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1 Introduction

Rapid microwave synthesis of sustainable
magnetic framework composites of UTSA-16(Zn)
with Fe;O4 nanoparticles for efficient CO,
capturef

C
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Metal-organic frameworks (MOFs) have shown excellent potential for carbon dioxide capture applica-
tions due to their high sorption capacities and selectivities. However, MOFs are typically thermally insu-
lating, and so thermal CO, regeneration is challenging, especially on the large scales required in
industry. This limitation can be overcome by inclusion of magnetic nanoparticles within the MOF struc-
ture, enabling rapid and energy efficient CO, regeneration using induction heating. To this end we have
developed novel magnetic framework composites (MFCs) comprised of MOF UTSA-16(Zn) (UTSA: Uni-
versity of Texas at San Antonio, a Zn-based MOF with citrate linkers) and FezO4 nanoparticles. Our work
also addresses the sustainability and scalability challenges faced by MFCs required for industrial applica-
tion, considering the use of inexpensive and widely-available materials. Herein we report a two-step
procedure for preparing the MFCs. Firstly, a scalable single-step continuous hydrothermal synthesis
method is used to produce highly pure, stable, and crystalline citrate-coated FezO, nanoparticles
(62% yield). The nanoparticles exhibit a uniform particle size (19 + 11 nm) and a very high saturation
magnetisation (78 emu gfl) compared with previously published citrate-coated FesO,4 nanoparticles.
Next, various concentrations (2.6-18.7 wt%) of these nanoparticles were incorporated into UTSA-16(Zn)
via a rapid microwave-assisted direct-growth strategy (10 min) to form the MFCs (81-83% yield). The
MFCs demonstrate high CO, adsorption capacities (2.8-3.3 mmol g™ and recyclability. In addition, the
MFCs heat rapidly in an applied magnetic field for CO, release, reaching regeneration temperatures in
remarkably short times (e.g. 60 °C in 8 seconds). The MFCs developed in this work combine strong CO,
adsorption profiles and substantial regeneration heating capabilities, whilst being produced in a scalable
and sustainable manner. The methods developed to prepare MFCs herein are also applicable to other
MOFs, opening routes for a variety of sustainable MFCs to deliver impact for a range of applications
across carbon capture and triggered release of other guest molecules.

increase has significant negative implications for the environment
and society,* likely resulting in 250 000 additional deaths world-

Since the industrial revolution, a sharp increase in atmospheric
concentrations of the greenhouse gas carbon dioxide (CO,)
has been observed from 180-280 ppm to over 400 ppm.' This
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wide annually between 2030 and 2050.> Governments around the
world are setting net zero CO, emissions targets by 2050-2070 in
line with the recent report from the Intergovernmental Panel on
Climate Change (IPCC),® and have affirmed their commitments in
Glasgow 2021 at COP26.” Addressing these IPCC targets requires
immediate action, including preventing CO, from entering the
atmosphere.

The largest contributor to global anthropogenic CO, emissions
are coal-fired power plants (10.1 Gt in 2018, 30% of total
emissions).®° Post-combustion CO, capture facilities can be
retrofitted into these existing power stations to capture the CO,
at source.’® However, the current aqueous amine absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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technologies for this process have high energy requirements for
separation and purification, increasing a power plant’s energy
demand by 25-40%."" Alternatives have been investigated such
as physical sorbents, membranes, chemical looping and solid
sorbents (e.g. porous carbons, zeolites, alumina and metal-
organic frameworks (MOFs)''). Of these alternatives, solid
sorbents possess many advantages for industrial-scale carbon
capture. One major advantage is a reduced energy for CO,
regeneration, as the CO, is physically adsorbed to the material
surface, rather than bound by chemical bonds which would
need to be broken to release the CO,."> Other advantages
include a greater uptake capacity and selectivity for CO,."

Metal-organic frameworks are porous materials containing
metal ions/clusters and organic linkers."*> MOFs are of particular
interest to researchers due to their tuneable natures, high poros-
ities and internal surface areas.'* These properties result in the
potential for excellent CO, adsorption profiles, optimisable for
specific flue gas conditions."”® The next phase of development
for carbon capture MOFs is consideration of sustainability, scal-
ability, and industrial process design.’>™” This stage requires
cost-effective materials with high thermal and chemical stabilities
and the development of energy-efficient processes. During the
carbon capture process, MOFs can undergo a temperature swing
adsorption procedure.’® Once saturated with CO,, the MOFs are
heated to release the CO, after each capture cycle. This regener-
ates the material for re-use in the next cycle. However, the
thermally insulating nature of MOFs make thermal regeneration
challenging, especially at scale."® A newly emerging approach is to
incorporate magnetic nanoparticles (MNPs) in MOFs forming
magnetic framework composites (MFCs), enabling rapid and
highly energy-efficient regeneration of the composites by localised
magnetic induction heating.>® This process, coined magnetic
induction swing adsorption (MISA),”" requires remarkably low
carbon capture energy costs (1.29 MJ per kgCO,,>* cf. 3-4 MJ per
kgCO, for amine solvents**). MFCs have also found application
across adsorption, sensing, biomedicine, catalysis, and environ-
mental monitoring and water remediation among others.>*"

Aside from their use in MFCs, MNPs are an important class of
nanomaterials which have been widely studied. The unique
properties of their magnetism, size and surface area/volume
ratio have led to applications across biomedicine****
nanomedicine®® and sensing.*®> Surface functionalisation/coat-
ing of MNPs is hugely beneficial for their thermodynamic and
colloidal stability.>® Citrate coatings have been extensively used
in the preparation of aqueous-stable MNPs due to the electro-
static, biocompatible, and anti-oxidising properties of citrates,
alongside their low cost.*”*® Citrates also have chelating proper-
ties which can control the crystallite growth of the MNPs and
allow them to conjugate to other molecules such as bio-
molecules and drugs, through the surface carboxyl groups.®”~*
In this work, a further reason for choosing a citrate coating
was the hypothesis that surface citrate groups on the MNPs
would promote a binding interaction between the chosen MOF
(which contains citrate linkers) and the MNPs.

To be viable for widespread industrial adoption, MFCs
(including both the MOF and MNP components) must be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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produced via sustainable and economical routes, with minimal
impact on the environment. Typically, the synthesis of MNPs
require harsh batch conditions such as high temperatures or
reflux for > 8 h, often under air sensitive environments such as
N,.>>?9"*1 Subsequent production of MFCs often requires
lengthy MNP surface-functionalisation reactions (e.g. 24 h)
required for MOF attachment. This is typically followed by
prolonged high temperature autoclave MOF syntheses (e.g.
125 °C for 15 h under Ar) with toxic solvents such as
DMF.?>?%%74 The main alternative to autoclave routes is the
labour intensive layer-by-layer MOF growth method,*****> with a
difficult outlook for scale-up due to the amount of time taken
and number of steps required to grow the thin MOF layers. The
use of expensive MOF linker components and moisture sensitive
MOFs is also ubiquitous in MFCs.?*3%4%4243:4% The development
of manufacturing processes that reduce product cost and envir-
onmental burden of MNPs and MFCs is critical for successful
transfer of these materials from the laboratory to industry.

In this paper, we first report a continuous-flow hydrothermal
synthesis method for producing highly magnetic citrate-coated
Fe;0, nanoparticles (MNP-CA) (mean diameter: 19 nm, saturation
magnetisation: 78.3 emu g~ ') via a single step process, with high
colloidal stability (zeta potential: —47.3 mV), purity and crystal-
linity. This method overcomes the previously mentioned issues of
batch reactors, i.e. air sensitive environments and lengthy surface-
functionalisation steps. We then report a rapid (10 min)
microwave-assisted direct-growth strategy to encapsulate various
quantities of MNP-CA (2.6-18.7 wt%) in UTSA-16(Zn) (C;,HgKO14-
Zn3), a zinc and citrate based MOF chosen for its high CO, uptake,
good stability to moisture and acid gases and very low reagent
costs (<1 USD g~ ' MOF).*® The subsequent MFCs are sustainably
produced with high yield and CO, adsorption capacities (81-83%,
2.8-3.3 mmol g '). The MFCs also show leading processing
capabilities for carbon capture, including induction heating up
to 150 °C in 30 s and no decrease in adsorption capacity over 12
CO, adsorption-desorption cycles. The MNP-CA and the MFC
syntheses methods developed herein are transferrable to other
MOFs, allowing for the production of a variety of MFCs with wide-
reaching impact in alternative applications.

2. Experimental section
2.1 Materials

All chemicals and reagents were used as received. Zinc acetate
dihydrate (>99.0%), citric acid monohydrate (>99.0%), pris-
tine magnetite (<5 pm, 95%) and potassium hydroxide (86.7%)
were obtained from Sigma Aldrich. Ammonium iron(m) citrate
(14.5-16% Fe basis) was bought from Honeywell. Methanol
(=99.9%) was purchased from Fisher Scientific. Ethanol (absolute,
SpS grade) was purchased from Scientific Laboratory Supplies Ltd.
All water used was deionised.

2.2 Synthesis of citrate-coated Fe;O, nanoparticles

Magnetic magnetite nanoparticles with a citrate coating (MNP-
CA) were synthesised using a counter-current continuous
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hydrothermal reactor set-up (Fig. 1), first reported by Lester
et al.*” The reactor set-up has been described in more detail for
the synthesis of other materials, including barium strontium
titanate*® and layered double hydroxides.*® Briefly, aqueous
ammonium ferric citrate (0.05 M) was fed un-heated via the
upflow pump into the reactor at a pre-determined flow rate
(10 mL min ). Separately, deionised water was heated to 435 °C in
a 2 kW band heater and fed via the downflow pump into the top of
the reactor at a pre-determined flow rate (20 mL min '). The
pressure was maintained in the system at a maximum of 24 MPa by
a back-pressure regulator (Swagelok®). The reaction stream was
then cooled through a counter-current water heat exchanger and
the product in suspension collected at the outlet. Finally, the MNP-
CA was allowed to settle, separated by gravity and magnetic
attraction, washed with deionised water (3 x 25 mL) then stored
in deionised water as a 5 w/v% suspension (yield: 62%).

2.3 Synthesis of MFCs UTSA-16(Zn)@MNP-CA

The synthesis conditions for UTSA-16(Zn) were optimised to inform
the conditions for the MFCs. Pristine UTSA-16(Zn) was also used as
a comparison to the MFCs (Fig. S3, ESIt). The reagents, Zn(AcO),
2H,0 (0.878 g, 4.0 mmol), citric acid monohydrate (0.840 g,
4.0 mmol) and KOH (0.67 g, 10.4 mmol) were dissolved in H,O
(6-10 mL) in a 35 mL microwave vial. A MNP-CA in H,O (5 w/v%)
solution was added (0-4 mL), bringing the total H,O quantity to 10
mL. EtOH (10 mL) was added and stirred (10 min) before the vial
was sealed and irradiated under autogenous pressure with stirring
at a maximum forward power of 300 W (commercial CEM discover
microwave reactor, dynamic mode, T = 60 °C, ¢ = 10 min). After the
reaction, the vial was cooled in the microwave cavity with air to
<50 °C, then the product was collected by washing out the vial with
H,0:EtOH 1:1 (20 mL) followed by centrifugation. The product
was then washed and centrifuged with MeOH (3 x 30 mL, 20 mins)
before drying in an oven (50 °C, >4 h).

2.4 Characterisation

Powder X-ray diffraction (PXRD). X-Ray diffraction patterns
of MNP-CA, pristine UTSA-16, and MFCs were obtained using a
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Bruker D8 Advance DaVinci in Bragg-Brentano geometry,
equipped with a Lynxeye 1D detector and motorised air scatter
screen. A Cu K, radiation source was used (4 = 0.15406 nm) at
40 kV and 40 mA. Scans were conducted between 5° and 65° 20,
with analysis and pattern matching performed using Bruker
DIFFRAC.EVA software and powder diffraction files from the
database.”®

Scanning electron microscopy/energy dispersive spectro-
scopy (SEM/EDS). High-resolution SEM images and EDS elemental
analyses of the MFCs were taken on a Jeol 7000F FEG-SEM, with an
acceleration voltage of 10-15 kV. Secondary electron images were
taken at a working distance of 10-11.5 mm with an approximately
10 nm carbon coating, using Jeol PC-SEM software.

Transmission electron microscopy (TEM). TEM was carried
out on a JEOL 2100Plus, operating at 200 kV and equipped with
JEOL STEM detectors. TEM-EDX analysis was run using an
Oxford Instruments XMax TLE and Aztec software. Imaging was
initially carried out using a Gatan Ultrascan 1000XP CCD
camera and Gatan Microscopy Suite 3.21, and then subse-
quently with a Gatan OneView CMOS detector and Gatan
GMS 3.4. To prepare the samples, a 3 pL drop of the sample
suspended in water or ethanol was deposited onto holey carbon
grids (Agar Scientific), the excess wicked off after 30 seconds
and the grid allowed to dry. MNP-CA size distributions were
calculated using Fiji Image] software.”*

Infra-red spectroscopy (FT-IR). FT-IR spectra were recorded
on a Bruker IFS66 with a KBr beamsplitter. A Globar light
source was used with a DTGS room temperature detector and
Specac ‘“Goldengate Bridge” diamond ATR attachment. The
instrument was air purged using a Parker Balston 75-52 FT-IR
Purge Gas Generator.

Thermogravimetric analysis (TGA). TGA was carried out
using a TGA550 Discovery (TA Instruments) with an automated
vertical overhead thermobalance. Decomposition measure-
ments were performed at a heating rate of 10 °C min ' under
an air or N, atmosphere. CO, adsorption measurements used
the following program: heat to 150 °C under N,, hold 10 min,
cool to 25 °C, switch gas to CO,, hold 10 min.

Back-pressure
regulator

Product am

Fig. 1 Left: Schematic of the counter-current flow reactor set-up for the synthesis of MNP-CA. Right: Schematic of the counter-current reactor. T1 and

T2: thermocouples in the system.
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N, adsorption. N, adsorption isotherms were measured at
77 K using a Micromeritics Tristar II 3020 instrument. The
Brunauer-Emmett-Teller (BET) method was used for surface
area calculations.

Vibrating-sample magnetometry (VSM). Magnetometry mea-
surements were taken using 10-40 mg of sample on a SQUID
MPMS3 (Quantum Design) at the University of Sheffield via the
Royce Institute. Measurements were taken at room temperature
with a field strength up to 10 kOe.

Dynamic light scattering & zeta potential. Measurements
were taken on a Malvern Zetasizer, with samples dispersed in
deionised water at 25 °C.

Induction heating. Induction heating measurements were
undertaken using a 2 kW induction heater (204 kHz, Chelten-
ham Induction Heating Ltd) and the temperature measured with
a fibre optic thermocouple (Neoptix Reflex). The thermocouple
was placed in a borosilicate glass tube (internal diameter:
11 mm) with 0.67 g of sample powder. The tube was then placed
in a water-cooled copper coil (internal diameter: 27 mm, height:
38 mm) and a voltage was selected to supply 500 W power. All
sample measurements were recorded in triplicate, plotting
averages with error bars showing +1 standard deviation.

3. Results and discussion

3.1 Hydrothermal synthesis of citrate-coated Fe;O, magnetic
nanoparticles (MNP-CA)

Citrate-coated magnetic nanoparticles (MNP-CA) were synthesised
using a continuous-flow hydrothermal reactor, as described in the

A B
3 |
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experimental section. This method is considered a significant
improvement on other commonly reported techniques as it avoids
the need for lengthy multi-step batch reactions, organic solvents,
or air sensitive environments.*>***! The continuous-flow reactor
design is also inherently scalable,””*® providing a sustainable
pathway for large-scale production. The formation of magnetite
from ammonium ferric citrate is thought to proceed via an initial
reduction of an amount of Fe(m) to Fe(n) by CO formed in the
partial thermal decomposition of ammonium citrate.”® Both Fe(m)
and Fe(n) then undergo hydrolysis upon reaction with water,
before dehydration and precipitating out the metal oxide
(Fe;04).>* A simplified hypothetical reaction scheme is therefore
proposed:>*

Fe’* 4 CO + [0] + ¢~ — Fe*' + CO,
Fe’™ 4 3H,0 — Fe(OH), + 3H"
Fe>* + 2H,0 — Fe(OH), +2H"

2Fe(OH); + Fe(OH), — Fe;04 + 4H,0

The nanoparticles produced herein were composed of highly
crystalline magnetite (Fe;0,) as confirmed via PXRD (Fig. 2A),
matching the powder diffraction file database (PDF-01-071-6336).
The nanoparticles were produced in high purity and exhibit high
stability, observed in the PXRD pattern (Fig. 2A) showing no
oxidation to the less magnetic hematite (a-Fe,O;) or maghemite
(y-Fe,0;) phases over 8 days (storage at room temperature).>
This stability and purity is beneficial for applications relying
on strong magnetic properties such as heating or separation.>*>’

120

100

Particle diameter range (nm)

100 -

9 | Fe;0,

98 1

o7 | MNP-CA

96

300 400

Temperature (°C)

100 200

o

Fig. 2 (A) PXRD patterns of synthesised MNP-CA and pristine FesO, from the powder diffraction file database (PDF-01-071-6336).°° (B) Histogram
showing the size distribution of MNP-CA from TEM image analyses. (C) FTIR spectra for pristine FesOy, synthesised MNP-CA, and citric acid. (D) Graph
showing weight loss on heating during TGA for pristine FesO4 and synthesised MNP-CA.
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The size distribution of the nanoparticles was determined by TEM
analyses of 302 particles. The resulting histogram is displayed in
Fig. 2B, showing an average patrticle size of 19 + 11 nm. The small
size of the nanoparticles cause quantum size effects and large
surface areas, resulting in superparamagnetic behaviour,’® with very
high saturation magnetisation (78.3 emu g~ ') and low remanence
(4.2 emu g "). These MNP-CA are comparable in size and shape
(Fig. 3A and B) to reported citrate-coated Fe;O, nanoparticles, which
are synthesised via heated batch co-precipitation methods (19 nm,*®
21 nm,”® 25 nm®). Applying the Scherrer equation to the powder
diffraction pattern of MNP-CA (Fig. 2A) gave a mean crystallite
diameter of 29.1 nm, averaged over 6 peaks. This result indicates
that each nanoparticle contains a single crystallite with one coher-
ently scattering domain, which is also confirmed in the TEM images
showing the diffracting planes in a single nanopatrticle (Fig. 3C).
As discussed in the introduction, MNP surface functionali-
sation is important not just for stability, but also allows the
conjugation of other molecules to the MNPs. The presence of a
citrate coating on the synthesised MNP-CA was confirmed by
FTIR spectroscopy (Fig. 2C). The citric acid peak at 1720 cm ™"
arises from C=O symmetric stretching from the COOH
group.®® This peak is shifted down to 1540 cm™ " in the MNP-
CA material owing to chemisorption of the carboxylate on the
citrate ion with Fe at the MNP surface.’®**%? Complexation
likely weakens the C—=O bond, introducing partial single bond
character and lowering the stretching frequency.*® The neigh-
bouring peak at 1380 cm ' in MNP-CA is ascribed to an
asymmetric stretch of C-O from the carboxylate group,>®>%°
and the broad absorbance at 3400 cm™" from OH groups.”® The
low intensity of these peaks compared to pristine citric acid is
common in other reports, and is possibly due to the citrate
complexes forming a relatively close-packed layer on the NPs,
restricting molecular motion.®* The low intensity of the peaks
may also be attributed to the small surface quantities (2.5 wt%

0:30:0m
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by TGA) relative to the bulk MNPs. Finally, the peak at 525 cm ™"
in MNP-CA and pristine Fe;O, materials arises from an Fe-O
stretching vibrational mode of Fe;0,.338°%:62

The presence of citrate at the surface of the MNPs was further
shown by zeta potential, highlighting the effect of citrate on the
MNP properties. A zeta potential of —47.3 mV was obtained in
deionised water (Fig. S2, ESIt). The large negative charge arises
from electrostatic stabilisation from the strong adsorption of
citrate ions on the MNP surface, providing excellent colloidal
stability.>® The mass fraction of the citrate layer was determined
by TGA to be 2.5 wt% (Fig. 2D). MNP-CA contains physically
adsorbed (removed at <150 °C, approx. 1 wt%) and chemically
bound (removed up to 375 °C, approx. 1.5 wt%) citrates. The
amorphous citrate coating on the MNPs was also observed as an
approximately 1 nm thick layer in the TEM images, see Fig. 3C.
This result corroborates previous studies of citrate coatings on
gold nanoparticles, with layer thicknesses of 0.8-1.0 nm.*® The
TEM images also show the highly crystalline magnetite regions
(Fig. 3C and D). TEM image analysis of one nanoparticle (Fig. 3D)
gave an interplanar d-spacing of 0.30 nm (average of 25 measure-
ments), corresponding to the (220) planes at 30° 20.5%

Magnetisation of the synthesised MNP-CA was measured by
VSM (Fig. 5A). The saturation magnetisation reached 78.3 emu g~ *
at 10 kOe, which is considerably higher than other published
citrate-coated magnetite nanoparticles, which typically range
from 30-60 emu g~ '.>673%%1:62 The higher saturation magneti-
sation for MNP-CA highlights its high purity as distortion/
lattice deformation and micro-strain in nanoparticles can lead
to reduced magnetisation.®® The magnetic and inductive heat-
ing properties of Fe;0, nanoparticles are also size-dependant,
with the specific absorption rate reported to increase with size
up to around 28 nm due to susceptibility then hysteresis loss.®”
The low remanent magnetisation (4.2 emu g~ ') and intrinsic
coercivity (42 Oe) of MNP-CA (Fig. 5A) are similar to other

Fig. 3 (A) and (B) TEM images showing the approximate size and shape of MNP-CA. (B) TEM image showing the crystalline magnetite domains and the
amorphous citrate coating on single nanoparticles. (D) TEM image showing the highly crystalline magnetite region, with an interplanar d-spacing of
0.30 nm corresponding to the (220) planes at 30° 20.54%% (E) 20 s magnetic separation of MNP-CA in deionised water.
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reports.***% These low values are advantageous as they result
in a high permeability and low energy required to switch the
spin directions, beneficial for applications involving magnetic
separation, such as in environmental remediation.

High quality citrate-coated magnetite nanoparticles have thus
been synthesised in a sustainable and scalable manor, ready for
use in a variety of applications such as biomedicine,***® environ-
mental remediation,®®® catalysis”>”" and, as demonstrated in
this work, in the synthesis of magnetic framework composites.”

3.2 Preparation of magnetic framework composites by
encapsulation of nanoparticles

Magnetic framework composites (MFCs) were prepared using the
synthesised MNP-CA and a direct growth encapsulation strategy,
based on the development of a rapid (10 min) microwave synth-
esis for MOF UTSA-16(Zn) (Fig. S3, ESIf). As previously

A
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mentioned, MOF UTSA-16(Zn) was selected for its promise in
carbon capture applications due to its high CO, uptake and
selectivity at relevant partial pressures for post combustion CO,
capture (0.15 bar), good stability to moisture and acid gases, and
low production cost due to the very cheap and abundant starting
reagents.’®”® A direct growth encapsulation strategy was selected
here due to its ease and scalability compared with laborious
methods such as layer-by-layer growth.> The direct growth
method also still ensures extensive mixing and strong attachment
between the components compared to other strategies such as
direct mixing.>® The method developed herein, involved adding
various concentrations of MNP-CA to the dissolved MOF precur-
sors in water, followed by the addition of an antisolvent (ethanol)
and microwave irradiation at 300 W for 10 min at 60 °C (see
Experimental section for further details). Fig. 4A shows the
powder diffraction patterns of the composites, where the gradual
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(A) Powder X-ray diffraction patterns between 5 and 45° 20 of pristine UTSA-16(Zn), MNP-CA and UTSA-16(Zn)@MNP-CA MFCs containing

various quantities of MNP-CA. (B) CO, adsorption capacity and product yield of MFCs plotted against MNP-CA content. CO, adsorption of the MOF is
plotted by subtracting the mass contribution from MNP-CA. (C) Regeneration temperature plotted against CO, adsorption capacity for UTSA-
16(Zn)@MNP-CA (18.7%), results are averages of 4 repeat cycles. Error bars show the decrease in capacity between the first and fourth cycle. (D) CO,
adsorption capacity for UTSA-16(Zn)@MNP-CA (18.7%) over 12 adsorption—desorption cycles. Regeneration was performed at 60 °C. (E) N, adsorption
isotherms of UTSA-16(Zn) and UTSA-16(Zn)@MNP-CA MFCs, measured at 77 K. (F) Apparent BET surface area (Rouquerol)®® plotted against MNP-CA
content for UTSA-16@MNP-CA MFCs. Surface area '‘by MOF' was determined by subtracting the mass contribution from MNP-CA.
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decrease in the UTSA-16(Zn) peaks (e.g. at 7 and 14° 26) and
increase in the MNP-CA peaks (e.g. at 36 and 63° 20) are observed
with increasing MNP-CA content. PXRD data also confirm the
crystallinity of both the MOF and MNP-CA components in the
UTSA16(Zn)@MNP-CA MFCs. The exact quantities of MNP-CA in
the MOF, determined using saturation magnetisation measure-
ments*® (Fig. 5A), were between 2.6-18.7 wt%. This range is
similar to other reported MFCs, including 0.1-7.8 wt% Fe;O, in
Mg-MOF-74,”* 1-10 wt% MgFe,0, in Al-fumarate,” 1.3-7.3 wt%
Fe;0, in PCN-250,” 0.1-15.0 wt% Fe;0, in Co-MOF-74"7 and 2.0-
4.1 wt% MgFe,0, in Ui0-66.>"

The impact of increasing MNP-CA content in the UTSA-
16(Zn)@MNP-CA MFCs on yield and CO, adsorption (measured
gravimetrically by TGA”®) is shown in Fig. 4B. It should be noted
that although there is a decrease in CO, capacity from 3.4 to
2.8 mmol g~ ! with increasing MNP-CA content (as expected,
owing to MNP-CA not adsorbing CO,), there was no decrease in
the adsorption capacity of the MOF when accounting for the
MNP-CA mass in the various MFCs. These results indicate that
MNP-CA has no detrimental effect on the MOF synthesis (as
crystal structure is maintained) or ability of the MOF to adsorb
CO,, which could potentially arise from pore-blocking.”®”® The
CO, capacities observed for UTSA-16(Zn) and the MFCs were
similar to those reported elsewhere for pristine UTSA-16(Zn)
(3.5 mmol g ')”® and other high performing MOFs/MOF
composites,®>®! though were not as high as the absolute maxi-
mum reported value for pristine UTSA-16(Zn) (4.7 mmol g~ ).*
However, a balance must be struck between how the material is
prepared and its performance when considering industrial
viability. Compared to the 4.7 mmol g™ literature method,
the synthesis time for preparing the pristine MOF (and asso-
ciated MFCs) was reduced by a factor of 24, the washing/solvent
exchange was reduced from 14 washes over 3 days to 3 washes
over 1 h, diethyl ether was removed as a washing solvent, all
anhydrous/dry washing solvents were replaced with standard
commercial solvents, and 90 °C vacuum drying activation was
reduced to 50 °C without a vacuum. These changes resulted in a
significant improvement towards the sustainability and scal-
ability of MOF synthesis, especially with regards to the washing/
solvent exchange and activation procedure. The additional
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advantage of the MFCs is the magnetic induction heating
capability for rapid and low-energy regeneration.

The overall product yield benefited from the presence of
MNP-CA (Fig. 4B), as an increase from 77% (pristine MOF) to
81-83% (MFCs, 0.8-0.9 g) was observed. This increase in yield
may result from higher localised temperatures around MNP-CA
due to enhanced interactions with the microwave field.*>** The
impact of increasing MNP-CA content in the MFCs on N,
adsorption isotherms and apparent BET surface area was also
evaluated (Fig. 4E and F). The adsorption isotherms in Fig. 4E of
the UTSA-16(Zn) and MFCs match those found in the literature for
the MOF, showing a type I isotherm due to the microporous
structure.”® The surface areas are also similar to those previously
reported for the MOF,*®”* though decreased more than expected
purely from the mass contribution of the MNP-CA, from 741 m”> g~ *
without any MNP-CA down to 551 m” g~ ! at 18.7% MNP-CA. The
trendline between different MNP-CA concentrations in the MFCs
was also less clear than observed with CO, adsorption capacity
(Fig. 4F and Fig. $4, ESIt). This result highlights the importance of
testing the sorption capacity of new materials and composites for
sorption applications, rather than depending on the apparent BET
surface area as a sorption capacity analogue for comparisons
between materials. Further considerations and guidance for using
the BET method for surface area measurements of MOFs have also
been recently reported.®**>

The impact of regeneration temperature on CO, capacity
was investigated, in order to maximise the efficiency of the
sorbent regeneration process (releasing the adsorbed CO, for
sorbent reuse). Fig. 4C displays results between 25 and 120 °C
for one of the MFCs, UTSA-16(Zn)@MNP-CA (18.7%). The graph
shows the average CO, adsorption capacity over 4 adsorption-
desorption cycles at each regeneration temperature. The error
bars show the decrease in capacity between the first (top error
bar) and fourth (bottom error bar) cycle. Increasing regenera-
tion temperatures result in larger CO, adsorption capacities as
expected, with the trend showing a steeper increase at lower
temperatures (up to 50 °C), which slowly levels off at higher
temperatures (up to 120 °C). The decrease in capacity over
4 cycles at each regeneration temperature is also largest at the
lower regeneration temperatures (up to 40 °C). This drop in

160 4
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O 120 4
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£ 100
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©
3 80
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(A) VSM measurements of UTSA-16(Zn), UTSA-16(Zn)@MNP-CA MFCs, and MNP-CA taken at room temperature with a field strength up

to 10 kOe. (B) Induction heating temperature plotted against time for UTSA-16(Zn) and UTSA-16(Zn)@MNP-CA MFCs at 500 W over 30 s.
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capacity is likely due to insufficient energy being supplied in
each desorption step to remove all the adsorbed CO, from the
previous adsorption step. These are important considerations
for industrial process designs, where energy costs from higher
heating must be balanced against the requirement for more
material to capture the same amount of CO,, or faster adsorp-
tion-desorption cycles.'® This balance will likely vary for different
applications and scales, depending on availability and recoverability
of heat, capture unit size restraints, and other factors. Overall, the
regeneration temperatures required for the UTSA-16(Zn)@MNP-CA
(18.7%) MFC were remarkably low (50-60 °C) compared with
the temperatures required for regeneration of other adsorbents,
including carbon-based materials (120-230 °C),*® zeolites
(200 °C)*” and other MFCs (130-145 °C).** For UTSA-16(Zn)@
MNP-CA (18.7%), 60 °C was selected as a representative low
regeneration temperature to test the CO, capacity over 12 cycles
of adsorption-desorption (Fig. 4D). No decrease in the CO,
adsorption capacity over the 12 cycles was observed (cycle 1:
2.58 mmol g7, cycle 12: 2.59 mmol g ). It is also worth noting
here that UTSA16(Zn)@MNP-CA MFCs are all thermally stable
up to 250 °C, which is the same as the pristine MOF, indicating
that MNP-CA has no detrimental effect on the thermal stability
of UTSA-16(Zn) (Fig. S5, ESI}).

As previously introduced, the primary benefit of forming
magnetic composites with MOFs for carbon capture applica-
tions is the ability of the material to undergo rapid and energy-
efficient induction heating for CO, regeneration. Induction
heating is the process by which energy is transferred from an
H-field applicator to a material placed in the magnetic field.
Heating occurs in magnetic conductive materials through both
resistance to induced eddy currents and losses from the
magnetisation-demagnetisation cycles in magnetic domains.®°
Therefore, the magnetisation and induction heating properties
of UTSA16(Zn)@MNP-CA MFCs were measured (Fig. 5 and
Table 1). The results for magnetisation of the MFCs as mea-
sured by VSM were compared to pristine MNP-CA. Increasing
concentrations of MNP-CA resulted in increasing saturation
(2.0-14.7 emu g~ ') and remanent (0.2-1.2 emu g~ ) magnetisa-
tions, with intrinsic coercivity remaining roughly constant
between samples (50 Oe). The saturation magnetisation values
for the MFCs cover a similar range to the 1.5-4 emu g
reported for MgFe,0, in Ui066,>" 0.1-3.9 emu g~ ' for Fe;0,
in Mg-MOF-74"* and 3.1-18.4 emu g~ ' for Fe;0, in PCN-250.”°
The low relative values of the remanent magnetisations
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compared to saturation magnetisations, and the low intrinsic
coercivities, are again advantageous for applications involving
magnetic separation, as mentioned earlier for the pristine
MNP-CA. There was an approximate direct proportionality
between the saturation magnetisation of UTSA16(Zn)@MNP-
CA MFCs and the temperature increase observed over a 30 s
period of induction heating at 500 W, magnetic field: 164 Am ™"
(factor of 7-8.4).

These magnetisation and heating results highlight another
significant consideration for industrial process design, where
heating/cycle durations can be balanced against concentration
of MNP-CA in the MFCs (i.e. a higher concentration of MNP-CA
in the MFCs results in a lower CO, capacity, but a shorter
heating/cycle time for regeneration. e.g. UTSA16(Zn)@MNP-CA
(18.7%): CO, capacity of 2.8 mmol g ', reaches 60 °C in 8 s
heating. UTSA16(Zn)@MNP-CA (10.2%): CO, capacity of
3.1 mmol g~ ', reaches 60 °C in 15 s heating). A higher power
of induction heating would also result in a shorter heating/cycle
time, but with a higher energy requirement. Fig. 5B shows the
induction heating profiles of the UTSA16(Zn)@MNP-CA MFCs,
demonstrating their ability to reach the temperatures required
for regeneration (i.e. 60 °C) in only 8-30 seconds, even at low
MNP-CA concentrations (5.5-18.7%) and low induction heating
power (500 W). Typical regeneration times for alternative
adsorbents such as activated carbon and zeolites are reported
to be around 20-40 min to achieve >90% CO, recovery, using
conventional or microwave heating,’®°" and other MFCs have
reported regeneration times as low as 4-11 min via magnetic
induction heating.>"**”°

To examine the distribution of MNP-CA within UTSA-16(Zn)
for the UTSA16(Zn)@MNP-CA MFCs, TEM and SEM imaging
with EDX elemental analyses were conducted on UTSA-16(Zn)@
MNP-CA (18.7%). The average particle size of the MFC was
determined by SEM image analyses on 100 particles, showing a
mean diameter of 55 + 16 nm (standard deviation). Results of
the TEM analyses are shown in Fig. 6. UTSA-16(Zn)@MNP-CA
(18.7%) was sonicated to break down the powder into primary
agglomerates, where it was observed that good mixing between
the MOF and the MNP-CA had occurred, i.e. primary agglom-
erates contained MOF and MNP-CA nanoparticles bound
together. This result was further corroborated by SEM and
EDX analyses, where Zn from UTSA-16(Zn) (green) and Fe from
MNP-CA (pink) could be clearly seen (Fig. S6, ESIT). The uni-
form distribution of MNP-CA and UTSA-16(Zn) nanoparticles in

Table 1 Magnetisation properties and induction heating temperature increase for UTSA-16(Zn), UTSA-16(Zn)@MNP-CA MFCs, and MNP-CA

Saturation magnetisation

Remanent magnetisation

Intrinsic coercivity Temperature increase over

Sample (emu g™, Mg, (emu g™, M) (Oe, H) 30 s heating (°C, 500 W)
UTSA-16(Zn) 0.0 0.0 0 0
UTSA-16(Zn)@MNP-CA (2.6%) 2.0 0.2 50 14
UTSA-16(Zn)@MNP-CA (5.5%) 4.3 0.3 50 36
UTSA-16(Zn)@MNP-CA (10.2%) 8.0 0.7 50 67
UTSA-16(Zn)@MNP-CA (18.7%)  14.7 1.2 50 123

MNP-CA 78.3 4.2 42 232¢

“ MNP-CA heated very rapidly so was only heated for 8 s (not in triplicate).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6

(A) and (D) TEM images of agglomerate particles of MFC UTSA-16(Zn)@MNP-CA (18.7%), containing both UTSA-16(Zn) and MNP-CA

nanoparticles. (B), (C), (E) and (F) TEM EDX images of the MFC showing the distribution of Zn (green) from UTSA-16(Zn) and Fe (pink) from MNP-CA

in the agglomerate particles.

primary agglomerates meant that a high wt% MOF loading
(81-97%) could be used in the MFCs, whilst still ensuring effective
induction heating throughout the material. These composite struc-
tures differ from the thin MOF layers grown on individual nano-
particles (core-shell structures) frequently observed for other MFCs
in the literature, such as HKUST-1 on Fe;0,'%* or ZIF-8 on Fe;0,."!
These core-shell structures are usually prepared by lengthy layer-by-
layer syntheses methods, with much lower wt% MOF loadings
in the composites.’”*> Although they demonstrate efficacy in
catalysis applications,*® the low MOF loadings would result in
low gravimetric capacities in adsorption applications. The MNP-
CA and UTSA-16(Zn) nanopatrticle primary agglomerates also differ
in morphology from MFCs synthesised by lengthy direct-growth
methods, where nanoparticles are embedded in large MOF crystals,
such as MgFe,O, in Mg-MOF-74*> or Fe;O, in Co-MOF-74"
prepared via 15 h and 2.5 day syntheses, respectively.

This work shows that MFCs containing UTSA-16(Zn) and
MNP-CA can be synthesised in a facile, low-cost, rapid, and
sustainable manner, with varying concentrations of MNP-CA
for applications with different magnetic property requirements.
The high CO, adsorption capacity (3.4-3.5 mmol g~ ) of the MOF
in the MFCs was unaffected by the incorporation of MNP-CA,
and the resulting MFCs showed highly effective thermal regen-
eration at temperatures as low as 60 °C, which could be attained
in seconds via the energy efficient induction heating process.

4. Conclusions

In this work, the synthesis, characterisation, and testing of
sustainable and novel UTSA-16(Zn)@MNP-CA MFCs for post-
combustion carbon-capture applications is described. Firstly, a
single-step and scalable continuous-flow hydrothermal method

5846 | Mater. Adv, 2023, 4, 5838-5849

was developed for producing citrate-coated Fe;O, nanoparticles
(MNP-CA), mean diameter: 19 & 11 nm. MNP-CA showed a very
high saturation magnetisation (78 emu g~ ') compared to pre-
viously published alternatives, due to its very high purity and
crystallinity. This method not only avoided the use of harsh and
lengthy batch synthesis conditions, but also citrate coated
the nanoparticles in situ, removing the need for additional
functionalisation steps.

Next, various concentrations of MNP-CA (2.6-18.7 wt%) were
incorporated into UTSA-16(Zn) MOF via a rapid 10 min 60 °C
microwave direct-growth synthesis to produce innovative UTSA-
16(Zn)@MNP-CA MFCs (magnetisation: 2-15 emu g ). The
yield of the MFCs was shown to slightly benefit from MNP-CA
incorporation compared to the pristine MOF (81-83% for the
MFCs, 77% for the pristine MOF). TEM and XRD analyses
revealed that the MFCs contain agglomerates of bound crystal-
line MOF and MNP-CA nanoparticles, which maintain high CO,
adsorption capacities (2.8-3.3 mmol g ') and recyclability, with
no loss of MOF CO, capacity with increasing NMP-CA loading in
the MFCs. Regeneration temperature had an impact on both total
CO, capacity and capacity loss over multiple cycles. Remarkably
low temperatures and short timescales were sufficient for regen-
eration of the MFCs compared with other solid adsorbents. The
MFCs also exhibited the desired rapid magnetic induction heating
(e.g 60 °C in 8 seconds), overcoming the challenge of rapid and
low energy thermal CO, regeneration in CO, capture applications.

These MFCs have demonstrated leading adsorption profiles
and regeneration heating capabilities for CO, release, whilst being
produced in a scalable and sustainable manner from cheap and
widely available materials. The combination of these properties
represents a significant advancement in the field of MOFs/MFCs
for CO, capture, making the next step toward industrial applica-
tion. The MFCs should next be produced and tested on a pilot-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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scale carbon capture unit prior to industrial use. In addition, since
the MNP-CA and the MFC synthesis method can also be applied
to other MOFs, a variety of sustainable MFCs could also by
synthesised for impact in wide-reaching applications.
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