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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• MISA can contribute to the electrifica
tion of chemical processes. 

• Fe3O4@HKUST-1 composite is synthe
sized and characterized. 

• Fe3O4@HKUST-1 acts as a smart sorbent 
for CO2/N2 separation. 

• Design of the nanoparticles dimension is 
needed to maximize the composite 
heating power. 

• Induction heating is superior to the 
conventional heating in terms of 
desorption rates.  
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A B S T R A C T   

A magnetic composite consisting of MOF HKUST-1 and magnetite nanoparticles was synthesized and successfully 
utilized for the separation of CO2 from N2/CO2 mixtures. The CO2 adsorbed by the porous material was suc
cessively desorbed by means of a recently proposed, high-efficiency technique so-called Magnetic Induction 
Swing Adsorption (MISA). The energy necessary to the desorption of carbon dioxide is transferred by electro
magnetic induction to the magnetic nanoparticles that promptly dissipate it into heat. The composite material 
has been synthesized by growing the metal organic framework on functionalized magnetite nanoparticles by 
means of liquid assisted grinding (LAG) mechanochemical process. The composite material has been charac
terized in its morphological and functional properties. Thanks to improved magnetic properties, the optimized 
nanocomposite requires lower magnetic fields to desorb the CO2 and allows for reaching the same regeneration 
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temperature in the sorbent bed at lower magnetic field amplitude, compared to previously synthesized composite 
materials. A regeneration energy Q of 4.4 MJ/kg CO2 has been calculated at 130 ◦C desorption temperature.   

1. Introduction 

Decarbonization of the chemical industry through electrification is a 
currently proposed solution for reducing anthropogenic greenhouse gas 
(GHG) emissions. The utilization of electricity to drive chemical con
version processes, as well as separation and purification operations, can 
be performed through its direct use in electrochemical synthesis of 
chemicals or through conversion of electrical energy to heat (power-to- 
heat). In particular, electricity can provide the heat to power endo
thermic chemical reactions through the use of various electromagnetic 
sources [1], e.g., induction [2–7], microwave [8–10], plasma [11] or by 
direct joule heating [12–14]. 

Magnetic Induction Swing Adsorption (MISA) is a recently proposed 
technology [15] with the aim of improving the energy efficiency of gas 
separation processes, with a particular focus on the regeneration step of 
adsorbent materials through Temperature Swing Adsorption (TSA). 
MISA is based on the use of composite materials consisting of a 
component with high adsorption capacity of the molecules to be sepa
rated (in this paper a Metal Organic Framework, MOF) and magnetic 
nanoparticles that heat up locally under the action of an alternating 
magnetic field, allowing a rapid and complete regeneration of the sor
bent. The electromagnetic energy is converted into thermal energy in
side the adsorbent bed, overcoming all resistance to heat transmission. 
This causes a high regeneration rate of the solid sorbent beds ensuing a 
greater productivity, when compared with conventional heating sys
tems. Furthermore, localized heating avoids energy waste due to ther
mal gradients between the walls of the reactor column and the heart of 
the sorbent bed typical of reactors heated from outside, prefiguring 
energy savings. When this technology was suggested for the first time, 
the materials proposed and investigated were mainly Magnetic Frame
work Composites (MFCs) [16–22]. More recently, the separation tech
nology based on magnetic induction has attracted the strong research 
interest of several research groups who have experimented it also with 
composite materials based on traditional adsorbents such as activated 
carbon and zeolites [23–26]. The electrification of the separation pro
cesses is in fact at the center of renewed interest as a method of inten
sification of energy intensive desorption processes [19]. In a previous 
paper we reported the development of MFC materials based on HKUST-1 
and magnetite nanoparticles for the capture of carbon dioxide from post 
combustion processes [27]. The HKUST MOF had been chosen for its 
good CO2/N2 selectivity despite moderate working capacity and insta
bility in wet condition that however can be improved with linkers or 
post-synthesis modification [28]. The composite was synthesized by 
growing the MOF on the surface of Fe3O4 nanoparticles functionalized 
with trimesic acid (TMA). The developed composites showed a complete 
release of the adsorbed CO2 upon the application of a suitable magnetic 
field, faster than that determined by traditional heating (TSA). Both 
magnetite nanoparticles and the subsequent growth of HKUST-1 has 
been synthetized by a mechanochemical process [29]. 

However, although the liquid assisted grinding synthetic route al
lows for easily and sustainably obtaining magnetic nanoparticles, it does 
not allow a fine control on their size and morphology. In fact, what is 
usually obtained are aggregates of nanoparticles with a fairly wide size 
distribution. In the previous work the nanoparticles obtained at the end 
of the synthesis process show size around 5–7 nm, a value which rises up 
to 15–50 nm after a mild heat treatment, inducing also strong decrease 
of surface measured by BET [27]. Considering the magnetic relaxation 
[30,31] as the main mechanism for heat dissipation it should be 
underlined that particle size distribution and particle aggregation (i.e., 
increase of interparticle interactions) represent two key factors for hy
perthermic efficiency of nanoparticles. In fact due to the exponential 

dependence of the relaxation time on the nanoparticle volume, just 
particles with specific volume will contribute efficiently the heat dissi
pation [32–34]. Despite this topic is still quite controversial in literature 
[35–38], interparticle interactions can also significantly affect hyper
thermic efficiency of the materials, strongly modifying relaxation time 
and then changing the nanoparticle volume necessary to optimize heat 
dissipation. 

Starting from this landscape [32,33], a new Fe3O4@HKUST-1 MFC 
has been synthetized based on magnetite nanoparticles with controlled 
morphology (i.e., particles size and shape [39,40]) and limited aggre
gation (i.e., negligible interparticle interactions), specifically optimized 
for their application in MISA. Indeed, the final efficiency of the process 
will depend on how efficiently the nanoparticles dissipate the electro
magnetic field. 

This paper focuses on the synthesis of such magnetic composite and 
its structural, morphological and magnetic characterization, discussing 
its potential in the carbon dioxide/nitrogen separation process. Regen
eration efficiency is calculated based on experimentally determined 
parameters such as carbon dioxide desorption energy, regeneration 
productivity, and magnetic energy dissipated by the composite. 

2. Materials and methods 

2.1. Nanoparticles synthesis 

The magnetic nanoparticles (MNP) were synthesized by thermal 
decomposition of iron acetylacetonate (Fe(acac)3), in high-boiling sol
vent (benzyl ether) in the presence of surfactants (oleic acid, OA and 
oleylamine, OAM). Since the as-synthesized MNP had a hydrophobic OA 
surface coating, it was necessary to modify the surface with TMA to 
facilitate their embedding into HKUST-1. 

Synthesis of Fe3O4. Fe(acac)3 (2.83 g, 8 mmol), OAM (6.42 g, 24 
mmol), OA (6.8 g, 24 mmol) and benzyl ether (60 mL) were mixed and 
magnetically stirred under a flow of nitrogen in a 250 mL three-neck 
round-bottom flask for 15 min. The resulting mixture was heated to 
reflux (~290 ◦C) at 15 ◦C/min and kept at this temperature for 90 min 
under a blanket of nitrogen and vigorous stirring. The black-brown 
mixture was cooled at room temperature and ethanol (60 mL) was 
added causing the precipitation of a black powder. The product was 
magnetically separated with a permanent magnet, washed several times 
with ethanol and finally re-dispersed in toluene. 

Phase transfer by ligand-exchange with TMA. 500 mg of Fe3O4 
MNP were dispersed in CHCl3 (90 ml), added to a solution of TMA (600 
mg) in dimethyl sulfoxide (DMSO,18 ml), sonicated for 1 h and finally 
incubated at room temperature for 12 h in a rotating agitator. The 
precipitate was magnetically separated with a permanent magnet, 
washed several times first with DMSO, then with ethanol and finally 
dried under N2 flux. 

2.2. Composite synthesis 

The synthesis methodology used for the preparation of the composite 
powders is analogous to that described in our previous work [27]. 
Briefly, a LAG (liquid assisted grinding) mechanochemical method was 
applied in two consecutive grinding phases: (i) milling of the TMA 
coated magnetite NP (0,25 g) in the presence of trimesic acid (0.730 g) 
and methanol (0.5 ml, 10 min) to favor a good dispersion of Fe3O4 
nanoparticles in the reactive mixture; (ii) addition of copper acetate (1 
g) and of 4.5 ml of methanol to carry out the synthesis of HKUST-1 and 
making the composite (30 min milling). Both grindings were carried out 
under Ar atmosphere with 6 zirconia balls (10 mm) in a SPEX 8000 M 
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mixer/mill. The nanoparticles functionalization step (i) is used to direct 
the growth of the MOF crystalline structure right on the surface of the 
magnetite particles, incorporating them. The final product was left to air 
dry overnight, and purified the next day according to the method set up 
for the MOF HKUST [27]. The composite density evaluated on the basis 
of its composition is equal to 1.17 g/cm3. 

2.3. Instrumental characterization 

Thermal characterization for verification of the stability range of the 
material and for the determination of the loading of nanoparticles was 
performed with a Pyris PerkinElmer Diamond thermobalance in air flow 
(100 ml/min). 

The nitrogen adsorption isotherms at 77 K were performed using a 
high-resolution Quantachrome Autorsorb iQ instrument. On the basis of 
the experimental data, the specific surface area was determined by 
applying the BET method and the porosity distribution by the Quan
tachrome NovaWin software, simulating the adsorption curve using the 
Non-Local Density Functional Theory (NLDFT) and applying a calcula
tion model for carbonaceous structures with slit pores [41]. Equilibrium 
adsorption measurements of nitrogen and carbon dioxide at different 
temperatures were performed using the Quantachrome Nova2000 in
strument on a sample amount of about 200 mg. The working tempera
ture of the sample was controlled by immersing the sample in a 
circulating water bath (273 K, 298 K, 308 K) or in a heating bag 
equipped with temperature control (403 K). 

The morphology and the average particle sizes of the MNP and 
nanocomposite were evaluated by transmission electron microscopy 
(TEM) using a CM12 PHILIPS transmission electron microscope. X-ray 
powder diffraction (XRD) measurement on MNPs was carried out using a 
Bruker D8 Advance diffractometer equipped with a Cu Kα radiation (λ =
1.54178 Å) and operating in θ-θ Bragg Brentano geometry at 40 kV and 
40 mA. Lattice parameter, a, and the mean crystallite diameter, dXRD, 
were evaluated using the TOPAS® software (Bruker) using the Funda
mental Parameter Approach considering a cubic space group Fd-3m. 
XRD analysis of the nanocomposite was performed using a diffractom
eter equipped with a 120◦ linear simultaneous detector from INEL and a 
monochromatized Fe Kα1 source (λ = 1.936 Å). 

The surfactant percentage was determined by elemental analysis on 
carbon, hydrogen, and nitrogen (CHN analysis) by a CHN–S FlashE1112 
Thermofinnigan Elementary Analyzer. Elemental analysis was per
formed by Inductive Coupled Plasma - Atomic Emission Spectroscopy 
(ICP-AES) by using a Varian 720-ES spectrometer. 

Magnetic measurements were performed using a SQUID magne
tometer (Quantum Design MPMS) operating in the 2–350 K temperature 
range with applied fields up to 5 T. The powder samples were hosted in a 
Teflon tape and then pressed in a pellet to prevent preferential orien
tation of the crystallites under the magnetic field. The obtained values of 
magnetization were normalized by the weight of ferrite present in the 
sample and expressed in Am2/kg of ferrite. The error on magnetization 
values is estimated as 2%. 

In a typical breakthrough experiment, performed utilizing a Micro
meritics Autochem II 2920, the gas mixture is flowed through powder 
granules (~0,5 mm) loaded in a glass tubular reactor (10 mm internal 
diameter) and the composition of the outgoing gas stream is measured in 
real time by means of a previously calibrated Thermal Conductivity 
Detector (TCD) (Fig. S1). To optimize the detector response, the ex
periments were performed on a He/CO2 mixture, as the different ther
mal conductivity of these gases allows for a very accurate measurement 
of the quantity of desorbed CO2. Before the sorbent bed becomes satu
rated with adsorbed gas, the downstream composition consists only of 
pure helium due to its negligible affinity for the surface of the structure 
and high affinity of CO2 (CO2 complete adsorption). When the bed is 
saturated with CO2, the composition of the outgoing mixture corre
sponds to that of the incoming mixture (breakthrough). The speed with 
which the sorbent bed is saturated depends on the amount of sorbent 

used in the reactor, the total gas flow, the concentration of CO2 in the 
mixture and the temperature at which the bed is kept. Following the 
adsorption, materials were regenerated by TSA inside the instrument 
furnace applying a 10 ◦C/min temperature ramp and by MISA at 
different magnetic fields by means of an induction heating system 
Ambrell Easyheat 2.4 equipped with a 8-turn coil of 2.5 cm diameter and 
4.5 cm high, working at 190 kHz. In this latter case, the furnace is 
removed from the instrument and the inductor coil is placed around the 
glass reactor. The coil position can be adjusted to have the sorbent 
granules placed at its center. The temperature was measured by placing 
a fiber optic temperature sensor (Opsens Solutions) in the adsorbent bed. 
The gas flows employed during desorption are usually identical to the 
adsorption phase flows. Each desorption experiment following the up
take in dynamic conditions has been performed 3–5 times. 

The Specific Absortpion Rate (SAR) value was evaluated from the 
temperature kinetic curve, T(t), by using the following equation: 

SAR=

∑

i
micpi

mMFC

ΔT
Δt

(1)  

where mi is the mass of the i-species involved in the heat exchange and 
cpi its specific heat, ΔT is the temperature increase in the interval of time 
Δt and mMFC is the mass of the magnetic composite. Since the mea
surement is carried out in non-adiabatic conditions, ΔT/Δt value was 
extrapolated for t→ 0 by considering the initial slope of the temperature 
kinetic curve. In our case, since the cp of the MFC (including MNPs, MOF 
and surfactant) was directly evaluated, the formula reduced to: 

SAR= cpMFC
ΔT
Δt

(2)  

3. Results and discussion 

3.1. Structural and morphological characterization 

The XRD pattern of the synthesized HKUST-1-magnetite composite 
(Fig. 1) displays the characteristic reflections of both the organic 
component (HKUST-1) and magnetite, suggesting that the mechano
chemical synthetic approach induces the growth of a well crystallized 
organic phase. XRD pattern of Fe3O4 nanoparticles alone is reported in 
Supporting Information, Fig. S2. 

The thermal stability of the composite was investigated by ther
mogravimetric analysis (SI Figure S3) and observed weight losses are in 
accordance with the composition of the material and consistent with 
HKUST-1 and similar composites [27]. 

Fig. 1. XRD pattern of the magnetic composite.  
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The nitrogen adsorption curve at 77 K is reported in Fig. 2 together 
with the pore size distribution. The composite material shows a com
bination of type I (at low relative pressure) and type IV (at higher 
relative pressure) isotherm, typical of samples characterized by the 
presence of both microporosity and mesoporosity. The nitrogen uptake 
at low pressure shows the same trend as that measured for HKUST-1. The 
isotherm in logarithmic scale (inset Fig. 2) highlights a double uptake, 
confirming the bimodality of the microporosity of HKUST-1 [27], 
evident also in the pore size distribution curve (Fig. 2b). A relatively 
broad mesoporosity distribution is also visible in the graph, probably 
due to the occurrence of some structural disorder of the organic 
component of the composite and by aggregation phenomena induced by 
the presence of the nanoparticles. The slope at intermediate pressure 
regime suggests a non-negligible extension of “non-microporous” sur
face, in accordance with the presence of hysteresis. The BET area, 
calculated according to the evaluation criterion developed for micro
porous materials reported in Ref. [42], is equal to 960 ± 50 m2/g, 
remarkably lower than HKUST-1 synthesized in comparable conditions 
(1800 ± 90 m2/g). Such decrease is higher than that expected due to the 
presence of an inorganic, non-adsorbing, phase pointing to a structural 
disorder in the MOF induced by the presence of nanoparticles. The 
micropore volume is 0.33 cm3/g. Compared to the HKUST-1 and in 
agreement with the other magnetic composites [27] there is a decrease 
of 52% in the microporous volume value similarly due to the presence of 
the nanoparticles that change textural properties of the material. 

A representative TEM image of TMA coated Fe3O4 MNP (Fig. 3, left) 
shows octahedral nanoparticles with an average diameter of 28 ± 6 nm 

(dTEM). Moreover, TEM microscopy images (Fig. 3, right) display the 
formation of a composite with Fe3O4 nanoparticles well distributed in 
the MOF, showing that the incorporation process did not alter the 
morphological characteristics of the inorganic particles. 

The XRD diffraction pattern of the sample Fe3O4, (Fig. S2 in SI), 
confirmed the presence of a single crystalline phase with a diffraction 
pattern compatible with the spinel cubic structure characteristic of 
magnetite. All the peaks, indeed, match for position and intensity those 
of the reference pattern (JCPDS 19–0629). The lattice parameter (a =
8.3834(2) Å) is close to the one expected for magnetite (8.396 Å) con
firming that the sample consists of magnetite nanoparticles. The crys
tallite diameter (dXRD = 33.2(4) nm) obtained by the Scherrer analysis is 
comparable to that obtained by TEM measurement, suggesting that the 
MNP can be considered as single crystals with a high degree of 
crystallinity. 

3.2. Magnetic characterization 

The magnetic properties of the composite were investigated by 
recording magnetization field dependence at 300 K (Fig. S4, Supporting 
Information). The sample exhibited magnetic irreversibility with a small 
coercivity (μ0Hc ≅ 4 mT) and reduced remanence (Mr/Ms ≅ 0.12), 
comparable with the values observed for the as-prepared nanoparticles. 
Similarly, the saturation magnetization (Ms) of the composite, approx
imated to M@5T, when scaled to the magnetic phase content estimated 
from ICP analysis (12.9% of Fe3O4 in the hydrated sample, 17% on dry 
basis) was close to that of the pristine nanoparticles (~84 Am2/kg and 
~81 Am2/kg for HKUST-1-Fe3O4 and Fe3O4, respectively). This 
behavior clearly indicates that the incorporation of the MNPs in the 
metal organic framework did not affect their magnetic properties. 

Such values need as well to be compared with analogous 
Fe3O4@HKUST-1 previously synthesized MFC [27]. Those materials, 
grown on MNP prepared by ball milling, showed Ms in the range 
54–70emu/g depending on the synthesis conditions. 

One of the functional characterizations essential to define the 
effectiveness of the developed materials for the application of the MISA 
technology is the measurement of their ability in dissipating energy 
when exposed to an alternating magnetic field. The parameter of interest 
is defined as SAR (Specific Absorption Rate) or SPL (Specific Power Loss) 
and indicates how much energy per mass unit is absorbed over time by 
the material in the field conditions in which the measurement is per
formed (intensity and frequency). 

The SAR value of the magnetic composite for an applied AMF of B =
12,6 mT and f = 190 kHz was estimated 1.6 W/g. 

4. Carbon dioxide and nitrogen adsorption isotherms 

The materials used in adsorption/separation processes must meet 
several requirements such as high selectivity, high working capacity and 
low regeneration energies to ensure energy consumption as low as 
possible [43–46]. Equilibrium adsorption isotherms are typically 
measured to get this information. 

Fig. 4 shows the adsorption isotherms of CO2 (top panel) and N2 
(bottom panel) measured at different temperatures. The quantity of 
adsorbed carbon dioxide is high, (i.e., ~5 mmol/gmaterial at 273 K and 1 
bar) and, as expected, it decreases as the temperature increases. 
Conversely, the low affinity of the material for nitrogen is evidenced by 
considering that at 273 K and 1 bar the adsorbed amount is less than 0.4 
mmol/g. Moreover, the material shows a similar adsorption capacity in 
CO2 and N2 compared to the Fe3O4-HKUST-1 composites developed in 
Ref. [27]. The result agrees with the measured specific surface area and 
with the analysis of the microporosity that does not show significant 
differences for all the developed composites. 

The ideal selectivity values, S, were calculated using the following 
equation: 

Fig. 2. (a) Adsorption isotherm at 77 K. In the inset the curve is plotted in 
logarithmic scale to highlight the double uptake at low relative pressure. (b) 
Pore size distribution (dashed line) and cumulative porous volume. 
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S=
q1/q2

p1/p2
(3)  

where qi represents the quantity of the adsorbed i-component and pi its 
partial pressure. For the calculation, the composition 15:75 in CO2 and 
N2 was utilized to mimic that of a post-combustion gas containing 
15–16% of CO2,73–77% of N2, 4–7% of water vapor and other 

impurities. The selectivity was found equal to 22, 17 and 14 at 273 K, 
298 K and 308 K, respectively, in agreement with values obtained in the 
previous work [27]. 

To calculate the working capacity, defined as the difference between 
the moles of adsorbed CO2 per mass of adsorbent in the loading condi
tions (p, T) and the moles of CO2 desorbed at the selected desorption 
temperature and pressure 1 bar, a CO2 isotherm was measured at the 
desorption temperature 403 K. The calculated working capacity is 0.12 
mmol/g utilizing, for the loading conditions, p = 0.15 bar and T = 308 K 
typical of post-combustion mixture. 

The adsorption enthalpy calculated utilizing experimental data from 
Fig. 4a is 23 kJ/mol (see Supporting Information for the calculation 
details and Fig. S5 where enthalpy is reported as a function of adsorbed 
carbon dioxide). 

5. Adsorption and desorption dynamics 

Breakthrough curves are reported in Fig. 5. Real time carbon dioxide 
concentration is normalized to the inlet concentration (C/Co). The 
adsorbed CO2 amount was obtained by integrating the breakthrough 
curve according to the equation: 

Q=

∫ tf

tb

c0 − ct

c0
fdt (4)  

where tb and tf are the initial and final times after the subtraction of the 

Fig. 3. Representative bright field TEM micrographs of TMA-coated Fe3O4 MNPs before (left) and (after) inclusion in HKUST-1. The size distribution of the NPs is 
shown as inset of the left panel. 

Fig. 4. (a) Experimental adsorption isotherms and Freundlich-Langmuir fit 
(continuous line) for CO2 at different temperatures. (b) Experimental nitrogen 
uptake at different temperatures. Dotted lines are intended as a guide to 
the eye. 

Fig. 5. CO2 breakthrough curves (Tadsorption 32 ◦C) at different concentrations 
of carbon dioxide in the mixture. Total flow of He/CO2 mixture is 50 ml/min. 
Breakthrough measurements were performed on 0,4 g of material. The figure 
also shows the output curve of the mixture in the absence of the adsorbent 
bed (baseline). 
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baseline, c is the CO2 concentration in the flow and f is the gas flow. 
We observed that, by flowing CO2 to the reactor at 15% vol, the bed 

shows a breakthrough time (C/C0 = 0.05) of 0.7 min and is saturated (C/ 
C0 = 0.95) in 2.3 min with linear velocity of the total gas flow of 1.06 
cm/s. By increasing the CO2 concentration, breakthrough times are 
predictably shorter. 

At the end of breakthrough measurement, desorption experiments 
were performed at different magnetic field amplitudes keeping the 
incoming flow at 50 ml/min (CO2 15%vol). Fig. 6 shows the desorption 
curves (a) and the temperature profiles measured inside the sorbent bed 
(b) as a function of the application time of the alternating magnetic field. 
The carbon dioxide desorption starts as soon as the field is applied. 

The magnetic field was applied for 10 min, a time judged sufficient to 
obtain a stable temperature, but the regeneration process is completed 
in a shorter time. The final temperature measured for the three examples 
shown are 175 ◦C, 155 ◦C and 130 ◦C, respectively. 

Fig. 7 reports the amount of carbon dioxide desorbed (a) and the 
temperature reached in the sorbent bed (b) as a function of the applied 
field for the Fe3O4@HKUST-1 and, to better highlight the material 
optimization process, the results are compared to those of the 

composites developed using magnetite MNPs produced via ball milling 
(Fe3O4@HKUST-1 and Fe3O4_400@HKUST-1) [27]. As shown in Fig. 7a, 
the new nanocomposite requires lower magnetic fields to desorb the 
carbon dioxide accumulated during the breakthrough operation. This is 
because optimized MNPs have a higher SAR value than those produced 
by mechanochemical synthesis. By dissipating magnetic energy more 
efficiently they allow the regeneration temperatures to be reached at 
much lower fields. 

The three composites display similar thermal stability, CO2 adsorp
tion capacity (see carbon dioxide isotherms) and desorption vs tem
perature features (Fig. 7b), signifying the robustness of the synthesis 
method. However, they behave very differently with respect to MISA 
due to the different intrinsic properties of the MNPs. This result has 
major implications in calculating the efficiency of the technology as it 
affects the costs of generating the magnetic field. 

6. Evaluation of the efficiency of MISA technology 

One of the drawbacks of TSA regeneration process consists in the 
poor energy transmission efficiency, detectable as high thermal gradi
ents between the reactor wall and the sorbent material, and the asso
ciated waste of energy. In addition, most of the sorbent materials show 
poor thermal conductivity, aggravating the thermal inhomogeneities of 
the beds and giving rise to the presence of hot-spots, potentially 

Fig. 6. (a) Carbon dioxide desorption curves at different applied magnetic 
field. The peaks reveal an increase in the concentration of carbon dioxide in the 
stream during the application of the magnetic field. In the legend, the maximum 
temperature reached by the sample under the different experimental conditions 
is reported in brackets. In (b) the corresponding temperature profiles of the 
sorbent bed is reported. Total inlet gas flow: 50 ml/min. Sample weight: 0.4 g. 

Fig. 7. (a) Relative amount of desorbed carbon dioxide as a function of the 
applied magnetic field for optimized Fe3O4@HKUST-1, Fe3O4_400@HKUST-1 
and Fe3O4@HKUST-1 composites [27]. CO2 partial pressure is 15%. (b) Des
orbed carbon dioxide as a function of the temperature reached in the adsorbent 
material during MISA. Error bars have the size of the symbols. 
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dangerous for the stability of the materials, and causing long regener
ation times. 

These limits are overcome by MISA which foreshadows two main 
advantages: the first is represented by the greater and proven efficiency 
of magnetic induction compared to other heating methods in the transfer 
of energy, thus providing energy savings [47]. The second concerns the 
intensification of the desorption process thanks to the immediate and 
timely heating of the sorbent bed triggered by the MNPs exposed to the 
magnetic field. Productivity, (i.e. the frequency with which it is possible 
to change the temperature of the adsorbent bed) is a parameter to fully 
evaluate the advantages of MISA technology compared to other heating 
methods. Heating or cooling the adsorbent bed to reach the 
pre-established point of adsorption and desorption in the shortest 
possible time allows for reducing the duration of the entire cycle, thus 
intensifying the separation procedure. 

Desorbed CO2 concentration profiles, obtained by MISA technology 
and traditional furnace heating performed on the same sorbent bed, are 
compared in Fig. 8. Same experimental conditions apply to both MISA 
and TSA processes. Following the dynamic adsorption in breakthrough 
experiments, the adsorbent is heated until the temperature of 175 ◦C is 
reached and the necessary time is waited for the complete desorption of 
CO2. The heating ramp in the furnace was 10 ◦C/min. Faster heat ramps 
result in delays in reaching temperature in the sorbent bed due to the 
insulating nature of MOFs. 

Considering the same amount of carbon dioxide adsorbed, regener
ation via MISA is completed in 6 min with 90% of the CO2 recovered 
already after 1.5 min. The traditional regeneration process, limited by 
the heat transfer from the source to the material, takes more than 10 
min. Since by applying MISA, the stability equilibrium temperature is 
175 ◦C the TSA experiment was performed by heating up to the same 
temperature. At the temperature of 130 ◦C, which is the effective tem
perature to achieve complete desorption, both samples have already 
desorbed 95% of CO2 in 2.5 min and 9.6 min, respectively. 

In consideration of the very different desorption rates, MISA is more 
competitive than regular TSA (see also Fig. S6, Supporting Information) 
allowing for an increased number of adsorption/desorption cycles and 
hence higher productivity. Furthermore, it should be noted that there is 
a mass effect in the heating rate of the adsorbent bed due to the mini
mization of thermal dispersion as the productivity measured for the 
same material increases with the mass. Therefore, further margins of 
improvement can be figured out. 

6.1. Determination of the regeneration energy 

The regeneration energy Q allows the estimation of the thermal en
ergy requirement per unit mass of CO2 captured in a typical CCS process. 
This is the sum of the energy required to heat the adsorbent to the 
desorption temperature and the energy required for the desorption 
process. It can be expressed by the following equation: 

Q=
cpmsorbΔT + ΔHCO2ΔqCO2

mCO2
(5)  

where cp is the specific heat capacity of the adsorbent (J/gK), msorb is the 
mass of the adsorbent (g), ΔT is the temperature difference between 
adsorption and desorption (K), ΔHCO2 is the heat of desorption of CO2 
(kJ/mol) for the sorbent material, Δq is the working capacity, and mCO2 
is the mass of CO2 captured. 

For the composite here developed, the cp value was measured in the 
temperature range 35–130 ◦C and found to vary between 0.91 and 1.07 
J/gMFCK. The most unfavorable figure, 1.07, was used in the calcula
tions. The working capacity was determined from the adsorption iso
therms at 308 K and 403 K reported in Fig. 4. The calculated 
regeneration energy and all the useful data are reported in Table 1. In 
addition, the thermal work performed by the magnetic material (amount 
of energy dissipated by the MNPs) is also reported, calculated by 
multiplying the SAR (W/g) by the weight of the sample and the field 
application time. The ratio of regeneration energy to thermal work gives 
the thermal efficiency of induction heating. 

For Fe3O4-HKUST-1 the regeneration energy is 4.4 MJ/kgCO2, a 
value in line with data reported in other works [19,23] but higher than 
that estimated for MEA (aqueous monoethanolamine solution) processes 
(ca 3 MJ/kg) commonly in use. The low working capacity of the sorbent 
is the factor that most negatively affects the regeneration energy in this 
work. Therefore, in order for this type of composite material to establish 
itself in the panorama of separation technologies, the use of more per
forming MOFs [43–46,48,49] is recommended. Furthermore, HKUST-1, 
despite its good adsorption capacity and selectivity, is unstable in 
streams containing water vapor and an energy penalty should be added 
for water condensation. 

The thermal energies were also calculated for a regeneration of the 
material equal to 95%, considering that to recover the remaining 5% of 
CO2, the desorption time doubles with the consequent consumption of 
energy to generate the magnetic field. The calculation of quantities not 
defined in the text is reported in the supporting info. 

The obtained values of thermal efficiency can be improved by 
developing composites with better CO2 adsorption capacity and shorter 
regeneration times. 

Fig. 8. Regeneration of the optimized Fe3O4@HKUST-1 sorbent bed (0.4 g) by 
MISA (B = 12.6 mT) and by traditional furnace heating from outside, TSA 
(heating rate 10 ◦C/min). Dashed line correspond to the temperature recorded 
during the two experiments. 

Table 1 
Data used for the calculation of the regeneration energy and the heating thermal 
efficiency. The definition and calculation of some quantities is reported in SI.  

Magnetic field amplitude (mT) 12.6 
Frequency (kHz) 190 
msorb (g) 0.4 
SARMFC (W/g) 1.6 
ΔHads(kJ/mol) 23 
Working capacity (mmol/g) 0.12 
Regeneration time (100%) (s) 270 
Regeneration time (95%) (s) 135 
Desorbed mCO2(g) 0.00982 
Thermal work required (J) 42.8 
Thermal Energy dissipated by MFC (100%) (J) 173 
Thermal Energy dissipated by MFC (95%) (J) 86 
Desorption Temperature (◦C) 130 
Regeneration Energy Q (MJ/kg)CO2 4.4 
Thermal efficiency (100%) (%) 25,4 
Thermal efficiency (95%) (%) 50,8  
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7. Conclusions 

An optimized Fe3O4@HKUST-1 nanocomposite for the Magnet In
duction Swing Adsorption was developed and fully characterized. The 
new material consists of ~28 nm Fe3O4 nanoparticles with high crys
tallinity and improved magnetic property well embedded in the MOF 
matrix. Moreover, the mechanochemical method used to synthetize the 
composite does not alter both the physico-chemical properties and 
morpho structural features of the MNPs and the material crystallinity of 
the MOF HKUST-1 is largely preserved. The CO2 adsorption capacity is 
comparable to that observed for the composites prepared in our previous 
work using magnetite NP synthesized by ball milling, indicating that for 
the same amount of incorporated magnetic material, there is no 
appreciable influence of nanoparticles on the sorbent capacity of the 
composite. However, due to the higher SAR value, the optimized 
nanocomposite requires lower magnetic fields to desorb the CO2 and 
allows for reaching the same regeneration temperature in the sorbent 
bed at lower magnetic field amplitude. 

Regardless of the insulating properties of the MOF, the high CO2 
release rate was due to the induction heating system’s localized heating. 
The MISA process’s efficiency proved to be highly reliant on the mate
rial’s magnetic properties. Induction heating as an alternative electrified 
heating method for carbon capture processes has proven to be a viable 
option. 

The productivity of the adsorption/desorption cycle is linked to the 
duration of the two stages. While in the low temperature adsorption 
stage the speed of diffusion of the gas inside the sorbent material (mass 
transfer) dominates, in the desorption stage the heat transfer rate is 
fundamental to reach the temperature set point in the shortest possible 
time. Since the productivity of the entire procedure, which is of funda
mental importance for real applications, depends on the frequency of the 
adsorption/desorption cycle, the shorter the regeneration time, the 
greater the productivity of the system, which can be translated into 
greater production capacity. 
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