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Abstract

UTSA-16(Zn) is a zinc and citrate-based metal-organic framework (MOF) which has shown
highly promising performance for CO; capture. However, the transition of this MOF to
industrial application has been hindered as a scalable synthesis method has not yet been
reported. Herein we report the first scalable continuous flow synthesis of UTSA-16(Zn),
demonstrating a production rate of 173 g/h, which is a 77-fold increase compared to
previously reported batch methods. Sustainability of the synthesis was maximised using low-
cost non-toxic reagents and a low-energy flow reactor operating at atmospheric pressure.
Chemical (reactant ratios, Zn/Mg mixed-metal) and process parameters (solvent ratio, flow
rate, temperature) were optimised to continuously produce UTSA-16(Zn) which also
demonstrated a high CO» adsorption capacity up to 3.8 mmol/g and conversion yield of up to
66%. Pristine MOFs are typically thermally insulating, thus thermal regeneration is
challenging. To overcome this limitation, magnetic nanoparticles can be embedded within the
MOF. This enables fast and energy efficient regeneration through magnetic induction
heating. Here, citrate-coated Fe3O4 magnetic nanoparticles (MNP-CA) were successfully
incorporated into the flow synthesis process of UTSA-16(Zn) to form UTSA-16(Zn) @ MNP-
CA magnetic framework composites (MFCs), representing the highest production rate
reported of any MFC to date (152 g/h c.f. 13 g/h for MgFe,04@Ui0O-66-NH>). UTSA-
16(Zn) @ MNP-CA MFCs demonstrate rapid heating under a magnetic field (26-150 °C in 60
s). The flow method developed herein is also widely applicable for scalable manufacture of

other MOFs and MFCs, enabling their broader transition towards industrial applications.
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1 Introduction

Achieving net-zero greenhouse gas emissions is a key priority for governments and industries
worldwide to minimise the on-going devastating impacts of climate change. To reach these
targets, CO; capture will play a vital role'. CO> can be captured at its largest sources, power
plants, through post-combustion capture facilities, which can be retrofitted into existing
plants®. Currently amine technologies are used, however, these suffer from solvent
decomposition/degradation and have very high energy requirements (e.g. 3.5-8 MJ/kg CO»

for monoethanolamine)*~, limiting widescale deployment and use®.

Porous solid adsorbents are considered an energy-efficient alternative for CO; capture’, with
significantly reduced energy for CO; separation and material regeneration for reuse®. Metal-
organic frameworks (MOFs) are a class of porous materials containing metal ions/clusters
and organic linkers’. They are of particular interest in CO» capture applications due to their
tailorable structures with high capacities and selectivities for CO2'°. MOF UTSA-16 (UTSA:
University of Texas at San Antonio) has been identified as a current top-performing material
in a recent review considering a range of metrics across different porous materials for carbon
capture (alongside zeolite 13X and IISERP-MOF2)’. In particular, UTSA-16(Zn)
(C12HsKO14Zn3, a zinc and citrate-based MOF) has shown strong potential for industrial-
scale COz capture applications due to its high CO; adsorption capacity (1.7 mmol/g) and
selectivity CO2/Nz (>100) at the partial pressures relevant for post-combustion capture (0.15
bar)!!. Importantly, UTSA-16(Zn) also shows good stability to moisture and acid gases (only
a 6% and 10% decrease in capacity after exposure to 25 ppm NO, and SO, respectively)'?,

and low production costs (<1 USD/g) due to the low-cost and abundant starting reagents'2.

To translate MOFs from the lab to commercial settings, the ability to manufacture them at the

required quality, scale, and cost is essential. As such, principles of sustainable development



and the circular economy are also important, such as minimising energy, raw materials,
reagent toxicity and waste, and designing materials for reuse and recyclability'?. Moving
from a batch to continuous production process is therefore highly beneficial, as it offers rapid
manufacture (due to enhanced heat and mass transfer), improved reproducibility, lower
solvent, and energy consumption, higher space-time yield (STY) and reactor scalability,
alongside reduced downtime and labour costs (as there are fewer steps between batches)'*1>.
Owing to these advantages, extensive research has been undertaken on the development of
continuous flow syntheses for several MOFs, especially for archetypal MOFs such as

HKUST-1, MIL-53, UiO-66, and ZIF-8'¢'8,

Despite the advancements in flow chemistry for MOF production'®!%!° and the benefits of
UTSA-16(Zn) for CO» capture applications, no scalable synthesis has yet been developed for
this particular MOF. Herein we report the first continuous flow synthesis of MOF UTSA-
16(Zn), with a very high production rate of 173 g/h and an STY of 23573 kg/m>/day. These
represent a 77-fold and 15-fold increase in the production rate and STY respectively,
compared to the highest previously reported for the MOF?. This marks a significant step
towards production at industrially relevant scales and subsequent application. In addition, we
sought to maximise reaction sustainability, considering only low-cost, non-toxic, and non-
anhydrous reagents/solvents and a low energy atmospheric pressure reactor, without the use

of vacuum drying.

After synthesising the sorbent material and adsorbing CO-, the next important step is
separating CO- from the adsorbent to regenerate the material for reuse. However, the
thermally insulating nature of MOFs makes thermal regeneration highly challenging,
particularly at scale’!. A promising approach to address this limitation is to incorporate
magnetic nanoparticles (MNPs) in the MOF, forming materials known as magnetic

framework composites (MFCs)?°?%> 2%, The inclusion of magnetic nanoparticles in the MOF



enables rapid and energy-efficient regeneration by localised magnetic induction heating?°.
This process is known as magnetic induction swing adsorption (MISA)?° and has
demonstrated remarkably low energy costs associated with CO» capture and release (1.29
MJ/kg of CO»), 45% below commercially deployed materials®’. Induction heating for
regeneration has also been explored for zeolites*®, and has shown promise for biomass

2930 and ethylene/ethane separation applications.®! It is also possible to use

upgrading
magnetic composites in electric swing adsorption (ESA). ESA is similar to MISA in that an
electric current provides the source of heating, however, ESA relies on resistive Joule

heating, which is better suited to monoliths*? rather than powders or pellets for CO, capture,

as electricity must be passed through the adsorption column for the desorption step™>.

In this study, an in-depth optimisation of the flow synthesis for UTSA-16(Zn) is presented,
evaluating the influence of chemical parameters such as reagent ratios and concentrations,
alongside an investigation into mixed-metal syntheses using magnesium, which is reported to
increase CO; adsorption capacity>*. Physical process parameters were also investigated,
including flow rate, solvent ratio, and temperature. Furthermore, citrate-coated Fe3O4
magnetic nanoparticles (MNP-CA) were incorporated into MOF UTSA-16(Zn) using our
continuous flow method, resulting in the highest reported production rate of any MFC to-date
(152 g/h), demonstrating a scalable and sustainable synthesis for the MFC UTSA-
16(Zn) @ MNP-CA with advantages for use in post-combustion CO; capture. The flow
method developed herein is also applicable towards scalable manufacture of other MOFs and
MEFECs, aiding the broader transition of these exciting materials from the lab towards real-

world applications.



2 Material and Methods

2.1 Materials

All reagents and chemicals were used as originally received and water was deionised. Zinc
acetate dihydrate (>99.0%), magnesium acetate tetrahydrate (>99.0%), potassium hydroxide
(86.7%) and citric acid monohydrate (>99.0%) and were purchased from Sigma Aldrich.
Methanol (>99.9%) was bought from Fisher Scientific, ethanol (absolute, SpS grade) from
Scientific Laboratory Supplies LTD and ammonium iron citrate (14.5-16% Fe basis) from

Honeywell.

2.2 Synthesis of UTSA-16(Zn) and UTSA-16(Zn,Mg)

Synthesis of UTSA-16(Zn) was performed using a counter-current continuous flow reactor
customized from perfluoroalkoxy (PFA) polymer tubing (O.D: 6 mm, .D: 4 mm) (Figure 1).
Zinc acetate dihydrate (3-5 mmol), magnesium acetate tetrahydrate (0-2 mmol), citric acid
monohydrate (4-6 mmol) and potassium hydroxide (12-20 mmol) were dissolved in water (10
mL) and fed via the downflow pump into the top of the reactor (10-80 mL/min). Water was
then fed via the downflow pump after the reaction solution. Ethanol absolute (anti-solvent)
was fed via the upflow pump into the bottom of the reactor (10-80 mL/min) resulting in an
overall ratio of H2O:EtOH between 2:1 and 1:2. After mixing and precipitation, the reaction
stream was heated through a 14 m PFA coil (OD: 6 mm, ID: 4 mm) in a water bath (25-85
°C, residence time: 1-9 min). A back-pressure regulator was used to prevent rapid boiling of
the solvent mixtures for the reaction heated to 85 °C. The product (white solid) was then
collected in suspension at the reactor outlet, centrifuged (5000 RPM) and washed with
methanol (3 x 30 mL) before drying at 75 °C in an oven overnight (yield: 0.1-0.8 g,

conversion yield: 9-66%, production rate: 21-341 g/h). Conversion yield was calculated as a



percent of the obtained product mass over the theoretical maximum product mass from the
reaction. All materials produced were consistent with the UTSA-16 structure by PXRD
(without any remaining starting materials), except for the alternative crystalline phase
discussed in section 3.1 (Supplementary Information, Figures S1-S9). Experimental

conditions for each reaction can be found in the Supplementary Information, Tables S1-S8).
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Figure 1: Schematic of the counter-current continuous flow reactor set-up used for the

synthesis of UTSA-16(Zn), UTSA-16(Zn,Mg) and UTSA-16(Zn) @ MNP-CA MFCs.

2.3 Extended reaction scale-up synthesis of UTSA-16(Zn)

The synthesis of UTSA-16(Zn) was scaled-up using the optimised procedure from section
2.2, with a larger volume of reagents (10-fold increase compared to previous optimisation
reactions). Zinc acetate dihydrate (0.05 mol), citric acid monohydrate (0.05 mol) and
potassium hydroxide (0.15 mol) were dissolved in water (100 mL) and fed via the downflow
pump into the top of the reactor (40 mL/min). Ethanol absolute was fed via the upflow pump
into the bottom of the reactor (40 mL/min). The water bath heating temperature was 80 °C.
After collection at the reactor outlet, the product (white solid) was centrifuged (5000 RPM)

and washed with methanol (3 x 300 mL) before drying at 75 °C in an oven overnight



(yield: 7.2 g, conversion yield: 59%, production rate: 173 g/h). To investigate the impact of
further solvent exchange, a portion of the product (0.8 g) was separated from the rest before
drying and was subjected to additional washing and solvent exchange steps with methanol

over 5 days (6 x 40 mL).

2.4 Synthesis of citrate-coated magnetic magnetite nanoparticles (MNP-CA)

Magnetic nanoparticles (citrate-coated magnetite, MNP-CA) were produced as previously
reported using a counter-current continuous-flow hydrothermal reactor?. Briefly, an aqueous
solution of ammonium ferric citrate (0.05 M) was fed into the bottom of the reactor at 10
mL/min. As a separate stream, deionised water was heated to 435 °C using a 2 kW band
heater and fed into the top of the reactor at 20 mL/min. The pressure was kept at 24 MPa
using a back-pressure regulator and cooled through a heat exchanger. The product MNP-CA
was collected at the reactor outlet in suspension, separated through gravity and magnetic

attraction, washed using deionised water (3 x 25 mL) and stored as a 5% w/v suspension.

2.5 Synthesis of UTSA-16(Zn)@MNP-CA magnetic framework composites (MFCs)

UTSA-16(Zn) @ MNP-CA was synthesised based on the procedure outlined in section 2.2.
Zinc acetate dihydrate (5 mmol), citric acid monohydrate (5 mmol) and potassium hydroxide
(15 mmol) were first dissolved in water (8-9.5 mL). A 5% w/v solution of MNP-CA in water
was then added (0.5-2 mL), bringing the total water quantity to 10 mL, and the solution fed
via the downflow pump into the top of the reactor (40 mL/min). Water was then fed via the
downflow pump after the reaction solution. Ethanol absolute was fed via the upflow pump
into the bottom of the reactor (40 mL/min) resulting in an overall ratio of H>O:EtOH of 1:1.
After mixing and precipitation, the reaction stream was heated through the water bath coil (80

°C, residence time: 2 min). The product (brown solid) was then collected in suspension at the



outlet, centrifuged (5000 RPM) and washed with methanol (3 x 30 mL) before drying at 75

°C in an oven overnight (yield: 0.63 g, conversion yield: 49-52%, production rate: 152 g/h).

2.6 Characterisation

Powder X-ray diffraction (PXRD). Patterns of UTSA-16(Zn), MNP-CA, and UTSA-
16(Zn) @ MNP-CA (2.9%, 11.4%) were acquired from a Bruker D8 Advance DaVinci with a
Lynxeye 1D detector (Bragg-Brentano geometry). The radiation source was Cu Ky (A =
0.15406 nm, 40 KV, 40 mA). Scans ranged from 5° to 45° 20 and Bruker DIFFRAC.EVA

software was used for pattern matching with files from the database™®.

Scanning electron microscopy (SEM). Secondary electron images were obtained from a
Jeol 7000F FEG-SEM (Jeol PC-SEM software), with 10-15 kV acceleration voltage, 10 mm

working distance and 10 nm carbon coating.

Mineral liberation analysis/energy dispersive X-ray spectroscopy (MLA/EDS). For
chemical and mineral distribution analyses, specimens were first embedded in a cold epoxy
resin and sectioned by mechanical grinding using 1200 SiC grit papers and polishing using 6
um and 1 um diamond paste. The polished samples were then cleaned using industrial
methylated spirit IMS) and dried before carbon coating. Backscattered electron (BSE)
imaging and chemical analyses of the samples were performed using scanning electron
microscopy (SEM, FEI Quanta600 MLA; 20 kV; spot size 7) based mineral liberation
analysis (MLA), equipped with energy dispersive X-ray spectroscopy (EDS) for
compositional analysis and linked Bruker/JKTech/FEI data acquisition software for

automated mineralogy.

Thermogravimetric analysis (TGA). A TA instruments TGAS550 Discovery was used for
TGA analyses. Thermal decomposition was measured under an air atmosphere at a 10 °C/min

heating rate. CO, adsorption capacity was measured gravimetrically®® using the following
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program: ramp to 150 °C (N3), isothermal 10 min, ramp to 25 °C, switch gas (CO»),
isothermal 10 min. CO; adsorption-desorption cycling used a similar program, with an initial
150 °C activation, then a 60 °C regeneration for each desorption step. CO» adsorption was

performed at 25 °C.

N2 and CO; adsorption isotherms. N> isotherms were obtained from a Micromeritics ASAP
2020 V4.04 instrument at 77 K, and surface area was determined through the Brunauer-
Emmett-Teller (BET) method. CO, adsorption isotherms were measured at 273 K and 298 K
using the same instrument. Heats of adsorption were calculated using the Clausius—Clapeyron

approach from the CO. adsorption isotherms.

Vibrating-sample magnetometry (VSM). Magnetisation was measured at room temperature

up to 10 kOe with a Quantum Design SQUID MPMS3.

Induction heating. Samples were heated using a Cheltenham Induction Heating Ltd
induction heater with a water-cooled copper coil (2 kW, 204 kHz), according to a previously
reported procedure?. Briefly, 0.5 g sample powder was heated in a borosilicate glass tube

(500 W), with the temperature measured by a Neoptix Reflex fibre optic thermocouple.

Inductively coupled plasma optical emission spectroscopy (ICP-OES). ICP-OES
measurements were taken using an Agilent 5110 Vertical Dual View instrument with 240
place SPS-4 autosampler. Instrument operation and data processing was via the Agilent ‘ICP
Expert’ software package. UTSA-16(Zn,Mg) samples were digested in nitric acid (5%
aqueous) prior to atomization in an argon plasma (5000-8000 K). Results were taken in

triplicate.

11



3 Results and Discussion

UTSA-16(Zn), UTSA-16(Zn,Mg) and UTSA-16(Zn) @ MNP-CA were synthesised using a
customised pipe-in-pipe counter-current continuous flow reactor, chosen due to its simple
design and rapid mixing capabilities, as described in the experimental section (Figure 1). The
reactor was based on a design first reported by Lester ef al. in 2006 to produce various
nanoparticles’’, which has since also been used in the manufacture of archetypal MOFs such
as HKUST-1, ZIF-8, and CPO-27/MOF-74%%%_ The customised reactor used in this study
was made from transparent perfluoroalkoxy polymer tubing due to its high chemical
resistance, also facilitating high flow rates and visual observations during synthesis. The flow
after mixing is laminar, with calculated Reynolds numbers of approximately 80-322 for the

40-160 mL/min flow rates.

An initial scoping study was used to identify variables with the greatest influence on yield
and CO, adsorption capacity and to obtain standard values (values chosen for each variable

while another variable was changed).

12



Table 1 displays each variable tested, the standard values and the ranges optimised in the
study. These variables were then systematically varied one-at-a-time to optimise synthesis
conditions and examine the influence of each on yield (%, based on the theoretical

conversion) and CO» adsorption (measured gravimetrically using TGA?®).
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Table 1: Variables investigated for the synthesis optimisation study, alongside their

minimum, maximum and standard values (values chosen for each variable while another

variable was changed).

Variable Min Max Standard Comments
value value value
Citric acid concentration 0.4 0.6 0.5 Linker:base ratio kept at 1:3
M)
KOH concentration (M) 1.30 1.95 1.5
Mg metal mole fraction 0.0 0.4 0.0 Total metal concentration
in reactants [Mg+Zn] kept at 0.5 M
[Mg]/[Mg+Zn]
Solvent ratio 0.33 0.67  0.50
[H20]/[H2O+EtOH]
Total flow rate 40 160 80
(mL/min)
Water bath temperature 25 90 80 At T>80 °C a back-pressure
O regulator was used to prevent
boil-off
MNP-CA concentration 0.0 114 0.0 Quantified using saturation

in product (wWt%)

magnetisation measurements
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3.1 Optimisation of chemical parameters to maximise yield and CO; adsorption

capacity

Initial work concentrated on the optimisation of chemical parameters to maximise the yield
and CO; adsorption capacity of UTSA-16(Zn). The metal concentration was fixed at 0.5 M
and citric acid concentration was varied from 0.4 to 0.6 M, keeping a linker:base (L:B) ratio
of 1:3. Results (Figure 2A) show that CO» adsorption capacity increased from 2.1 to 3.8
mmol/g as linker concentration increased from 0.4 to 0.6 M. The yield stayed around 50% up
to a linker concentration of 0.5 M after which the yield decreased from 50 to 25%. These
yield values are similar to other MOF flow syntheses, such as 59% for MIL-53(A1)*, 27%
for HKUST-1!° and 24-78% for UiO-66*'. The ratio of Zn:L:B in UTSA-16(Zn) calculated
from the empirical formula (C12HsKO14Zn3)!! is 3:2:1. The Zn:L:B ratio used in the literature
synthesis is typically 1:1:3'"123% meaning that linker and base are in excess. The metal to
linker ratio in MOF synthesis is typically known to have a significant effect on MOF
structure and topology*?. For instance, Zhou et al. showed that Zn-based MOFs PCN-13,
PCN-131 and PCN-132 could each be produced by altering the metal to linker (anthrancene-
9,10-dicarboxylic acid) reactant molar ratio between 1:1 and 5:1%*. The crystallinity of MOF-
5 and COz adsorption of Cu-BTC (BTC = 1,3,5-benzenetricarboxylate) also depend on the
metal to linker ratio**3, In this study, PXRD patterns of reaction products revealed that the
higher linker to metal ratios resulted in a higher degree of crystallinity in the case of UTSA-
16(Zn). The relative degree of crystallinity was compared between samples by considering
the reciprocals of the full width half maximum (1/FWHM)*%! of the main 7.4 °20 peak in the
PXRD pattern of the MOFs. In this study, crystallinity increased from 3.0 to 5.0 as linker
concentration increased from 0.4 to 0.6 M (Figure S2, Supplementary Information). This
increase in degree of crystallinity (decrease in FWHM) corresponds with the CO» adsorption

capacity increase from 2.1 to 3.8 mmol/g. The correlation between degree of crystallinity and

15



sorption capacity has also been observed experimentally with ZIF-8*” and HKUST-1*® in line

with our results.

The linker concentration was then fixed at 0.5 M (balancing the optimal yield of 50% and
high CO, adsorption capacity of 3.6 mmol/g), and the concentration of KOH (base) was
varied from 1.30 to 1.95 M (Figure 2B). The yield peaked at 50% for a base concentration of
1.50 M before decreasing to 9% when the concentration of KOH increased from 1.50 to 1.95
M. CO> adsorption capacity remained high (3.3-3.6 mmol/g between 1.5 and 1.8 M KOH),
with sharp decreases outside of that range to 1.4 mmol/g at 1.30 M KOH and 1.0 mmol/g at
1.95 M KOH. The effect of base concentration/pH is well documented in various MOF
syntheses. It is typically considered that linker deprotonation occurs more rapidly at higher
pH values, resulting in faster MOF nucleation, as with Zn-based MOF-5, HKUST-1 and
Dy(BTC)(H,0) MOF crystals, with an impact on sorption characteristics*”. PXRD patterns
obtained herein showed that the degree of crystallinity for UTSA-16(Zn) increased with base
concentration, with crystallinity increasing from 5.2 to 5.7 from 1.3 to 1.73 M KOH (Figure
S3, Supplementary Information). This increase in degree of crystallinity corresponded with
an increase in CO; adsorption capacity from 1.4 to 3.5 mmol/g. Above 1.8 M KOH, an
alternative unknown crystalline phase formed (different to the typical UTSA-16(Zn)
tetragonal crystal system, space group: 1-42d)!!, with new peaks at 9, 10 and 13 °20 (Figure
S3, Supplementary Information). This phase could be the result of very rapid linker
deprotonation at higher pH (1.8 M KOH), resulting in the formation of an alternative
framework structure. This result has also been observed for Co** with H3BTC MOFs, where
partial or full deprotonation at different pH values resulted in the formation of alternate
framework structures with differing sorption characteristics®. A value of 1.5 M for the base
concentration was then taken forward, giving both optimal yield (50%) and CO> adsorption

capacity (3.6 mmol/g).
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Figure 2: CO, adsorption capacity and yield of UTSA-16(Zn) plotted against A: citric acid
concentration (a linker:base ratio of 1:3 was maintained) and B: KOH concentration. C: Mg
metal mole fraction in the reactants plotted against observed Mg metal mole fraction in the
products. D: CO> adsorption capacity and yield of UTSA-16(Zn,Mg) plotted against Mg

metal mole fraction in the products by ICP-OES analysis.

Mixed-metal MOFs contain more than 1 type of metal ion/cluster within the frameworks and
can be prepared by simply using a combination of metal salts during synthesis>!. Often this
one-pot synthesis strategy results in an approximately homogeneous dispersion of the metal
ions in the MOF°2. The combination of metals can be advantageous due to a tuning of the
functionality of the MOF, including improvements to CO2 adsorption capacity and CO2/N;
selectivity>. Recently Gaikwad et al. showed that various metals can be incorporated into
UTSA-16 via a 4 h microwave heating method*. They found that synthesising UTSA-16

with a 7:2 ratio of Zn:Mg increased COz capacity by 18% and CO2/N: selectivity by 19%
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(141 ¢f. 118) compared to pristine UTSA-16(Zn) in their method, attributed to an increase in
surface area and open metal sites in the bimetallic MOF**. A study to incorporate Mg into
UTSA-16(Zn) via our rapid flow synthesis method was therefore conducted. ICP-OES
analysis showed that the actual concentrations of Mg incorporated in the UTSA-16(Zn,Mg)
products were significantly less than those included in the reactants, approximately 8% of the
expected values (e.g. 0.4 Mg metal mole fraction in reactants resulted in 0.032 Mg metal
mole fraction in the final product) (Figure 2C). MOF formation seemed to favour Zn>* over
Mg?* during the very short timescales of our synthesis (2 min residence time). Gaikwad et al.
observed 84% incorporation of Mg?* from the starting reagents into their UTSA-16(Zn,Mg)
product, using a 7:2 weight ratio of Zn:Mg in their microwave batch method>*. However, this
was determined by SEM/EDS mapping, which is a more qualitative technique (complex
topographies can introduce uncontrolled geometric factors, resulting in systematic errors,
often by a factor of ten or more)>. Preferential incorporation of certain cations over others
has also been observed in the literature for mixed-metal MOFs, and can be attributed to a
number of factors including solubility, reactivity, and coordination sphere of the metal ions.
This effect is also observed for incorporation of Ni** into UTSA-16(Co), where only partial

incorporation of Ni** was achieved”’.

Figure 2D shows the impact on CO» adsorption capacity and yield of the increasing Mg>*
metal mole fraction ([Mg]/[Mg+Zn]) in the mixed-metal products. The yield decreased from
50% to 15% with increasing Mg?* metal mole fraction in the products from 0 to 0.032. The
limited incorporation of Mg?* was likely a contributor to the trend in decreasing yield with
increasing Mg?* mole fraction. CO, adsorption capacities of the materials peaked at 3.8
mmol/g at a Mg** mole fraction of 0.018, an increase of 0.2 mmol/g (6%) compared to
pristine UTSA-16(Zn) without Mg**. The differences in CO» adsorption capacity after Mg>*

inclusion into UTSA-16(Zn,Mg) could have arisen from changes in pore sizes, as with other
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mixed-metal Zr/Ti MOFs®®, since Mg?* has a slightly smaller ionic radius (0.066 nm)
compared to Zn** (0.074 nm)>®. Changes to the open metal sites of MOFs by introducing
mixed-metals is frequently reported to impact CO> adsorption capacity (due to different
strengths of interactions between CO, and the metal nodes), such as in MIL-101(Cr,Mg)®
and the Mg-mixed CPM-200 series®>. However, interactions with K* counterions in the pores

are key to the CO> adsorption capacity of UTSA-16°:62

, so it is less likely that changes in
open-metal sites are the cause of changing CO> capacity for this MOF. PXRD patterns
showed an increase in the degree of crystallinity (from 4.5 to 5.7) going from no Mg** to a
Mg?* mole fraction of 0.018 (Figure S4, Supplementary Information) as CO» adsorption
capacity increased from 3.6 to 3.8 mmol/g. Mg?* therefore impacted crystallisation, and
polyhedra size (measured by SEM image analysis (n=100)) increased from 62+19 nm to
92428 nm diameter from no Mg?* to a Mg?* mole fraction of 0.018 in the bimetallic MOF
(Figure S13, Supplementary Information). Finally, Mg?* was found to be well-distributed

throughout the MOF by mineral liberation analysis (MLA) with energy dispersive X-ray

spectroscopy (EDS) (Figure S15, Supplementary Information).

3.2 Optimisation of process parameters to maximise yield and CO; adsorption

capacity

Once chemical parameters had been optimised, focus then shifted to optimising the physical
processing variables for the synthesis of UTSA-16(Zn). As described in the experimental
section, our flow rig (Figure 1) included an aqueous reactant solution pump and an ethanol
solvent pump. The ratio of these two pumps (ensuring the total flow rate was kept constant)
was varied from 1:2 H>O:EtOH (0.33 solvent fraction H>O) to 2:1 H2O:EtOH (0.67 solvent
fraction H20O). The associated impact on CO2 adsorption capacity and yield are shown in

Figure 3A. A ratio of 1:1 gave an optimal CO; adsorption capacity of 3.6 mmol/g, though
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yield could be increased from 50% to 55% by increasing the EtOH antisolvent ratio from
H>O:EtOH 1:1 to 1:1.3. This increase in EtOH ratio did, however, result in a lower CO»
adsorption capacity of 3.4 mmol/g. PXRD patterns showed that at high H>O ratios the degree
of crystallinity for UTSA-16(Zn) reduced (from 4.5 to 3.4), going from H,O:EtOH 1:1 to 2:1.
This reduction corresponded with a decrease in CO» adsorption capacity from 3.6 to 1.8
mmol/g, as discussed previously in section 3.1. At a high EtOH ratio (H>O:EtOH 1:2), low
intensity peaks corresponding to an alternative crystal structure were observed in the PXRD
pattern (Figure S5, Supplementary Information). These reflections are the same as those
observed in the PXRD pattern at high pH (1.8 M KOH) described earlier in section 3.1
(Figure S3, Supplementary Information). This further supports our hypothesis that an
alternative structure arises from faster nucleation than the usual UTSA-16(Zn) phase, as high
EtOH antisolvent ratios result in very rapid nucleation. A similar rate of formation effect is
reported for modulated synthesis of MOFs, where the addition of a modulator slows down the
self-assembly process, changing the phase or topology of MOF produced®®. An example is
the use of benzoic acid as a modulator to influence the kinetics of the self-assembly of MIL-
101(Cr), resulting in the formation of an alternative structure, MIL-88B(Cr)**. SEM images
herein showed the formation of rod-like crystals in the 1:2 H>O:EtOH sample containing the
alternative PXRD structure, attributed to a new phase, which is not visible in the samples at
other solvent ratios (Figure S13, Supplementary Information). In addition to influencing rate
of formation, solvents are also known to play a significant role in the synthesis and
morphology of MOFs ®3%. An example is the various crystal structures of Mg PDC MOFs
(PDC = pyridine dicarboxylate) produced by different solvents under the same reaction
conditions®. Variation of H,O:EtOH solvent ratio also affects the crystallisation process of
Mg BTC MOFs®, where the solvent ratios produced different structures due to the solubility

properties and coordination behaviour of the metal cations.
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Keeping the H,O:EtOH solvent ratio at 1:1, the total flow rate was varied between 40 and

160 mL/min (Figure 3B). The yield of UTSA-16(Zn) product increased steeply from 29% to
50% as flow rate increased from 40 mL/min to 80 mL/min, before gradually decreasing to
45% as flow rate increased further to 160 mL/min. This trend likely represents a combination
of two overlapping factors, dominant in different flow-rate ranges. These factors are mixing
intensity in the counter-current reactor (see Figure 1) which increases with flow rate®” and has
dominant impact at flow rates <80 mL/min, and residence time in the laminar-flow water
bath heater (see Figure 1) which decreases with increasing flow rate and dominates at flow
rates >80 mL/min. Both factors are influenced by flow rate®. To investigate these factors
further, an experiment was performed where the flow rate of the reaction mixture through the
counter-current reactor was 160 mL/min, after which the flow rate was lowered to 20 mL/min
as the reaction mixture passed through the water bath heater (maximising both initial mixing
intensity in the counter-current reactor and residence time in the water bath heater). The data
points from this experiment are marked with triangular symbols in Figure 3B. The UTSA-
16(Zn) product yield was higher than that recovered for the synthesis performed at a flow rate
of 160 mL/min through both the counter-current reactor and water bath heater (60% cf. 45%),
showing that a longer residence time in the water bath heater produces a higher yield for a set

counter-current reactor flow rate (160 mL/min).

CO. adsorption capacity increased from 3.0 to 3.6 mmol/g as flow rate increased from 40
mL/min to 80 mL/min, before gradually decreasing to 3.1 mmol/g as flow rate increased
further to 160 mL/min. However, CO> adsorption capacity of the UTSA-16(Zn) synthesised
with a 160 mL/min counter-current reactor flow rate and 20 mL/min water bath heater flow
rate (triangular data point, Figure 3B) matched that measured for the product of the reaction
kept at 160 mL/min throughout. This shows that longer residence time in the water bath

heater was not beneficial for CO; adsorption capacity, and mixing intensity in the counter-
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current reactor is the dominant factor. It is therefore proposed that mass transfer/mixing
efficiency is optimised around 80 mL/min for our rig, and greater flow rates/intensity don’t
result in more efficient mixing®. An optimal mixing intensity is therefore crucial for
optimising the synthesis of UTSA-16(Zn) and must be carefully considered if transferring the

synthesis to an alternative flow-rig or scaling up the reactor size’®.

PXRD patterns of UTSA-16(Zn) collected at different flow rates (40-160 mL/min) again
showed the link between CO» adsorption capacity and degree of crystallinity, with degree of
crystallinity increasing from 3.2 to 4.5 from 40 to 80 mL/min (3.0 to 3.6 mmol/g CO>
adsorption capacity), then decreasing from 4.5 to 2.9 from 80 to 160 mL/min (3.6 to 3.1
mmol/g CO, adsorption capacity) (Figure S6, Supplementary Information). SEM image
analysis showed no significant differences in crystal size or morphology between the
different flow rates (Figure S13, Supplementary Information). To further evaluate the
efficacy of UTSA-16(Zn) production, the CO» adsorption capacity production rate in mmol/h
was plotted from 40 to 160 mL/min (Figure 3C). This was calculated by combining the CO»
adsorption capacities, yields and reaction times for the individual flow rates. The results
showed an overall increase in CO> adsorption capacity production rate from 104 to 692
mmol/h from 40 to 160 mL/min. A small peak increase in CO; adsorption capacity
production rate from the overall trend was observed between 72 and 88 mL/min due to the
enhanced adsorption capacities in this range, with CO; adsorption capacity at 3.6 mmol/g
compared to 3.0-3.2 mmol/g at the lower (<60 mL/min) and higher (>100 mL/min) flow
rates. The implication of these results is that despite CO> adsorption capacity and yield
decreasing at the higher flow rates (=100 mL/min, Figure 3B), the CO> adsorption capacity
production rate still increases with flow rate up to at least 160 mL/min, facilitating greater

scale-up possibilities. CO2 adsorption capacity production rate is not typically calculated in
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the literature for comparison, though mass production rate is frequently compared as

discussed below in section 3.3.
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160 mL/min counter-current reactor flow rate and 20 mL/min water bath heater flow rate). C:

CO; adsorption capacity production rate of UTSA-16(Zn) plotted against flow rate. D: CO>

adsorption capacity and yield of UTSA-16(Zn) plotted against temperature of the water bath

post-heater.

Temperature is another important factor effecting MOF synthesis. Our flow rig design

included a water bath heater which the reaction mixture was fed through after mixing with

the antisolvent in the counter-current reactor (see Figure 1). The temperature of the bath was
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varied between 25 and 85 °C, and the impact on the CO, adsorption capacity and yield of the
product were measured (Figure 3D). No major changes were observed in either metric from
25 to 60 °C. However, between 60 and 85 °C there was a steep increase in CO> adsorption
capacity from 2.0 to 3.6 mmol/g, and MOF yield from 31% to 66% with increasing
temperature. At 85 °C, a back-pressure regulator was employed to prevent solvent boil off.
PXRD analyses (Figure S7, Supplementary Information) evidenced the dependence of the
degree of crystallinity of UTSA-16(Zn) on temperature, with crystallinity increasing from 2.8
at 25 °C to 4.7 at 85 °C, corresponding with an increase in CO2 adsorption capacity from 1.7
to 3.6 mmol/g. In synthesis reactions, higher temperatures result in a higher kinetic energy of
the reactants, enabling them to overcome the activation energy and resulting in shorter
reaction times, as observed with MOF-5"". Syntheses performed at higher temperatures also
tend to lead to denser structures with higher degrees of framework connectivity and lower
levels of solvation’?, and support the formation of more thermodynamically favoured
structures, as demonstrated with various Zn and Cu-based MOFs’*"*, Higher degrees of
crystallinity are typically thermodynamically favoured’, so more crystalline materials are
usually produced at higher reaction temperatures. This is supported by our results and a study
on the mixed-metal MOF UTSA-16(Co,Zn), where lower temperature (<60 °C) produced
primarily amorphous products, with improved crystallinity at temperatures >80 °C!!. Higher
temperatures can also enable sufficient energy for reorganisation of an initially disordered
MOF structure, leading to the more thermodynamically stable and ordered crystalline
structure. This procedure has been reported with MOF UiO-66-NH>, where a two-step
process with heating led to reorganisation of the framework structure to increase

crystallinity’S.
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3.3 Impact of scaling-up synthesis on yield and CO, adsorption capacity

Optimisation of the chemical and physical parameters were conducted by continuously
collecting products over a timescale in which roughly 1 g of MOF was collected. To test the
initial scope for scale-up, the reaction was continued for 10-fold the duration, approximately
10 g scale (see experimental section). The CO, adsorption capacity was approximately the
same (3.6 mmol/g) for the 1 g and 10 g scale reactions, as expected (Figure S10A,
Supplementary Information). The yield showed an increase from 50% to 59% from 1 g to 10
g scale, likely from reduced loses during collection. PXRD patterns show no significant
differences in the degree of crystallinity between the 1 g and 10 g scale reactions (Figure S8,
Supplementary Information), and SEM images show a similar morphology for both scales,
consisting mostly of 50-100 nm approximately octahedral polyhedra (Figure S14,
Supplementary Information). These results demonstrate the reliability and consistency of the

flow process developed herein for producing UTSA-16(Zn).

For UTSA-16(Zn) (10 g scale), recyclability of the CO, adsorption-desorption capabilities of
the MOF was measured over 12 cycles (Figure S10B, Supplementary Information). A low
regeneration temperature of 60 °C was used for CO; desorption during the cycling to measure
recyclability with low-energy regeneration, in line with our previous study?’. CO, adsorption
capacity measured after regeneration was lower for UTSA-16(Zn) regenerated at 60 °C (3.3
mmol/g) compared to 150 °C (3.6 mmol/g); however, no decrease of CO; adsorption capacity
was detected over the 12 cycles (cycle 1: 3.23 mmol/g, cycle 12: 3.29 mmol/g). This
contrasts with the decreasing CO; capacity observed for some other materials such as an
amine-based adsorbent (7% decrease over 19 cycles)’” and zeolite Y templated carbon (6%

decrease over 5 cycles)’®, due to incomplete regeneration between cycles.
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Key performance metrics for scale-up are production rate (g/h) and space time yield (STY,
kg/m?/day)”. Our 10 g scale reaction demonstrated a production rate of 173 g/h and an STY
of 23,573 kg/m?/day (24 h), treating the reaction as part of a continuous synthesis (i.e
excluding set-up/shutdown time) and using the heating coil as the reactor volume®®. This
represents a 77-fold increase in production rate and a 15-fold increase in STY for UTSA-
16(Zn) compared to the previously highest reported (microwave batch process, production
rate: 2.25 g/h, STY: 1543 kg/m3/day)*’, demonstrating the benefits of continuous flow
synthesis. Production rate is considered a more representative metric for comparing MOF
flow syntheses, as STY's are prone to over-extrapolation and have high variation based on
how the reactor or reaction mixture volume is calculated®®7*#° Typical STY values for MOF
flow syntheses are between 400 and 10,000 kg/m?/day'®"°, though values as high as 6.32 x
10° have been reported'®. Successful scale-up of production rate using flow-syntheses of
other MOFs and a variety of reactor designs has also been reported, including HKUST-1 (60
g/h)!7, MIL-53(Al) (125 g/h)*, Ui0-66 (104 g/h)®!, CPO-27(Ni) (132 g/h)*°, and ZIF-8 (27
g/h lab scale, 810 g/h pilot scale reactor)®®. Based on similar published reactor design to ours

at a larger scale, transfer from our lab-scale flow reactor to a larger pilot-scale reactor would

also likely be possible for further scale-up of production rate’®.

As described in the experimental section, our standard collection and washing/activation
protocol for UTSA-16(Zn) involved collecting the powder product by centrifuge, washing
three times with methanol and drying in an oven overnight. To see if further washing of
UTSA-16(Zn) would impact the CO; adsorption capacity, a small aliquot of the 10 g scale
reaction (0.8 g) was separated before drying and subject to a further 6 methanol washing
steps with solvent exchange over 5 days. The extra washing steps resulted in an increase from
3.6 to 3.8 mmol/g CO> adsorption capacity (Figure S10A, Supplementary Information). This

increase shows that UTSA-16(Zn) is not fully activated during the standard washing
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procedure, and further improvements to the CO, adsorption capacity can be made through
optimisation of the washing/activation procedure. However, if additional solvent, time, and
energy (e.g. vacuum drying or drying solvents) are required for these improvements, as have
been used previously for UTSA-16(Zn)!!"!2, due consideration must be given to the negative
impacts on the sustainability and scalability of the manufacturing process'®. For instance, in
the extra washing case, a 267% increase in solvent quantity and an additional 5 days of
solvent soaking time were required to achieve only a 6% increase in CO2 adsorption capacity.
There are no differences in crystallinity or morphology of UTSA-16(Zn) (Figures S8, S14,
Supplementary Information) because of the washing steps. The increase in CO; adsorption
capacity is therefore attributed to the further removal of water/solvent molecules from the

MOF pores®?.

3.4 Incorporation of Fe3O4 into UTSA-16(Zn)

As discussed in the introduction, incorporation of magnetic nanoparticles into MOFs,
forming MFCs, enables rapid and energy efficient induction heating for MFC regeneration

for reuse®’.

Herein, we successfully synthesised MFCs at a production rate of 152 g/h by adapting the
continuous flow method developed for UTSA-16(Zn) to incorporate the citrate-coated Fe3O4
(see experimental section 2.5). A citrate coating was selected to prevent agglomeration of the
FezO4 MNPs and to enhance chemical interactions between the MNPs and the UTSA-16(Zn),
which contains citrate anions as the linker molecules of the MOF. This production rate
represents the highest reported for any MFC to-date (previous highest of 13 g/h for
MgFe,04@Ui0-66-NH,)3*. MFCs synthesised herein contain 2.9 and 11.4 wt% MNP-CA,
quantified through saturation magnetisation measurements?’ (Figure 4A). These values are

close to those previously reported in our group using a microwave batch method?® and other
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reported MFCs, such as 0.1-7.8 wt% Fe3O4 in Mg-MOF-74%, 2.0-4.1 wt% MgFe,04 in

Ui0-662° and 1.3-7.3 wt% Fe304 in PCN-250%°.

Figure 4B shows the impact of MNP-CA incorporation into UTSA-16(Zn) on CO> adsorption
capacity and yield. The yield was shown to be unaffected by composite formation, remaining
around 50% for both UTSA-16(Zn) @ MNP-CA MFCs. This value is higher than observed
elsewhere for the flow synthesis of an MFC, such as 18-34% for MgFe,0,@UiO-66-NH%*.
The CO- adsorption capacity decreased with increasing MNP-CA content, from 3.6 to 3.1
mmol/g from O to 11.4 wt.% MNP-CA. This decrease is expected as MNP-CA does not
adsorb CO». However, accounting for the mass of MNP-CA in the MFCs, the CO, capacity
of the UTSA-16(Zn) did not decrease, but remained around 3.6 mmol/g. This demonstrates
that MNP-CA incorporation had no detrimental impact on MOF synthesis or CO» capacity,

which could have occurred due to pore blocking effects®”88,

The impact on N> adsorption isotherms and apparent BET surface area of MNP-CA in
UTSA-16(Zn) @MNP-CA (11.4%) compared to UTSA-16(Zn) was evaluated (Figure 4E).
The adsorption isotherms demonstrated Type 1 isotherms due to the microporous structures,
matching those reported for UTSA-16(Zn)!!"!2, Surface areas were similar to those previously
reported for the MOF (787 m?/g)!? and MFC (590 m?/g)*: 743 m?/g for UTSA-16(Zn) and
637 m?/g for UTSA-16(Zn) @ MNP-CA (11.4%). CO» adsorption isotherms were also
measured for UTSA-16(Zn) and UTSA-16(Zn) @ MNP-CA (11.4%) at 273 K and 298 K
(Figure 4F). The volumetric CO> isotherms also matched the Type 1 adsorption behaviour
previously reported for UTSA-16(Zn)'!2. As expected, the higher temperature CO»
isotherms (298 K) for UTSA-16(Zn) and UTSA-16(Zn) @MNP-CA (11.4 %) showed a
slower rate of adsorption and lower overall adsorption compared to the lower temperature

isotherms (273 K)®. The total uptakes were also as expected for the MOF and MFC,
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corroborating our gravimetric measurements reported above: 3.6 mmol/g for UTSA-16(Zn)

and 3.1 mmol/g for UTSA-16(Zn) @ MNP-CA (11.4%) at 1 bar CO».

Isosteric heats of adsorption were around 30-35 kJ/mol for both materials (Figure S12,
Supplementary Information), consistent with that observed for UTSA-16(Zn)!! with no

significant differences between the MFC and the MOF.

The CO> adsorption-desorption recyclability of UTSA-16(Zn) @ MNP-CA (11.4%) was
measured over 12 cycles (Figure 4D), as performed on the pristine MOF in section 3.3 and
Figure S10B, Supplementary Information. A regeneration temperature of 60 °C was used for
the CO» desorption steps, which again resulted in a slight decrease in CO» adsorption
capacity compared to 150 °C (3.1 mmol/g for 150 °C, 2.9 mmol/g for 60 °C). As with
pristine UTSA-16(Zn) in section 3.3, there was no decrease in the CO, adsorption capacity
over the 12 cycles (cycle 1: 2.89 mmol/g, cycle 12: 2.89 mmol/g). In addition, MNP-CA
incorporation has no negative impact on the thermal stability of UTSA-16(Zn), since all
UTSA16(Zn)@MNP-CA MFCs were thermally stable up to 250 °C, akin to the pristine MOF

(Figure S11, Supplementary Information).

Overall, CO> adsorption capacities obtained for UTSA-16(Zn) and UTSA16(Zn) @ MNP-CA
MEFECs (3.1-3.8 mmol/g) were comparable to those previously reported for pristine UTSA-
16(Zn) (3.5 mmol/g for conventionally heated solvothermal'! and 3.4 mmol/g for
microwave®® batch methods) and other high performing MOFs/MOF composites’>!. The
absolute maximum reported CO2 adsorption capacity for pristine UTSA-16(Zn) is 4.7
mmol/g, via a 4 h microwave batch method, though this required 14 washes over 3 days with
anhydrous diethyl ether and methanol and 90 °C vacuum drying'?. Advantages in the route
reported herein are a substantial improvement toward the sustainability and scalability of the

MOF/MEFC synthesis, including the low-cost and scalable flow synthesis route, short
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washing/activation procedure (3 washes with standard commercial MeOH over 1 h, 50 °C
drying without a vacuum), high production rate, and capability for magnetic induction
heating for localised low-energy regeneration. PXRD measurements confirmed the presence
and crystallinity of both the MOF and MNP-CA components in the UTSA16(Zn) @ MNP-CA
MFCs, with Fe3O4 peaks at 30, 36 and 43 °20 representing the MNP-CA? (Figure S9,
Supplementary Information). Distribution of MNP-CA in UTSA-16(Zn) was probed using
MLA with EDS elemental analysis (Figure S15, Supplementary Information). Previous
investigation discussed the correlation between MLA and XRD in the formation of
perovskite-type structural phases, highlighting that whereas XRD enables the detection of
crystallographic phases, MLA can provide information on chemical concentrations and
distributions®?. MNP-CA was well dispersed amongst the UTSA-16(Zn), allowing effective
induction heating throughout the material even with a high wt.% MOF loading (89-97%),
maximising gravimetric CO; adsorption capacity. These MFC structures are distinct from
other nanoparticle-containing MFCs reported in the literature, for instance thin MOF layers
grown on individual nanoparticles such as HKUST-1 on Fe304°>°* and ZIF-8 on Fe;04.
These core-shell structures typically have much lower wt.% MOF loadings in the

composites’>**

and require many preparation steps such as layer-by-layer syntheses. The
UTSA-16(Zn) @ MNP-CA structure is also distinct from MFCs grown via slow direct-growth
methods, where large MOF crystals grow around nanoparticles. Examples of these structures

include MgFe>O4 in Mg-MOF-74%" or Fe304 in Co-MOF-74%, formulated over 15 h and

2.5 day syntheses, respectively.
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Figure 4: A: room temperature magnetisation measurements of UTSA-16(Zn), MNP-CA and

UTSA 16(Zn) @ MNP-CA MFCs, with a field strength up to 10 kOe. B: CO> adsorption

capacity and yield of UTSA-16(Zn) @ MNP-CA plotted against MNP-CA content. C:

Temperature reached by induction heating over 30 s at 500 W for UTSA-16(Zn) and UTSA

16(Zn) @ MNP-CA MEFCs. Results are an average over 3 experiments with error bars showing

*1 standard deviation. D: CO; adsorption and desorption (60 °C) of UTSA-16(Zn) @ MNP-

CA (11.4%) over 12 cycles. E: N2 adsorption isotherms at 77 K of UTSA-16(Zn) and UTSA-
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16(Zn) @ MNP-CA (11.4 %). F: CO; adsorption isotherms of UTSA-16(Zn) and UTSA-

16(Zn) @MNP-CA (11.4 %), measured at 273 K and 298 K.

The saturation magnetisation properties of the MFCs were measured by VSM analyses to be
2.2 and 8.6 emu/g for UTSA-16(Zn) @MNP-CA (2.9%) and UTSA-16(Zn) @ MNP-CA
(11.4%), respectively (Figure 4A). This is within the ranges reported for other MFCs, such as
1.5-4 emu/g for MgFe>O4 in Ui0662°, 0.1-3.9 emu/g for Fe304 in Mg-MOF-74% and 3.1-18.4
emu/g for Fe304 in PCN-250%. For comparison, pristine UTSA-16(Zn) and MNP-CA had
saturation magnetisations of 0.0 and 75.7 emu/g, respectively. Induction heating tests were
conducted for the pristine MOF and MFCs at 500 W over a 60 s period (magnetic field:

164 A/m), results shown in Figure 4C. As anticipated, pristine UTSA-16(Zn) showed no
heating over the time period, and the higher MNP-CA concentration in the MFC resulted in a
much faster heating rate than the lower concentration (26-150 °C in 60 s for UTSA-

16(Zn) @MNP-CA (11.4%) and 26-51 °C in 60 s for UTSA-16(Zn) @ MNP-CA (2.9%)).

A balance between CO» adsorption capacity and induction heating rate can be achieved when
considering the optimal concentration of MNP-CA in the MFC, which may vary depending
on the application environment. As shown in Figure 4D, temperatures as low as 60 °C
resulted in effective desorption in repeated adsorption-desorption cycling without loss of
capacity for UTSA-16(Zn) @ MNP-CA. This is much lower than temperatures typically
required for other adsorbents such as zeolites (200 °C)%’, carbon-based materials (120-230
°C)*8, and other MFCs (130-145 °C)?’. Furthermore, due to the efficiency of the magnetic
induction heating method, temperatures required for the desorption step were reached in
seconds (e.g. 60 °Cin 11 s for UTSA-16(Zn) @ MNP-CA (11.4%), Figure 4C). Typical

regeneration times range between 20-40 min for alternate adsorbents such as activated carbon
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99,100

and zeolites using conventional or microwave heating , and previous MFCs have

demonstrated regeneration times as fast as 4-11 min via magnetic induction heating?®*"-1°1,

This work shows that the MOF UTSA-16(Zn) and MFCs containing UTSA-16(Zn) and
MNP-CA can be synthesised through a rapid and sustainable continuous flow process,
benefiting from high production rates (173 g/h for UTSA-16(Zn) and 152 g/h for the MFCs),
high CO, adsorption capacities (3.1-3.8 mmol/g) and effective thermal regeneration at
temperatures as low as 60 °C, which were attained in seconds for the MFCs via the energy

efficient induction heating process.

4  Conclusions

Herein we report the first continuous flow synthesis of promising CO» capture MOF UTSA-
16(Zn). A high production rate (173 g/h) and STY (23573 kg/m?/day) were achieved
compared to the batch synthesis (2.25 g/h, 1543 kg/m?/day), representing a 77-fold and 15-
fold increase respectively. The lab-scale reactor design is scalable, and higher flow rates
resulted in higher CO; adsorption capacity production rates (692 mmol/h at 160 mL/min).
The procedure developed herein marks a significant step towards industrial application for
UTSA-16(Zn), maximising reaction sustainability through low-cost and non-toxic reagents

and a low-energy atmospheric pressure flow reactor.

A detailed optimisation study identified key variables and their impacts on the CO>
adsorption capacity and product yield metrics of the MOF. The optimal Zn:L:B reagent ratio
was 1:1:3 (3.6 mmol/g, 50% yield), with further increases to the L and B concentrations
improving the CO; capacity at the expense of the yield (3.8 mmol/g, 24% yield at 1:1.2:3.6

Zn:L:B). COz adsorption capacity increased with an optimum concentration of incorporated
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Mg (3.8 mmol/g at 0.018 Mg metal mole fraction in product), though only approx. 8% of the

added Mg was incorporated, with associated losses to the overall yield (35%).

Both CO» adsorption capacity and yield were very sensitive to the H>O:EtOH solvent ratio; a
1:1 ratio gave the best results (3.6 mmol/g, 50% yield). The optimal reactor mixing efficiency
to maximise CO> adsorption capacity was at an 80 mL/min flow rate (3.6 mmol/g), and the
yield was further improved (up to 60%) using a lower flow rate (20 mL/min, longer residence
time) through the coil heater. Both CO» adsorption capacity and yield improved with higher
heating temperatures (from 1.7 mmol/g, 35% yield at 25 °C up to 3.6 mmol/g, 63% yield at
85 °C), though a back-pressure regulator was required above 80 °C to prevent solvent boil-
off. A 10-fold increase in reaction size (from 1 g to 10 g scale) increased the yield (59% at 10
g scale compared to 50% at 1 g scale) and a high CO» adsorption capacity was maintained
(3.6 mmol/g). Additional washing and soaking MOF in solvent showed that further increases

to CO» capacity were possible (3.8 mmol/g) however this is at the expense of sustainability.

Finally, citrate-coated Fe3O4 magnetic nanoparticles were added into the flow synthesis of
UTSA-16(Zn), producing MFCs with 2.9 and 11.4 wt.% incorporated MNP-CA. No
detrimental effects were observed for yield (=50%), CO> adsorption capacity of the MOF
component (=3.6 mmol/g), or recyclability (no loss in CO> capacity over 12 cycles).
Saturation magnetisations of 2.2 and 8.6 emu/g were measured for UTSA-16(Zn) @ MNP-CA
(2.9%) and UTSA-16(Zn) @ MNP-CA (11.4%), respectively. The MFCs demonstrated rapid
heating under a magnetic field (26-150 °C in 60 s for UTSA-16(Zn) @ MNP-CA (11.4%)),
highly beneficial for material regeneration for reuse. This represents the largest production
rate of any reported MFC to date (152 g/h) and demonstrates the scalability of this novel class

of materials.
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The flow synthesis method developed herein will facilitate the transfer of UTSA-16(Zn) and
UTSA-16(Zn) @MNP-CA production to pilot-scale reactors, enabling larger-scale testing of
the materials in CO» capture application environments. The methods developed will also aid
in the discovery and understanding of other MOFs/MFCs, supporting their transition to larger

scale manufacture and broad industrial applications.
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