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BTC and the improved performance of thiophene
adsorption†

Fuping Tian, * Chenxia Qiao, Renyu Zheng, Qiaofeng Ru, Xin Sun, Yifu Zhang
and Changgong Meng

A bimetallic–organic porous material (Cu/Co-BTC) with a paddle-wheel structure has been successfully

synthesized by a solvothermal approach. The as-synthesized materials were characterized by XRD, SEM,

ICP-AES, UV-Vis, TGA and N2 adsorption at 77 K. The prepared Cu/Co-BTC samples were investigated in

thiophene (TP) adsorption from model gasolines by the fixed bed adsorption method at 298 K. The

results showed that only a small amount of Co could be successfully introduced into the framework of

HKUST-1, and the introduction of Co had little effect on the crystalline structure, morphology, porosity,

and thermal stability. The bimetallic Cu/Co-BTC with a Cu/Co ratio of 174 displayed significantly

improved adsorption desulfurization performance, showing an increase in breakthrough volume by 30%

compared with HKUST-1, implying that the central metal in the MOF plays an important role in

adsorption desulfurization. The addition of toluene or cyclohexene (3.20–3.30 vol%) as a competitor in

the model gasoline led to a decline in desulfurization performance, especially when cyclohexene was

added. The bimetallic Cu/Co-BTC showed a slight loss in breakthrough volume by only 5% after

regenerating 7 times, displaying an excellent regeneration property.
1 Introduction

Deep desulfurization for ultra-clean fuels has attracted more
and more attention worldwide due to more stringent environ-
mental regulations and increasing demand for ultra-clean
fuels.1–4 Several methods including physical, chemical and
biological techniques have been investigated for removing
sulfur-containing compounds (SCC) from oils. Specically
speaking, they are hydrodesulfurization (HDS),5,6 bio-
desulfurization (BDS),7,8 oxidative desulfurization (ODS),9,10

extractive desulfurization (EDS)11,12 and adsorption desulfur-
ization (ADS).13–33 Considering some advantages of ADS, such as
mild operation conditions, low operating cost, no need for
hydrogen, and showing little effect on the properties of oils,2–4

ADS is regarded as one of the most promising techniques to
reduce sulfur concentration to ultralow levels (less than 5 ppm
S).

So far, a bunch of adsorbents have been reported for desul-
furization, such as metal oxides,13 active carbon,14 zeolites,15–17

mesoporous materials18,19 and metal–organic framework (MOF)
materials.20–34 Among them, MOFs are getting more and more
of Fine Chemicals, Dalian University of
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tion (ESI) available. See DOI:

7

interest in adsorption desulfurization in recent years because of
the high specic surface areas, highly ordered three-
dimensional pore structures, and easy modication of pore
size and shape.20 Based on these advantages, some pristine
MOFs have been investigated in adsorption desulfurization. In
2008, Matzger and co-workers20 published the rst report in
removing benzothiophene (BT), dibenzothiophene (DBT) and
dimethyldibenzothiophene (DMDBT) using HKUST-1, UMCM-
150, MOF-5, MOF-505, and MOF-177 as adsorbents, and they
found that the adsorption capacity is determined by pore size
and shape, as well as the interaction between the SCC and the
framework. In recent years, some researchers made some
efforts to improve the desulfurization performance by modi-
fying the virgin MOFs material through introducing Cu+ into
pristine MOFs,21–23 or supporting/encapsulating ionic liquid on
MIL-101 (Cr).24,25 Besides these, some MOFs built by the same
ligand but different metal ions have also been studied to
investigate the effect of central metals on the desulfurization
performance, since the coordinated unsaturated central metals
are considered as the adsorption sites for desulfurization.26–33

Khan et al.26 studied the removal of BT using three analogous
MOFs MIL-53(Al, Cr, V) and found that MIL-47(V) showed the
best adsorption capacity. This result was ascribed to the highest
acidity of MIL-47(V), though the origin of acidity was not clear.
Considering the results in the literatures that central metals
play important role in adsorption desulfurization, a new
strategy to improve the desulfurization performance by doping
This journal is © The Royal Society of Chemistry 2019
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other metals into the framework was proposed recently.27–29 Dai
and co-workers reported the synthesis of bimetallic Ni/Cu-
BTC,27 Zn/Cu-BTC,28 V/Cu-BTC29 and trimetallic Ni/Zn/Cu-BTC30

by solvothermal approach, which displayed the same crystalline
structure as the monometallic counterpart HKUST-1. And they
found that the trimetallic MOFs exhibited a higher desulfur-
ization capacity than bimetallic ones and HKUST-1, due to the
synergistic effect of different kinds of metals. Our previous
work31,32 investigated thiophene (TP) adsorption in the presence
of toluene and cyclohexene over HKUST-1 and Ni-BTC, the two
isostructure adsorbents built by the same ligand but different
metals displayed different adsorption selectivities to TP, and
the different adsorption models of three adsorbates inferred by
the adsorption isotherms demonstrated again that the central
metal in MOF does play crucial role in ADS. In this manuscript,
we focused on the synthesis of bimetallic Cu/Co-BTC in which
Cu2+ cations were partly substituted by Co2+. The choice of Co is
based on the consideration that Cu2+ and Co2+ have similar
ionic radius (Cu2+: 72 pm, Co2+: 74 pm) and both can act as
coordination unsaturated central metal sites in MOFs with
identical crystalline structure. The effect of the second metal
cobalt on the properties of the resultant MOF was studied and
the breakthrough curves of Cu/Co-BTC and HKUST-1 were
investigated and compared at room temperature and atmo-
spheric pressure.
2 Experimental
2.1 Materials and model gasolines

Analytical grade reagents, such as cobalt nitrate (Co(NO3)2-
$6H2O, >98.5%), copper nitrate (Cu(NO3)2$3H2O, >99.5%),
ethanol (>99.7%), toluene (>99.5%), cyclohexene (>98%) cyclo-
hexane (>99.7%), and N,N-dimethylformamide (DMF, >99.5%)
were purchased from Tianjin Damao Chemical Co. Ltd. 1,3,5-
Benzenetricarboxylic acid (H3BTC, >98%) was purchased from
Aladdin Chemistry Co. Ltd, and thiophene (99%) was
purchased from J&K Chemical Co. Ltd. All chemicals were used
as purchased without further purication.

TP as a model organic sulfur compound was dissolved in
cyclohexane to make model gasoline (MG). Toluene and cyclo-
hexene were selected as aromatic and olen competitors,
respectively. The sulfur contents of differentMGs were ca. 100mg
S L�1. Detailed compositions of the MGs are listed in Table 1.
2.2 Synthesis of Cu/Co-BTC

Cu/Co-BTC-x (x stands for Cu/Co molar ratio in the MOF
product) was synthesized according to the following procedure.
Table 1 The compositions of model gasolines

Model gasoline Sulfur content (mg S L�1) Compositions

MG1 101.2 TP/cyclohexane
MG2 105.2 TP + CHE/cyclohexa
MG3 101.4 TP + tolu/cyclohexa

a CHE ¼ Cyclohexene. b Tolu ¼ Toluene.

This journal is © The Royal Society of Chemistry 2019
Cu(NO3)2$3H2O, Co(NO3)2$6H2O, and H3BTC (1.00 g, 4.8 mmol)
were added together in 51 mL of solution consisting of equal
volume of DMF, deionized water, and ethanol. The obtained
mixture treated by ultrasonication for 30 min was then trans-
ferred into vials. The vials were sealed and placed in an oven,
heated to 358 K at a ramping rate of 0.5 K min�1 and main-
tained for 20 h. The product was separated by ltration, washed
with absolute ethanol for several times. For comparison, the
MOF material in the absence of metal Co, i.e. HKUST-1, was
synthesized according to the procedure reported in our previous
work.31

2.3 Characterization

The X-ray diffraction (XRD) pattern of the synthesized Cu/Co-
BTC was collected in 2q range of 5–50� using a X'pert diffrac-
tometer with Cu Ka radiation (l ¼ 1.5418 Å), operated at 40 kV
and 40 mA. The thermal stability of Cu/Co-BTC was detected
using a thermogravimetric analysis (TGA) unit (STA-499C).
About 10 mg of the sample was heated in the ow of nitrogen
(60 mL min�1) with a ramp of 10 K min�1 from 298 K to 873 K.
N2 adsorption–desorption isotherm of Cu/Co-BTC was
measured on an Quantachrome apparatus at 77 K. Prior to the
measurement, the sample was dried at 423 K overnight in
a vacuum oven. Then about 100 mg of the sample was degassed
at 473 K for 4 h. The total surface area was determined by
Langmuir method. The micropore volume and the micropore
surface area were obtained by t-plot method. The scanning
electron microscopy (SEM) imaging of the sample was per-
formed on a Quanta 450 instrument operated with an acceler-
ation voltage of 20 kV. Prior to the observation, the sample was
sputter-coated with a gold layer to increase its conductivity. The
Cu/Co molar ratios in the products were measured by ICP-AES
(inductively coupled plasma-atomic emission spectrometry)
on a PerkinElmer Nex ION 300D instrument. The UV-Vis diffuse
reectivity spectra were collected by UV-550 of JASCA company
from 200 to 800 nm.

2.4 Adsorption desulfurization and regeneration

Adsorption desulfurization performance of Cu/Co-BTC samples
was evaluated in a xed-bed ow reactor with an inner diameter
of 6 mm and a length of 300 mm. About 0.50 g of pre-dried
adsorbent was rstly heated at 493 K for 2 h under N2 (40
mL min�1) in order to remove the solvents and physically
adsorbed water and then cooled to room temperature in N2. At
303 K and atmospheric pressure, MG1 (c0 ¼ 101.2 mg S L�1) was
pumped into the xed-bed ow reactor in a quartz column at
a ow rate of 0.25 mL min�1. Sulfur content of the effluent was
nCHE/nTP CHEa (vol%) nTolu/nTP Tolub (vol%)

ne 100 3.20
ne 100 3.30

RSC Adv., 2019, 9, 15642–15647 | 15643
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sampled at an interval of 10 min and analyzed by micro-
coulometry. When the sulfur content of the effluent achieved
0.05 c0, the effluent volume at this point was considered to be
the breakthrough volume, which was taken to calculate the
breakthrough sulfur capacity (mmol S g�1).

q ¼ c0V

m
� 10�3

where V is the breakthrough volume (mL) of the effluent, and m
is the mass of the adsorbent (g).

The regeneration was carried out as follows: the used Cu/Co-
BTC was swept by N2 rstly at room temperature for 1 h and
then at 423 K for 2 h. Aer that, it was cooled to room
temperature in N2. At 303 K and atmospheric pressure, the
breakthrough experiment of the regenerated Cu/Co-BTC was
run as the above procedure. The regeneration was performed
for seven times to investigate the reusability of Cu/Co-BTC.
3 Results and discussion
3.1 Properties of the adsorbents

The molar ratio of Cu to Co in the nal product can be
adjusted by modulating the relative amount of precursors
Cu(NO3)2$3H2O and Co(NO3)2$6H2O with the maintenance of
n(Cu+Co) : nBTC ¼ 1.75. All products were in the form of homo-
geneous blue powder, except for that synthesized by
a precursor with nCu : nCo ¼ 10 : 90. It can be clearly seen from
the photograph (Fig. S1†) that some blue powder and dark
purple needle species coexist in the small vial. The products in
different forms were carefully separated and collected for XRD
measurement. The patterns in Fig. S2† conrm that the two
species are entirely different from each other in crystallinity,
implying that too much Co(NO3)2$6H2O in precursors led to
a failure in the synthesis of Cu/Co-BTC sample. The precursors
with nCu : nCo ratio ranging from 20 : 80 to 90 : 10, however,
can bring about successful synthesis of bimetallic MOF
Fig. 1 XRD patterns of Cu/Co-BTC samples with different Cu/Co
ratios.

15644 | RSC Adv., 2019, 9, 15642–15647
materials. The XRD patterns shown in Fig. 1 illustrated that
the homogeneous blue powders displayed the same peaks as
HKUST-1, indicating a crystalline structure consisting of
paddle-wheel units in analogy to HKUST-1 without any
impurity.35

The Cu/Co ratios in the pure phase Cu/Co-BTC samples
measured by ICP-AES were listed in Table S1.† As can be seen,
the dominant amount of Co salt in the precursor solutions
(entry 2–4) didn't led to a higher Co content in the nal Cu/Co-
BTC samples, for instance, nCu : nCo in the resultant MOF was
detected to be 30, even though nCu : nCo in the precursor solu-
tion was controlled at 20 : 80. This result indicated that Co2+

ions, compared with Cu2+ ions, are much more difficult to
interact with the ligand molecules and construct the frame-
work. A monotonous drop in Co content in the resultant Cu/Co-
BTC samples was observed when decreasing the Co content in
the precursor mixture. The above results displayed that
changing the Cu/Co ratios in the precursor mixtures in a wide
range can only adjust the Co contents in the resultant Cu/Co-
BTC samples in a small range at a very low level, which is
quite different from the results reported in Zn/Cu-BTC and Ni/
Cu-BTC cases, where the ratios of the two metals in bimetallic
MOFs are almost the same as those in the precursor
mixtures.27,28

The textural properties of Cu/Co-BTC-65 and Cu/Co-BTC-174
were tabulated in Table 2. It can be seen that the Langmuir
specic surface areas (1237 and 1214 m2 g�1) and the pore
volumes (0.44 and 0.43 cm3 g�1) of the two samples were almost
the same, and they are both slightly less than those of HKUST-1,
suggesting that the low Co content in the framework had little
effect on the porosity of Cu/Co-BTC samples. Moreover, the
mesopore volume of 0.02 cm3 g�1 manifested a microporous
characteristic for both samples.

The SEM images of HKUST-1 and Cu/Co-BTC-174 shown in
Fig. 2 displayed regular octahedral morphology, with edge
length of about 15 mm, suggesting that Co-doping didn't bring
about any change in the morphology of HKUST-1.

Thermal stability is one of the important factors that deter-
mines whether an adsorbent is suitable for desulfurization
research. The TG and DTA curves of Cu/Co-BTC-174 were dis-
played in Fig. 3, and those of HKUST-1 were also included for
comparison. It can be seen that three steps of mass loss can be
observed for Cu/Co-BTC-174, which is very similar to HKUST-1.
The evident mass loss about 25% between 300–370 K was
ascribed to the removal of physically adsorbed water and a part
of solvent in the pores. A continuous mass loss between 380–
600 K corresponded to the removal of DMF, its higher removal
temperature than other solvents is attributed to its higher
boiling point (425.95 K) and the strong interaction between
DMF molecule and the framework.36 A signicant mass loss at
600–650 K was assigned to the decomposition of the organic
ligand in the framework, which was conrmed by the XRD
pattern of the residue (not shown for brevity). The similar TG
curves of Cu/Co-BTC-174 and HKUST-1 indicate that the intro-
duction of a small amount of Co in the framework had little
effect on the thermal stability of HKUST-1.
This journal is © The Royal Society of Chemistry 2019
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Table 2 The textural properties for different samples

Sample SLangmuir
a (m2 g�1) Smicro

b (m2 g�1) Smeso (m
2 g�1) VTotal (cm

3 g�1) Vmicro (cm
3 g�1) Vmeso (cm

3 g�1)

Cu/Co-BTC-65 1237 892 345 0.44 0.42 0.02
Cu/Co-BTC-174 1214 882 332 0.43 0.41 0.02
HKUST-1c 1347 1211 136 0.51 0.47 0.04

a Langmuir method. b t-Plot method. c Data from ref. 30.

Fig. 2 SEM images of HKUST-1 (left) and Cu/Co-BTC-174 (right).

Fig. 3 TG and DTG curves of HKUST-1 and Cu/Co-BTC-174.

Fig. 4 UV-Vis spectra of HKUST-1 and Cu/Co-BTC samples.
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The Co2+ species introduced into HKUST-1 may exist as
either oxides or central metal, UV-Vis test was conducted to
investigate the state of Co species in Cu/Co-BTC samples. The
results were displayed in Fig. 4. As can be seen, two absorption
peaks at 310 nm and 230 nm were observed for HKUST-1 in the
ultraviolet region, which belong to the p–p* transition in the
ligand molecule.37 It is worth noting that the absorption peak at
310 nm for HKUST-1 shied blue to 304 nm for Cu/Co-BTC,
which was due to an increase in the electronic transition
energy level in the ligand arising from the coordination of
organic ligands with different central metals.38 The blue shi,
therefore, indicated that Co species in Cu/Co-BTC sample
replace part of the central metal Cu and act as the metal knots
in the framework. Moreover, the absence of CoOx in XRD
patterns of Cu/Co-BTC samples (shown in Fig. 1) conrmed that
Co species existed in the form of central metal rather than
oxides.
This journal is © The Royal Society of Chemistry 2019
3.2 Desulfurization performance of Cu/Co-BTC samples

The breakthrough curves of TP adsorption over HKUST-1 and
Cu/Co-BTC samples were shown in Fig. 5. It can be seen that
HKUST-1 displayed a breakthrough volume of 93 mL g�1,
exhibiting an excellent desulfurization performance. When
different amount of Co was introduced into the framework, the
resultant bimetallic Cu/Co-BTC samples showed evidently
improved breakthrough volumes to different extent. The
breakthrough volumes increased in the following order: Cu/Co-
BTC-221 (106 mL g�1) < Cu/Co-BTC-44 z Cu/Co-BTC-65
(110 mL g�1) < Cu/Co-BTC-174 (121 mL g�1), indicating that
the desulfurization performance of Cu/Co-BTC didn't increase
monotonously as the Co content increased. The best desulfur-
ization performance of 121 mL g�1 was observed on Cu/Co-BTC-
174, showing an enhancement in breakthrough volume by 30%.
The sulfur capacity of Cu/Co-BTC-174 at the breakthrough point
was calculated to be 12.26 mg S g�1. The above results suggested
that there was an optimal doping amount of Co species existing
in the bimetallic MOF for adsorption desulfurization.

It is well known that there are large amounts of aromatic
hydrocarbons and olens in real gasoline distillate, acting as
competitors in the removal of tiny amount of organic sulfur
compounds by adsorption. The effect of competitors on TP
adsorption was investigated and the results were illustrated in
Fig. 6. It can be seen that the breakthrough volume of Cu/Co-
BTC-174 in MG2 (cyclohexene was added as competitor with
a molar ratio of cyclohexene to TP of 100) dropped sharply to
RSC Adv., 2019, 9, 15642–15647 | 15645
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Fig. 5 Adsorption desulfurization of Cu/Co-BTC samples with
different Cu/Co ratios.

Fig. 6 Effect of toluene and cyclohexene on desulfurization of Cu/
Co-BTC-174.

Fig. 7 Reusability of Cu/Co-BTC-174 in fixed-bed adsorption
desulfurization.

Fig. 8 XRD patterns of fresh Cu/Co-BTC-174 and that recycled for 7
times.
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14 mL g�1, while that in MG3 (toluene was added as competitor
with a molar ratio of toluene to TP of 100) decreased to 78 mL
g�1. The above results showed that Cu/Co-BTC-174 displayed
somewhat better desulfurization performance in toluene-rich
MG than in cyclohexene-rich one.
3.3 Regeneration of Cu/Co-BTC

The used adsorbent Cu/Co-BTC-174 was subjected to regener-
ation by purging it in N2 ow at 423 K for 2 h, and the break-
through volumes of the fresh and regenerated Cu/Co-BTC-174
were illustrated in Fig. 7. As can be seen, Cu/Co-BTC-174 dis-
played almost unchanged breakthrough volumes in the rst
three cycles and only slight decline from 121 to 115 mL g�1 in
the following several cycles, showing an excellent reusability.
Aer regeneration for seven times, the reused Cu/Co-BTC-174
was characterized by XRD test (Fig. 8). The almost unchanged
15646 | RSC Adv., 2019, 9, 15642–15647
peak shape and still distinguishable peak intensity of Cu/Co-
BTC-174 aer seven regenerations indicated that the frame-
work structure was well reserved, leading to an excellent
regeneration performance.
4 Conclusions

Doping metal Co in the framework of HKUST-1 has been
successfully carried out. This bimetallic organic porous mate-
rial was characterized by XRD, ICP-AES, UV-Vis, TGA, SEM, and
N2 adsorption. The results showed that only a very small
amount of Co ions in the precursors can be successfully intro-
duced into the framework of HKUST-1, and the resultant
This journal is © The Royal Society of Chemistry 2019
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bimetallic Cu/Co-BTC showed quite identical properties as
HKUST-1 in crystallinity, morphology, pore structure, and heat
stability. The newly incorporated Co ions favored TP adsorption
because of the synergistic effect, though the mechanism is not
clear yet. The adsorbent Cu/Co-BTC-174 exhibited the largest
breakthrough sulfur capacity, with an improvement by 30% in
comparison to HKUST-1. Cyclohexene addition in model gaso-
line led to a serious drop in the breakthrough volume of TP
adsorption, while toluene resulted in a moderate decline, sug-
gesting that Cu/Co-BTC-174 displayed better desulfurization
performance in toluene-rich model gasoline than in
cyclohexene-rich one. Cu/Co-BTC displayed excellent regenera-
tion performance, more than 90% of the sulfur uptake capacity
was recovered aer seven regenerations. The above results
enlighten us that synthesizing multi-metal MOFs and taking
advantage of the merits of each metal may be a promising
approach to improve the adsorption desulfurization perfor-
mance of MOF-type adsorbents.
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