doi.org/10.1021/am3013104 | ACS Appl. Mater. Interfaces 2012, 4, 4942—4947
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glucose can support the structural stability and hinder more
structural distortion, thus promote the H,S adsorption by
enhancing both the physisorption and the reactive adsorption.

4. CONCLUSIONS

Glucose-modified MOEF-5/GO composites are synthesized
using the solvothermal method. The loading of graphene
oxide makes a contribution to the enhancement of dispersive
force in MOF-S but leads to distortion in the crystal structure.
The introduction of glucose can restrain more distortion to
support the structural stability. For the modified composites,
the surface area first increases and then decreases with
increasing GO ratio, and the H,S adsorption capacity follows
the same changing trend with the maximum uptakes of 130.1
mg/g. A good match between GO and glucose leads to a
developed porous structure, resulting in the highest H,S
adsorption capacity by enhancing both the physisorption and
the reactive adsorption.
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