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luation of CuBTC composites for
room temperature oxygen storage†

Leena Melag, a M. Munir Sadiq, a Kristina Konstas,c Farnaz Zadehahmadi,c

Kiyonori Suzuki b and Matthew R. Hill *ac

Oxygen is commonly separated from air using cryogenic liquefaction. The inherent energy penalties of

phase change inspire the search for energy-efficient separation processes. Here, an alternative approach

is presented, where we determine whether it is possible to utilise simpler, stable materials in the right

process to achieve overall energy efficiency. Adsorption and release by Metal–Organic Frameworks

(MOFs) are an attractive alternative due to their high adsorption and storage capacity at ambient

conditions. Cu-BTC/MgFe2O4 composites were prepared, and magnetic induction swing adsorption

(MISA) used to release adsorbed oxygen quickly and efficiently. The 3 wt% MgFe2O4 composites

exhibited an oxygen uptake capacity of 0.34 mmol g�1 at 298 K and when exposed to a magnetic field

of 31 mT, attained a temperature rise of 86 �C and released 100% of adsorbed oxygen. This water vapor

stable pelletized system, can be filled and emptied within 10 minutes requiring around 5.6 MJ kg�1 of

energy.
1. Introduction

The demand for high purity oxygen is on the rise owing to its
increased consumption by the healthcare, steel, food, water,
chemical, and pharmaceutical industries and this, in turn, has
inuenced research into more energy-efficient ways to capture,
separate and store oxygen.1,2 The traditional process of cryo-
genic liquecation of air3 produces ultra-high purity oxygen and
still dominates the industrial methods of oxygen separation,
but the complex plant setups and the energy requirements
associated with the entire process limits its use for large scale
productions only. The membrane-based separations and
adsorption-based processes using zeolites and carbon molec-
ular sieves are simpler, reversible, low cost and easily scalable
for small scale separations of oxygen, but their structural
rigidity, pore heterogeneity, and low oxygen permeabilities
impose limitations on the purity of the oxygen produced.4 Once
produced, compressed or liqueed oxygen is bottled up in
storage tanks for subsequent use in varied applications.2,5–7

Taking into account the safety hazards associated with the
handling and storing of a highly reactive gas like oxygen, equal
emphasis is required on nding alternate means to counter the
current high-pressure (ca. 140 bar) storage of oxygen; a safe,
onash University, Clayton, VIC 3168,

eering, Monash University, Clayton, VIC

, VIC 3169, Australia

tion (ESI) available. See DOI:

–40968
lightweight alternative that would store oxygen in high volumes
but at much lower pressures.8–10

Metal–Organic Frameworks (MOFs) are porous nano-
materials that have been explored for gas separations,11–14

catalysis,15 sensing,11,16–23 and drug delivery applications.24,25

They are constructed using metal nodes and organic linkers
resulting in unique modular structures that are exible, porous
and offer the distinctive chemical tunability needed for gas
storage.26–28 Their ability to host functional nanoparticles within
their structures imparts added diverse functionalities to their
existing versatile properties.29 Similar to most adsorption
processes, separations in MOFs are based on the guest–host
interactions where the adsorbents can either physically adsorb
gas molecules on its surface or can bind to them chemically.30

For selective separations using MOFs, the selectivity between
the different gas molecules relies on preferential size-selective
sieving or favourable quadrupole interactions or strong chem-
ical affinities with either of the adsorbates.31 Most oxygen
separation processes are nitrogen selective and are based on the
adsorption or isolation of nitrogen from the air to separate
oxygen. However, using MOFs, selective oxygen separation has
been studied through a process that relies on oxygen molecules
directly binding to the metal cations in the framework leading
to higher selectivity over other gases, mainly nitrogen.32–35

Accordingly, to investigate the role of MOFs in oxygen
separation and storage, DeCoste et al. conducted simulation
studies on 10 000 hypothetical MOFs and recorded NU-125 as
the MOF with the highest oxygen adsorption capacity of
17.4 mol kg�1 at 140 bar pressure. Computational studies by
Moghadam et al. on existing 2932 MOFs reported UMCM-152 as
This journal is © The Royal Society of Chemistry 2020
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the MOF with a deliverable volumetric oxygen capacity of 249
cm3(STP) cm�3 and gravimetric oxygen storage of 19.6 mmol
kg�1 obtained at 140 bar storage and 5 bar release pressures at
298 K. Similarly, various other MOFs like IRMOFs, UiO-66,
Cr3(BTC)2,33,35,36 Cr-BTT,37 and M2(dobdc) (M ¼ Cr, Mn, Fe,
Co), especially Co2(dobdc)38–40 and Fe2(dobdc)35,41,42 have been
investigated in detail as oxygen selective adsorbents for sepa-
ration and storage. Apart from specially designed and devel-
oped MOFs, the existing range of MOFs need to be explored for
a simpler, stable, and recyclable solution for room temperature
oxygen storage. This paper investigates a widely used copper-
based MOF, CuBTC, also known as HKUST-1 or MOF-199,
previously identied by both DeCoste et al. and Moghadam
et al. for oxygen storage applications. Owing to its affinity
towards oxygen, CuBTC MOFs have been used as cathode
catalysts in fuel cell technology that is impeded by a sluggish
oxygen reduction reaction (ORR) and catalytic efficiency, cost,
and stability. With its large surface area and a large number of
sites for the catalytic reactions, CuBTC MOFs have been studied
to replace platinum as the non-noble metal ORR catalyst or have
been used as the sacricial template for carbon-based electro-
catalysts.43–47 CuBTC (copper(II) benzene-1,3,5-tricarboxylate), is
one of the widely explored, easily scalable, and most commer-
cially used MOFs in various applications. Its ease of synthesis,
high surface areas (1500–2000 m2 g�1), and excellent thermal
and structural stability make it applicable for gas adsorp-
tion,48–52 separation,49,53–56 and sensors17,57,58 applications.

Temperature Swing Adsorption (TSA) and Pressure Swing
Adsorption (PSA) are the most commonly used regeneration
processes for MOFs. However, their strong host–guest interac-
tions with the adsorbed molecules, particularly the strong
adsorption at lower partial pressures and their thermally insu-
lating nature, limit the uniform transfer of the applied heat
throughout the MOF, making the regeneration process very
challenging and energy-intensive.11,59–63 To address this, our
group has demonstrated the potentials of incorporating
stimuli-responsive materials in MOFs to achieve energy-
efficient release of the trapped gases.11,39,59,60,64–68 In this paper,
we discuss how rapid and remote heat generation can be ach-
ieved through the fabrication of Magnetic Framework
Composites (MFCs) and how their interactions with a magnetic
eld can be used efficiently for release of the adsorbed mole-
cules. Magnetic Induction Swing Adsorption (MISA) is
a magnetically induced heating process aimed at regeneration
of MOFs.69–71 In our previous paper, we have demonstrated the
efficiency of the MISA process by desorption of 4.8 mmol g�1 of
adsorbed oxygen from Co-MOF-74/Fe3O4 systems at 204 K and 1
bar pressure.39 To build upon these results obtained at cryo-
genic temperatures of 204 K, we intend to explore the possibility
of simpler, stabler, cyclable MOFs for oxygen adsorption at
room temperature. This paper looks into the relative stability
and capacity of CuBTC MOF for oxygen storage, and the feasi-
bility of oxygen release using MISA at room temperatures and 1
bar pressure.

The exposure of CuBTC MFC pellets formed using 3 wt% of
MgFe2O4 nanoparticles, to a magnetic eld of 33 mT, at
a frequency of 269 kHz, triggered a 100% release of the
This journal is © The Royal Society of Chemistry 2020
0.30 mmol g�1 oxygen molecules stored at 1 bar pressure. The
ease of use and control of the MISA process was demonstrated
by triggering an on-demand release of oxygen at 200, 400, 600,
800, and 1000 mbar pressures and achieving 100% desorption
each time. Three continuous cycles of adsorption and magnet-
ically triggered desorption cycles helped to establish the struc-
tural rigidity, thermal stability, and adsorption capacity of the
CuBTC MFC. The effect of atmospheric exposure, and the effect
of exposure to water vapour on the structural stability of the
MFCs, was also investigated.

2. Experimental
2.1 Materials synthesis

All the reagents including 1,3,5-benzenetricarboxylic acid
(H3BTC), copper acetate monohydrate Cu(OAc)2$H2O, sodium
acetate trihydrate (CH3COONa$3H2O), magnesium chloride
hexahydrate (MgCl2$6H2O), ferric chloride hexahydrate (FeCl3-
$6H2O), PEG and the solvents, N,N-dimethylformamide (DMF)
and ethanol used for the synthesis were of analytical grade,
obtained from commercial vendors and used as received.

Synthesis of CuBTC MOF. 0.7 g of copper acetate mono-
hydrate (3.5 mmol) dissolved in 14 mL of deionized water was
mixed with 0.6 g of trimesic acid (H3BTC, 2.8 mmol) dissolved
in 14 mL of ethanol. This mixture was stirred for 30 min,
transferred into an autoclave, and heated to 85 �C for 24 h. On
cooling, the blue CuBTC MOF was washed three times with
ethanol and dried in a vacuum oven at 140 �C for 24 h55,72

Synthesis of MgFe2O4 nanoparticles. MgFe2O4 nanoparticles
were synthesized using a solvothermal method by mixing of
3.6 g, 0.027 moles of sodium acetate trihydrate, 2.5 mmol
MgCl2$6H2O and 5 mmol FeCl3$6H2O together and adding
2.00 g of polyethylene glycol (MW ¼ 4000) as a surfactant. The
mixture is stirred vigorously to form a homogeneous solution
and then heated under reux at 180 �C for 16 h. On cooling, the
black magnetic nanoparticles are magnetically separated and
washed alternately with distilled water and ethanol and dried in
a vacuum oven at 80 �C for 8 h73

Fabrication of CuBTC pellets. The objective behind the
shaping of MOFs is to pack maximum amounts of adsorbents in
the storage tank compactly, to increase the amount of gas stored
per unit volume. For practical applications, shaping MOFs is
favourable. Still, the shaping technique should not adversely
affect the stability and or adsorption capacity of the MOFs, and
it should be feasible for large scale productions too. The most
common shaping technique, pelletising, can be achieved by
either applying a certain amount of pressure on the powdered
MOFs to shape them into pellets or by mixing the MOF powder
with specic binders (typically, polyvinyl alcohol (PVA)) and
solvent to make a paste that can be further extruded into
pellets.55,72,74 The Cu-BTC/MgFe2O4 MFCs were pelletised by
extruding a paste made using measured quantities of CuBTC
MOF, binder, and MgFe2O4 nanoparticles, through a 5 mL
syringe. The extruded MFC noodles were cut into 8–10 mm
pellets and allowed to dry in ambient air before drying them in
a vacuum oven at 140 �C for 24 h. To select an MFC having an
optimal balance between adsorption capacities, heating
RSC Adv., 2020, 10, 40960–40968 | 40961
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abilities, and structural stability, different MFCs with varying
binder concentrations (1, 2, 3, 4 wt%) and varying magnetic
content (1, 2, 3, 4 wt% of MgFe2O4 nanoparticles) were fabri-
cated and investigated for their surface area and oxygen
adsorption properties.
2.2 Characterisation of materials

The samples were characterised using X-ray Powder Diffraction
(XRD), Scanning Electron Microscopy (SEM), Energy Dispersive
Spectroscopy (EDS) and thermogravimetric analysis (TGA). Fourier-
Transform Infrared (FTIR) spectra for all samples were collected
using a Thermo Scientic NICOLET 6700 FT-IR. XRD measure-
ments analysed the crystal structure of the samples on a D8
ADVANCE Eco X-ray powder diffractometer with a Co Ka radiation
source of 1.79�A with a scan rate of 0.05 s per step at 40 kV and 25
mA. JOEL 7001F Scanning Electron Microscope was used for the
morphological size-shape study of all the samples. The surface
area measurements were carried out using Micromeritics ASAP
2420 instruments, and the oxygen adsorption studies were carried
out on a 3Flex surface and catalyst characterisation instrument.
For the triggered release experiments, the 3Flex was paired with
a radio frequency power supply induction machine (EASY HEAT
0224–Ambrell) operated at 269 kHz with an 8 turns heating coil of
2.5 cm diameter and 4 cm in length.
Fig. 1 (a) The powder diffraction pattern of bare CuBTC MOF,
MgFe2O4 nanoparticles, CuBTC–MgFe2O4 composite with 1 wt%,
2 wt%, 3 wt%magnetic content., and SEM images of (b) bare CuBTC (c)
the MgFe2O4 nanoparticles (d) bare CuBTC (e) 3 wt% CuBTC–
MgFe2O4 composite.
3. Results and discussion

Fig. 1a presents the diffraction patterns of the synthesized
powdered CuBTC MOF, the magnetic nanoparticles, and the
MFCs fabricated with 1 wt%, 2 wt%, and 3 wt%, MgFe2O4

nanoparticles. The diffraction peaks from the synthesized
CuBTC sample corresponds to the face centre cubic (FCC)
CuBTC structure, which matches well with the peaks of the
simulated CuBTC (Fig. S1a†). The clear, distinct sharp peaks
conrm the excellent crystallinity of the sample. Due to their
low concentrations, peaks corresponding to the magnetic
nanoparticles are not visible in the composite XRD. The
morphology of the bare CuBTC and composite was investigated
with Scanning Electron Microscopy (SEM) analysis. SEM
micrographs presented in Fig. 1b and d reveal octahedral sha-
ped CuBTC particles with an average particle size of about 5 mm.
Fig. 1c shows a uniform, spherical morphology for MgFe2O4

nanoparticles with a diameter of 150–170 nm. The nano-
particles were used to fabricate the MFCs by varying their
concentrations during the pelletization process. Fig. 1e is
a micrograph of the MFC with 3 wt%, MgFe2O4 nanoparticles,
which reveals the magnetic nanoparticles rmly bound to the
surfaces of theMOF particles and Fig. S2c–e† show its elemental
distribution. The XRD analysis of the synthesized MgFe2O4

nanoparticles (Fig. S2a†) shows the diffraction peaks of planes
(2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0), for a cubic spinel
MgFe2O4 phase, that matches the standard powder diffraction
data (ICSD #00-036-0398) of the MgFe2O4 phase from litera-
ture73 with a calculated mean crystallite size of 20.2 nm.

Vibrating sample magnetometer (RIKEN DENSHI VSM) was
used to study the response of MgFe2O4 nanoparticles to an
40962 | RSC Adv., 2020, 10, 40960–40968
applied magnetic eld. When exposed to an applied magnetic
eld, the magnetization (M) of the MgFe2O4 nanoparticles
increases with an increase in themagnetic eld until it becomes
saturated at 70 emu g�1 (Fig. S3a†). The Curie temperature (TC)
of the MgFe2O4 nanoparticles, dened as the temperatures
above which the ferrimagnetic nanoparticles become para-
magnetic,12,75–78 was evaluated through thermo-magneto gravi-
metric analysis (TMGA) (Fig. S4†). This was estimated to be
566 �C. This agrees with TC values reported in the literature for
MgFe2O4.59,66,69 Specic adsorption rate, SAR, is a parameter
used in estimating the magnitude of the heating effect gener-
ated by magnetic nanoparticles when exposed to an alternating
current magnetic eld.11,59,66,69 The SAR is a valuable parameter
that can be used to estimate the rate of conversion of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Water vapour adsorption isotherms of CuBTC MOF and 3 wt%
CuBTC–MgFe2O4 composite pellets measured at 298 K.
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magnetic eld to thermal energy. A high SAR implies rapid
heating, with SAR of the synthesized MgFe2O4 nanoparticles
calculated to be 130 W g�1 under an applied eld of 25 mT.

For gas adsorption measurements, the CuBTC samples were
activated at 140 �C for 24 h, and the N2 adsorption isotherms
obtained at 77 K show a type I adsorption that is typically
observed in microporous solids. The calculated Brunauer–
Emmett–Teller (BET) surface areas of the bare CuBTC MOF and
MFCs are summarized in Fig. S5a and Table S1.† The BET surface
area of the bare CuBTC MOF was 1495 m2 g�1, and upon addition
of 1 wt% binder, a drop of 17% in surface area was noticed. This
loss in surface area can be attributed to the process of pelletising
where the binders, which are essential to enable cohesion and
densication of the MOFs, cause partial blockage of some pores in
the MOF resulting in lower surface areas and pore volumes.79

Based on such effects of different binder concentrations and
varying magnetic contents on the surface area properties of the
MFC, the Cu-BTC/MgFe2O4 composites with 3 wt% binder
concentration and 3 wt% MgFe2O4 nanoparticles were selected
and fabricated for all experiments.

To evaluate the potential of these Cu-BTC/MgFe2O4 MFCs for
room temperature oxygen storage applications, it is crucial to
establish their moisture stability in ambient atmospheric
conditions.80 Water adsorption experiments were conducted to
test the water stability of the MFCs using Micromeritics 3Flex
gas sorption analyser for the range (P/Po ¼ 0.001–0.9) at 298 K.
Prior to the vapour adsorptionmeasurements, the CuBTC samples
were activated at 140 �C for 12 h. The initial steep slope (0.001–0.2),
the intermediate shallow plateau (0.2–0.7) and the last steep slope
(0.7–0.9) of the water adsorption isotherm are all indicative of the
strong interactions between the water molecules and the copper
centres from the initial adsorption in the CuBTC cages to the nal
micropore lling of the side pockets. The water vapour adsorption
capacity of 28.4 mmol g�1 of the CuBTC MOF matches well with
the results reported in the literature.50 The water vapour adsorp-
tion capacity of the 3 wt% CuBTC–MgFe2O4 composite pellets was
found to be 28.9mmol g�1. Post water adsorption experiments, the
structural stability of the MOF and MFC were analysed by powder
X-ray diffraction (PXRD), and thematching XRD peak intensities of
the activated samples and the hydrated samples conrm the
structural stability (Fig. S6† and 2).
Fig. 3 Oxygen adsorption isotherms of CuBTCMOFmeasured at 204,
273, and 298 K.
3.1 Oxygen adsorption

To evaluate the oxygen adsorption properties of the CuBTC
pellets, single-component oxygen adsorption measurements
were carried out at 204, 273, and 298 K (pressures loadings
between 0 to 1 bar), on 80 mg of activated CuBTC pellets. The
adsorption temperatures of 204, 273, and 298 K were stabilized
using acetone and dry-ice bath, ice bath, and water bath,
respectively. The results from the oxygen adsorption at these
three temperatures reveal that at 204 K, the pellets displayed the
highest adsorption capacity of 3.5 mmol g�1 of oxygen, followed
by 0.45 mmol g�1 oxygen at 273 K and 0.34 mmol g�1 of oxygen
was adsorbed at 298 K (Fig. 3). In CuBTC MOF,13 the dimeric
copper-tetracarboxylic unit of Cu–Cu (2.628 �A) acts as a centre
and is connected by four oxygen atoms from the
This journal is © The Royal Society of Chemistry 2020
benzenetricarboxylate (BTC) linkers and water molecules.81–84

The interconnected Cu(II) paddlewheel unit and tridentate BTC
linkers form a three-dimensional octahedral structure with
square-shaped main channels of 9 � 9 �A and tetrahedral units
of 5 �A openings that are connected to the main channels by
triangular pockets of 3.5�A. The isosteric heat of adsorption, Qst,
reveals the extent of interaction between the adsorbed mole-
cules and the adsorbate under constant loading conditions and
here these interactions are primarily dependant on the reac-
tions at the exposed cationic Cu2+ sites and adsorption at the
windows sites of the octahedral CuBTC cage is calculated to be
�15.3 kJ mol�1. This near-constant Qst curve of oxygen was
plotted using the adsorption datameasured at 204, 273, and 298
K (Fig. S8b†) and shows that irrespective of the loading condi-
tions the binding energies remain constant.

To study the reversibility and reusability of the MFC pellets
aer their interactions with oxygen at room temperature, cyclic
RSC Adv., 2020, 10, 40960–40968 | 40963
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studies were carried out on the same sample. Between every
oxygen adsorption cycle, they were regenerated at 140 �C for
12 h. As observed from Fig. 4, over twenty continuous cycles, the
MFC pellets displayed a consistent oxygen adsorption capacity.
They did not show any signs of material degradation even aer
the 20th cycle, which was later conrmed by PXRD (Fig. S10†).
Thermal stabilities and decomposition temperatures of the
samples were also studied by thermal gravimetric analysis
(TGA) using weighed samples that were heated from 25 �C to
800 �C at a heating rate of 10 �C min�1 (Fig. S7a†).
3.2 Desorption of oxygen using MISA

Magnetic induction swing adsorption is an innovative tech-
nology that harnesses the heating abilities of magnetic nano-
particles to trigger the release of stored gas molecules from the
framework in energy-efficient ways. The adsorption potential of
the MOFs and the heating abilities of the magnetic nano-
particles are combined to develop the MFCs. This is to enable
efficient heat transfer in the MOF by overcoming their low
thermal conductivities. It is achieved using ferrimagnetic
nanoparticles capable of remote, targeted, and localized heat
generation capabilities upon exposure to a magnetic eld.60,85,86

The heat generation in the nanoparticles is a result of hysteresis
observed in the plot of magnetisation vs. the applied eld when
the ferrimagnets are exposed to an alternating current magnetic
eld. An irreversible magnetisation–demagnetisation process is
induced with the magnitude of the heat generated equivalent to
the area within the hysteresis loop.69,87,88 Consequently, in
MFCs, this rapid and localized heat generation leads to insta-
bility in the guest–host bond of the adsorbed gas and the
framework that triggers the release of the gas molecules. The
selection of the MOF, the ratio of magnetic nanoparticles, and
the strength of the applied magnetic eld are essential features
of the MISA process. The heat generation capability of the MFCs
was measured by recording their temperature rise prole while
Fig. 4 Twenty oxygen adsorption–desorption cycles on the 3 wt%
CuBTC–MgFe2O4 composite pellets at 298 K with the error bars
representing �0.02 standard deviation per cycle.

40964 | RSC Adv., 2020, 10, 40960–40968
exposing them to different magnetic eld strengths. While
studying the 3 wt% Cu-BTC/MgFe2O4 MFCs, it was noted that
on application of 25 mT magnetic eld, from the initial
temperatures of 25 �C, the pellets attained a maximum
temperature rise of 78 �C, with 31 mT magnetic eld the
temperature reached was 86 �C and with 33 mT, the MFCs
reached a temperature of 92 �C (Fig. S4d†).

The oxygen adsorption isotherms were collected using
a Micro metrics 3Flex gas sorption analyser at pre-set equili-
bration times, allowing enough time for the system to equili-
brate at each pressure point, and the targeted pressures for
desorption were set at 200, 400, 600, 800, and 1000 mbar. The
experiment was designed to alternate between adsorption and
desorption phases continuously, with minimal activation and
degassing taking place between each cycle. The desorption was
induced with an EASY HEAT Ambrell induction machine
(Fig. S9†) to trigger the remote, rapid, and localised heating
enabling the complete release of the adsorbed oxygen at the
desired pressure. Typically, the 3Flex experiment program is
run to adsorb oxygen from 0.1 mbar to 1200 mbar. The experi-
ment is monitored, and at 200 mbar pressure range, the remote
magnetic heating is activated to trigger the release of the
adsorbed oxygen molecules. The process is repeated at 400, 600,
800, and 1000 mbar. For the 3 wt% MFC, a magnetic eld of 31
mT was applied, and at 188 mbar, a 100% release of the
0.06 mmol g�1 of adsorbed oxygen was released in 5 minutes.
Once complete desorption was achieved, the applied magnetic
eld was switched off to stop the remote heating process,
thereby allowing the MFC to resume the adsorption of oxygen.
The MFC pellets showed a similar uptake performance relative
to the bare MOF. The triggered release of the MFC was repeated
at 400 mbar (0.12 mmol g�1), 600 mbar (0.17 mmol g�1), 800
mbar (0.22 mmol g�1), and 1000 mbar (0.26 mmol g�1) and
achieved 100% release of oxygen molecules within 5 min time
except for the 1000–1200 mbar range where it took 8–9 min for
the adsorption–desorption–adsorption cycle to nish (Fig. 5).
Fig. 5 Oxygen adsorption isotherm of 3 wt% CuBTC–MgFe2O4

composite pellets at 298 K and the magnetically triggered desorption
at 200, 400, 600, 800, and 1000 mbar.

This journal is © The Royal Society of Chemistry 2020
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To investigate the post-MISA stability of the MFC, its regener-
ation, and adsorption capacities of the MFC pellets, they were
activated at 140 �C for 6 h aer each triggered release experi-
ment, and aer twenty MISA cycles (Fig. 4), the XRD results
corroborate their structural stability(Fig. S10†).

To evaluate regeneration capability and the cyclic perfor-
mance of the composite pellets over multiple closed MISA
cycles, upon achieving the maximum oxygen uptake of
0.34 mmol g�1 at 1140 mbar, the pellets were reactivated for 10
minutes by remote magnetic heating at 33 mT (92 �C) and
simultaneously evacuating the sample from 1200–0 mbar. Fig. 6
presents the results of three continuous closed MISA cycles on
the 3Flex with a sample pressure of 0.007 mbar achieved when
the magnetic heating and vacuum activation steps were
combined. Upon switching off the magnetic eld, oxygen
adsorption and MISA-based desorption second cycle continued
precisely like the rst cycle at 200, 400, 600, 800, and 1000 mbar
and 31mT (86 �C) appliedmagnetic eld. The results from three
continuous adsorptions and MISA regeneration of the MFCs
revealed that the oxygen adsorption capacity of the composite
pellets was not adversely affected by the heat from the nano-
particles and each desorption cycle achieved a consistent result
of complete desorption of bound oxygen molecules.

To highlight the easy accessibility of oxygen at any targeted
pressures and to signify the versatility of the MISA process in
regenerating the MFC aer every adsorption cycle, we ran
a closed MISA adsorption–desorption–regeneration cyclic run
across all pressures. This experiment was planned to alternate
between adsorption, desorption, and regeneration between
each cycle. The experiment was conducted with the usual
oxygen adsorption by theMFCs, that was followed by desorption
at 200 mbar using a magnetic eld of 31 mT (86 �C), and the
200–0 mbar regeneration was achieved within 6 min by the
magnetic heating from 33 mT (92 �C) magnetic eld and evac-
uation from the system. Once 0 mbar pressure was reached, the
MFC resumed its oxygen adsorption until the desorption and
Fig. 6 Oxygen adsorption isotherm of 3 wt% CuBTC–MgFe2O4

composite at 298 K and three continuous desorption cycles of oxygen
at 200, 400, 600, 800, and 1000 mbar.

This journal is © The Royal Society of Chemistry 2020
regeneration steps were activated again at 400, 600, 800, and
1000 mbar pressures. The regeneration times varied between 6–
10 minutes with 200–0 mbar reached in 6 minutes, whereas it
took 10 minutes for the 1200–0 mbar step. The 140 �C for 12 h
heating plus vacuum reactivation step was replaced with 10
minutes, and 33 mT (92 �C) applied eld at the end of each
pressure point (downward-facing arrows at 1, 2, 3, 4 and 5 in
Fig. 7). The success of this new adsorbent regeneration method
can be validated by the consistent oxygen adsorption capacities
shown by the composite in consecutive cycles.
3.3 Regeneration energy

For efficient and economic adsorption-based separations, the
adsorbent selection is primarily governed by its selectivity,
adsorption capabilities, regeneration ability, and stability. The
regeneration energy is the energy utilized by the adsorbent to
undo the adsorption process. It depends on the heat of
adsorption, specic heat capacity, and working capacity of the
adsorbents. It is directly proportional to the heat of adsorption
because strong interaction between the adsorbent and adsor-
bate results in a higher heat of adsorption and consequently
higher regeneration energy would be required to overcome this
strong interaction89 leading to a high energy penalty.11,89,90

Furthermore, MOFs are generally known to be thermal insula-
tors and require high temperatures to trigger the release of
adsorbed species. The remote, localised and targeted heating
nature of the MISA process makes it most suitable for oxygen
capture and storage applications while minimising the energy
penalty required to operate the process.11,59,60,91

Fig. 8 depicts the regeneration energy requirements with
varying magnetic elds of 25 mT, 31 mT, and 33 mT. Stronger
interactions between the adsorbed molecules and the frame-
work at low pressures require higher regeneration energies for
Fig. 7 The performance of 3 wt% CuBTC–MgFe2O4 composite at 298
K in a closed MISA cyclic adsorption–desorption–regeneration
process with the combined vacuum and magnetic heating triggered
desorption at 200, 400, 600, 800 and 1000mbar and the regeneration
from 200–0 mbar (1), 400–0 mbar (2), 600–0 mbar (3), 800–0 mbar
(4) and 1000–0 mbar (5).

RSC Adv., 2020, 10, 40960–40968 | 40965
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Fig. 8 Regeneration energy as a function of varying magnetic fields of
25 mT, 31 mT, and 33 mT used to trigger desorption of oxygen from
the 3 wt% CuBTC–MgFe2O4 MFCs.
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desorption at 200 mbar. Energy requirements by the MISA
process were evaluated for two different masses of the MFC
pellets. When 0.3 g and 0.6 g of the 3 wt% MFC pellets were
exposed to a magnetic eld of 31 mT; the MFC pellets experi-
enced a temperature rise of 86 �C and the energy utilized for the
regeneration of 0.26 mmol g�1 of oxygen adsorbed at 1000 mbar
was calculated to be 5.1 MJ kgO2

�1 for 0.3 g weight sample and
5.6 MJ kgO2

�1 for 0.6 g sample (Fig. S11b†).
Additionally, the energy used to drive the magnetic induc-

tion heating in the MISA process was determined by monitoring
the electrical power consumption of the EASY HEAT Ambrell
induction machine. A power meter connected to the machine
estimated the power consumption when the MFC is in and out
of the magnetic eld at 25 mT, 31 mT, and 33 mT. For the 0.6 g
of the MFC pellets, the energy consumed to regenerate the
pellets at 1000 mbar was calculated from the power (W)
consumed by the induction unit, the time (s) it took to release
the adsorbed molecules and the mass (g) of the released
molecules (Table S3†). Despite the relatively high regeneration
energy requirement of the MFC pellets, the energy input to the
induction system was calculated to be 0.15 kW h kgO2

�1 (Table
S2†) highlighting a lower energy requirement when compared
to conventional cryogenic oxygen producing systems where
energy requirement of 0.3–0.35 kW h kgO2

�1 has been
reported.92
4. Conclusions

MOFs are known to be thermally insulating, and this can be
overcome by utilizing the rapid, localized, and easily control-
lable magnetic induction heating effect. MISA is a technology
that can be harnessed to achieve an efficient process for on-
demand oxygen delivery. Particularly, miniaturized oxygen
concentrators can be engineered with MFCs for room temper-
ature oxygen storage and on-demand supply of oxygen. The
40966 | RSC Adv., 2020, 10, 40960–40968
results demonstrate the versatility and potential of the MISA
process in exploiting a readily available MOF incorporated with
magnetic nanoparticles for safe storage and on-demand release
of oxygen at ambient conditions. Here, the powdered CuBTC
MOF was transformed into CuBTC–MgFe2O4 MFCs by mixing
them with different amounts of MgFe2O4 nanoparticles and
pelletising them with the help of a binder. To understand the
purity and properties of the synthesized CuBTC MOF, MgFe2O4

nanoparticles, and the fabricated CuBTC–MgFe2O4 MFCs, they
were analysed using different characterisation techniques and
depending on the outcome the pellets with 3 wt% magnetic
content were selected for further oxygen studies. These pellets
showed an adsorption capacity of 0.3 mmol g�1 at 1 bar pres-
sure at 298 K. When they were exposed to a magnetic eld of 31
mT at 269 kHz; the MgFe2O4 nanoparticles attained a tempera-
ture rise to 86 �C causing full desorption of the oxygen mole-
cules. The composite exhibited good thermal stability and
excellent cyclability by maintaining its adsorption properties
over three continuous adsorption–desorption cycles. Oxygen
storage and supply using ambient temperature processes can be
made simpler, efficient, safer, and considerably less complex
using cyclable MOFs. This, accompanied by the energy-efficient
MISA process, can revolutionize the safe storage, handling,
transport, and on-demand supply of oxygen.
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Microporous Mesoporous Mater., 2012, 157, 62–74.

43 M. Thorseth, C. Tornow, E. Tse and A. Gewirth, Coord. Chem.
Rev., 2013, 257, 130–139.

44 S. Gonen and L. Elbaz, Curr. Opin. Electrochem., 2018, 9, 179–
188.

45 S. Gonen, O. Lori, G. Cohen-Taguri and L. Elbaz, Nanoscale,
2018, 10, 9634–9641.

46 X. F. Lu, B. Y. Xia, S.-Q. Zang and X. W. Lou, Angew. Chem.,
Int. Ed., 2020, 59, 4634–4650.

47 M. Jiang, L. Li, D. Zhu, H. Zhang and X. Zhao, J. Mater. Chem.
A, 2014, 2, 5323–5329.

48 A. I. Skoulidas, J. Am. Chem. Soc., 2004, 126, 1356–1357.
49 J. Liu, Y. Wang, A. I. Benin, P. Jakubczak, R. R. Willis and

M. D. LeVan, Langmuir, 2010, 26, 14301–14307.
50 N. Al-Janabi, P. Hill, L. Torrente-Murciano, A. Garforth,

P. Gorgojo, F. Siperstein and X. Fan, Chem. Eng. J., 2015,
281, 669–677.

51 B. Sun, S. Kayal and A. Chakraborty, Energy, 2014, 76, 419–
427.

52 J. J. Gutiérrez-Sevillano, J. M. Vicent-Luna, D. Dubbeldam
and S. Calero, J. Phys. Chem. C, 2013, 117, 11357–11366.

53 Q. Yang, C. Xue, C. Zhong and J. F. Chen, AIChE J., 2007, 53,
2832–2840.

54 Z. Hulvey, K. V. Lawler, Z. Qiao, J. Zhou, D. Fairen-Jimenez,
R. Q. Snurr, S. V. Ushakov, A. Navrotsky, C. M. Brown and
P. M. Forster, J. Phys. Chem. C, 2013, 117, 20116–20126.

55 M. Rubio-Martinez, M. P. Batten, A. Polyzos, K.-C. Carey,
J. I. Mardel, K.-S. Lim and M. R. Hill, Sci. Rep., 2014, 4, 5443.

56 Z. Liang, M. Marshall and A. L. Chaffee, Energy Fuels, 2009,
23, 2785–2789.

57 N. A. Travlou, K. Singh, E. Rodŕıguez-Castellón and
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