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In this article, zeolitic-imidazolate framework-8 (ZIF-8) and its mixed metal CoZn-ZIF-8 were synthesized
via a rapid microwave method. The products were characterized by Raman spectroscopy, XPS, XRD, EDX,
TEM, NanoSEM, TGA, and DSC. The gas adsorption properties of samples were determined using Cz and
C4 hydrocarbons, including propane, propylene, isobutane and n-butane at a temperature of 25 °C. The
adsorption equilibrium and kinetics of these gases on various ZIFs were studied. It was noted that ZIF-8
and mixed metal CoZn-ZIF-8 samples start to adsorb these gases after certain pressures which are
believed to result in the opening of their nano-gates (i.e., 6-membered rings) to allow the entry of gas
molecules. The nanogate opening pressure value (pg) for each ZIF towards different gases was deter-
mined by fitting adsorption equilibrium data against a modified form of the Langmuir adsorption isotherm
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model. It was observed that the value of pg differs significantly for each gas and to various extents for
various ZIFs. Therefore, it is possible that the distinct values of pg afford a unique technique to separate
and purify these gases at the industrial scale. The overall mass transfer coefficient values of the adsorption
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rsc.li/dalton process were also investigated.

Introduction

Metal-organic frameworks (MOFs) are porous crystalline
materials formed from metal ions or metal-containing clusters
coordinated to rigid organic molecules to form geometrical
dimensions of networks. MOFs have come into the spotlight
owing to their importance and their unique features (such as
their high porosity, huge surface areas, low density, and the
chemical tenability of their structures)."™ Zeolitic-imidazolate
frameworks (ZIFs) are among the most promising members of
the MOF family. This is due to their high porosity, relative
stability, and ease of preparation. Therefore, ZIFs are ideal can-
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didates for various applications such as gas storage,” gas sep-
aration,®” catalysis® and drug delivery.® ZIFs are formed from
tetrahedral units, in which each metal ion (typically Zn** or
Co®") connects four imidazolate-based ligands to form three-
dimensional porous frameworks.'®"" ZIF-8 (Zn(mIm),, where
mIm = 2-methylimidazolate), with the sodalite (SOD) topology,
crystallizes in the cubic space group I43m with a lattice con-
stant of 16.992 A and contains 276 atoms in the unit cell
(Zn13N45Co6H120)."> The sodalite cages possess a cavity dia-
meter of 11.6 A, and a defined aperture of 3.4 A.'® ZIF-8 is
known unusually for its high thermal and chemical stability."*
Recently, many researchers have utilized the synthetic flexi-
bility offered by ZIFs (more generally MOFs) to obtain novel
structures, and thereby functionalities.">™"” One such approach
is by introducing mixed metal centers and/or linkers in their
frameworks, resulting in hybrid materials with tunable poros-
ity and surface properties.”® Jeong’s group™® and others*”’
have disclosed that mixing metal centers and linkers can tune
the framework molecular sieving properties (including gas
diffusivity, linker flip-flopping motion, etc.), hydrophobicity
and polarity. For example, substituting Zn ions in the ZIF-8
framework with Co ions can increase the “stiffness” in metal-
nitrogen (M-N) bonding®® reducing its effective aperture size.’
As a result, the Co substituted ZIF-8 (formerly known as
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ZIF-67) enhanced the separation selectivity for a propylene and
propane binary mixture.>® Linker exchange on the 2-methyl-
imidazole (mIm) of ZIF-8 with less bulky imidazole-2-carbox-
aldehyde can enhance the diffusivity of a butane isomer.® On
the other hand, substituting mIm with a bulky benzimidazole
linker can decrease the framework effective aperture, enhan-
cing its separation selectivity on different gas mixtures.>

It was recently reported from the literature that Zn** ions in
the ZIF-8 lattice can be replaced by Co*" ions, which provides
products with new features.'®'® The various techniques for the
synthesis of bimetallic Zn/Co-ZIF-8 have been previously men-
tioned in the literature.”>*' Kaur et al.** mentioned that bi-
metallic Zn/Co-ZIF-8 can increase the pore volume and active
surface area compared to a ZIF-8 sample. Further, Wang
et al.** reported that Zn/Co-ZIF-8 membranes could be syn-
thesized for the separation of gas mixtures. Through results, it
was found that the selectivity of the membranes to one of
these gases decreases with increasing the Co*"Zn?' ratio in
the bimetallic ZIF matrix. It was demonstrated that mixing of
ZIF-8 with Co®>" improves the photodegradation of methylene
blue dye using UV irradiation without H,0,.*

Li et al®** investigated the effect of single-component
diffusion rates on the kinetic separation of propane/propene
gases using a series of metal imidazolate zeolitic framework
materials, and they concluded that the separation depended
highly on the significant differences between their diffusion
rates in the pore systems. Further, Li et al>! reported from
various references® that “for a few eight-membered ring zeo-
lites, separation of light hydrocarbons such as propane and
propene is controlled by the critically sized pore openings”.
Zhang et al.*® investigated the molecular sieving features of
ZIF-8 by evaluating the thermodynamically corrected diffusiv-
ities of iso-C,Hg/iso-C,Hyo and n-C4H,0/iso-C4;H;o at a given
temperature and found an interesting and unexpected behav-
ior that “because of aperture flexibility”, the studied
C4 hydrocarbon molecules that are larger than the effective
aperture size still adsorb in the micropores of ZIF-8.

Microwave-assisted preparation has recently become
popular in MOF synthesis as a facile, rapid, inexpensive, and
commercially viable route toward the production of these crys-
talline substances.'"'®*” Recently, Hillman et al® success-
fully prepared multiple mixed linkers and/or metal ZIFs
through a microwave-assisted technique, which significantly
decreased the preparation time, improved the yield percentage,
and decreased the crystal size distributions. Herein, we reveal
a rapid and facile synthesis of mixed metal CoZn-ZIF-8
through a microwave-assisted approach, in which Zn/Co-ZIF-8
can be obtained in a period of 1.5 min. In the course of our
studies related to the construction of ZIF-8 derived hybrid
materials displaying adsorption affinities towards alkane
gases, we sought to study the consequences of Co** mixing on
the Zn-ZIF-8 framework.

This study applies the approach of fast microwave prepa-
ration to ZIF-8 and its mixed metal CoZn-ZIF-8 (hereafter so
called Zn/Co-ZIF-8) adsorbents for adsorption of propane, pro-
pylene, n-butane and isobutane. We report a phenomenon in

4686 | Dalton Trans., 2019, 48, 4685-4695

View Article Online

Dalton Transactions

which the adsorption behavior depends on a threshold
pressure that stimulates nano-gate opening (which is hereafter
denoted as the nanogate opening pressure, p,) during adsorp-
tion on ZIF samples. The samples of ZIF-8 or its mixed metal
Co/Zn-ZIF-8 are characterized by Raman spectroscopy, XPS,
XRD, EDX, TEM, NanoSEM, TGA and DSC. The gases utilized
in the adsorption processes are propylene, propane, n-butane
and isobutane. The p, values for the adsorption of propylene,
propane, n-butane and isobutane gases onto different ZIF
samples were examined at 25 °C. Furthermore, an investi-
gation of the rate of adsorption was carried out in order to esti-
mate the overall mass transfer coefficient value of each gas/
adsorbent system.

Experimental

Materials

Zinc nitrate hexahydrate (Zn(NOj),-6H,0, 98%, Sigma Aldrich)
and cobalt nitrate hexahydrate (Co(NOj3),-6H,0, >98%, Sigma
Aldrich) were used as metal sources. 2-Methylimidazole
(C4HsN,, 97%, Sigma Aldrich) was used as a ligand source.
Methanol (99.8%, Alfa Aesar) was used as a solvent. Different
gases used (i.e., n-butane, isobutane, propane and propylene)
were of high purity (99.5%) and purchased from the National
Industrial Gas Plants (NIGP, Qatar). All chemicals were used as
purchased without further purification.

Microwave synthesis of mixed metal Zn/Co-ZIF-8

The synthesis of Zn-ZIF-8 using a microwave-assisted approach
is similar to that previously reported by our group.® Briefly,
4.45 mmol of zinc nitrate hexahydrate (Zn(NOj),-6H,0) were
dissolved in 15 mL of methanol and labeled as a metal solu-
tion. The linker solution was prepared separately by dissolving
17.8 mmol of 2-methylimidazole in 15 mL of methanol. The
metal solution was then poured into the linker solution while
continuously stirring the solution for 1 min. The mixed solu-
tion was transferred to a microwave-transparent glass tube, fol-
lowed by microwave irradiation with a power of 100 W for
1.5 min. The solution was then allowed to cool at ambient
temperature for 30 min. The precipitate was collected by cen-
trifuging the cooled solution at 8000 RPM for 30 min. The
resulting powder was washed with 30 mL of methanol three
times, followed by drying in an oven at 120 °C for 12 hours
prior to characterization. For the synthesis of Co-ZIF-8, zinc
nitrate hexahydrate is replaced with 4.45 mmol of cobalt
nitrate hexahydrate in the metal solution above. For the syn-
thesis of Zn/Co-ZIF-8, the metal solution is replaced with a
mixture of 2.225 mmol of zinc nitrate hexahydrate and
2.225 mmol of cobalt nitrate hexahydrate dissolved in 15 mL
of methanol.

Characterization

The FT-Raman spectra were recorded using a Bruker
FT-Raman spectrometer of type RFS 100/S that is attached to a
Bruker-IFS 66/S spectrometer, which provides high resolution

This journal is © The Royal Society of Chemistry 2019
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better than 0.10 cm™'. Bruker's patented frictionless inter-
ferometer with its rock solid alignment provides high sensi-
tivity and stability. The diode-pumped, air-cooled Nd:YAG
laser source with a maximum laser power of 1500 mW at
1064 nm is controlled with full automation. The standard RFS
100/S configuration provides a spectral range of 70-3600 cm™"
(Stokes shift) and 100 to 2000 em™" (anti-Stokes shift). The
morphology of ZIFs was observed with a FEI Nova™ nanoscan-
ning electron microscopy 450 (Nova NanoSEM). The chemical
compositions of samples were investigated by energy-disper-
sive X-ray spectroscopy (EDX) attached to the Nova NanoSEM.
Transmission electron microscopy was performed using a FEI
Tecnai G2 F20. X-ray photoelectron spectroscopy (XPS) was per-
formed using a Thermo Scientific K-alpha photoelectron
spectrometer with monochromatic Aly, radiation. X-ray diffrac-
tion (XRD) measurements were conducted by using Miniflex I
Benchtop XRD apparatus, manufactured by Rigaku
Corporation Japan. The 26 scan data were collected at 0.05°
intervals over the range of 5 to 90°, and at a scan speed of
0.05° min~'. Thermogravimetric analyses (TGA) were carried
out using a PerkinElmer Pyris6 TGA analyzer under an N,
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atmosphere in the range of 30 °C to 800 °C at a heating rate of
10 °C min~'. Differential scanning calorimetry (DSC),
PerkinElmer, Jade DSC, was used with a temperature range
from 25 to 450 °C. The adsorption equilibrium of isobutane,
n-butane, propylene and propane gases was measured using a
magnetic suspension microbalance (MSB) (Hygra, Rubotherm)
with microgram sensitivity. The degassing process was done
under vacuum (0.05 bar) at 107 °C for 3 days. More details on
the experimental procedure and data analyses involved in
measuring the adsorption equilibrium and kinetics are found
elsewhere.?”?®

Results and discussion

Preparation and characterization

The mixed metal CoZn-ZIF-8 (termed Zn/Co-ZIF-8) has been
successfully prepared rapidly via a microwave-assisted in situ
technique. Two cobalt mixed ZIF-8 samples were prepared
with 50 and 100% Co, termed Zn/Co-ZIF-8 and Co-ZIF-8,

100
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Fig. 1 NanoSEM photomicrographs of (a) ZIF-8, (b) Zn/Co-ZIF-8 and (c) Co-ZIF-8. Subfigure (d) shows the particle size distributions of ZIF-8, Zn/

Co-ZIF-8 and Co-ZIF-8 samples as obtained from SEM images.
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respectively, and their properties are compared with pristine
ZIF-8.

The NanoSEM morphology photomicrographs of ZIF-8,
Zn/Co-ZIF-8 and Co-ZIF-8 declare that all crystals are in the
nanosized scale with relatively uniform size distributions as
presented in Fig. 1(a-d). Both the ZIF-8 and the mixed metal
CoZn-ZIF-8 crystals possess the SOD topology, agreeing with
the reported results in the literature."* Overall, it was seen that
by inserting the Co®" metal ion into the reaction solution, the
produced nanocrystal size increases (Fig. 1d). Therefore, the
sequential order of these samples is Zn/Co-ZIF-8 > Co-ZIF-8 >
ZIF-8; with mean particle sizes of 127, 77 and 63 nm, respect-
ively. The means, modes and standard deviations of particle
size distributions are listed in Fig. 1d. The nanosized crystals
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and the uniformity of the crystal size are attributed likely to
the homogeneous volumetric heating in combination with the
fast temperature increment during their exposure to microwave
irradiation.>'* Fig. 2 shows the TEM images of ZIF-8, Zn/Co-
ZIF-8 and Co-ZIF-8 samples, respectively. Generally, it was
observed that by insertion of Co*" into solution media, the
crystal sizes of the formed ZIFs are affected. Other characteriz-
ation techniques such as XRD, Raman spectra, TGA&DSC, XPS
and EDX are shown in Fig. S1, S2, S3, S4 and S5 in the ESIL,¥
respectively (Table 1).

Adsorption equilibria

As shown in Fig. 3-5, the tested ZIF-8, Co-ZIF-8 and Zn/Co-
ZIF-8 samples illustrate a similar trend towards the adsorption

Fig. 2 TEM images of different ZIF samples (a) ZIF-8, (b) Co-ZIF-8 and (c) Zn/Co-ZIF-8.
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of relatively long-chain hydrocarbon gases, where the samples
remain irresponsive to the pressure increase up to a moderate
pressure value, after which they exhibit a type-1 adsorption iso-
therm. Therefore, the authors in this study suggest a modified
form of the Langmuir adsorption isotherm model as:

n— _MmbW — po)
1+b(p—po)’

where n refers to the amount adsorbed (moles per kg), p refers
to the exposure pressure, m refers to the monolayer adsorption
capacity, b refers to the adsorption affinity, and p, refers to the
nanogate opening pressure. The p, value indicates a pressure
threshold at which the ZIF crystal is believed to open (widen)
its nanogate to allow the adsorption of a specific gas molecule.
Before this point (i.e., p < p,), the nanogate of the ZIF crystal is
believed to be partially closed, which hinders the passage of
the molecules into the crystal and thus exhibits nil adsorption.

It is noteworthy that p, in eqn (1) is a new parameter that
was introduced to the Langmuir model by the authors. Eqn (1)
represents a finite Henry’s law constant for the affinity of gas
adsorption on a clean surface (when [p — py]—0) as seen in
eqn (2), which hints to its thermodynamic consistency when p
is above p,.

D> Do (1)

H= lm (" > — mb (2)
(p—po)—0 — Do

The gas adsorption of propane, isobutane and propylene
onto the three samples: ZIF-8, Co-ZIF-8 and Zn/Co-ZIF-8 is
shown in Fig. 3-5, respectively. Overall, it is noticed from the
three figures that the equilibrium adsorption of all samples
increases by increasing the pressure, but the adsorption of
each gas starts to occur after a threshold pressure value, which
is pre-defined previously by p,. It is observed from Fig. 3a that
n-butane exposes the highest equilibrium adsorption capacity
onto ZIF-8, whereas propylene represents the lowest equili-
brium adsorption capacity. The order of equilibrium adsorp-

Table 1 Elemental analysis of various ZIFs by using XPS and EDX
techniques

XPS analysis

Elements (atomic conc.%) ZIF-8 Zn/Co-ZIF-8 Co-ZIF-8
C1s 64 66 63
N 1s 25 22 23
O1s 1 4 4
Zn 2p 10 6 —
Co 2p — 2 10
EDX analysis
Elements (atomic conc.%) ZIF-8 Zn/Co-ZIF-8 Co-ZIF-8
C 66 68 66
N 14 22 26
O 2 3 3
Zn 18 4 —
Co — 3 5

This journal is © The Royal Society of Chemistry 2019
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tion capacity of gases onto ZIF-8 is n-butane > propane > iso-
butane ~ propylene. The Langmuir fitting parameters of these
gases on various ZIFs, along with p, values are listed in
Table 2.

Fig. 3b describes how the equilibrium adsorption capacity
of n-butane exceeds that of isobutane significantly.
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Fig. 3 Equilibrium adsorption isotherms of n-butane, propane, iso-
butane and propylene gases onto ZIF-8 at 25 °C. Symbols indicate the
experimental points and solid lines indicate the fitting of the modified
Langmuir model. Subfigure (a) shows a comparison of the isotherms of
the four gases, whereas subfigure (b) shows a comparison between the
isotherms of n-butane and isobutane gases, and subfigure (c) shows a
comparison between the isotherms of propane and propylene gases.
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Considering that both n-butane and isobutane have the same
chemical formula (C4H;,) and molecular mass (58.12 g mol ™),
this difference may be assignable to the stereochemistry of each
gas. n-Butane is a linear chain molecule, which can invade the
nano-gate with less difficulty; whereas isobutane is a branched
molecule, which causes it to confront a difficulty entering the
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Fig. 4 Equilibrium adsorption isotherms of n-butane, propane, iso-
butane and propylene gases onto Co-ZIF-8 at 25 °C. Symbols refer to
the experimental points and solid lines refer to the fitting of the
modified Langmuir model. Subfigure (a) shows a comparison of the iso-
therms of the four gases, whereas subfigure (b) shows a comparison
between the isotherms of n-butane and isobutane, and subfigure (c)
shows a comparison between the isotherms of propane and propylene.
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nanogate of ZIF-8. However, the opening pressures (p,) for the
adsorption of n-butane and isobutane (ie., the intermediate
pressure at which the isotherm curve starts to appear) are
almost equal. Therefore, there is a difficulty to separate
n-butane and isobutane gases. This is due to the approaching
values of p, for both gases, which are 0.126 and 0.121 MPa for
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Fig. 5 Equilibrium adsorption isotherms of n-butane, propane, iso-
butane and propylene gases onto Zn/Co-ZIF-8 at 25 °C. Symbols refer
to the experimental points and solid lines refer to the fitting of the
modified Langmuir model. Subfigure (a) shows a comparison of the iso-
therms of the four gases, whereas subfigure (b) shows a comparison
between the isotherms of n-butane and isobutane, and subfigure (c)
shows a comparison between the isotherms of propane and propylene.
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n-butane and isobutane gases, respectively. Nonetheless, ZIF-8 It is seen from Fig. 3(c) that propane and propylene gases
can be used to separate n-butane from isobutane based on their ~exhibit almost similar (parallel) trends of adsorption iso-
difference in adsorption capacities at higher pressures. therms, but the adsorption of propylene occurs at a higher p,

Table 2 Fitting parameters for the adsorption of different gases onto various ZIFs at 25 °C

Gas
ZIFs Parameter Propane Propylene Isobutane n-Butane
ZIF-8 m (moles per kg) 4.373 3.611 3.621 5.485
b (MPa™") 29.955 38.769 31.278 90.395
Do (MPa) 0.123 0.142 0.121 0.126
LSSE 0.061 0.148 0.130 0.421
ARE (%) 6.30 1.70 2.20 1.10
Zn/Co-ZIF-8 m (moles per kg) 3.383 4.555 4.264 8.074
b (MPa™") 86.466 48.191 118.071 47.554
Do (MPa) 0.123 0.115 0.112 0.133
LSSE 0.02 0.364 0.511 0.431
ARE (%) 1.0 7.8 0.9 6.5
Co-ZIF-8 m (moles per kg) 4.661 4.917 3.587 5.249
b (MPa™) 45.518 26.472 38.472 102.472
Do (MPa) 0.055 0.097 0.109 0.132
LSSE 0.384 0.459 0.151 0.244
ARE (%) 2.4 6.4 6.1 8.3
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Fig. 6 Effect of the cobalt mixing ratio in ZIF-8 on the equilibrium adsorption capacity of (a) propane, (b) propylene, (c) n-butane and (d) isobutane
at 25 °C. Symbols refer to the experimental points and solid lines refer to the modified Langmuir model.
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value than propane. This is believed to be mainly due to its
double bond which hinders the propylene gas molecule to
invade the nano-gate of ZIF-8 upon adsorption. However, there
is some difficulty to separate propane and propylene gases at
their values of p,. This is due to the small difference in their
Po values, which are equal to 0.123 and 0.142 MPa for propane
and propylene gases, respectively.

Fig. 4a illustrates the equilibrium adsorption isotherms of
n-butane, propane, isobutane and propylene gases onto Co-
ZIF-8 at 25 °C. Generally, it can also be observed that n-butane
exhibits the highest equilibrium adsorption capacity and iso-
butane gas exhibits the lowest adsorption capacity onto Co-
ZIF-8. The order of equilibrium adsorption capacities onto Co-
ZIF-8 is n-butane > propylene > propane > isobutane. Further,
it is observed from Fig. 4b that a small difference starts to
appear between the p, values of n-butane and isobutane gases.
Therefore, it could be deduced that the Co-ZIF-8 adsorbent can
be utilized to separate these two gases at an intermediate
pressure based on the difference between their distinct p,
values, which are equal to 0.132 and 0.109 MPa, for n-butane
and isobutane, respectively. So, at an intermediate pressure
(e.g., 0.120 MPa), only isobutane will be adsorbed (unlike
n-butane). Similarly, Fig. 4c indicates that it is also probable to
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a great extent to separate propylene from propane gases based
on the difference between their p, values. The p, values of pro-
pylene gas and propane gas are 0.097 and 0.055 MPa, respect-
ively. The fitting parameters of modified Langmuir are listed
in Table 2.

Fig. 5a shows the equilibrium adsorption isotherms of
n-butane, isobutane, propylene and propane gases onto Zn/Co-
ZIF-8. It was seen that the equilibrium adsorption capacity of
n-butane is the highest, while that of propane is the lowest.
The sequential order of the equilibrium adsorption capacity
onto Zn/Co-ZIF-8 at monolayer saturation is n-butane > propy-
lene > isobutane > propane. The modified Langmuir model
fitting parameters are listed in Table 2. It was observed from
Fig. 5b and c that n-butane gas can be separated from iso-
butane gas, and propane gas can be separated from propylene
gas based on their different p, values. For example, the p,
values corresponding to n-butane and isobutane gases are
0.133 and 0.112 MPa, respectively; whereas the p, values for
propane and propylene gases are 0.123 and 0.115 MPa, respect-
ively, as listed in Table 2. Therefore, it can be inferred from the
above results that Co-ZIF-8 is more capable of separating gases
of competitive separations on the basis of their p, values than
Zn/Co-ZIF-8 and ZIF-8 adsorbents. Fig. S61 shows the variation
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Fig. 7 Overall mass transfer coefficient (k) deduced from the first order kinetics versus 1/P for the adsorption of (a) propane, (b) propylene, (c)
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of nanogate opening pressure (p,) values of the adsorption of
different gases at 25 °C onto ZIF-8, Co-ZIF-8 and Zn/Co-ZIF-8
samples (see the ESI).

Fig. 6(a-d) show the influence of ZIF-8, Zn/Co-ZIF-8 and Co-
ZIF-8 samples on the equilibrium adsorption isotherms of
propane, propylene, isobutane and n-butane gases at 25 °C.
Based on the overview of Fig. 6a, it is noted that by increasing
the pressure beyond the threshold of p,, the equilibrium
adsorption capacity of propane gas increases. Furthermore, by
increasing the content of cobalt in the ZIF matrix, the equili-
brium adsorption capacity of the adsorbent increases in the
range of p < 0.2 MPa. Afterwards, the adsorption of propane
on ZIF-8, Zn/Co-ZIF-8 and Co-ZIF-8 reached saturation. At
~0.21 MPa, the adsorption capacity on the ZIF-8 adsorbent
reached monolayer saturation, which exhibits a higher adsorp-
tion capacity than that on Zn/Co-ZIF-8. After the value of
~0.2 MPa, the adsorption capacity on ZIF-8 starts to exceed
that on Zn/Co-ZIF-8. Further, the p, of adsorption on the three
ZIFs occurred at the values of 0.12, 0.12 and 0.05 MPa for the
adsorption of propane onto ZIF-8, Zn/Co-ZIF-8 and Co-ZIF-8
samples, respectively.

Fig. 6b shows the adsorption of propylene gas onto ZIF-8,
Zn/Co-ZIF-8 and Co-ZIF-8 samples. It is noted that by increas-
ing the cobalt content in the ZIF matrix, the adsorption
capacity increases up to a pressure of ~0.14 MPa where the
order of the adsorption capacity on ZIFs is Co-ZIF-8 > Zn/Co-
ZIF-8 > ZIF-8. After this pressure (i.e., at p > 0.14 MPa), the ZIFs
approach their saturation limits where Co-ZIF8 and Zn/Co-
ZIF-8 become almost identical. Hence, the order of the adsorp-
tion capacity of propylene at equilibrium is as Co-ZIF-8 ~ Zn/
Co-ZIF-8 > ZIF-8. Further, the adsorption of propylene gas
starts on ZIF-8, Zn/Co-ZIF-8 and Co-ZIF-8 at the p, values of
0.14, 0.11 and 0.097 MPa, respectively.

It is observed from Fig. 6¢ that by increasing the cobalt con-
centration in the ZIF matrix, the equilibrium adsorption
capacity of n-butane gas decreases. The order of the equili-
brium adsorption capacity is ZIF-8 > Co-ZIF-8 ~ Zn/Co-ZIF-8.
Furthermore, the adsorption of n-butane starts at the p, values
of ~0.13, 0.13 and 0.13 MPa for ZIF-8, Zn/Co-ZIF-8 and Co-
ZIF-8, respectively.

Fig. 6d represents the adsorption of isobutane gas onto
ZIF-8, Zn/Co-ZIF-8 and Co-ZIF-8. Overall, it is seen that by
increasing the cobalt content in the ZIF matrix, the adsorption
capacity of ZIF towards isobutane increases up to 0.1 MPa
where the order of adsorption capacity is Co-ZIF-8 > Zn/Co-
ZIF-8 > ZIF-8. After that pressure, the adsorption capacity of
the Zn/Co-ZIF-8 sample became higher than that of Co-ZIF-8
where the order becomes Zn/Co-ZIF-8 > Co-ZIF-8 > ZIF-8.

Rate of adsorption

The rate of adsorption can be determined by the linear driving
force model,'® which gives
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where m, indicates the amount adsorbed at time ¢, m, is the
equilibrium amount adsorbed at a certain temperature and
pressure; and £ is the overall mass transfer coefficient.

Fig. 7(a-d) show the relationship between the overall mass
transfer coefficient (k) for the adsorption of propane, propy-
lene, n-butane and isobutane gases onto ZIF-8, Zn/Co-ZIF-8
and Co-ZIF-8 and versus the reciprocal of pressure 1/P (MPa ™)
at 25 °C. It was noted that by decreasing the parameter 1/P
(i.e., increasing pressure), the overall mass transfer coefficient
decreases for all samples. Further, as a noticeable behavior,
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Fig. 8 Overall mass transfer coefficient (k) deduced from the first order
kinetics versus 1/P for the adsorption of different gases onto (a) ZIF-8,
(b) Zn/Co-ZIF-8 and (c) Co-ZIF-8 at 25 °C.
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the presence of cobalt in the ZIF structure has a significant
impact on the k value for all ZIFs. Therefore, it could be
deduced that the rate of adsorption is affected by the presence
of cobalt ions in ZIFs. The order of the overall mass transfer
coefficient for the adsorption of propane, propylene, n-butane
and isobutane gases onto ZIFs is Zn/Co-ZIF-8 > Co-ZIF-8 > ZIF-8.

Fig. 8(a—c) show the relationship between the overall mass
transfer coefficient (k) and the reciprocal of the exposed
pressure (1/P) onto ZIF-8, Zn/Co-ZIF-8 and Co-ZIF-8 samples.
Overall, it is observed from Fig. 8a that on ZIF-8, the adsorp-
tion of propane gas is the fastest, whereas the adsorption of
isobutane is the slowest. On the other hand, it could be
deduced from Fig. 8b that the highest rate of adsorption on
Zn/Co-ZIF-8 is for propylene gas, while the slowest adsorption
is for isobutane. Therefore, it can be seen that the kinetics of
adsorption for various gases depends on the composition of
the used ZIF. Furthermore, Fig. 8c shows that isobutane exhi-
bits the highest rate of adsorption on Co-ZIF-8 whereas the
slowest was n-butane.

Conclusions

Three samples of the ZIF family were prepared from zinc
nitrate hexahydrate and cobalt nitrate hemi(pentahydrate)
using a novel fast microwave technique. These samples are
ZIF-8, Zn/Co-ZIF-8 and Co-ZIF-8. The prepared samples were
characterized by Raman spectra, XPS, XRD, EDX, NanoSEM,
TGA and particle size distributions. These ZIF-8 samples were
utilized in the adsorption of isobutane, n-butane, propane and
propylene gases at 25 °C, where the adsorption equilibrium
and kinetics were investigated. The novel concept of having a
threshold pressure (p,) for the nano-gate opening of ZIFs for
the adsorption of such gases was analyzed and discussed. It is
to be noted that this is only one possible hypothesis, and
other hypotheses may prove to be viable upon further studies.
Therefore, this mechanism still needs deeper investigations to
be better understood. The results showed that the value of
po varies for different gases, especially when a high cobalt
content is introduced in the matrix of the ZIF-8 sample. These
differences of p, values may introduce a unique approach to
separate and purify gases at intermediate pressures between
their characteristic p, values. The differences among the
adsorption capacities of propylene, propane, isobutane and
n-butane gases onto different ZIFs were also studied. The
values of the overall mass transfer coefficients for the adsorp-
tion of various gases on the different ZIFs were also investi-
gated. Generally, the rate of adsorption and the adsorption
capacities of different gases were affected with the cobalt
content in the ZIF-8 matrix.
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