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Introduction

Underlying potential evaluation of the real-process
applications of magnetic porous liquidsT

Hamidreza Mahdavi, @2 Muhammad M. Sadig, 2 Stefan J. D. Smith,*?°
Xavier Mulet*® and Matthew R. Hill & *a®

Itis possible to engineer permanent pores into a liquid instead of transient intermolecular pores found in all
liquids, and thereby design and form porous liquids (PLs). A combination of porosity and fluidity has
garnered attention in recent years due to its exceptional physicochemical properties. In the years since
the concept was introduced in 2007 and the first examples demonstrated in 2015, significant advances
have been made in all three types of PLs. As a result of these advances, researchers now understand
their structure and properties better, and interesting improvements in gas uptake and molecular
separation have been made. Recently, Type Il PLs have attracted attention as low-loss materials for
continuous CO, capture that can be adapted to industrial applications and are easy to synthesise and
create from a wide variety of MOFs and solvents, with possibilities of creating stable PLs through
different MOF modification methods. In spite of these advances, the regeneration and reusability of PLs
have not been thoroughly investigated. This work aims to systematically explore the possibilities of
implementing PLs in real-process applications using magnetic framework composites (MFCs) as
porogens with the aid of a compatible non-penetrating solvent. This provided insights into the static and
dynamic sorption and desorption breakthrough isotherms and cyclic sorption and desorption properties.
The MFCs (MgFe,O4@ZIF-62) with different concentrations of magnetic nanoparticles (1-6 wt% of
magnetic nanoparticles to ZIF-62 mass) were combined with a compatible non-penetrating solvent to
create magnetic porous liquids (MPLs). By using MFC triggering in PLs, it has been demonstrated using 3
cycles that gases can be reversibly captured and released. In this way, these nanoheaters overcome the
thermal insulation property of porogens in Type lll PLs. Therefore, the amount of CO, released during
three sorption—desorption cycles remained relatively constant. MPL's regeneration energies for 3 cycles
were among the lowest observed for any adsorbent. The MPL's low energy consumption and high
productivity across 3 cycles exceed those of any previously reported adsorbent. These findings
demonstrate the amazing cyclic sorption and desorption properties of the MPL's triggering release of the
captured CO,, which have numerous potential applications in gas separation.

that combine both porosity and fluidity have gained attention
for continuous carbon dioxide capture due to their exceptional

The last decade has seen a growing interest in low-cost carbon
capture to tackle greenhouse gas emissions." Carbon dioxide
(CO,) can be captured using various methods, such as
membrane processes,” physical absorption,® porous material
adsorption,* chemical absorption,® and hydrate carbon capture
processes.® However, these processes have limitations, such as
corrosion of equipment, high regeneration energy costs, low
capacity, and requirements for high temperatures and pres-
sures during operation.” In recent years, porous liquids (PLs)
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physicochemical properties.® Based on the structure and
composition of the porogen, PLs fall into three categories: Type
I PLs consist of a single molecule with permanent pores; PLs of
Type II contain a dissolved porogen in excluded solvents; and
Type III PLs are porogens dispersed in a solvent that prevents
the solvent from occupying the pores.®™*> However, Type III PLs
have recently attracted attention as a low-loss approach for
continuous CO, capture that might be most applicable to
industrial applications.*

Type I1I PLs can be made from a variety of porogen materials,
such as metal-organic frameworks (MOFs), zeolites, porous
carbon, silica nanoparticles, metal-organic polyhedra (MOPs),
and covalent organic frameworks (COFs)."*?° Porogens are
primarily selected because their cavity windows are large
enough to allow guest species to enter but too small for solvent

This journal is © The Royal Society of Chemistry 2023
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molecules to reach.”"?* MOF structures have become the most
widely used porogens in the formation of PLs because of their
molecular-sized pores and a high degree of tunability.”® As
a subset of MOFs, Zeolitic Imidazolium Frameworks (ZIFs) are
suitable potential candidates for use in PLs due to their small
pore window, allowing the use of a broader range of solvents.**
Solvents are also primarily selected for their non-penetrative
properties with large molecular dimensions, incompatible
shapes, suitable physical properties, and high scalability.>*?*®
Solvents with large molecular dimensions are thus used to
reduce the chances of the solvent penetrating through porous
hosts, such as hydrocarbons, ionic liquid, liquid polymers,
etc.”*”° Hydrocarbon solvents with specific physical proper-
ties, like low volatility and viscosity, can be used in PLs.?*>?"%

Although PLs are promising materials for CO, capture, the
amount of energy required to regenerate the adsorbent/absor-
bent is one of the biggest obstacles to widespread use in
industrial settings.>*** This issue may be addressed by a pene-
trating method that triggers the release of captured CO, from
large quantities of PLs. As a result, it is imperative to engineer
a PL to release the captured CO, after it absorbs the energy.*
Some methods promote gas release from PLs such as chemical
methods by inserting antagonistic guests such as chloroform or
applying external stimuli methods such as ultrasonication. The
chemical method is deemed unappealing for practical appli-
cations, primarily due to its irreversibility, unless the antago-
nistic guest is subsequently removed. On the other hand, the
ultrasonication method is not as efficient as the addition of
antagonistic guests. Moreover, they are not yet scalable or cost-
effective.’”?® Besides, pressure-swing or temperature-swing
methods are also highly energy intensive.*** Of course, it is
possible to reduce the utilised energy by new approaches such
as solar-radiation-induced adsorption/desorption systems
which prove to be useful in MOF regeneration. However, the
system's efficacy can be limited by the availability of sunlight
and practicality in the liquid phase.*® Furthermore, the latest
advancements in PL regeneration provide evidence supporting
the possibility of employing other external stimuli, such as light
responsiveness. This method can be subject to light absorption
by the liquid, limited passage of light within the liquid, and the
possibility of photodegradation of the liquid and/or the
MOFs.*»* Other external stimuli that have been recently
applied to promote PL regeneration include shearing and
heating. The efficacy of this method can be constrained by its
sensitivity to fluctuations under environmental conditions, as
well as concerns regarding its resilience over time.** Moreover,
it was also discovered that more penetrating forms of radiation
are preferred, as the light cannot be easily scaled.* Therefore,
using different extrinsic species to prepare composites can be
an effective way to give MOFs additional functionalities.*>*® As
one of the composites prepared with nanoparticles, magnetic
framework composites (MFCs) respond efficiently to external
stimuli due to their interaction with an external magnetic
field.**® Therefore, it is important to investigate the possibili-
ties of creating PLs with MFCs.

This work focuses on creating magnetic porous liquids
(MPLs) using MFCs and a non-penetrating solvent for the first
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time. MFCs with different concentrations of magnetic nano-
particles (1 wt%, 3 wt% and 6 wt% of magnetic nanoparticles to
ZIF-62 mass) and 1,3,5-triisopropylbenzene (TPB) have been
used to study the possibility of MPL formation and then the
impact of magnetic nanoparticle concentration on sorption and
desorption characteristics. ZIF-62 not only forms a stable PL
with TPB, but its synthesis procedure also makes it easily
adjustable to incorporate magnetic nanoparticles. ZIF-62 is also
a stable and long-lasting choice throughout the magnetic
induction swing adsorption process due to its strong thermal
and chemical stability. After exposure to extended solvents, the
tested MFCs were recovered to confirm that they were not
affected. Furthermore, high-pressure (10 bar) gas sorption
measurements of solvent were taken and compared to corre-
sponding MFC-solvent combinations (10 wt% of MFC to
solvent) to measure porosity. The findings indicated that MPLs
could be used in CO, gas scrubbing applications due to their
amazing cyclic sorption and desorption properties.

Experimental

The nano-sized MFCs (MgFe,0,@ZIF-62) containing different
amounts of magnetic nanoparticles (1 wt%, 3 wt% and 6 wt% of
magnetic nanoparticles to ZIF-62 mass) were synthesised as
porogens (Fig. 1, see ESI Section S27 for details). The synthesis
was confirmed to have succeeded by using Fourier-transform
infrared spectroscopy (FTIR), powder X-ray diffraction (PXRD),
thermogravimetric analysis (TGA), low-pressure gas sorption,
scanning electron microscopy (SEM), vibrating sample magne-
tometer (VSM), inductively coupled plasma (ICP), X-ray photo-
electron spectroscopy (XPS), and solid-state nuclear magnetic
resonance (13C NMR). Besides, TPB (Bp: 232-236 °C) was also
selected as a solvent because of its physicochemical properties
(Table S1f). The porogens were added to the solvent at
a concentration of 1 wt%, 2.5 wt%, 5 wt%, and 10 wt% and
sonicated to form an initial dispersion. Fig. S3 and S4} provide
more details regarding the solvents used and the preparation of
the MFC-solvent combinations, respectively. The MFC-solvent
combinations were evaluated as liquid adsorbents and
compared based on viscosity, density, high-pressure gas sorp-
tion, and static and dynamic gas sorption and desorption. MFCs
from the 10 wt% MFC-solvent combination were recovered via
solvent exchange with methanol, centrifugation, washing in
triplicate, and overnight vacuum drying at 100 °C. Following the
recovery of the MFCs, they were characterised and compared to
as-synthesised MFCs based on their chemical bonding, crystal
structure, thermal stability, magnetic properties, magnetic

Zn(NOs),.6H,0

MgFe,0,

MEFC synthesis

MgFe,0,@ZIF-62

Fig. 1 Images of nano-sized ZIF-62, and MFC derivative.
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nanoparticle content, binding energy and elemental composi-
tion, chemical structure, surface area, pore size, and
morphology. For clarity, this manuscript follows the naming
convention of ‘magnetic nanoparticle concentration in MFC%
MgFe204@ZIF'62MFC concentration in solvent%'sowent’y [e-g-: 1%
MgFe,0,@ZIF-6214,-TPB) for the prepared liquids, while ZIFs
recovered from combinations are denoted as ‘magnetic nano-
particle concentration in MFC% MgFe,0,@ZIF-62gx-solvent’
(e.g.: 1% MgFe,0,@ZIF-62px.1pp)-

Results and discussion
MFC and recovered MFC characterisation

The MFCs were recovered from the solvent to study the effects of
solvent exposure using the same techniques (detailed infor-
mation is provided in ESI Fig. S5-S131). Based on FTIR spectra,
it can be concluded that the structural group was retained in the
MFCs, and recovered MFCs. It has also been confirmed through
XRD patterns and TGA results, respectively, that MFCs and
recovered MFCs retained their crystal structures and thermal
stabilities. The combination of magnetic nanoparticles in ZIF-
62 led to a decrease in surface area, maximum N, adsorption
capacity and a slight increase in pore sizes in the MFCs. The
recovered MFCs showed a small reduction in surface area,
maximum N, adsorption capacity, and the number of pores.
According to the SEM images, the morphology of MFCs and
recovered MFCs mostly remained unchanged. However, it was
observed that the magnetic nanoparticles surrounding MFCs
were lost. This phenomenon may be explained by the fact that to
recover the MFCs from TPB, the intermolecular bonds between
them need to be broken, which results in the pores collapsing.
Furthermore, MFC pores may not respond well to solvent
removal and may collapse due to the drying conditions used to
recover the MFCs. The VSM and ICP analysis results confirm the
magnetic properties of MFCs and recovered MFCs and
remaining magnetic nanoparticles incorporated into the
structure. A slight reduction in the magnetic properties has
been observed due to the loss of magnetic nanoparticles
surrounding MFCs, agreeing with what was observed in SEM
images. XPS and *C NMR results indicate that the binding
energies and chemical structure in the MFCs and recovered
MFCs were almost unchanged. However, since XPS is a surface
analysis technique, the elemental composition significantly
reduces. This is due to the loss of magnetic nanoparticles
surrounding MFCs.

Mechanistic insights to design

The wide range of MOFs and solvents, combined with various
modification methods, has led to a large number of well-defined
MOF-based PL formulations. However, a significant concern for
their widespread use in industrial settings is the high energy
required to regenerate the adsorbent and absorbent compo-
nents of PLs. The challenge of high regeneration energy
demands must be overcome for processable PLs with acceptable
viscosity, open porosity with good capacities, and guest solu-
bility kinetics. Magnetic composites

framework were
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investigated to establish whether or not MFC-based PL forma-
tion was possible and then to determine the parametric space
where functional PLs can be utilised in real-world applications.
Future research on PLs could benefit significantly from this
study's findings.

Viscosity

The viscosity measures friction within the liquid, which pres-
ents resistance to its flow. Thus, PL's viscosity is an essential
factor in liquid handling settings. MFCs act as obstacles that
cause higher friction in the solvent, making the MFC-solvent
combinations less likely to flow freely and increasing their
resistance. As a result, liquid dispersions have higher viscosities
than pure solvents as shown in Fig. 2 (Fig. S9, and Table S67).
However, even with the increased viscosity of the MFC-solvent
combinations, their viscosities are still low enough (less than
0.2797 cP) to allow them to be utilised in typical pumps for
industry. A high degree of compatibility between MFCs and
solvent can explain this result.

Density

The density is the mass ratio to volume or mass per unit
volume. A PL's density is essentially a measure of how much
mass exists in a volume, decreasing when more space is intro-
duced. The lower measured density than predicted implies that
the MFC-solvent combinations have a greater porosity level
than the associated solvent. A comparison of the measured and
predicted densities can be seen in Fig. 2 (more information is in
Fig. 510, and Table S77). Although the measured and predicted
values seem similar, measurements are below the confidence
interval for the predictions, indicating permanent porosity and
preventing solvent penetration into the pores of the MFCs. A
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Fig. 2 Measured viscosity, ideal and measured densities of ZIF-621-
TPB as control, and MPLs with 10% MFCs containing different
magnetic nanoparticle concentrations (1 wt%, 3 wt% and 6 wt% of
magnetic nanoparticles to ZIF-62 mass) compared to the solvent (the
order of standard deviation values is <5%).
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significant difference in behaviour was not found between the
MFC-solvent combinations.

High-pressure gas sorption

High-pressure gas sorption can be a useful tool for determining
the properties of microporous materials used for gas separa-
tion. PLs' permanent porosity can improve their sorption
capabilities by providing additional free volume. As presented
in Fig. 3 (more information is in Fig. S11}), the CO, adsorption
of TPB and ZIF-6200,-TPB at 2 bar was 0.58 mmol g ' and 0.85
mmol g, respectively. These observations agree well with the
presence of additional free volume. Furthermore, (1%, 3% and
6% MgFe,0,@ZIF-62)190,-TPB MPLs have also demonstrated
high adsorption capacities compared to the solvent (0.62 mmol
g~',0.74 mmol g, and 0.81 mmol g™, respectively). Although
MFCs with increasing concentrations of magnetic nanoparticles
will have lower adsorption capacities, they still outperform pure
solvents in their uptake capacity. It is evident from all investi-
gated samples that MPLs have guest-accessible porosity, as
determined by their improved gas adsorption capacities.

Static and dynamic gas sorption and desorption breakthrough
isotherms

The static and dynamic triggered release of captured CO, from
the MPLs was investigated through a combination of an
induction heating machine and adsorption equipment
(Fig. S127). The CO, sensor box was initially filled with a mixed
gas containing CO, : N, by the composition of 15 : 85 v/v%. The
mixed gas was then continuously introduced to the PMLs. As
a result, sorption breakthrough isotherms were obtained. The
CO, sensor box was purged of CO, with a flow of He gas before
the breakthrough isotherms were collected. Then, the coils of
the induction heating machine were subjected to a high voltage
to create a large magnetic field, which caused the MFCs to be
heated to the maximum temperature. Additionally, He gas has
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Fig. 3 The CO, sorption capacity of TPB, and (ZIF-62);0%-TPB as
controls, and MPLs with 10% MFCs containing different magnetic
nanoparticle concentration (1 wt%, 3 wt% and 6 wt% of magnetic
nanoparticles to ZIF-62 mass) using pure CO, at 298 K.
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been used to sweep away the released CO,. The desorption
breakthrough isotherms were thus obtained. This method
allowed us to investigate gas sorption/desorption cycles for the
MPLs without the obvious disadvantages of low performance,
not being scalable, not being cost-effective, having to add and
then remove an antagonistic guest, and using an extensive
amount of energy.

Static gas sorption and desorption CO, isotherms of the
MPLs are presented in Fig. 4 (Table S87). It can be observed in
Fig. 4a that the sorption capacity of (ZIF-62);44,-TPB was greater
than that of TPB which provides evidence for the formation of
the PL. On the other hand, the sorption capacity of MPLs was
found to be greater than that of TPB which supports the pres-
ence of permanent porosity, but lower than that of (ZIF-62); .-
TPB. This is because the increase in magnetic nanoparticle
concentration leads to a decrease in porosity and active surface
area for sorption.***>*® Moreover, with the increasing concen-
tration of magnetic nanoparticles in the MPLs, an increase in
the variance of sorption capacity between (ZIF-62);4¢,-TPB and
MPLs was observed. This observation is consistent with the
high-pressure gas sorption results. Moreover, as shown in
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Fig. 4 The static gas sorption (magnetic field off) and desorption
(magnetic field on) breakthrough of TPB, and (ZIF-62)10%-TPB as
controls, and MPLs with 10% MFCs containing different magnetic
nanoparticle concentration (1 wt%, 3 wt% and 6 wt% of magnetic
nanoparticles to ZIF-62 mass) using the mixed gas CO,: N, (15: 85, v/
v%) at 298 K.
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Fig. 4b, using He as a sweeping gas and applying an induction
process, which caused the temperature of TPB to rise, both
result in the partial releasing of the adsorbate CO, from the TPB
and liquid phase of the other combinations. However, the CO,
desorption of (ZIF-62),0,-TPB was lower than that of TPB due to
the inability of the sweeping gas and applying the induction
process to release the adsorbate CO, from ZIF-62 pores, whereas
the CO, removal increased with increasing concentration of
magnetic nanoparticles. Thus, the triggered release of captured
CO, from MFCs can be attributed to the MFCs being irradiated
with a magnetic field which increases the surface energy of the
composite. Ergo, the intermolecular interactions between CO,
molecules and MFC surfaces are weakened, triggering the
immediate release of captured CO,. As magnetic nanoparticle
concentration increases, more and stronger irradiation of MFCs
in the magnetic field occurs, which will result in more CO,
being released (Fig. 4b and Table S8%).*****' Consequently,
there is a trade-off between MPLs' sorption and desorption
capabilities depending on the concentration of magnetic
nanoparticles present in the MFCs.*® Therefore, for the purpose
of cycling gas sorption and desorption experiments, and energy-
efficient MPL regeneration comparisons, the (3% MgFe,0,@-
ZIF-62);0,-TPB was selected.
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Fig. 5 The dynamic gas sorption (magnetic field off) and desorption
(magnetic field on) breakthrough of (3% MgFe,O,@ZIF-62)10%-TPB
using the mixed gas CO,: N, (15: 85, v/v%) at 298 K.
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a Sorption b Triggered release of captured CO,

7
2 - o
Current Lol

Magnetic field

Fig. 6 The schematic of CO, gas (a) sorption into, and (b) the
proposed concept for CO, sorption and release from MPLs.

Fig. 5 (Table S9T) presents the dynamic gas sorption and
desorption breakthrough isotherms of CO, from MPLs. To
examine the effectiveness of the MPLs in the magnetic induc-
tion swing adsorption process, the MPLs were irradiated with
an AC magnetic field periodically during the sorption phase. As
shown in Fig. 5a and 6a, sorption began when the magnetic
field was off. However, Fig. 5b and 6b illustrate that when the
magnetic field was on, the periodic irradiation of MPLs induced
localised heating in MFCs through the incorporated magnetic
nanoparticle. This leads to an increase in temperature, which
impairs intermolecular interactions between CO, molecules
and the adsorbent surface, resulting in rapid CO,
release.>*****> The CO, released remained relatively constant
during three gas sorption-desorption cycles. Therefore, the 3
cycles demonstrate the feasibility of the reversible capture and
release of gases using MFC triggers in PLs. Consequently, these
local nano heaters can be used to overcome the thermal insu-
lation property of porogens in Type III PLs, which has the
potential for widespread application in gas separation
applications.

Energy-efficient MPL regeneration

The effectiveness of the triggered release of captured CO, from
MPL using the induction process over 3 consecutive cycles was
assessed through a comparison of the MPL regeneration energy
against other porous adsorbent materials. Fig. 7a shows the
results of the analysis of the regeneration energy. At the
magnetic fields, the regeneration energies calculated for MPL
for 3 consecutive cycles were 0.2771, 0.2834, and 0.3032 M]J kg
CO, Y, respectively. As shown, the MPL system's regeneration
energy is much lower than that required by TPB, (ZIF-62);00-
TPB, and other adsorbent materials. Moreover, the productivity
and energy consumption also demonstrate the potential of MPL
when used to trigger the release of captured CO,. Fig. 7b depicts
the productivity and energy consumption throughout the 3
cycles. At the magnetic fields, the productivities calculated for
MPL for the 3 consecutive cycles were 0.2800, 0.2786, and 0.2779
kg CO, h™" kg MPL™', respectively, whereas the energy
consumption values were 0.0770, 0.0787, and 0.0842 kW h kg
CO, . As shown in Fig. 7, compared to TPB, (ZIF-62);0s,-TPB,
and other adsorbent materials, the MPL system's productivity is
high while the energy consumption is low. As far as can be
determined, the regeneration energies calculated of MPL for 3
consecutive cycles were some of the lowest reported for any

This journal is © The Royal Society of Chemistry 2023
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regeneration temperature (°C) for MPL vs. stated literature values
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adsorbent. Furthermore, MPL has a low energy consumption
and great productivity across 3 consecutive cycles, surpassing
any adsorbent with previously reported values. These results
confirm the effectiveness of the triggered release of captured
CO, from MPL using the induction process.

Conclusions

Regeneration and reusability of PL remain nearly unexplored
despite these advances. In this study, MFCs were used as
a porogen with a non-penetrating solvent to assess the feasi-
bility of implementing PLs in real-world applications. These
experiments provided insights into static and dynamic sorption
and desorption isotherms and cyclic sorption and desorption
properties. It was confirmed that the MPLs are formed in the
presence of MFCs due to the higher sorption than the solvent
when using the induction heating machine and the adsorption
equipment. This was also consistent with the results of the
high-pressure gas sorption and density measurements.
Although advances have been made in the development of PLs,
the comprehensive exploration of their regeneration and reus-
ability remains an area that requires further examination. By
increasing the concentration of magnetic nanoparticles, the
CO, sorption capacity was reduced. Since there are more
magnetic nanoparticles, there is less porosity and surface area
available for sorption. Furthermore, pure solvent CO, desorp-
tion was lower than that of MPLs, which increased with
increasing concentration of magnetic nanoparticles. The

This journal is © The Royal Society of Chemistry 2023
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triggered release of captured CO, can be explained by MFCs
being exposed to the magnetic field, which increases the surface
energy of the composite. As a result, intermolecular interactions
between CO, molecules and MFC surfaces weakened, triggering
an immediate release of captured CO,. When the concentration
of magnetic nanoparticles in the magnetic field increases, more
and stronger irradiation of MFCs occurs, resulting in higher
CO, desorption. The MPLs were periodically exposed to AC
magnetic fields during the sorption to examine their efficiency
in the magnetic induction swing adsorption process. Gas
capture and release can be reversible with MFC triggering in
PLs. The porogens in Type III PLs have thermal insulation, but
these nano heaters overcome it. Therefore, the CO, released
over three sorption-desorption cycles remained relatively
constant. To the best of our knowledge, the regeneration ener-
gies computed for MPL for 3 cycles in a sequence were among
the lowest of any adsorbent that was reported. In addition, MPL
has a low energy consumption and remarkable productivity
during three consecutive cycles, which surpasses any other
adsorbent that has previously reported values. These findings
provide further evidence that the MPL's induction process is an
efficient means of triggering the release of the captured CO,. As
a result of their extraordinary cyclic sorption and desorption
properties, MPLs have an incredible range of potential appli-
cations in gas separation especially post-combustion capture of
CO,.
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