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1 | INTRODUCTION
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Abstract

Electrification of adsorption processes is emerging as an adaptable solution for future
gas separations. This study develops magnetic sorbent structures for use in induction
vacuum swing adsorption (IVSA) process specifically designed for olefin/paraffin
separation. Two sorbents, namely Fe;O4/ZIF-7 (ethane-selective) and Fe;04/13X
(ethylene-selective) were developed and formulated into extrudates (Fe,o/ZIF-7-P) and
monoliths (Fe,o/13X-M), and tested under different regeneration scenarios, including
simultaneous and subsequent induction-evacuation, induction only, and evacuation
only. The dynamic adsorption results demonstrated that regeneration under subse-
quent induction-evacuation improves desorption rate and capability. Under this regen-
eration scenario, Fe,o/ZIF-7-P achieved an ethane desorption rate of 0.24 mmol/g.
min, representing a remarkable 37.5% enhancement over the induction-only scenario.
Similarly, Fe>o/13X-M exhibited an ethylene desorption rate of 0.35 mmol/g.min, indic-
ative of a 34.2% enhancement. Moreover, the IVSA cyclic runs highlighted the excel-
lent regeneration capability and stability of both Fe,o/ZIF-7-P and Fe,o/13X-M with
Fe,o/13X-M exhibiting ethylene purity, recovery, and productivity of 99.4%, 99.6%,
and 39.9 mol/kg.h, respectively. Overall, these findings underscore the potential of the
hybrid induction/vacuum process as an effective technique for achieving efficient

regeneration of sorbents in olefin/paraffin separation.
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Therefore, it is imperative to explore alternative separation

approaches that can replace cryogenic distillation to meet the energy

The demand for ethylene (C,Hy), a crucial raw material in the chemical
industry, continues to grow annually, reaching over 170 million tons
worldwide.>? The current methods of producing ethylene, such as
paraffin dehydrogenation or steam cracking, result in a mixture of eth-
ane (C,Hg) and ethylene in the final product.®* To separate these two
gases, cryogenic high-pressure distillation process is a well-established
industrial separation technology, which is costly and energy-intensive
due to their similar volatilities and sizes.>® Approximately 10-20% of
the total energy consumption is utilized in the cryogenic distillation

process to achieve their separation.®”

efficiency and emission reduction requirements.

Adsorption-based gas separation based on temperature swing
adsorption (TSA), pressure or vacuum swing adsorption (PSA or VSA),
electric swing adsorption (ESA), and magnetic swing adsorption
(MISA) holds significant promise as an alternative to the conventional
thermally driven distillation on account of high energy efficiency.8-1°
Hybrid processes have also been attempted to overcome some of the
deficiencies of the current adsorption swing processes. For example,
in the realm of carbon capture, temperature vacuum swing adsorption

(TVSA) has emerged as a particularly promising technology on account
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of its effectiveness toward both weakly and strongly adsorbed com-
ponents.1112 Moreover, capitalizing on the strengths of both tempera-
ture and vacuum swing processes, TVSA could mitigate high energy
penalty and long cooling times typically associated with TSA processes,
as it leverages the benefits of lower temperatures and vacuum condi-
tions to desorb the adsorbates.*® The key striking feature of TVSA lies
in its ability to achieve high purity levels in the separated gas.

Various TVSA configurations and heating methods have been
explored including indirect heating, where the bed is heated via heated
fluids or embedded heat exchangers, and electrified heating via resis-
tive, microwave, or induction heating.g'16 Electrified heating, in particu-
lar, offers distinct advantages in terms of energy efficiency and the
ability to precisely control the heating profile.”'> Moreover, the integra-
tion of vacuum in TVSA allows for efficient desorption at relatively
lower temperatures compared to TSA, thereby reducing the overall
energy footprint of the process. This dual approach not only ensures
effective capture but also aligns with the current focus on developing
sustainable and energy-efficient gas separation technologies.'* For
example, Grande and colleagues reported a combined vacuum and elec-
tric swing adsorption (VESA) process for CO, capture that aimed at
improving both CO, purity and recovery with a lower regeneration
energy.?” Recently, Denayer group demonstrated the use of a hybrid
induction vacuum swing adsorption process (IVSA) for rapid CO,
desorption, and showed that 90% bed regeneration can be achieved in
less than 2 min through a combined induction heating-evacuation pro-
cess, over 13X zeolite/Fez04 extrudates.*®

However, in induction heating, heat is produced uniformly within
materials through localized nano-heaters. This technique is particularly
suitable for sorbents with low thermal conductivity. By applying high-
frequency currents, the magnetic field undergoes changes, leading to
the stabilization of eddy currents and the alternating alignment of
domains in conductive materials.” As a result, the temperature
increases, facilitating the regeneration of the sorbent. One benefit of
this technology is that it helps minimize heat loss in the adsorption
column, which is a problem commonly encountered in TSA. This leads
to a reduction in the energy and time required for the cooling step,
thereby shortening the overall cycle time. Additionally, heating in
MISA is safer than in ESA, as the latter may result in distributed hot
spots during heating, which is an advantage of using MISA over
ESA.”Y? However, a significant obstacle arises due to the limited elec-
tromagnetic conductivity of the sorbents, making them unresponsive
to magnetic fields. To overcome this challenge, researchers have suc-
cessfully improved the localized thermal heating of sorbent particles
by combining magnetic particles with sorbent crystals and utilizing

alternating magnetic fields.”2°-%2

In our earlier works,*??%

we demonstrated olefin/paraffin separa-
tion via MISA process, and our findings highlighted that MISA aids in
shortening the cooling step and thereby the cycle time. However, the
potential of its dual (hybridized) regeneration mode to further
enhance cyclic performance has not yet been demonstrated in olefin/
paraffin separation. In terms of sorbent materials, both olefin-selective
and paraffin-selective materials have been developed and evaluated

for olefin/paraffin separation. Examples of the former class include
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zeolites,>*?> y-Al,03,%% and metal-organic frameworks (MOFs),%”
whereas for the later class ZIF-7 has been reported.?® In cases where
C,H¢ is preferentially adsorbed, the desired C,H4; product can be
directly obtained during adsorption step. This approach offers poten-
tial energy savings of around 40% for C,Hs/C,H,4 separation com-
pared to using C,Hs-selective sorbents.?®° Nevertheless, its
separation factor is currently lower compared to olefin-selective
sorbents.3132

In this research, we aimed at utilizing the dual regeneration con-
cept in C;Hg/C,oHy4 separation by combining evacuation and induction
heating in the induction vacuum swing adsorption (IVSA) process, to
achieve a rapid desorption rate and a short cycle time. Specifically, we
developed two magnetic sorbents, Fe,o/ZIF-7-P and Feyo/13X-M
with fixed Fe;O,4 (ca. 20 wt%), which were formulated into extrudates
and monolith, respectively, using 3D printing technique.>® Various
induction heating and evacuation scenarios, including simultaneous
induction heating and evacuation, as well as individual induction heat-
ing or evacuation, were employed to assess the hybridized induction
heating and evacuation in the olefin/paraffin separation process. The
best regeneration scenario was then selected for cyclic experiments
on both sorbents to evaluate their stability and adsorption perfor-
mance under competitive adsorption. A multicomponent feed con-
taining C,Hg, CoHy, CH4, and Hy was used for these experiments to
estimate C,H,4 purity and recovery, along with productivity.

2 | EXPERIMENTAL SECTION

2.1 | Materials

The sorbent synthesis involved the use of various materials, including
iron (I, l1l) oxide microparticles (FezO4, 99.5%, <5 um), zinc (Il) nitrate
hexahydrate (Zn(NQO3),-6H,0, 99%), benzimidazole, 13X zeolite, ben-
tonite clay (99%), and methylcellulose (99%). These materials were
sourced from Sigma Aldrich, except for the 13X zeolite, which was
acquired from Alfa Aesar. Additional chemicals, such as methanol
(MeOH, 99.9%) and N,N-Dimethylformamide (DMF), were obtained
from commercial vendors and used as received without further purifi-
cation. The ultra-high purity (UHP) gases utilized in this study were

purchased from Airgas.

2.2 | Synthesis of magnetic sorbent powders

The preparation of Feyo/13X was carried out following a method
described in our recent publication.’” In a brief summary of the syn-
thesis process, a mixture was prepared by dissolving 20 wt% iron
oxide (Fe,p) in 50 mL of a 13X/DI water solution. The solution was
subjected to rolling at 60 rpm for 24 h. The resulting slurry was then
dried at 120 °C for 12 h, and the obtained precipitates were ground
to obtain a homogeneous powder using a mortar and pestle. This pre-
pared sample was denoted as Fe,q (Fez0,4, 30 nm)/13X and referred

to as Feyp/13X in the experiments.
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The synthesis of ZIF-7 crystals followed established protocols
outlined in the available literature.3*% To begin, a solid mixture con-
sisting of benzimidazole (0.479 g) and Zn(NQO3),-6H,0 (0.598 g) was
dissolved in 75 mL of DMF and subjected to sonication for 5 min at
25 °C. The resulting solution was then transferred to a Teflon-lined
stainless-steel autoclave, where the synthesis process took place
without any agitation. The autoclave was placed in an oven and main-
tained at 120 °C for a duration of 48 h. The solid product was filtered,
washed with methanol using vacuum filtration, and subsequently

dried under vacuum conditions at 100 °C for 12 h.

2.3 | Formulation of magnetic sorbent structures

The sorbent powders were combined with magnetic particles to cre-
ate printable inks, with the specific ratios provided in Table 1. These
inks were utilized in the 3D printing process to fabricate extrudates of
Fe,o/ZIF-7 and honeycomb monoliths of Feyn/13X following the
methodologies outlined in previous studies.®>3247%C |n summary, the
sorbent solids were mixed with bentonite and methylcellulose in a
suspension solvent of approximately 20 mL of deionized water
(DI) for Feyo/13X or a mixture of DI and MeOH for Fe,o/ZIF-7, as
shown in Table 1. The mixture of DI and MeOH was used as a solvent
in this case because the framework structure of ZIF-7 is known to be
sensitive to water. When a sufficient amount of water is used as a sol-
vent, it may cause the ZIF-7 framework to degrade or collapse, result-

ing in the loss of its desired properties. To avoid this, a mixture of DI

TABLE 1 Paste composition of 3D-printed structured sorbents.
Feoo/ZIF-7 or
Fezo/13X Solvent Bentonite Methylcellulose
Sorbent (wt.%) (vol.%) (wt.%) (wt.%)
Feoo/ZIF-7 83 H,O/MeOH 14 3
(10/90)
Feyo/13X 83 H,O 14 3

Y

FIGURE 1 Schematic presentation for
the formulation of Feyo/ZIF-7-P and
Feoo/13X-M structured sorbents.
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water and MeOH is employed as a solvent, as it provides a more suit-
able environment for synthesizing and handling ZIF-7 without
compromising its structural integrity.>> After combining all compo-
nents, the ink was subjected to 30 min of sonication and subsequently
rolled at 60 rpm for 48 h at 25 °C to ensure homogeneity and pro-
mote binding. The resulting slurry was then densified through immer-
sion mixing at 50 °C and 600 rpm until achieving a printable rheology.
A printable rheology was defined as being shear thinning and self-
standing.** The inks were printed using a hydraulic printing setup
described in our previous work,*? followed by drying at 25 °C in a
fume hood for 12 h to prevent cracking. Finally, the printed structures
were calcined in air at 500 °C for Feyo/13X or at 200 °C for Fe,o/
ZIF-7 with a ramp rate of 10 °C/min for 5 h. The extrudates/honey-
comb monoliths were labeled as Feyo/ZIF-7-P and Feyo/13X-M, as
depicted in Figure 1.

2.4 | Characterization of magnetics sorbent
structures

The textural characteristics of the Fe,o/ZIF-7-P and Feyo/13X-M sam-
ples were evaluated through N, physisorption tests experiments per-
formed at 77 K using a Micromeritics gas analyzer instrument (3Flex).
Prior to the analysis, both samples (Fe,o/ZIF-7-P and Feyo/13X-M)
underwent degassing under vacuum conditions. Feyo/13X-M was
degassed at a temperature of 350 °C for 5 h, while Feyo/ZIF-7-P was
degassed at 250 °C for the same duration. The degassing process was
carried out on a Micromeritics Smart VacPrep instrument. The surface
area, pore size distribution (PSD), and pore volume were determined
using the Brunauer-Emmett-Teller (BET), Horvath and Kawazoe, and
nonlocal density functional theory (NLDFT) methods, respectively.
The surface topography was assessed via field emission scanning elec-
tron microscopy (FE-SEM; Quanta 600F ESEM). The crystallinity of
the synthesized sorbents was assessed via an A PANalytical X'Pert
multipurpose X-ray diffractometer with a scan step size of 0.026°/
step at a rate of 3°/min from 5° < 20 < 90°. It is important to highlight

0.8 mm
Layer
Thickness

1cm

e
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that the compositions of the iron oxide remained constant in both
samples, as previously optimized in our prior works.X?*® Conse-
quently, the magnetic properties of the Fe,o/ZIF-7-P and Fe,o/13X-M
sorbents, assessed by electron paramagnetic resonance (EPR), specific
heat absorption rate (SAR), and heat regeneration requirement calcu-
lations, were not presented in this study.

2.5 | Adsorption isotherms measurements

The unary adsorption isotherms of C,Hg, CoHg, CH4, and H, were mea-
sured on a volumetric gas analyzer (Micromeritics, 3Flex) within the
pressure range of 0-1 bar. Before conducting the measurements, both
samples (Feoo/ZIF-7-P and Feyo/13X-M) were subjected to degassing
on a Micromeritics Smart VacPrep instrument under vacuum.
Fe,o/13X-M was degassed at 350 °C for 5 h, while Fe,o/ZIF-7-P was
degassed at 250 °C for the same duration. This step was carried out to
remove any preadsorbed gases or moisture from the samples.

2.6 | Magnetic induction breakthrough
experiments

Dynamic adsorption-desorption experiments were carried out using a
custom-designed laboratory setup, following the methodology out-
lined in our previous publications.*”*3*3 The setup involved a quartz
tube with dimensions of 25 cm in length and 1 cm in inner diameter.
To minimize heat loss, nonconductive plastic materials were chosen
for the fittings and connectors of the inlet and outlet openings of the
column, as metallic components are susceptible to heating effects dur-
ing induction heating. The magnetic field strengths applied to the sor-
bents were generated by an induction heating system (EASYHEAT 1.2
to 2.4 kW-AMBRELL), equipped with an induction coil measuring
4 cm in length, featuring 8 turns and a diameter of 2.5 cm. Through-
out each experimental run, precise temperature measurements were
ensured by employing a temperature controller (FOTEMP4-PLUS-
PO-V-B) in conjunction with a fiber-optic (FO) temperature sensor
(OPTOCON, TS3-10MM-02). The breakthrough experiments were
conducted under typical operating conditions, including a sorbent
mass of 3.0 g, an initial temperature of 25 °C, and a pressure of 1 bar.
The adsorption bed was sandwiched between two layers of glass
wools, while the remainder of the column was filled with glass beads.
Printing a 4 cm monolith could lead to deformation of the monolith
because of the adsorption column's narrow diameter (1 cm). A prefer-
able approach would be to print two segments (~2 cm length each)
and stack them to constitute the necessary adsorption bed. Prior to
the breakthrough experiments, in-situ activation of the sorbent was
carried out for 1 h under an Ar flow rate of 20 mL/min, utilizing mag-
netic field strengths of 31.4 mT for Feyo/13X-M and 21.4 mT for
Feoo/ZIF-7-P (the magnetic field strengths of 31.4 and 21.4 mT are
equivalent to 250 and 175 A, respectively). After that, the adsorption
column was cooled down to 25 °C using compressed air, and a gas

mixture of C,Hg and C,H4 with a feed composition of 50/50 mol%
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was introduced into the bed at a rate of 54 mL/min, accompanied by
a simultaneous flow of 5 mL/min of Ar. It should be noted here that
the bed was cooled down by passing the air flow across the column.
The gas flow rates at the inlets and outlets were accurately controlled
by mass flow controllers (MFCs). The composition of the outlet gas
flow was analyzed with using a mass spectrometer (MKS, Cirrus 2).
Once the bed reached saturation (ca. pseudo-equilibrium) with CoHg
and C,yHy4, the flow of C,Hg and CoH4 was halted, and the Ar inlet
feed was switched to 20 mL/min while activating the sorbent using
different magnetic field strengths (31.4 mT for Fe,o/13X-M and
21.4 mT for Feyo/ZIF-7-P) at six different scenarios, as illustrated in
Figure 2 and Table 2. The desorption process continued until the sor-
bent bed was fully regenerated from C,Hg and CoHg.

2.7 | Induction vacuum swing adsorption cyclic
experiments

For IVSA experiments, the same adsorption setup was utilized. How-
ever, an additional vacuum pump (0.8 and 2 mbar, VACUUBRAND,
Germany) was introduced at the outlet of the adsorption column,
which was equipped with a bypass for sorbent regeneration runs.
These regeneration runs were performed using six different scenarios,
as summarized in Table 2. In cyclic adsorption-desorption experi-
ments, the same procedures were repeated for multiple cycles using
the best sorbent regeneration scenario, “Indc1-Vac(2)” with varying
feed composition to investigate its performance in a competitive
adsorption environment, as depicted in Figure 3. The feed gas mixture
considered in this study contained C,Hs, Co,Hs CH4, and Hy. The
reported flow rate represents the optimal value, as altering the flow
rates would yield different gas compositions. For these experiments, a
gas mixture of C,Hg and C,H,; with a feed composition of
13.6/13.6 mol% was introduced into the bed at a flow rate of 15 mL/
min. Simultaneously, there was a flow of CH4/H, at 40 mL/min with a
feed composition of 14.5/58.2 mol%. The desorption step was carried
out until complete regeneration of the sorbent was achieved. After-
ward, the system was cooled down to 25 °C before initiating the next
cycle. It is worth noting here that during the desorption process, the
column was purged with Ar at a flow rate of 20 mL/min. This step
served as a desorption step and an activation for the sorbent before

starting the subsequent cycle.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of magnetic sorbent
structures

The prepared magnetic sorbents were first analyzed by XRD to deter-
mine whether the correct crystalline structure was obtained and
retained during monolith/extrudates formulation, as shown in
Figure S1AB. First, the diffraction peaks of the ZIF-7 powder, as
shown in Figure S1A, were identical to those reported in the
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Hybridized Induction/Vacuum

/ \
I Vacuum pump ‘I
: i
1 1
1 1
| ]
i ry H
1 1
1 i Indc, !
H i * Inde+ Vac(2), |
H i * Indcl-Vac(2), !
1 i * Vac(2)1-Indc, !
: L+ Vac(0.8) |
In-situ activation Cooling Adsorption \ i Desorption } « vac(2) J
31.4/21.4 mT, 1 bar,1h 25°C, 1 bar 25°C, 1 bar N e -’

FIGURE 2

Steps of combined magnetic induction heating and vacuum in the process of olefin/paraffin separation for rapid desorption.

TABLE 2 The sequence of different desorption scenarios for sorbent regeneration in the process of induction vacuum swing adsorption.

Sorbent Run # Sample activation Adsorption Desorption scenario

Feoo/ZIF-7-P 1 214 mT 25°C Induction
2 1h 1 bar Induction + Vacuum (2 mbar)
3 Induction (1 min), Vacuum (2 mbar)
4 Vacuum (2 mbar, 1 min), Induction
5 Vacuum (0.8 mbar)
6 Vacuum (2 mbar)

Fezo/13X-M 1 31.4 mT 25°C Induction
2 1h 1 bar Induction + Vacuum (2 mbar)
3 Induction (1 min), Vacuum (2 mbar)
4 Vacuum (2 mbar, 1 min), Induction
5 Vacuum (0.8 mbar)
6 Vacuum (2 mbar)

MFC: mass flow controller
MFM: mass flow meter
MS: mass spectrum

7 Induction unit

Vacuum
Pump

Ar

FIGURE 3 Experimental setup used for induction vacuum swing adsorption experiments.
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L P S ——————

Symbol of desorption scenario
Indc

Indc + Vac (2)
Indc1-Vac (2)
Vac (2)1-Indc
Vac (0.8)

Vac (2)

Indc

Indc + Vac (2)
Indc1-Vac (2)
Vac (2)1-Indc
Vac (0.8)

Vac (2)
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literature, indicating the successful synthesis of ZIF-7. Similarly

for 13X, the peaks appeared identical to those reported in the

literature,*”4®

which was expected as the 13X was used without any
modifications. After the addition of magnetic particles (FezO,), and
once the samples were formulated into monoliths or extrudates, the
main peaks in both samples were clearly retained, albeit with some
reduction in their intensity, in particular for Fe,o/ZIF-7-P, indicating
strong retention of the crystal structure in Feyo/13X-M and minimal
deformation of the crystal structure in formulated structures. The
main peaks of Fe;O4 were observed at 26 = 30.1°, 37.15°, 43.4°,
53.8°, 57.5°, and 62.5°, corresponding to the crystal planes of (220),
(311), (222), (400), (422), (511), and (440), respectively.*”° It can be
reasonably deduced that Fe,o/ZIF-7-P and Fe,p/13X-M composites
were successfully synthesized. Moreover, these XRD patterns con-
firmed the presence of both magnetic and sorbent (ZIF-7 or 13X) par-
ticles in these composites.

SEM images of the bare sorbents and the composite structures
are displayed in Figure S2A-D. Initially examining the bare sorbents,
the particles in both samples exhibited an octahedral structure with
a nearly round shape, aligning with the typical crystallinity state of
ZIF-7 and 13X.***” The synthesized Fe,o/ZIF-7-P demonstrated
good crystallinity, featuring a uniform distribution of Fe species
within the ZIF-7 crystals. However, the crystalline structure of these
particles, characterized by a nearly round shape with small crystals,
was slightly impacted by the extrusion process, resulting in minor
deformation of some ZIF-7 crystals. Nevertheless, the primary crys-
talline state of ZIF-7 particles was still observable. In contrast,
Fe,0/13X-M showed no significant alteration to the crystalline
structure of the pristine 13X particles, maintaining a uniform distri-
bution of Fe species. These SEM images, in conjunction with the
previously discussed XRD data, confirm the successful synthesis of
composite materials comprising FezO4 with ZIF-7 or 13X sorbents.
Furthermore, they indicate that the formulation process had a mini-
mal impact on the crystalline structure of the particles, although the
ZIF-7 sample exhibited slightly more structural deformation com-
pared to the 13X sample.

The N, physisorption isotherms and PSD profiles of the Fe,o/
ZIF-7-P and Fe,o/13X-M sorbents are presented in Figure S3, and the
corresponding textural properties can be found in Table S1. Feoo/ZIF-
7-P sorbent exhibited a complex N, adsorption-desorption isotherm
(Figure S3A,B). This behavior can be attributed to the lack of a
gate-opening mechanism at low pressure, resulting in limited accessi-
bility of its pores to N, molecules.’>>? This unusual trend in the Ny
physisorption isotherms and the corresponding PSD curve of ZIF-7
aligns with previously reported findings by Cuadrado-Collados et al.>®
and Thakkar et al.>> On the other hand, the Fe,0/13X-M sorbent dis-
played Type I-1V isotherms (Figure S3C), indicating the presence of a
microporous-mesoporous structure. These isotherm types suggest a
broader range of pore sizes compared to Fe,o/ZIF-7-P. The PSD pro-
files in Figure S3D confirmed the existence of both micro- and meso-
pores, spanning a range of 2-30 nm, for these sorbents.

Table S1 presents the BET surface areas and pore volume values
for Fey/ZIF-7-P, which are 1877 m?/g and 0.0055 cm®/g,
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respectively. While these values may appear relatively low, they are
consistent with the findings reported in the literature. It is well-
documented that ZIF-7 exhibits limited accessibility for N, molecules
at 77 K, as previously mentioned. For instance, Cuadrado-Collados
et al.>® and Thakkar et al.3> reported surface areas of less than
20 m?/g and total pore volumes of approximately 0.01 cm®/g for their
DMF-based ZIF-7 samples. It should be noted that our Feyo/ZIF-7-P
sample contains 20 wt.% of iron oxide, a nonporous material as dem-
onstrated in our previous study.'? Thus, considering the hybridization
with nonporous iron oxide, the obtained surface area and pore volume
in Fexo/ZIF-7-P align well with the available literature data. Regarding
Fe,o/13X-M, the measured BET surface area and total pore volume
were found to be 603.4 m?/g and 0.268 cm®/g, respectively. These
values were slightly lower than those reported in our previous work,*’
where we observed surface areas of 632 m?/g and total pore volumes
of 0.332cm®/g for Feyo/13X. This reduction in surface area and
porosity can be attributed to the binder used during printing of
Feoo/13X-M, given that Fe,o/13X-M contains 83% Feyo/13X, as indi-
cated in Table 1. In summary, the obtained surface areas and pore vol-
umes for Feoo/ZIF-7-P and Feyo/13X-M, despite the incorporation of
nonporous iron oxide, are still high enough for use in separation

processes.

3.2 | Unary adsorption isotherms

The unary adsorption isotherms of C,Hg, CoH4, CH4, and Hy were
measured at 25 °C over a pressure range of 0-1 bar. These results are
illustrated in Figure S4A-D. Upon examining Fe,o/ZIF-7-P, an iso-
therm that appeared to be a combination of Type-IV and S-shaped
was observed for CoHg, CoHy4, and CH4, as depicted in Figure S4. This
observation aligns with previously reported results in the litera-
ture.?835 This material exhibited isotherms consistent with the gate-
opening-like effect observed in ZIF-7 topology. This trend can be cat-
egorized into three regions: a low-pressure region with minimal gas
uptake, indicating weak interaction and external surface adsorption; a
step region showing rapid gas uptake within a narrow pressure range,
indicative of strong adsorption inside the cavities; and a further filling
region where the uptake continues at a more gradual rate, suggesting
additional adsorption within the existing cavities. Notably, a steep rise
in ethane uptake was observed between 0.10 and 0.20 bar, which can
be attributed to the opening of the benzimidazole linker's six-
membered ring, leading to rapid cavity filling. This rise became
broader with C,H4 and CHy4, while minimal adsorption of H, was
observed. The interaction between adsorbate and linker, influenced
by molecular mass, resulted in specific threshold pressures controlling
the uptake and release of molecules, allowing C,H, with a larger mol-
ecule to adsorb while CoH,4 and CH, did not.?® The total uptakes over
Feoo/ZIF-7-P were 1.93, 1.85, 1.10, and 0.07 mmol/g, for CoHg, CoHa,
CHy, and H,, respectively. In contrast to Fe,o/ZIF-7-P, Feyo/13X-M
exhibited a higher affinity toward C,H,; compared to C,Hg, and even
more so over CH,; and H,. The isotherms of Fe,o/13X-M showed a

steep increase in uptake at low pressures, followed by a gradual
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increase at higher pressures, while the CH4 and H, isotherms exhib-
ited a gradual increase over the entire pressure range. Notably, the
adsorption capacities of CH,; and H, were lower than that of C,Hy,
indicating the selectivity of this sorbent toward C,H, over C;Hg, and
even more pronounced selectivity toward CH4 and H». This selective
adsorption can be attributed to m-ion interactions between 1t bonds
of C,H4 and electropositive cations (ca. Na™) in 13X. The Fe,p/13X-M
material achieved total uptakes of 2.63, 3.15, 2.40, and 0.06 mmol/g
for CoHg, CoHa4, CH4, and Ho, respectively.

3.3 | Induction vacuum breakthrough experiments

3.3.1 | Dynamic adsorption breakthrough

To evaluate the separation performance of the developed sorbents,
breakthrough experiments were conducted using a binary gas mix-
ture containing equimolar concentrations of C,Hg and CoHy4. The
dynamic concentration profiles for Fe,o/ZIF-7-P and Fe,o/13X-M
sorbents were recorded, as shown in Figure S5A,B. It is important
to note here that the term “equimolar” applies to Co,Hg and CoHy4
but excludes Ar. Fe,o/ZIF-7-P exhibited preferential adsorption of
C,yHg over CoHy4, but with lower CoHg/CoHy4 than that of pristine
ZIF-7, likely due to the inclusion of nonporous iron oxide and the
mixing with binders/solvents during the extrusion process, which
affected its overall separation efficiency. Despite low selectivity,
the separation between these two gases was validated from the
breakthrough profiles, indicating that Fe,o/ZIF-7-P still retains the
inherent properties of ZIF-7. The concentration fronts revealed an
overshoot in the C,H4 wavefront, which occurred due to break-
through of C,Hg from the outlet of the bed. This overshoot was
caused by the displacement of weaker adsorbate molecules of
C,H4 by the stronger adsorbate molecules of CyHg, resulting in
concentrations exceeding the relative concentration of C;/Cy = 1.
As CoHg neared the end of the column, the gas mixture reached a
state of binary saturation, causing both C,H¢ and C,H4 to return to
their original molar feed compositions. Similarly, in the case of
Feso/13X-M, a similar trend was observed where the wavefront of
the lighter gas was displaced by the stronger adsorbate molecules.
However, the gas selectivity of Fe,o/13X-M was opposite to that
of Feyo/ZIF-7-P. This difference in selectivity can be attributed to
the distinct adsorption mechanisms, as discussed earlier. In the case
of Fe,o/ZIF-7-P, the adsorption mechanism was likely reliant on
the gate-opening mechanism in ZIF-7, as indicated by the adsorp-
tion isotherms, which were also similar to those reported in the lit-
erature.?® This effect is influenced by the molecular mass of the
adsorbate and involves specific threshold pressure that controls
the uptake and release of molecules. Consequently, C,H4, being
the larger molecule, is adsorbed, while C,H,4 does not exhibit signif-
icant adsorption. In contrast, the adsorption mechanism in
Fe,0/13X-M is based on m-ion interactions between the m bonds of
C,H,4 and electropositive cations (ca. Na™) in 13X, resulting in 13X

preferentially adsorbing CoH,4 over CoHg. 54>
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3.3.2 | Bedregeneration scenarios

The desorption rate is significantly influenced by the varying driving
forces, particularly when utilizing heating and vacuum techniques.
However, achieving a desired desorption rate at lower temperatures
is crucial, as it effectively reduces cooling step and overall cycle
times. While evacuation is a feasible method to obtain a high desorp-
tion rate at low temperatures, it comes with the drawback of requir-
ing the vacuum pump to operate at very low pressures, resulting in
higher costs. To address this, a promising approach is to develop a
hybrid system that combines heating and evacuation at moderate
temperature and pressure conditions, aiming to lower the energy
regeneration requirements associated with both methods. Thus, the
study explores six different regeneration scenarios, as illustrated in
Table 2, to determine the most efficient combination for enhanced
desorption performance.

In the “Vac(2)” scenario, which relies solely on pressure reduction
as the driving force for regeneration, rapid desorption was observed
initially, followed by a slower desorption rate, as depicted in
Figure 4A. During the initial 2-3 min, a steep decline in ethane
desorption was noted, likely due to the presence of weakly adsorbed
ethane molecules. Over time, however, the desorption curve
stabilized, and the regeneration took longer to complete. This behav-
ior can be attributed to the steep isotherms observed for Feyo/ZIF-
7-P at low C,Hg partial pressures, posing a challenge for rapid regen-
eration when using vacuum alone. It is also worth noting that the suc-
tion capacity of the vacuum pump decreases significantly at very high
vacuum levels. Consequently, the pump may struggle to effectively
remove the limited number of gas molecules present, thereby reduc-
ing its efficiency in evacuating the system, thus contributing to the
slowed regeneration process over time.'® Using the same scenario but
at a lower vacuum pressure “Vac(0.8),” a similar trend was observed.
However, at this lower pressure, both a higher regeneration ability
and a more rapid desorption rate were attained (Figure 5A).

In the “Indc” scenario (Figure 4A), where only induction heating is
used, the desorption curve exhibited a broad profile with a slow
reduction rate over time. This can be explained by the fact that the
strength of magnetic field applied was lower, thus it took longer time
to reach the energy level required to weaken the bonds between the
molecules and the sorbent. (Figure 5A). However, when induction
heating is combined with vacuum (“Indc + Vac(2)” in Figure 4A), the
desorption curve of ethane sharpened at the beginning of desorption.
This improved desorption rate can be attributed to the synergistic
effect of induction heating and vacuum in that induction heating pro-
vides the initial energy required to weaken the bonds between the
adsorbate molecules and the sorbent, facilitating their detachment,
while at the same time, the vacuum environment reduces the pressure
around the adsorbate molecules, facilitating their movement away
from the sorbent. The combination of these two factors leads to
improved desorption rate and regeneration process (Figure 5A).

In the “Indc1-Vac(2)” scenario, induction heating leads to a rapid
temperature increase, facilitating initial desorption within 1 min

(Figure 4A). However, once the induction heating is interrupted, the
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FIGURE 4 Desorption profiles under different regeneration conditions and the corresponding temperature profiles: (A, B) Fe,o/ZIF-7-P and

(C, D) Fe20/13X-M.

desorption plateau experiences a steep decline. This trend of a rapid
decrease in desorption can be explained by analyzing the temperature
profile (Figure 4B). When the alternating current is initiated, the tem-
perature rises, and when the current is ceased, the temperature imme-
diately drops without any delay. This fast temperature response is an
advantageous feature of induction heating to reduce the cooling
time.1?2332 |t is worth noting that the temperature profile is only
reported during the initial minutes of induction or when the tempera-
ture reaches 200 °C, due to the temperature sensor's maximum capa-
bility of 250 °C, which is implemented to prevent any potential
damage to the sensor. The application of vacuum enhances the
desorption rate by increasing the driving force, as depicted in
Figure 4A. This improved desorption is observed over a time period
similar to that of the “Indc + Vac(2)” scenario. This suggests that
using a sequential approach of heating followed by evacuation is
advantageous. Specifically, reducing the desorption temperature leads

to a faster cooling rate, thereby shortening the cycle time.

-1;"

Furthermore, its regeneration ability was closely aligned with what
was observed in the “Indc + Vac(2)” scenario. Further reducing the
pressure (<2 mbar) in the evacuation step will undoubtedly enhance
the desorption of strongly adsorbed molecules, but this enhancement
will come at the expense of increasing the energy regeneration
costs.'® As a result, the lowest pressure of the vacuum pump was lim-
ited to 2 mbar in the combined scenarios. Similarly, in the “Vac1-Indc”
scenario (Figure 4A), the vacuum is utilized to reduce the pressure,
aiding in the desorption process by removing weakly adsorbed mole-
cules. This is evident from the small plateau observed in the initial
minute of desorption. Subsequently, induction heating was applied,
providing the required energy for complete regeneration. This is
reflected by the sharp increase in the desorption plateau, as depicted
in Figure 4A. This scenario led to a moderate desorption rate and
regeneration ability, with an expectedly longer cycle time due to the
heating that follows evacuation, which in turn reduces the cooling

rate. In contrast, Fe,o/13X-M exhibited a different trend in desorption
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(B) Fexo/13X-M (ethylene).

scenarios (Figure 4C), owing to the difference in their adsorption
mechanisms and regeneration conditions. However, common trends
were observed in both the “Indc1-Vac(2)” and “Indc + Vac(2)” scenar-
ios. The former led to conditions that resulted in a high desorption
rate with a shorter cycle time, while the latter led to the best regener-
ation ability due to the synergistic driving forces applied
simultaneously.

To evaluate the regeneration scenarios, different parameters such
as desorption rate and capacity, and cycle time were estimated using
equation S3-S5, as depicted in Figure 5A,B. The results demonstrate
an enhancement in the desorption rate and regeneration amount
achieved through the hybridized induction heating/vacuum approach
“Indc + Vac(2)” compared to the other scenarios. However, the
“Indc1-Vac(2)” mode led to a significant cycle time reduction, with
decreases of roughly 12.5% in Feyo/ZIF-7-P and 23.2% in
Feoo/13X-M, respectively, compared to the “Indc + Vac(2)” and
“Indc.” This was achieved while maintaining a high desorption rate
and regeneration ability nearly equivalent to that of “Indc + Vac(2).”
The desorption rate and regeneration amount were measured at
0.24 mmol/g.min and 2.88 mmol for ethane in Feyo/ZIF-7-P, and
0.35 mmol/g.min and 8.10 mmol for ethylene in Fe,o/13X-M, respec-
tively. These desorption rates represent respectively, remarkable
37.5%-45.8% and 34.2%-74.2% enhancements compared to the
rates observed in the “Indc” and “Vac(2)” regeneration scenarios for
both sorbents. Clearly, the technique employed in the Indc1-Vac
(2) scenario successfully adjusted the parameters needed for efficient
cyclic separation, establishing “Indc1-Vac(2)” as the most effective
regeneration scheme. Overall, these findings underscore the potential

of this modified MISA system (IVSA) as a promising technique for
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achieving efficient regeneration under moderate temperature and
pressure conditions, ultimately reducing the overall costs associated
with sorbent regeneration.

The SAR values in this study remained consistent with what we have
recently published, as we utilized the same iron oxide properties
(ca. oxide phase, particle size, and ion states). These SAR values were
among the best reported in the literature thus far.”*82921 With respect
to the desorption rate, it is worth noting that, to the best of our knowl-
edge, there have been no published works that specifically discuss the
utilization of the induction heating method in the process of separating
light olefins/paraffins by adsorption. While there have been a few stud-
ies that have explored this technology as an alternative heating method
for sorbent regeneration for CO, release, its application in the context of
light olefins/paraffins separation remains largely unexplored. By coupling
induction and vacuum methods, we were able to achieve a significant
enhancement in the desorption rate of ethylene in Feyo/13X-M com-
pared to our previous work.? It is worth noting that there is no study in
the literature that has investigated the use of Fe,o/ZIF-7 as a magnetic
sorbent for ethane desorption under magnetic induction heating. These
results suggest that the formulated sorbents hold promise for olefin/par-
affin separation in the IVSA process. Furthermore, the application of 3D
printing technique for the formulation of sorbents provides benefits per-
taining to their structural integrity and robustness®®

3.4 | Cyclic IVSA experiments

Evaluating the performance of sorbents under cyclic conditions is

essential for thoroughly assessing their suitability in real applications.
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FIGURE 6 Cyclicinduction vacuum swing adsorption experiments were conducted on (A) Fe,o/ZIF-7-P at 25°C and 1 bar during adsorption,
and using the Indc1-Vac(2) scenario during desorption; (B) Fe,o/13X-M at 25 °C and 1 bar during adsorption, and using Indc1-Vac(2) scenario
during desorption. The transition between heating and evacuation in the desorption curves was removed and smoothed for clarity.

In this study, the cyclic performances of Fe,o/ZIF-7-P and
Fe,o/13X-M were performed at the refined regeneration scenario
“Indc1-Vac(2)” and the corresponding results are shown in
Figure 6A,B. The investigation involved subjecting the sorbents to five
cycles of adsorption-desorption experiments at a temperature of
25 °C and a pressure of 1 bar during the adsorption step. The desorp-
tion step was carried out under a magnetic field strength of 21.4 mT
for Feoo/ZIF-7-P and 31.4 mT for Fe,o/13X-M. The results depicted in
Figure 6AB clearly demonstrate the regeneration capability of both
sorbents Feoo/13X-M and Feyo/ZIF-7-P over five cycles, with less dura-
bility noticed with the Feyo/ZIF-7-P compared to the Fe,o/13X-M,
likely due to the more sensitive ZIF structure when mixing with
binders/solvents during the extrusion process. However, these findings
highlight the excellent separation efficiency and durability of
Fe,o/13X-M, making it an efficient sorbent for practical implementation
in the MISA/IVSA processes. Feyo/ZIF-7-P, on the other hand, exhib-
ited lower separation efficiency, but it still maintained its regeneration
activity and ethane selectivity over ethylene. This suggested that while
Feoo/ZIF-7-P demonstrated potential for the modified MISA system, its
C,H¢/C5Hy selectivity and durability should be further improved, espe-
cially under multicomponent feed conditions.

3.5 | Purity, recovery, and productivity

Determination of purity, recovery, and productivity is essential in
assessing the performance and efficiency of a system or process.
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In this study, we focused on estimating the purity, recovery, and
productivity of ethylene, as it is the desired gas to be obtained in
high purity, using equations S6-S11 in the Supporting
Information.

The maximum values of purity, recovery, and productivity for
Feoo/ZIF-7-P and Feyo/13X-M are shown in Figure 7AB. It is evi-
dent that despite the variations in performance between these sor-
bents, they both demonstrated excellent regeneration under the
given conditions across five consecutive cycles. However,
Feoo/13X-M exhibited higher ethylene purity and productivity com-
pared to ethylene in Feyo/ZIF-7-P. The ethylene purity achieved
over Feyp/13X-M and Fe,o/ZIF-7-P were found to be 99.40% and
50.58%, respectively, whereas the productivity values were esti-
mated to be 39.87 and 20.22 mol/kg.h, respectively. The differing
performance of these sorbents can be attributed to the ethylene/
ethane selectivity resulting from their distinct adsorption mecha-
nisms, and heating regeneration (ca. 31.4 mT in Feyo/13X-M and
21.4 mT in Feyo/ZIF-7-P). For Fe,o/ZIF-7-P, the ethane adsorption
capacity and ethane/ethylene selectivity were measured at
1.05 mmol/g and 1.10, respectively, while for Fe,o/13X-M, the eth-
ylene adsorption capacity and ethylene/ethane selectivity were
2.73 mmol/g and 2.55 (Tables S2 and S3), respectively. These
results indicate that the purity of ethylene in Feyo/ZIF-7-P is more
affected by the presence of adsorbed impurity gases during the
adsorption step, which was not the case for Fe,o/13X-M. Neverthe-
less, the results reported in this study represent a promising initial
stride toward the advancement of ethane-selective magnetic
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FIGURE 7 The ethylene purity, recovery, and productivity results of (A) Fe,o/ZIF-7-P and (B) Feyo/13X-M.

sorbents (ESMS). These findings also suggest that there is a need
for further improvement in ethane-selective sorbents to be used in
future studies on the MISA process for gas separation. The reason
can be attributed to the incorporation of magnetic particles and
binders/solvents during the synthesis of ESMS affecting the struc-
ture of ZIF-7 and thus the overall adsorption performance.

4 | CONCLUSIONS

Fe,o/ZIF-7-P and Fe,0/13X-M, two magnetic sorbents with distinct
adsorption mechanisms, were developed and studied for their effec-
tiveness in olefin/paraffin separation through a hybridized process
of induction heating and evacuation. Six different regeneration sce-
narios were employed, and the best scenario, labeled as “Indc1-Vac
(2)” yielded an improvement in the desorption rate and regeneration
ability with a remarkable reduction in the cycle time stemming from
a lower bed temperature. Specifically, in the “Indc1-Vac(2)” regener-
ation scenario, the desorption rates of the heavier adsorbed gases
were found to be 0.24 mmol/g.min for ethane in Fe,o/ZIF-7-P and
0.35 mmol/g.min for ethylene in Fe,o/13X-M. These rates repre-
sented notable 37.5%-45.8% and 34.2%-74.2% enhancements,
respectively, compared to the desorption rates observed in “Indc”
and “Vac(2)” regeneration scenarios. Moreover, this regeneration
mode resulted in shortening of cycle time by 12.5% and 23.7% when
compared to the sole application of induction heating in Fe,o/ZIF-
7-P and Fe,0/13X-M, respectively. During the “Indc1-Vac(2)” regen-
eration scenario, both Fe,o/ZIF-7-P and Fe;o/13X-M underwent five
consecutive adsorption-desorption cyclic tests, and the results
showcased excellent regeneration capability and durability of
Fe,o/13X-M. This material outperformed Fe,o/ZIF-7-P by achieving
ethylene purity, recovery, and productivity of 99.40%, 99.61%, and
39.87 mol/kg.h, respectively. Overall, these findings highlight the
potential of the hybridized process of induction/vacuum as an effec-
tive technique for achieving efficient regeneration in olefin/paraffin

separation.
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