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A B S T R A C T

A series of bimetallic CoxMg1-x-MOF-74 (x=0, 0.12, 0.30, 0.57, 0.78, 1) structures were synthesized by using
facile solvothermal systems having different binary metal compositions. All MOF samples were characterized
carefully. Both adsorption affinity to n-hexane and 1-hexene and adsorption selectivity of 1-hexene over n-
hexane were evaluated by static adsorption test coupled with computer simulation. It is indicated that the
CoeMg bimetallic MOF-74 frameworks can be successfully constructed via using well-designed reactant com-
positions. All bimetallic MOF-74 retain almost the same crystalline structure but higher porosity as compared to
their monometallic samples. In addition, both of the adsorption capacity and selectivity of CoeMg bimetallic
MOF-74 samples are found strongly dependent on their metal compositions. Specifically, Co0.30Mg0.70-MOF-74
exhibits the largest 1-hexene adsorption capacity of 152.7mg/g and the highest 1-hexene/n-hexane selectivity of
9.74, which are 2.1–2.3 and 4.1–8.9 times higher than those of monometallic Coe or Mg-MOF-74 samples. Such
improvement on adsorption ability and selectivity for olefin molecules can be attributed to the incorporation of
more stable coordinatively unsaturated sites (CUS) within Mg-MOF-74 framework, leading to the synergetic
effect of pore structure evolution as well as higher density of CUS metal sites in bimetallic frameworks. The
tunable adsorption affinity to olefin/paraffin on MOF-74 by means of metal modification provides an approach
to the efficient separation of olefins and paraffins from liquid hydrocarbon mixtures.

1. Introduction

Paraffins and olefins are commonly coexisting products from a
number of industrial processes such as steam cracking of hydrocarbons
[1–4] and Fischer-Tropsch synthesis [5,6]. Economic and effective se-
paration of paraffin/olefin containing streams is, therefore, realized
very important to accomplish the industrial processes. Cryogenic dis-
tillation is a traditional method for the separation of paraffin/olefin
from light hydrocarbons. However, it is very energy-intensive and,
therefore, a variety of energy consumption-reduced separation tech-
nologies including adsorption separation [7,8], membrane separation
[9–11] and liquid-liquid extraction [12,13] receive increasing interests.
Among these methods, adsorption separation using high-performance
adsorbent is considered to be an effective method. Different adsorbents
involving molecular sieves [14,15], activated carbon [16–18], metal-

organic frameworks (MOFs) [19–21] have already been extensively
studied and used for the separation of paraffin/olefin mixtures.

MOFs are a type of porous crystalline materials having periodic
framework structures [22], which are composed of metal or metal oxide
clusters and organic ligands. Owing to their orderly internal micro-
channels, extremely high surface areas and highly adjustable pore di-
mensions [22], MOFs have been realized to be promising functional
porous materials and are receiving increasing research and industrial
interests in various fields involving gas storage [23,24], separation
[25,26], and catalysis [27,28] etc.

A variety of metal-organic framework structures [29–32] are con-
sidered as adsorbents in the separation of paraffin/olefin mixtures.
Specifically, a group of isostructural materials known as M-MOF-74 (M
represents metal), or M(dhtp)2 are characterized to be of remarkable
textural properties and accessible unsaturated metal sites for hosting
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hydrocarbon molecules. Their versatility can be achieved via introdu-
cing different metal ions or mixture of them [33,34] at any extension.
Furthermore, their stability under ambient conditions and in presence
of water can also be improved by using mixed metal species in the same
frameworks. As a result, these materials with open metal sites show
distinguished performance in adsorption and separation of gases having
high environmental and energy importance.

Botas et al. [35] synthesized ZneCo mixed MOF-74 via one-pot
synthesis while Kahr et al. [36] used a postsynthetic incorporation
method to form MgeNi bimetallic MOF-74 structure. It is reported that
Wang et al. [37] conducted successful synthesis of MOF-74 containing
as many as 10 different divalent metals (i.e. Mg, Ca, Sr, Ba, Mn, Fe, Co,
Ni, Zn, and Cd) in a single framework structure. Previous studies in-
dicate that MOF-74 with the expected topology can be synthesized via
incorporating different metals. The coexistence of multiple metals can
not only increase the complexity of the MOF structures, but also extend
the unique properties and applications brought about by the multi-
metal ions in corresponding frameworks. The underlying effect of bi- or
multi-metal coexistence [22,38] on the structure-activity relationship of
materials is very important to their applications in diverse fields. On the
other hand, Fischer-Tropsch synthetic liquid products containing par-
affins and olefins with carbon number of 5–25 are valuable resources,
whereas they are used as low-value fuels at present. A successful se-
paration of paraffins and olefins from their liquid mixtures can be be-
lieved to increase the utilization value of the liquid products of Fischer-
Tropsch process largely.

In this study, a series of CoeMg bimetallic MOF-74 were prepared
via one-step solvothermal synthesis. Metal occupation and framework
structures of MOF-74 were finely tuned through using well-designed
reactant compositions in order to achieve the effective separation of
olefin/paraffin from liquid mixtures. All synthesized samples were
carefully characterized by applying powder X-ray diffraction (XRD), N2

adsorption, thermogravimetric analysis and differential scanning ca-
lorimetry (TG-DSC), scanning electron microscopy (SEM), energy-dis-
persive spectrometer (EDS), Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS). In addition, their
adsorption performance was evaluated by using static adsorption test
coupled with computation simulation using 1-hexene/n-hexane model
compounds. The influence of CoeMg composition in MOF-74 frame-
works on 1-hexene/n-hexane adsorption on resulting adsorbents was
highlighted.

2. Materials and methods

2.1. Chemicals

Co(NO3)2∙6H2O (with>99.0% purity), Ni(NO3)2∙6H2O (with>
99.0% purity), Mg(NO3)2∙6H2O (with>99.0% purity), Zn(NO3)2∙6H2O
(with> 99.0% purity), 2,5-dihydroxyterphthalic acid (DHTP) (with>
98.0% purity), N, N-dimethylformamide (DMF) (with>99.5% purity),
ethanol (with>99.5% purity), n-hexane (with> 99.0% purity) and
cyclohexane (with>99.0% purity) were provided by Shanghai Titan
Scientific Co., Ltd (Shanghai, China). 1-Hexene (with> 99.0% purity)
was provided by Beijing Huawei Ruike Chemical Industry Co., Ltd
(Beijing, China). Deionized water was used in all cases. All the chemi-
cals in this study were used as received.

2.2. Preparation of samples

2.2.1. Co-MOF-74 synthesis
Co-MOF-74 samples were synthesized following a previously re-

ported [39–41], but slightly modified solvothermal procedure. 5.24 g
Co(NO3)2∙6H2O (18mmol) and 1.19 g 2,5-dihydroxyterphthalic acid
(DHTP)(6 mmol) were dissolved in a mixed solvent of DMF, ethanol and
H2O (having total volume of 515.7 mL and volume ratio
VDMF:Vethanol:VH2O of 15:1:1). The mixture was transferred into a teflon-

lined stainless steel autoclave and placed at 100 °C in an oven for 24 h.
Then the autoclave was cooled down and the solid was separated by
centrifugation. After that, the resulting sample was kept in methanol for
24 h. Finally, the product was dried at 150 °C under vacuum for 2 h,
until the sample indicating a dark red color.

2.2.2. Mg-MOF-74 synthesis
4.62 gMg(NO3)2∙6H2O (18mmol) and 1.19 g DHTP (6mmol) were

dissolved in the same mixed solvent to Co-MOF-74 synthesis. The next
steps are the same to that of Co-MOF-74 synthesis. As the procedure is
completed, a brown sample can be obtained.

2.2.3. CoxMg1-x-MOF-74 synthesis
Different amounts of Mg(NO3)2∙6H2O and Co(NO3)2∙6H2O dissolved

together with 1.19 g DHTP (6mmol) in the same mixed solvent of DMF,
ethanol and H2O. The next steps are also the same. Bimetallic MOF-74
samples with Co and Mg were synthesized and labeled as CoxMg1-x-
MOF-74, in which x represents the observed metal proportion in each
sample.

2.3. Computational simulation

All simulations were run using an Accelrys Material Studio
Simulation Package. The starting unit cells of Co-MOF-74 and Mg-MOF-
74 were taken from the Cambridge Structural Database (CSD). Based on
a Co-MOF-74 lattice framework, we randomly replaced Co species with
Mg to produce a series of CoMg-MOF-74 frameworks having the Co to
Mg molar ratios consistent with experimentally determined values. The
fractional atomic positions were fixed during the simulation to restrict
the adsorption to a specific region. DFT calculations were employed to
optimize the structure of CoMg-MOF-74 using the DMol3 module in the
Materials Studio package. DNP basis set was adopted and GGA-PBE-D
exchange-correlation function with correction using Grimme method
was chosen [42]. Then Grand Canonical Monte Carlo (GCMC) compu-
tation was conducted to predict the adsorption capacities. In every
GCMC simulation, the temperature (T), volume (V) and chemical po-
tential (μ) of the system were kept constant, while the total number of
molecules (N) fluctuated. For each calculation point, the system was
equilibrated during 5,000,000 steps, followed by 5,000,000 sampling
steps for data collection. In order to compare the simulated results with
experimental isotherm data, the former would be converted from ab-
solute values to excess adsorption amounts.

2.4. Characterization

Powder X-ray diffraction (XRD) patterns were collected at room
temperature on a Rigaku D/max 2550 diffractometer (Rigaku Industrial
Corporation, Japan) using Cu Kα radiation operated at 18 kW and
450mA. The 2θ scanning angle range was 3–80° with step sizes of 0.02
and 5 deg·min−1.

The morphologies of samples were scanned 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. Element analyses
were carried out on a Falcon energy-dispersive spectrometer (EDS;
EDAX Inc., USA). A sputter coating with a thin layer of platinum was
performed to avoid charging. Homogeneity was checked using back-
scattered electron (BSE) imaging.

The pore structures of all samples were determined by N2 adsorp-
tion at 77 K using a 3H-2000PM2 automatic physisorption analyzer
(BeiShiDe Instrument Co., Ltd., China). The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) method. Both the
micropore volume and average micropore diameter were calculated
using the Horvath-Kawazoe (HeK) method, respectively.

Fourier transform infrared spectroscopic (FT-IR) analyses were
performed on a Nicolet 6700 FT-IR spectrometer (Thermo Fisher
Scientific, USA) using a KBr tablet. Each spectrum was obtained from
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the acquisition of 105 scans from 4000 to 400 cm−1 with a resolution of
2 cm−1.

X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted with a Thermo Scientific ESCALAB 250Xi spectrometer (Thermo
Fisher Scientific, USA) equipped with Al Kα radiation as the X-ray
source (14 kV, 250W). XPS spectra of the samples were corrected on
the basis of the reference of carbon (C 1s, 284.6 eV).

Thermogravimetry and differential thermal scanning calorimetry
(TG-DSC) analyses were carried out on a STA 409 PC/PG analyzer
(NETZSCH, Germany). Synthesized sample was placed in a platinum
crucible and heated from room temperature to 800 °C at 10 °C·min−1

under the air flow (20mLmin−1).
ICP-AES analysis was performed at a Varian 710-ES full-spectrum

direct reading plasma emission spectrometer (Varian, Inc., USA) with
an analysis wavelength of 177–785 nm and an optical resolution of
0.009 nm. Prior to measurement, MOF-74 sample was dissolved thor-
oughly into a concentrated nitric acid solution under heating at 150 °C.

2.5. Adsorption experiment

The binary solutions of 1-hexene/cyclohexane and n-hexane/cy-
clohexane with 1-hexene and n-hexane mass fraction of both about 5%
were prepared to evaluate the adsorption performance of synthesized
MOF-74 samples.

All adsorption measurements were performed at 25 °C, a precisely
weighed 0.5 g sample was added into a 25mL beakerflask containing
7.5 g previously prepared binary solution and then the beakerflask was
sealed well. Hereafter, the beakerflask was placed in a constant tem-
perature shaker. The concentrations of 1-hexene or n-hexane in the
solution were determined at intervals. The adsorption capacity Q
(mg·g−1) can be calculated according to Q=m1(c0 - c)/m2× 103 until
the adsorption amount reached a constant value, where m1 and m2 are
the masses of the solution and MOF-74 sample (g), respectively; c0 and c
are the initial and equilibrated mass fractions of 1-hexene or n-hexane
in the solution (%). Compositions of binary solutions were examined by
using a GC-920 gas chromatography (Shanghai Haixin Chromatography
Instrument Co., Ltd., China) equipped with a flame ionization detector
and a high elasticity quartz capillary column (having a fixed phase of
OV-101, length of 50m and inner diameter of 0.2mm). In chromato-
graphy analysis, we used the external standard compounds of 1-hexene
and n-hexane in order to determine the concentrations of 1-hexene and
n-hexane in binary solutions.

3. Results and discussion

3.1. Sample characterization

3.1.1. XRD
Powder XRD analyses were carried out on synthetic MOF-74 sam-

ples in order to confirm their crystalline phases. XRD patterns of Mg-
MOF-74, Co-MOF-74 and a series of bimetallic CoMg-MOF-74 samples
are illustrated in Fig. 1. Based on their chemical compositions, the si-
mulated XRD patterns are also given (see gray curves in Fig. 1). By
comparing the observed patterns with the established crystal structure
data [20,43,44], all the synthesized samples are of single phase, the
expected crystalline structure of MOF-74.

3.1.2. XPS
We firstly performed XPS analyses on all synthesized MOF-74

samples to figure out their metal compositions (see Fig. 2 (a) for Mg and
Fig. 2 (b) for Co species). By integrating the XPS peaks of Mg and Co
species, metal compositions for all samples were determined and listed
in Table 1. Three MOF-74 samples having relatively high Mg contents
(i.e. Co0.12Mg0.88-MOF-74, Co0.30Mg0.70-MOF-74 and Co0.57Mg0.43-
MOF-74) display the same binding energy at 1304.6 eV, corresponding
to Mg 1s. As for the Co0.78Mg0.22-MOF-74 sample, the binding energy

for Mg 1s shifts to a slightly higher value of 1304.9 eV. Meanwhile,
these samples also show slightly shifting orbital peaks of Co 2p1/2 at
797.5–797.9 eV and Co 2p3/2 at 781.7–782.0 eV with Co/Mg molar
ratio increasing. The peaks located at 802.5–802.9 eV and
785.8–786.3 eV are the satellite peaks related to Co 2p1/2 and Co 2p3/
2, respectively [45,46]. In order to confirm the analysis results of XPS
and figure out the average metal composition of each bimetallic
structure, we performed the ICP-AES analyses on bimetallic CoMg-
MOF-74 samples. All analysis results are listed in Table 1. The ICP-AES
analyses agree well with XPS results, confirming the reliable metal
composition for each sample. As shown in Table 1, the CoMg-MOF-74
samples show consistent changes on the Co to Mg molar ratios with
their initial ratios used for solvothermal synthesis.

3.1.3. SEM
The morphologies of the synthesized MOF-74 samples were ob-

served from SEM images (see Fig. 3). It seems that the synthesized
CoeMg coordinated MOF-74 samples show significantly distinct crystal
morphologies. Specifically, it is indicated that the Mg-MOF-74 crystal
exhibits petal-like morphology (see Fig. 3 (a)), which was demonstrated
in previous publication [36] and the crystal size is found to be 5–10 μm.
Meanwhile, the Co-MOF-74 crystal has a spherical structure formed of
rodlike crystal branches (see Fig. 3 (f)) [40] and the average size of
around 8 μm. In cases of the CoxMg1-x-MOF-74 samples, their trans-
formed morphologies evolves from petal-like structure (see Fig. 3 (b)
for Co0.12Mg0.88-MOF-74) to hexagonal prism-like structure (see Fig. 3
(c) and 3 (d) for Co0.30Mg0.70-MOF-74 and Co0.57Mg0.43-MOF-74) and
then a spherical structure (see Fig. 3 (e)) for Co0.78Mg0.22-MOF-74).
Along with the increase of Co species in MOF-74 frameworks, the petal-
like structures tend to disassemble into a number of hexagonal prism-
shaped crystals and then evolve to spherical structures. In addition,
these samples show increasing crystal dimension with Co/Mg molar

Fig. 1. Powder X-ray diffraction patterns of synthesized MOF-74 samples. (The
curves in gray are the corresponding simulation results.)
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ratio. As for the sample of Co0.78Mg0.22-MOF-74 with relatively high
Co/Mg molar ratio (nCo/nMg= 3.5), the average particle size is up to
almost 13 μm.

3.1.4. EDS
In order to confirm the metal composition in each MOF-74 struc-

ture, we also conducted EDS analyses on all bimetallic CoMg-MOF-74
samples (see Fig. 4). The observed Co/Mg molar ratios of CoMg-MOF-
74 samples (e.g. 0.165 for Co0.12Mg0.88-MOF-74) agree with afore-
mentioned XPS results (0.136 for Co0.12Mg0.88-MOF-74). Additionally,
according to the EDS results, every sample is found to possess uniform
composition of Mg and Co species, suggesting that the resulting bime-
tallic MOF-74 samples are not mechanically composed of monometallic
crystals of Mg-MOF-74 and Co-MOF-74. Current results indicate that
Mg and Co coexist in CoMg-MOF-74 samples. The Mg to Co ratio in
resulting MOF structures can be expected to increase with increasing
Mg to Co ratio in synthesis system.

3.1.5. FT-IR
To further confirm the structural evolution of these CoeMg coex-

isting MOF-74 samples, FT-IR analyses were also been carried out (see
Fig. 5). In FT-IR spectrum of Mg-MOF-74 sample, the band near
3385 cm−1 is assigned to the OeH stretching vibration of hydroxyl
group, which can be attributed to bulk water absorbed in the porous
materials. A sharp peak at above 3500 cm−1, assigning to the vibration
of OH band of terminal H2O on metal sites can be recognized in Mg-
MOF-74 and bimetallic samples. And the absorption peak shifts from
3744 cm−1 for Mg-MOF-74 sample to 3738 cm−1 for the bimetallic
CoxMg1-x-MOF-74, indicating that H2O species are located at different
metal sites of mono- and bimetallic MOF-74 structures [47]. The band
at 1580 cm−1 is ascribed to the C]O of benzene ring in the organic
ligand DHTP. The bands at 1460 and 1413 cm−1 are attributable to the
C]C vibration of the benzene ring skeleton, also indicating the organic
ligand in the resulting structures. A weak absorption peak at 1236 cm−1

is attributed to the stretching vibration of CeO band of phenolate
group. The band at 1208 cm−1 corresponds to beta eCeH stretching

Fig. 2. XPS results of synthesized CoMg-MOF-74. (a) XPS for Mg, (b) XPS for Co.

Table 1
Chemical compositions of MOF-74 samples.

Sample Experimental n(Mg)/n(Co)a XPS-determined n(Mg)/n(Co) ICP-AES-determined n(Mg)/n(Co) Chemical Compositionb Structure model

Mg-MOF-74 / / / Mg(dhtp)2

Co0.12Mg0.88-MOF-74 9 7.33 7.64 Co0.12Mg0.88(dhtp)2

Co0.30Mg0.70-MOF-74 2.33 2.33 1.98 Co0.30Mg0.70(dhtp)2

Co0.57Mg0.43-MOF-74 1 0.75 0.64 Co0.57Mg0.43(dhtp)2

Co0.78Mg0.22-MOF-74 0.43 0.28 0.28 Co0.78Mg0.22(dhtp)2

Co-MOF-74 / / / Co(dhtp)2

a Metal compositions based on molar fraction.
b According to XPS analysis.
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Fig. 3. SEM images of synthesized MOF-74 samples. (a) Mg-MOF-74, (b) Co0.12Mg0.88-MOF-74, (c) Co0.30Mg0.70-MOF-74, (d) Co0.57Mg0.43-MOF-74, (e) Co0.78Mg0.22-
MOF-74, (f) Co-MOF-74.

Fig. 4. EDS results of Mg and Co species of synthesized CoMg -MOF-74 samples.
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vibration and the absorption peaks at 889 and 819 cm−1 can be at-
tributed to the CeH bending vibration of benzene ring. Additionally,
two absorption events appearing at 586 and 480 cm−1 correspond to
MgeO vibration. As for the CoMg-MOF-74 samples, the M−O
(M=Co or Mg) vibration can also be recognized at 586 and 476 cm−1.
A feature peak at 1629 cm−1 corresponding to v(C]O) [48] exists in
the spectra of CoMg-MOF-74 samples but disappears in the spectrum of
monometallic Mg-MOF-74. In a recent research, the same v(C]O) peak
was also found in FT-IR spectrum of Co-MOF-74, whereas it was absent
for Mn-MOF-74 [39]. It seems that our results agree well with previous
findings. Once Co species account for more than 30% of total metal
species, the peak at 1580 cm−1 in spectrum of Mg-MOF-74 shifts to
1550 cm−1. It is attributed to the conjugated effect of bimetallic MOF-
74. When the C]O group conjugates with the C]C bond, the deloca-
lization of the π electrons occurs between the two unsaturated bands.
Then the double bond characteristics of C]O will be reduced, resulting
in the shift of absorption frequency towards lower wave number. As a
result, strongly-coordinated olefin molecules to the metal centers in
MOF-74 frameworks can be expected.

3.1.6. TG-DSC
Thermogravimetry and differential scanning calorimetry (TG-DSC)

analyses were conducted in order to examine the thermal stability of
synthetic samples and understand their structural evolution on heating.
All TG curves show two main mass loss events happening in varying
temperature ranges for different samples (see Fig. 6 (a)). The first mass
loss event is found to start once heating and finish until the second
event happens at different temperatures. For Co-MOF-74 sample, the
second mass loss event starts at around 230 °C and finishes at 340 °C. As
for Mg-MOF-74 sample, the starting and finishing temperatures for the
second mass loss are found to increase up to 430 and 490 °C, respec-
tively. Meanwhile, all bimetallic CoMg-MOF-74 samples show the

second event temperatures between those of Co-MOF-74 and Mg-MOF-
74. The first mass loss event can be attributed to the removal of bulk
species such as adsorbed water, residual methanol or DMF solvent in
synthetic products. Water and methanol can be removed at relatively
low temperature while DMF removal requires a relatively high tem-
perature due to its higher boiling point. The mass loss for the first event
of all MOF-74 samples shows very consistent values with the replace-
ment of Mg with Co (ranging from 38% for Mg-MOF-74 to 36% for Co-
MOF-74). Additionally, the second mass loss corresponds to the de-
composition of the framework, exactly oxidation of organic ligands in
air atmosphere. With the increase of Co replacement, the metal organic
frameworks collapse at decreased temperatures (see the exothermic
peaks at 461 °C for Mg-MOF-74 and at 260 °C for Co-MOF-74 in Fig. 6
(b)), indicating the metal-derived thermal stability reduction. All bi-
metallic CoMg-MOF-74 samples have the collapse temperatures be-
tween those of two monometallic MOF-74 structures. The significant
difference in thermal stability among these CoMg-MOF-74 architectures
may be ascribed to the distinct metal configurational effects. As a result,
it can be concluded that replacing Co with Mg can benefit the thermal
stability of MOF-74 and help maintain a more stable framework on
heating. To avoid possible structural decomposition, thermal treat-
ments during whole synthesis process were strictly performed at no
higher than 150 °C.

3.1.7. Pore structure analysis
We further explore the influence of the metal compositions on the

pore structures of synthesized materials. Nitrogen adsorption isotherms

Fig. 5. FT-IR spectra of synthesized MOF-74.

Fig. 6. TG-DSC results of synthesized MOF-74 under air atmosphere. (a) TG curves, (b) Heat flow curves.

Fig. 7. N2 adsorption isotherms on synthesized MOF-74 samples.
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at 77 K for all evacuated MOF-74 samples are typical type I (see Fig. 7).
The surface area of Co0.30Mg0.70-MOF-74 calculated according to
Langmuir method is about 15.7% higher than that of Mg-MOF-74
(1265m2·g−1 vs. 1093m2·g−1 in Table 2). Moreover, the Co0.30Mg0.70-
MOF-74 sample also gives the largest micropore volume of
0.45 cm3·g−1. The increase in specific surface area of CoeMg bimetallic
MOF-74 can be attributed to the slight difference in cation radius and
coordination modes between Mg and Co cations. When constructing
infinite structural units, bimetallic structures contribute increasing
porosity and surface area. Present results are consistent with those
expected, because heavier transition metal substitution leads to an in-
crease in surface area [41]. And the values for parent MOF-74 are

consistent with previous findings [38]. All MOF-74 samples are con-
firmed to have a microporous structure with comparable micropore size
of around 0.65 nm and 1.30 nm (see Fig. 8 for the pore size distribu-
tion).

3.2. Effect of metal composition on olefin/paraffin adsorption

To evaluate the effect of metal composition on adsorption perfor-
mance, the static adsorption of 1-hexene and n-hexane on different
MOF-74 samples was tested at 298 K using 1-hexene/cyclohexane and
n-hexane/cyclohexane binary solutions. The adsorption capacities for
1-hexene and n-hexane and selectivity of 1-hexene over n-hexane are

Table 2
Pore structure analyses of MOF-74 samples.

Sample BET specific surface area, m2·g−1 Langmuir specific surface area, m2·g−1 Micropore volume (HeK), cm3·g−1 Average pore size (HeK), nm

Mg-MOF-74 940 1093 0.37 0.66
Co0.12Mg0.88-MOF-74 1094 1174 0.43 0.66
Co0.30Mg0.70-MOF-74 1055 1265 0.45 0.67
Co0.57Mg0.43-MOF-74 1135 1220 0.43 0.66
Co0.78Mg0.22-MOF-74 1016 1214 0.42 0.63
Co-MOF-74 1057 1209 0.42 0.66

Fig. 8. Pore size distributions of MOF-74 samples. (a)∼ 0.65 nm and (b)∼ 1.30 nm.

Fig. 9. (a) Adsorption capacities of 1-hexene and n-hexane on MOF-74 samples, (b) 1-hexene/n-hexane adsorption selectivity on MOF-74 samples.
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presented in Fig. 9. All bimetallic MOF-74 samples show closer affinity
to 1-hexene but lower adsorption ability for n-hexane than both
monometallic samples. Specifically, the highest adsorption capacity of
152.7 mg/g for 1-hexene (2.1–2.3 times higher that of Coe or Mg-MOF-
74 samples) can be obtained at the Co0.30Mg0.70-MOF-74 sample (see
Fig. 9 (a)). As a result, the Co0.30Mg0.70-MOF-74 sample provides the
highest 1-hexene/n-hexane selectivity of 9.74, which is 4.1–8.9 time
higher than that of Mg or Co occupied MOF-74 framework. The results
are supported by previous N2 adsorption measurements. In comparison,
Li et al. [49] reported the extractive separation of a 1-hexene/n-hexane
mixture based various ionic liquids. The extraction selectivity of 1-
hexene to n-hexane was in the range 1.5–3.0. Wentink et al. [50] at-
tempted to separate 1-hexene from other C6 isomers by Ag-DBPA and
obtained the highest 1-hexene/n-hexane selectivity of 1.42 with a sol-
vent-to-feed ratio of 3. Nunez et al. [51] found that Au-PCM-10 could
exhibit a 1-hexene/n-hexane adsorption selectivity of 4.5 while the
adsorption capacities for 1-hexene and n-hexane were 1.30mmol/g and
0.28mmol/g, respectively. All CoMg-MOF-74 samples show the

expected strong affinity for 1-hexene molecules, illustrating that CoMg-
MOF-74 samples possess a larger pore void as well as higher density of
coordinatively unsaturated sites (CUS) after incorporating mixed metals
into the MOF-74 structure to host more olefin molecules. Earlier re-
searches have proven that the porosity and CO2 capacity of Mg-MOF-74
can be enhanced through the incorporation of more stable CUS metal
sites (Ni or Co) within the MOF-74 framework [38].

The adsorption isotherms of 1-hexene on various MOF-74 samples
were also been measured using a vapor sorption analyzer in order to
understand the adsorption thermodynamic characteristics of olefin

Fig. 10. 1-Hexene adsorption isotherms on MOF-74 samples.

Fig. 11. Simulation results of 1-hexene adsorption on MOF-74.

Fig. 12. The experimental and simulated adsorption capacities of 1-hexene on
MOF-74 samples.

Fig. 13. Adsorption energy of 1-hexene on MOF-74 samples.
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compounds on resulting MOF-74 structures. 1-Hexene shows type I
adsorption isotherms on all MOF-74 samples (see Fig. 10). As the in-
crease of relative pressure, the equilibrium gas adsorption amount is
also increased. It can be seen that the adsorption capacity of bimetallic
CoMg-MOF-74 for 1-hexene is larger than that of single metal MOF-74.
In case of Co0.30Mg0.70-MOF-74 sample, the equilibrium adsorption
amount for 1-hexene under relative pressure P/P0 of 0.951 is de-
termined to be 155.6 mg/g, which is the maximum and is agreeable
with the saturated adsorption capacity of 1-hexene from uptake results
in binary solution. The corresponding equilibrium adsorption amounts
of Co0.57Mg0.43-MOF-74, Co0.78Mg0.22-MOF-74 and Co0.12Mg0.88-MOF-
74 are 143.1, 135.4 and 106.5 mg/g, respectively. By comparing the
adsorption isotherms among MOF-74 samples with different metal
compositions, it can be found that the adsorption capacities of 1-hexene
among six samples are in the same order to aforementioned results from
liquid phase adsorption tests (see Fig. 9 (a) for the adsorption capacity
for 1-hexene). The work of Geier et al. has shown that Co-MOF-74 has
higher adsorption ability for several light hydrocarbons on a basis of
per M atom compared to Mg-substituted MOF-74 structure [52]. All
adsorption measurements jointly indicate that the bimetallic CoMg-
MOF-74 having well-controlled metal compositions show largely en-
hanced 1-hexene adsorption selectivity over n-hexane, and can be
promising materials for effective selective adsorption separation of
olefins from paraffin/olefin liquid mixtures.

To further evaluate the effect of mixed metal sites on 1-hexene
adsorption, we carried out the computation simulation of 1-hexene
adsorption on six MOF-74 structures (see Fig. 11 for the simulation
results) having samples presented in Table 1. Considering the very low
adsorption capacity of n-hexane on bimetallic CoMg-MOF-74 series (see
Fig. 9-a), the performance of synthetic samples for 1-hexene/n-hexane
separation can be mainly determined by the adsorption affinity to 1-
hexene. Therefore, the evaluation on adsorption performance was
mainly focused on the adsorption of 1-hexene on various samples. In
each GCMC simulation, the metal species were randomly distributed.
According to the analysis results (metal composition determined from
XPS and ICP-AES in Table 1), we defined Co to Mg molar ratios as 2:16,
6:12, 10:8 and 14:4 for the synthetic bimetallic samples of Co0.12Mg0.88-
MOF-74, Co0.30Mg0.70-MOF-74, Co0.57Mg0.43-MOF-74 and Co0.78Mg0.22-
MOF-74, respectively.

The experimental and simulated adsorption capacities for 1-hexene
on CoMg-MOF-74 samples are collected and presented in Fig. 12. The
simulation results show consistent fluctuation with experimental values
when changing metal compositions of MOF-74 samples. Furthermore,
the energy changes for 1-hexene adsorption on different MOF-74
structures were also obtained from simulation results (see Fig. 13). The
Mg-MOF-74 sample releases the highest adsorption energy of 17.4 kcal/
mol, followed by Co-MOF-74 showing adsorption energy of 16.5 kcal/
mol. In contrast, the Co0.12Mg0.88-MOF-74 sample exhibits the smallest
adsorption energy. In the cases of CoMg-MOF-74, the adsorption energy
is lower than that of monometallic samples. It seems that incorporation
of more stable CUS Co metal sites within the original Mg-MOF-74 fra-
mework can lead to the synergetic effect of pore structure evolution as
well as higher density of CUS metal sites in bimetallic frameworks, and
therefore benefits 1-hexene adsorption into MOF-74 structures with less
exothermic effect. Such stepwise adsorption energy of 1-hexene on bi-
metallic structures follows a similar trend to the adsorption of hydrogen
on NieCo bimetallic MOF-74 [41]. In addition, our results clearly in-
dicate that there are strong relationship between adsorption perfor-
mances (i.e. the adsorption capacity and selectivity) and metal com-
position of MOF-74. Tuning metal centers of MOF-74 is realized an
effective strategy in order to manipulate its adsorption affinity to par-
affin and olefin compounds and, therefore, to construct adsorption se-
lectivity-oriented porous architectures.

4. Conclusions

We synthesized a series of bimetallic CoxMg1-x-MOF-74 (x=0,
0.12, 0.30, 0.57, 0.78, 1) structures via using well-controlled binary
metal compositions in solvothermal systems. Applying XRD, N2 ad-
sorption, TG-DSC, SEM, EDS and FT-IR, we confirmed the successful
synthesis of bimetallic MOF-74 structures and examined structural di-
versity among these synthesized samples. As compared to the mono-
metallic Mge or Co-MOF-74, bimetallic MOF-74 samples have uniform
crystalline structure but more pore void. Furthermore, the selective
adsorption of 1-hexene on MOF-74 can be largely enhanced via co-
ordinating CoeMg bimetal in the organic frameworks. Specifically,
Co0.30Mg0.70-MOF-74 exhibits the largest 1-hexene adsorption capacity
of 152.7mg/g and the highest 1-hexene/n-hexane selectivity of 9.74,
which are 2.1–2.3 and 4.1–8.9 times higher than those of monometallic
Coe or Mg-MOF-74 samples. Manipulation on metal composition of
metal-organic frameworks is realized an effective strategy to optimize
its adsorption performance, therefore, to construct adsorption se-
lectivity-oriented porous crystalline materials.

Notes
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