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ABSTRACT: It is generally not easy to utilize nonporous metal
organic frameworks (MOFs) with a large crystal size (especially for
catalysis or adsorption) because their surface area is low and the
majority of the active sites exist inside the MOFs. Composing with
porous materials may be one way to disperse the nonporous
materials. In this study, a nonporous/nonsoluble MOF (in which
the particle size was much larger than the cavity size of the porous
MOFs) containing Cu(I) ((Cu2(pyz)2(SO4)(H2O)2)n, denoted as
CP) was composed with typical porous MOFs such as MIL100-
(Fe) (iron-benzenetricarboxylate) and CuBTC (cupper-benzene-
tricarboxylate). The Cu(I) species of the nonporous MOF was
effectively utilized for the adsorptive desulfurization (ADS) of model fuel. Even though the porosities of the composed MOFs
decreased as the content of CP increased, the adsorption capacity increased as the content of CP increased (up to a certain
content). Considering the negligible capacity of CP for ADS, the enhanced adsorption capacity may be a result of the well-
dispersed Cu(I), which is known to be beneficial for ADS via π-complexation. The dispersed CP was also observed by
transmission electron microscopy mapping. Therefore, composing a nonporous MOF with porous MOF is a new and facile way
to disperse/utilize the active sites of a nonporous MOF.
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1. INTRODUCTION

Recently, considerable progress has been made in the field of
nanoporous materials as a result of newly developed advanced
functional materials1−5 including metal organic frameworks
(MOFs).6−14 MOF-type materials are important because of
their remarkable porosity, facile tunability of their pore shape/
size (not only microporous structure but also mesoporous
one), and their potential applications which include adsorp-
tion/storage8,13 and separation.9,10,12 The application of MOFs
for the adsorptive removal of hazardous contaminants from
both liquid and vapor phases have also recently been
studied.7,11,15−17 It was revealed that virgin MOFs possess
potential physicochemical properties which could be advanta-
geous for different applications. However, their properties can
be further enhanced by tuning the structure or chemical nature
by using several methods. Some popular methods include the
grafting or postsynthetic modification of functionalized
groups,18 using functionalized organic linkers,19,20 impregnation
of appropriate active species,21,22 and producing MOF
composites with suitable materials.23,24 MOF composites are
a comparatively new concept and have already drawn significant
scientific interest as their successful synthesis can entirely alter
their physicochemical properties23,24 as well as improving their
range of potential applications.25−27

So far, various materials have been used to prepare MOF
composites. Examples include polyoxometalates (POM),28 iron
oxide,29 silica,30 graphite oxide (GO),31 carbon nanotubes,32

and graphene oxide.33 There are several methods used to
prepare MOF composites and one of these methods is called
bottle-around-ship (BAS).34 During this method, presynthe-
sized composing materials are added to the MOF precursors to
continue the synthesis procedure. For example, composing
materials of GO or Fe3O4 (with a small size) have been added
to the MOF precursors to prepare GO/MOF24,31 or Fe3O4/
HKUST-1.35 To prepare MOF composites via BAS, the size of
the composing materials should be small in comparison to the
cavity size of the porous material. Iron oxide/MOF composites
are interesting because of the magnetic separation of the
composite materials. GO/MOF composites are also interesting
because of their improved porosity; therefore, these composites
have been used in various adsorptions.24,31 In similar methods,
soluble composing materials (such as POM) are mixed with the
MOF precursors, and following the completion of the synthesis
procedure, the MOFs are formed, trapping the composing
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materials.36 POM/MOF composites have been used in various
fields including acid catalysis, oxidation catalysis, and
adsorption/decontamination.37,38 However, so far, there are
no reports on the preparation of MOF composites which have
both porous MOF and nonporous MOF, especially with a large
crystal size.
Recently, it is important to remove sulfur-containing

compounds (SCCs) (including benzothiophene (BT), diben-
zothiophene (DBT), and dimethyldibenzothiophenes) from
commercial fuels to prevent air pollution and catalysts
deactivation. According to United States and European
Union regulations, the acceptable sulfur contents in commercial
fuels are limited to 15 and 10 μg/g, respectively.39,40 Up to
now, a variety of methods including hydrogenation, adsorption,
and oxidation have been tried for sulfur removal.39−41

Adsorptive purification might be one of the most competitive
methods to reduce sulfur content up to ultralow values.40

Cu(I)-containing materials have been effectively used for
adsorptive desulfurization because of their ability to form π-
complexation with SCCs.42,43 Yang et al. prepared Cu(I)-
containing zeolitic adsorbents via ion exchange which requires
high-temperature calcination.42 On the other hand, Cu(I)-
containing porous materials such as MCM-41, SBA-15, and
Al2O3 have also been prepared through the loading of Cu2O.
During these cases, copper salts were initially impregnated onto
a porous support; subsequently, calcination (in the presence of
air) was conducted to form CuO. Finally, Cu2O was formed
through high-temperature calcination under inert condi-
tions.44,45 Well-dispersed Cu(I) materials over porous solids
can enhance the overall adsorption of SCCs; however, the main
difficulty in using MOF as a porous support is due to its low
thermal stability. Therefore, it is important to develop some
alternative ways to disperse the Cu(I) onto thermally unstable
porous supports without applying calcination at high temper-
ature. So far, only a few studies have been conducted to prepare
Cu(I) materials dispersed onto MOFs such as Cu(I)/
vanadium-benzenedicarboxylate, Cu(I)/iron-benzenetricarbox-
ylate, or Cu(I)/iron-benzenetricarboxylate46−48 at low temper-
ature. However, this particular field requires further inves-
tigation.
The synthesis and stabilization of Cu(I)-containing materials

are difficult because of the intrinsic instability of the Cu(I) state
and the facile oxidation to Cu(II).49,50 However, stable Cu(I)
compounds have recently been synthesized using pyrazine-
based linkers.50 Additionally, in comparison to Cu(II), there are
scarce reports on Cu(I)-containing MOFs or coordination

polymers (COP).50−53 Moreover, among the reported Cu(I)-
containing MOFs/COPs, only a few have demonstrated
permanent porosity.50,51 Porosity is an important and vital
property of MOFs which is required to extend its potentials
mainly for adsorption and catalysis. To take advantage of the
Cu(I) species, one method may involve the dispersion of the
nonporous Cu(I)-containing materials onto highly porous
MOFs.
In this study, we demonstrate a new attempt to prepare

MOF composites via the dispersion of nonporous/nonsoluble
Cu(I)-containing species (the size is much larger than that of
cavities of the porous MOFs) to another MOF. Among the
many MOFs which have been reported so far, two widely
studied MOFs, iron-benzenetricarboxylate [Fe(III)3O-
(H2O)2(F){C6H3(CO2)3}2·nH2O (n ∼ 14.5),54 denoted as
MIL100(Fe)] and coppe r -benzene t r i c a rboxy l a t e
[Cu3{C6H3(CO2)3}2(H2O)3; denoted as CuBTC],55 have
been used in this study. Both MIL100(Fe) and CuBTC have
been investigated for their adsorption properties.35,47 A stable
nonporous Cu(I)-containing compound ((Cu2(pyz)2(SO4)-
(H2O)2)n, denoted as CP) has been hydrothermally synthe-
sized using CuSO4 and pyrazine under microwave (MW)
irradiation.53 The CP was subsequently employed to form
composites with porous MIL100(Fe) or CuBTC. The prepared
CP/MIL100(Fe) or CP/CuBTC composites were applied to
the adsorptive desulfurization of SCCs to utilize the well-
dispersed Cu(I).

2. EXPERIMENTAL SECTION
2.1. Materials. All the solvents and reactants were commercially

available and were used as received. Copper sulfate (CuSO4, 99%),
copper nitrate trihydrate (Cu(NO3)2·3H2O, 99%), and iron nitrate
nonahydrate (Fe(NO3)3·9H2O, 99%) were purchased from Samchun
Chemicals, Korea. Pyrazine (C4H4N2, 99%), benzoic acid (99%),
trimesic acid (H3BTC, C9O6H6, 98%), benzothiophene (98%), and
dibenzothiophene (98%) were obtained from Sigma-Aldrich. Ethanol
(99.5%) and n-octane (99%) were procured from OCI Chemical
Company, Korea.

2.2. Synthesis of Composites. The CP was synthesized under
microwave (MW) irradiation following a method reported in the
literature.53 Concisely, 0.5 g of pyrazine, 0.25 g of anhydrous CuSO4,
0.37 g of benzoic acid, and 15 mL of H2O were taken into a Teflon
autoclave and heated at 180 °C for 6 h under MW irradiation. The
resultant red-colored solid was filtered and then washed with water
and ethanol.

The syntheses of MIL100(Fe) and CuBTC were done to the
following reported procedures,56,57 and the methods are shown in the

Figure 1. XRD patterns of (a) CP and simulated CP; (b) MIL100(Fe) and CP/MIL100(Fe) composites. * represents the diffractions from CP.
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Supporting Information. A similar procedure was adopted for the
synthesis of CP/MIL100(Fe) by adding 0.01, 0.015, and 0.025 g of CP
(0.35, 0.52 and 0.86 wt % with respect to the weight of the initial iron
precursor, Fe(NO3)3·9H2O, respectively) to the MIL100(Fe)
precursor. The obtained solids were denoted as CP(l)/MIL100(Fe),
CP(m)/MIL100(Fe), and CP(h)/MIL100(Fe), respectively. The
CP(l)/CuBTC and CP(m)/CuBTC samples were synthesized using
a similar method, following the processes described above.
2.3. Characterization. The obtained adsorbents were charac-

terized with X-ray diffraction (XRD), field-emission transmission
electron microscopy/energy-dispersive spectroscopy (FE-TEM/EDS),
scanning electron microscopy (SEM), X-ray photoelectron spectros-
copy (XPS), and nitrogen adsorption. Detailed experimental
procedures are shown in the Supporting Information.
2.4. Adsorption Experiments. Adsorption experiments were

carried out to follow a method reported earlier.47 Briefly, BT or DBT
solutions in n-octane were used in the adsorption, and BT or DBT
concentrations were determined using a gas chromatograph. Detailed
experimental procedures are shown in the Supporting Information.
The adsorption kinetic constants were calculated using the pseudo-
second-order rate equation that was obtained by a nonlinear model
(see Supporting Information). The maximum adsorption capacity
(Q0) and separation factor (RL) were obtained using the Langmuir
equation (see Supporting Information).

3. RESULTS AND DISCUSSION
3.1. Properties of the Adsorbents. The crystal structure

of the obtained CP was confirmed by the correlation of the
XRD patterns with the calculated one (Figure 1a). Figure 1b
and Supporting Figure 1 show the XRD patterns of the
MIL100(Fe), CP/MIL100(Fe), CuBTC, and CP/CuBTC
composites. The XRD patterns demonstrate that the MOFs
were successfully synthesized, irrespective of the introduction of
CP during the synthesis. However, representative peaks of CP,
even at very low intensities, were observed for CP(h)/
MIL100(Fe). (The zoomed XRD patterns are shown in
Supporting Figure 2.) The XPS analysis (Figure 2) was

conducted to determine the oxidation state of Cu in the CP and
CP/MIL100(Fe) composites. The XPS analyses of both pure
CuCl and CuCl2 were also conducted for reference. As shown
in Figure 2, the binding energy corresponding to the Cu(I)
oxidation state was observed in both CuCl and CP, which
ultimately confirmed the existence of Cu(I) in CP. Therefore,
following the formation of the composites, the existence of
Cu(I) was also observed in CP(l)/MIL100(Fe) and CP(m)/
MIL100(Fe). The Cu/Fe ratios (based on wt/wt) of the

obtained adsorbents were 0.016, 0.023, and 0.035 for the
CP(l)/MIL100(Fe), CP(m)/MIL100(Fe), and CP(h)/
MIL100(Fe), respectively (Table 1). Even though the EDS
(see Supporting Figure 3) and XPS results show the existence
of the copper species, no XRD peaks corresponding to the CP
was observed for the CP(l)/MIL100(Fe) and CP(m)/
MIL100(Fe) composites. This may be owed to the well-
dispersed CP particles on the MIL100(Fe) with high porosity,
which was also observed from the EDS mapping (Supporting
Figure 3) of the Cu that existed in the CP. Moreover, the EDS
mapping of nitrogen (which is another component of CP) also
clearly confirms the sufficient dispersion of CP onto the
MIL100(Fe). Therefore, it may be presumed that during the
composite formation, the added presynthesized CP particles
(whose size is much larger than the pore size of MIL100(Fe),
as shown in Supporting Figure 4) may be in a state of dynamic
equilibrium (between the large and small particles, similar to
the process of Ostwald ripening) within the MIL100(Fe)
precursors. Finally, following the completion of the reaction,
the porous MIL100(Fe) was formed with a portion of small CP
particles within the cavities. Scheme 1 shows a plausible
formation mechanism of the CP/MIL100(Fe) composite with
well-dispersed CP within MIL100(Fe).
Figure 3a,b shows the nitrogen adsorption isotherms and

pore size distributions (PSDs) for the MIL100(Fe) and CP/
MIL100(Fe) composites synthesized with various amounts of
CP. The BET surface areas of CP, MIL100(Fe), and CP/
MIL100(Fe) composites are shown in Table 1. Even though
the surface area decreases, the shapes of the nitrogen
adsorption isotherms do not noticeably change as the CP
content of the CP/MIL100(Fe) composites increases. This
result reveals that the decrease in the surface area with the
copper content may be due to the partial blocking of the
porous structure of MIL100(Fe) with the nonporous CP
(which was applied for the preparation of the composites).
However, even after the composite formation, the surface areas
of the CP/MIL100(Fe)s are appreciable, suggesting the
composites could possibly be applied in adsorption and
catalysis.

3.2. Adsorption Results. Figure 4a illustrates the amounts
of adsorbed BT over the CP, virgin MIL100(Fe), and CP/
MIL100 (Fe) composites. All the composites exhibited higher
adsorption capacities in comparison to the virgin MIL100(Fe).
Although the CP itself shows negligible BT adsorption, the
adsorption capacity increases significantly while composing
with porous MIL100(Fe). According to Table 1, however, the
pseudo-second-order rate constant (k2) decreases in the order
of MIL100(Fe) > CP(l)/MIL100(Fe) ≥ CP(m)/MIL100(Fe)
> CP(h)/MIL100(Fe). This may be a result of pore blocking,
which was also agreeable with Figure 3b, where a decline in the
PSDs was observed with the increase of the CP contents in the
CP/MIL100(Fe) composites. Importantly, from Figure 4b, it is
clearly observed that the adsorption capacity of BT increases as
the content of CP increases, up to a certain content, and the
highest adsorbed amount of BT was observed in CP(m)/
MIL100(Fe). Although the highest CP content was observed in
CP(h)/MIL100(Fe), the adsorption capacity for BT was low
(compared with other CP/MIL100(Fe)s). This may be as a
result of an excessive degree of pore blocking due to the CP.
Consequently, the CP content did not increase much during
the preparation of the composites, and further studies were
only conducted with the pristine MIL100(Fe) and CP(m)/
MIL100(Fe).

Figure 2. XPS spectra in copper region of CP and CP/MIL100(Fe)
composites. The spectra of CuCl2 and CuCl are also shown as
references.
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The adsorption isotherms of the MIL100(Fe) and CP(m)/
MIL100(Fe) were obtained after adsorption for 24 h, and the
results are summarized in Figure 5a. Langmuir plot (Figure 5b)
was used to calculate the maximum adsorption capacities (Q0);
the Q0 values are summarized in Table 1. The Q0 values for the
MIL100(Fe) and CP/MIL100(Fe) were 114 and 128 mg/g,
respectively. This demonstrates an increase of 12.3% for the
maximum adsorption capacity of the CP(m)/MIL100 (Fe)
(even with low porosity) when compared with the pristine
MIL100(Fe). More importantly, the Q0 value based on surface
area (adsorption capacity per square meter of adsorbents, μg/
m2) increased by 39.5% upon composing (from 69.1 to 96.4
μg/m2 for MIL100(Fe) and CP(m)/MIL100(Fe), respec-
tively). Moreover, the b values also increased noticeably upon
the loading of CP onto MIL100(Fe) (b(MIL100(Fe)): 1.65 ×
103; b(CP(m)/MIL100 (Fe): 2.43 × 103 L/mg). As the b value
is directly related to the equilibrium of adsorption,58 the high b
value obtained for CP(m)/MIL100(Fe) suggests the favorable

and efficient adsorption of BT. From Supporting Figure 5, it
was observed that the RL value for CP(m)/MIL100(Fe) was
lower than that for MIL100(Fe). This again shows that the
adsorption over the composite was more favorable than that
over MIL100(Fe) since the lower RL value means more
favorable adsorption.59−61

The adsorption of DBT (Figure 6) was also conducted over
CP, MIL100(Fe), and CP(m)/MIL100(Fe), and high
adsorption capacity was also observed for the CP(m)/
MIL100(Fe). Moreover, when compared to the virgin
CuBTC, a considerable enhancement in the BT adsorption
was also observed for CP(m)/CuBTC (Supporting Figure 6).
On the basis of the above circumstances, it is clear that a
specific favorable interaction exists between BT or DBT and
the Cu(I) of the CP located in the adsorbents.
As an active Cu(I) compound, Cu2O or CuCl has been

reported to demonstrate the preferential adsorption of SCCs or
olefinics via π-complexation when introduced into porous
supports such as zeolites, activated carbon, and
MOFs.42,43,46−48,62−68 In this study, stable nonporous CP
(having Cu(I) active sites) with a larger size than the cavity of
MOFs was used to prepare a well-dispersed composite with
MIL100(Fe) or CuBTC and the composite accordingly
demonstrated higher adsorptions of BT and DBT. This may
be owed to the presence of the active Cu(I) species (in well-
dispersed form) which underwent π-complexation with BT and
DBT.

Table 1. Physiochemical Properties and the Results for the BT Adsorption over MIL100(Fe) and CP/MIL100(Fe) Composites

adsorbents
BET surface area

(m2/g)
total pore volume

(cm3/g)
Cu/Fe
ratioa Q0 (mg/g) bc (L/mg)

r2 (Langmuir
plot)

k2 (nonlinear) (g/
mg·h)d

r2 (nonlinear
kinetics)

CP 29 0.01 NDe NDe NDe NDe NDe

MIL100(Fe) 1650 0.79 114(69.1) 1.65 × 103 0.998 0.013 0.999
CP(l)/
MIL100(Fe)

1399 0.71 0.016 NDe NDe NDe 0.011 0.999

CP(m)/
MIL100(Fe)

1328 0.67 0.023 128 (96.4) 2.43 × 103 0.999 0.011 0.998

CP(h)/
MIL100(Fe)

1204 0.61 0.035 NDe NDe NDe 0.009 0.999

awt/wt ratio, calculated from EDS (TEM). bValue in the parentheses: adsorption capacity of BT per unit surface area (square meter) of adsorbents
(μg/m2). cLangmuir constant. dAt 1000 μg/g of BT. eNot determined.

Scheme 1. Schematic Representation of the Formation of
CP/MIL100(Fe) Composite

Figure 3. (a) Nitrogen adsorption isotherms and (b) Barrett−Joyner−Halenda pore size distributions of the MIL100(Fe) and CP/MIL100(Fe)
composites.
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4. CONCLUSION
The physicochemical properties of MOFs can be tuned by
synthesizing composites through the dispersion of suitable
materials with particular active sites. In this study, a stable
Cu(I)-containing nonporous/nonsoluble CP (with a size much
larger than the pore size of the MOFs) was successfully

dispersed into MIL100(Fe) or CuBTC to prepare porous CP/
MOF composites in a facile way. Both the dispersion of CP and
the existence of Cu(I) were confirmed by TEM mapping and
XPS studies, respectively. The composites have been used for
the liquid-phase adsorption of BT or DBT from model fuel.
The pseudo-second-order rate constant decreases as the CP
content increases. This may be owed to the partial pore
blocking which was also confirmed by the reduced pore sizes.
Even with the reduced surface areas and pore volumes of the
composite, the adsorption capacity for BT adsorption (based
on both weight and the surface area of adsorbents) increased as
the CP content increased, up to a certain value. This was
probably as a result of the π-complexation between the well-
dispersed Cu(I) and the BT or DBT. In summary, nonporous/
nonsoluble MOFs (even with a relatively large crystal size
compared to the cavity size of the porous MOFs) can be made
composite with porous MOFs in a facile way. Accordingly, the
dispersion of the nonporous MOFs can be highly enhanced,
and this finally leads to the beneficial utilization of the active
sites for adsorption.
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Figure 4. (a)Effect of contact time on the adsorption of BT over the CP, MIL100(Fe), and CP/MIL100(Fe)s. The solid lines show the calculated
results by using pseudo-second-order nonlinear method. (b) Effect of Cu/Fe ratio of CP/MIL100(Fe) composites on the adsorption of BT at three
adsorption times.

Figure 5. (a) The adsorption isotherms for BT and (b) Langmuir plots for the adsorptions over MIL100(Fe) and CP(m)/MIL100(Fe) at 25 °C.

Figure 6. Adsorbed amounts of DBT over CP, MIL100(Fe), and
CP(m)/MIL100(Fe). The adsorption time, temperature, and initial
DBT concentration were 12 h, 25 °C, and 1000 μg/g, respectively.
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(34) Juan-Alcañiz, J.; Gascon, J.; Kapteijn, F. Metal−Organic
Frameworks as Scaffolds for the Encapsulation of Active Species:
State of the Art and Future Perspectives. J. Mater. Chem. 2012, 22,
10102−10118.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01642
ACS Appl. Mater. Interfaces 2015, 7, 10429−10435

10434

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.5b01642
mailto:sung@knu.ac.kr
mailto:sung@knu.ac.kr
http://dx.doi.org/10.1021/acsami.5b01642


(35) Li, L.; Liu, X. L.; Gao, M.; Hong, W.; Liu, G. Z.; Fan, L.; Hu, B.;
Xia, Q. H.; Liu, L.; Song, G. W.; Xu, Z. S. The Adsorption on Magnetic
Hybrid Fe3O4/HKUST-1/GO of Methylene Blue from Water
Solution. J. Mater. Chem. A 2014, 2, 1795−1801.
(36) Sun, C.-Y.; Liu, S.-X.; Liang, D.-D.; Shao, K.-Z.; Ren, Y.-H.; Su,
Z.-M. Highly Stable Crystalline Catalysts Based on a Microporous
Metal-Organic Framework and Polyoxometalates. J. Am. Chem. Soc.
2009, 131, 1883−1888.
(37) Song, J.; Luo, Z.; DBritt, K.; Furukawa, H.; Yaghi, O. M.;
Hardcastle, K. I.; Hill, C. L. A Multiunit Catalyst with Synergistic
Stability and Reactivity: A Polyoxometalate Metal Organic Framework
for Aerobic Decontamination. J. Am. Chem. Soc. 2011, 133, 16839−
16846.
(38) Khan, N. A.; Jhung, S. H. Adsorptive Removal of
Benzothiophene Using Porous Copper-Benzenetricarboxylate Loaded
with Phosphotungstic Acid. Fuel Process. Technol. 2012, 100, 49−54.
(39) Samokhvalov, A.; Tatarchuk, B. J. Review of Experimental
Characterization of Active Sites and Determination of Molecular
Mechanisms of Adsorption, Desorption and Regeneration of the Deep
and Ultradeep Desulfurization Sorbents for Liquid Fuels. Catal. Rev.
Sci. Eng. 2010, 52, 381−410.
(40) Stanislaus, A.; Marafi, A.; Rana, M. S. Recent Advances in the
Science and Technology of Ultra Low Sulfur Diesel (ULSD)
Production. Catal. Today 2010, 153, 1−68.
(41) Hasan, Z.; Jeon, J.; Jhung, S. H. Oxidative Desulfurization of
Benzothiophene and Thiophene with WOx/ZrO2, Catalysts: Effect of
Calcination Temperature of Catalysts. J. Hazard. Mater. 2012, 205−
206, 216−221.
(42) Yang, R. T.; Hernandez-Maldonaldo, A. J.; Yang, F. H.
Desulfurization of Transportation Fuels with Zeolites under Ambient
Conditions. Science 2003, 301, 79−81.
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