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Carbon removal technologies, such as direct air capture (DAC), hold great potential in mitigating anthropogenic
CO, emissions. Amine-tethered metal-organic frameworks (MOFs) that capture CO, selectively via chemisorption
have been highlighted as frontrunners for CO, removal technologies. To this end, ethylenediamine (ED) was
employed to decorate the metal sites of Mg-MOF-74, and both bare and amine-modified frameworks were
thoroughly characterized and studied for DAC using an automated fixed-bed sorption device. The material
exhibited a promising CO; capacity of up to 1.8 mmol/g from 400 ppmv CO; in humid conditions, although the
amount of adsorbed HoO was several times higher. The highest adsorption capacities were measured at 25-35 °C,
while decreased capacity was observed at 12 °C due to slower adsorption rate. In dry cyclic adsorption-
desorption tests, the cyclic CO, capacity reduced slightly in 18 cycles. However, at 2 vol% humidity, the ca-
pacity dropped rapidly over successive cycles, revealing poor hydrolytic stability. Preliminary coating experi-
ments were conducted on stainless steel plates and cordierite monoliths, suggesting that reasonably even coating
layers could be achieved on these substrates with relatively simple coating techniques. High water adsorption,
slow adsorption rate at low temperatures, and the rapid cyclic capacity decrease in humid conditions may limit
the application of the studied adsorbent for DAC. The vital aspects of the real application of MOFs in DAC, such
as adsorption kinetics and stability in humid conditions, are rarely explored in detail in the literature, and these
results indicate that these aspects warrant extensive study for the development of practically applicable DAC
adsorbents.

1. Introduction

The average global temperature has already risen by 1 °C (relative to
pre-industrial levels), and it is projected to reach 1.5 °C within the next
decade, amplifying the risk of surpassing 2 °C. The approach to limiting
the temperature rise is to reduce emissions while, in parallel, imple-
menting the negative emissions on a multi-Gt/y scale of CO,. These
negative emission technologies (NETs) [1] accelerate the removal of
already released CO5 and come in various types, for example, biochar
(BC), afforestation and reforestation (AR), bioenergy with carbon cap-
ture and storage (BECCS), and direct air capture (DAC) in conjunction
with carbon storage, to name a few [2]. Three of these NETs employ
photosynthesis to capture CO5 from the air, while DAC extracts atmo-
spheric CO2 using physicochemical processes (including solvents or
solid adsorbents) [3,4]. Of all the NETs, DAC is particularly advanta-
geous due to its smaller land requirement and significantly lower water
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usage, [5] albeit it still needs further technological development to be
fully realized [6].

In direct air capture, atmospheric air is typically blown through a
contactor containing the CO5-capturing material until the desired satu-
ration is achieved. After the capture step, the CO»-capturing material is
regenerated, typically with heat, to produce high-concentration CO,,
which can be compressed, reliably stored, or utilized [7-9]. Among an
array of COs-capturing materials, a high volume of research has been
conducted on amine-modified porous solids, which are made by
combining amines with support materials such as silica, carbon,
alumina, and porous polymers [10-14]. In principle, these adsorbents
are highly recognized for their relatively enhanced adsorption and
favorable single-gas selectivity among other COs-capturing materials,
even at low concentrations and in the presence of moisture. Compared to
solvent-based DAC [7], using amine-adsorbents enables a relatively
simple temperature-vacuum swing adsorption (TVSA) DAC process
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where the adsorbent can be regenerated only at around 80-100 °C [8,9].

Unfortunately, amine-functionalized sorbents often incur severe
challenges that hamper their applicability for DAC. These can be related
to COy capacity, adsorption/desorption kinetics, regenerability, and
cyclic stability under varying atmospheric conditions. A combination of
sub-optimal parameters or one undesirable characteristic, such as fast
degradation over repeated adsorption/desorption cycles [15], can
render a CO, sorbent practically useless for COy capture from air.
Despite the drawbacks mentioned above, amine-based solid materials
have been identified as a vital component in DAC technology. The
supported molecular amines possess the ability to chemisorb
low-concentration CO; from the atmospheric air, resulting in enhanced
adsorption. Therefore, the prominent role of amines makes them a sig-
nificant area of focus for atmospheric CO, capture.

Advanced porous hybrid materials called Metal-organic frameworks
(MOFs) [10,16-19] are an emerging material group that holds tremen-
dous promise in surmounting these challenges and have been high-
lighted as frontrunners for CO, capture technologies. Among the library
of MOFs explored, the MOFs repleted with unsaturated or open metal
sites (OMSs) on the surfaces of the pores have been revealed to be
outstanding for gas adsorption and separation [18,19]. For instance, the
pore size (~11 A) and high density of OMSs within evacuated
Mg-MOF-74 (Mgsy(dobdc), H4dobde = 2,5-dioxidobenzene-1,4-dicar-
boxylic acid; CPO-27-Mg) [20-24] lined along its 1D channels have
enabled them to be exceedingly examined for CO5 adsorption. There-
fore, Mg-MOF-74 is one of the best-studied adsorbents for higher con-
centrations of CO3 (10-15%) relevant to post-combustion capture [21].
Previous studies on M-dobdc series (M stands for a metal center, i.e., M =
Mg2+, Ni2*, Co?", Zn?") have demonstrated that these exposed metal
cations engage strongly with incoming CO; because of its greater
polarizability (29.1 x 1072° em™) and quadrupole moment (13.4 x
1049 Cc.m?) [17,25]. However, the Mg-MOF-74 is considerably sensitive
toward moisture owing to the tendency of HyO to out-compete CO2 [26].
As a result, the structure experiences a reduction in reactive sites [27,
28], which has been measured to result in only 16% of the initial ca-
pacity after regeneration for post-combustion capture under 70% rela-
tive humidity [29]. Seemingly, chemical instability under humid
conditions and low CO; selectivity obviates its applicability in realistic
DAC operations [19].

An important point to note is that the adsorbents desirable for flue
gas CO, capture are not primed to excel in DAC because of the lower
concentration of CO, in the air (~0.04%) as opposed to flue gas
(~5-15%). For that reason, an adsorbent with reasonably strong bind-
ing to CO, is required to attain an appreciable amount of gas uptake but
not so strong as to impede the regeneration process [30]. Taking
advantage of MOFs with exposed metal cations, they can be modified
through post-synthetic functionalization by introducing diamine groups
into their pores. For example, in Mg-MOF-74, attaching one amine of the
diamine directly to the Mg?" and utilizing terminal amine (free Lewis’s
base) as a CO; adsorptive site to selectively capture COy via
chemisorption.

In a study by Choi et al. [31], Mg-MOF-74 was functionalized with
ethylenediamine (ED) to capture CO; from dry simulated air (400 ppm
CO4/Ar) on a TGA. The aminated-MOF adsorbed 1.51 mmolco2/8sorbents
around a 12% enhancement to its pristine MOF. To investigate the
regenerability of the adsorbents, a 4-cycle adsorption-desorption
experiment was conducted following temperature-swing adsorption
(TSA), where the parent MOF experienced a 20% drop in its initial CO5
uptake (1.35 to 1.06 mmolcoa/sorbent): At the same time,
aminated-MOF maintained its capacity without any decline. In a
follow-up study, both ED-grafted Mgo(dobdc) and bare Mgs(dobdc)
were subjected to steam treatment (110 °C in steam/No, 48 h) utilizing
an autoclave reactor [32]. The TGA adsorption experiment (pure CO; at
25 °C) showed a negligible loss in CO5 capacity for the aminated-MOF
(4.66 to 4.47 mmolcoa/gsorbent), While bare Mga(dobdc) experienced a
60% loss, dropping from 4.27 to 1.71 mmolcoa/gsorbent- TO date, no
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studies have been conducted on the co-adsorption of CO5 and H»0 in
ED-grafted Mgx(dobdc), nor has there been any research on its ability to
undergo extended adsorption-desorption cycles under a humid DAC
environment. In fact, the kinetics of CO4 adsorption under DAC condi-
tions remain understudied. Indeed, it is reasonable to say that the lack of
this valuable data limits the feasibility of this material for dilute streams.

Thus, to facilitate the deployment of DAC at the global level, it is
pivotal to investigate and understand how CO; sorbent materials
perform under realistic working conditions. For example, the tempera-
ture at which adsorption occurs is crucial in DAC research [19]. Since
the realistic DAC systems operate in different climatic environments
with a relatively broad temperature range (—30 to 50 °C), testing the
adsorbent’s performance under a range of operating conditions, not just
at room temperature (25 °C), is necessary [30,33]. In addition to tem-
perature, moisture in the air is another benchmark parameter that can
drastically impact CO2 capacity and influence the overall operation of
the DAC process. For example, an investigation was conducted to
determine the impact of humidity on the performance of the M-dobdc
series using a gas-flow apparatus under conditions that are pertinent to
post-combustion capture [29]. After regeneration from hydration at
70% RH, it was discovered that Cos(dobdc), Niy(dobdc), and
Mgo(dobdc) experienced a reduction in CO5 capacity of 15%, 40%, and
84%, respectively [29,30]. In a separate study, Adil et al. [34] demon-
strated that the mmen-Mgy(dobpdc) had a high breakthrough time after
exposure to dry mixed-gas adsorption (CO2/N2:10/90 mixture) condi-
tions. However, its performance was compromised immensely over the
course of 5 humid cycles, noticeable by a 30% drop in CO5 retention
time. Although the data reported corresponds to mostly studying flue
gas, the results imply the need for focused studies on CO3/H30
competitive adsorption at realistic dilute CO, concentrations [30].

Additionally, when assessing MOFs for the DAC potential, it is
essential to consider that sorbent stability is just as crucial as the
adsorption temperature and humidity. It is a particularly key parameter
because any economically viable DAC adsorbent should withstand
thousands of adsorption-desorption cycles without exhibiting perfor-
mance decay [15]. Eventually, the degradation of amine-based adsor-
bents may be a crucial bottleneck for the application of DAC in the
required Gt-scale, as well as from an environmental point-of-view, if left
unsolved [1]. Besides, prior to industrial utilization, it is necessary to
formulate amine-based powdered adsorbents into larger pellets or apply
the adsorbent as a coating on different substrates to prevent intrinsic
hurdles with processing, e.g., handling, pressure drops, and fluidization
of the MOF particles [35-37].

On these described key aspects, the work aims to assess the perfor-
mance of ED-functionalized Mgy(dobdc) (hereafter ED@MOF-74) in
both dry and humid DAC-relevant conditions using a fixed-bed
adsorption setup, which has never been systematically studied to the
best of our knowledge. In this study, both nonfunctionalized Mg-MOF-
74 and amine-modified framework were thoroughly characterized
using Powder X-ray diffraction (PXRD), thermogravimetric analysis
(TGA), Fourier transform infrared spectroscopy (FT-IR), scanning elec-
tron microscopy (SEM), and Elemental analyses (EA). Herein, we report
the first detailed study of ED@MOF-74 in temperature-concentration
swing adsorption (TCSA) mode and provide insight into how varying
operating conditions, such as temperature, adsorption time and hu-
midity, impact CO, adsorption. Finally, we performed cyclic experi-
ments under both dry and humid conditions. The samples were fully
evaluated post-cycling experiment using PXRD, FT-IR, and EA. We
deliberately selected ED@MOF-74 because its long-term use for carbon
capture is unknown. Notably, we also explored the coating of the
ED@MOF-74 on stainless steel plates and cordierite monoliths, the
preliminary results of which are included in this article.

2. Syntheses and methods

All the reagents and solvents were purchased from standard
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commercial sources and utilized as received unless otherwise stated.
2.1. Syntheses

2.1.1. Synthesis of Mg-MOF-74

The synthesis of Mg-MOF-74 was performed successfully on a gram
scale at room temperature following the reported method with slight
modification [38]. Mg(NO3)2-6H20 [5.18 g, 20.19 mmol] and linker 2,
5-dihydroxyterephthalic acid (H4dobdc) [2.00 g, 10.09 mmol] were
dissolved separately in methanol (MeOH) [49.7 mL], and an aqueous
solution of sodium hydroxide [1 M, 40 mL, 40 mmol] respectively.
Subsequently, the clear linker solution was slowly added to the mag-
nesium salt solution with continuous stirring at room temperature. After
24 h, the precipitate was isolated via filtration, then thoroughly washed
with MeOH [3 x 50 mL] and deionized water [5 x 100 mL]. Finally, it
was dried overnight at 150 °C in vacuo, resulting in a yellow solid (Yield:
64.1%). Anal. Calc. for CsHoMg20g 5: C, 31.43; H, 2.97. Found: C, 31.75;
H, 3.18%. FT-IR (cm™}): 3341, 2188, 1585, 1423, 1371, 1235, 1215,
1120, 1022, 888, 819, 583, 488.

2.1.2. Synthesis of ED@MOF-74

Prior to amine functionalization, 1 g of Mg-MOF-74 was loaded in a
two-neck round-bottom flask and activated under high vacuo at 200 °C
for 2 h and then reacted with ethylenediamine (ED) [~4 g] in anhydrous
toluene [100 mL] via extensive refluxing under inert atmosphere for 24
h. The dark yellowish powder was collected by filtration, rinsed with
copious amounts of toluene and hexane, and dried at 120 °C in vacuo for
4h (Yield: 89.5%). Anal. Calc. for C11_6H2148N346Mg208.71 C, 34.87; H,
5.50; N, 12.62. Found: C, 35.15; H, 5.06; N, 13.11%. FT-IR (cm™b):
3352, 3290, 2943, 2868, 1574, 1453, 1415, 1370, 1212,1114, 967,911,
884, 817, 639, 579, 480, 406. The comparison of the FT-IR spectra
(cm_l) is illustrated in Fig. 3.

2.2. Characterization of the MOFs

2.2.1. Powder X-ray diffraction (PXRD)

PXRD data were measured using a Panalytical X'Pert PRO diffrac-
tometer with Cu K, radiation (A = 1.54187 ;\; Ni p-filter; 45 kV, 40 mA).
Each powder sample was attached to a silicon-made “zero-background
signal generating” plate using petrolatum jelly as an adhesive. Diffrac-
tion intensities were recorded by an X'Celerator detector at room tem-
perature with 20-range of 3-60°, a step size of 0.017°, and a counting
time of 70 s per step. Data processing, search-match phase analyses and
the Pawley fits were carried out by the program X “pert HighScore Plus
(v. 4.9). Search-match phase identification analyses were made against
the ICDD-PDF4 + database (version 2022) implemented in the High-
Score [39,40]. In the Pawley fit, the refined parameters were zero-offset,
polynomial background, sample height displacement, unit cell param-
eters, and peak profile parameters (peak width, shape, and asymmetry).

2.2.2. Thermal analysis

The thermal properties of the materials have been analyzed using a
Perkin Elmer STA 6000 simultaneous thermogravimetric/calorimetric
(TG/DSC) analyzer. Each sample was prepared in an open platinum pan
and heated under Nj (flow rate of 40 mL/min) with a heating rate of
10 °C/min in a temperature range of 22-600 °C. Temperature calibra-
tion of the analyzer was made using melting points of the indium
(156.6 °C), zinc (419.5 °C), and aluminum (660.3 °C) standards. The
weight balance was calibrated at room temperature using a standard
weight of 50.00 mg. The sample weights used in the measurements were
about 5-10 mg.

2.2.3. Other methods

The morphology analysis of the samples was performed using Zeiss
EVO-50XVP scanning electron microscopy (SEM). The Fourier transform
infrared (FT-IR) spectra were recorded using Bruker Alpha II ATR
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instrument over a 4000-400 cm ™! range with 2 cm™! spectral resolu-
tion. Prior to pressing a small amount of a sample onto the diamond ATR
Prism, the sample was mildly ground, and the spectrum obtained was
baseline corrected. Elemental analyses (C, H, and N) were conducted in-
house using an Elementar EL III analyzer.

2.3. Fixed-bed DAC experiments

An automated fixed-bed adsorption/desorption device was used to
investigate the applicability of the ED@MOF-74 for CO adsorption from
air. Examples of this device include the adsorption of COy from ultra-
dilute concentrations in dry and humid conditions [41], cyclic adsorp-
tion/desorption experiments, and a comparison of different desorption
methods [42]. The device’s instrumentation, operation, scheme of the
setup and other details can be found in [42,43]. Approximately 0.1 g of
the studied MOF was loaded into the adsorption column. With the
measured bulk density of 0.4 g/mL, the length of the adsorbent bed is
thus around 0.4 cm. Therefore, the temperature sensor inside the col-
umn was around 0.6 cm above the sample, measuring the temperature of
the adsorption column rather than the sample bed. Approximately 0.15
g of quartz wool was inserted above the sample to prevent the down-
stream loss of the small MOF particles.

The CO; adsorption runs were based on the temperature-
concentration swing adsorption (TCSA) scheme. The sample was typi-
cally regenerated at 120 °C under nitrogen flow for several hours until
no CO, was detected in the outlet, then cooled down to the adsorption
temperature. Adsorption was conducted using dry or humidified feed
with around 400 ppmv CO using 1% CO3/N,, with purities of 3.5 CO2
and 5.0 Ny, balanced with 5.0 No. After the adsorption step, the purge
step was initiated by switching the CO5-containing feed to pure nitro-
gen, and the total desorption was achieved by heating the sample again
to the regeneration temperature under nitrogen flow. The total flow rate
was kept at 200 mL/min during adsorption and desorption. All break-
through experiments were run at approximately 1 bar total pressure.

One experiment was conducted on Mg-MOF-74 using the
temperature-vacuum-concentration swing adsorption (TVCSA) scheme.
This experiment differed from the TCSA scheme by incorporating vac-
uuming in addition to purge and temperature swing steps. During the
vacuuming step, the feed Ny flow rate remained constant at 100 mL/
min, and the column pressure was decreased in a stepwise manner by
opening the pressure control valve in small increments.

Adsorption-desorption experiments with the ED@MOF-74 were
conducted using variable temperature, adsorption time, and humidity
conditions. These conditions and the measured capacity results are
found in Section 3.2 below. In cyclic stability tests (Section 3.3), the
adsorption time was 5 h, and the adsorption temperature was 25 °C.
Otherwise, all these experiments followed the TCSA scheme as described
above. Two different experiments were conducted to study the effect of
adsorption temperature on CO» capacity. In the first one, a constant feed
of around 400 ppmv CO; was used, and the temperature was increased
in a stepwise fashion. The Supporting Information describes these results
and the method in more detail. The second experiment was conducted
using a similar scheme for the cyclic stability tests, except that the 12-
hour adsorption step varied in adsorption temperature. To differen-
tiate it from the shorter cyclic stability tests, this experiment is referred
to as the “long cyclic” experiment in the text, and the results are pre-
sented in Section 3.2.1.

The adsorption and desorption capacities were calculated by nu-
merical integration (“cumtrapz”-function in Matlab) of the adsorption/
desorption profile and using ideal gas law, as described in more detail in
[43]. The feed was typically measured from the outlet when bypassing
the column before the adsorption step was begun, like in earlier work
[41-43]. However, due to the low flow rate, in some cases, the feed CO,
concentration was not stabilized during the time that the feed was
directed through the bypass. In these cases, the feed was either
measured at the end of the adsorption step or separately after the
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desorption. On the other hand, in the case of HyO, the feed was
measured from the end of adsorption or from the highest concentration
value during adsorption in most cases. This way, the mass balance be-
tween adsorption and desorption of HyO was better maintained
compared to measuring the feed from the bypass. The effect of the feed
concentration and challenges related to measuring the feed and exper-
imental uncertainty are discussed in more detail in the Supporting
Information.

3. Results & discussion
3.1. Structural characterization

The crystallinity and phase purity of the materials were corroborated
via Powder X-ray diffraction (PXRD). The Pawley refinement was facil-
itated using the Xpert HighScore Plus program to verify the phase purity
of the synthesized pristine MOF (Fig. 1). The Pawley refinement of the
unit cell parameters for the powdered material prepared at room tem-
perature (24 h) was structurally equivalent to the single crystal structure
of CPO-27-Mg reported by Dietzel et al [23] (Table S1). The two
prominent Bragg diffraction peaks, [31] at 20 = 6.8 and 11.8, confirmed
the successful bulk synthesis of Mg-MOF-74 without any phase impurity
peaks detected.

The PXRD results also revealed that the framework integrity
remained intact following the ED grafting procedure, with only slight
shifts in peak positions and a few relatively lowered peak intensities
(Fig. 2).

The Fourier transform infrared spectroscopy (FT-IR) measurement
was further conducted to establish the successful synthesis of Mg-MOF-
74 and confirm the presence of amine sites in ED@MOF-74. The spectral
changes occurring in both materials are visualized in Fig. 3. First, by
comparing the IR spectrum of the 2,5-dihydroxyterephthalic acid ligand
(H4dobdc) with pristine MOF, it was observed that the characteristic
peak at ~1640 cm™! attributed to the free carboxylic acid group was
present in the linker but vanished in Mg-MOF-74. Instead, new bands

[ LTI

Counts 1
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associated with v,(COO™) and 15(COO™) modes developed and are
recorded at ~1585 and 1371 cm™!, respectively, demonstrating the
successful carboxylate coordination to the Mg?™ sites. In addition, the
characteristic band corresponding to the phenolic group stretch v(C-O)
is centered at ~1235 cm ™ 1[44] (Fig. 3a). Thus, on this basis, both car-
boxylic and hydroxyls were practically identified to be deprotonated
during the room temperature synthesis. Further, with the introduction of
ED, new spectral features emerged related to amine modes, and the
spectral bands associated with the linker experienced a tiny shift.
Noticeably, in ED@MOF-74, bands associated with v,5(COO™) and
15(CO0™) modes are slightly shifted to ~1574 and 1370 cm ™}, respec-
tively. The new principal bands detected in ~3352-3290 and
~2943-2868 cm™! are ascribed to N-H and aliphatic C-H bond
stretching modes, respectively (Zoomed-in data, Fig. 3b). In addition,
the deformation mode of CH; and aliphatic C-C stretching are observed
around 1453 and 967 cm™!, respectively, highlighting the successful
incorporation of ED [44,45].

The ED content was further quantified through thermogravimetric
analyses conducted at 10 °C/min under a nitrogen flow. Fig. 4a com-
pares the thermograms of Mg-MOF-74 and ED@MOF-74, with results
tabulated in Table S2. As can be seen in Fig. 4, the Mg-MOF-74 displays a
gentle descending two-step decomposition route, wherein a first region,
the weight loss of 20.02 wt.-% (caled. 20.60%) up to 310 °C, is attrib-
utable to the release of occluded and coordinated water molecules,
which is consistent with the previous literature [46]. The ED@MOF-74,
on the other hand, demonstrated a weight loss of approximately
8.87 wt.-% (calcd. 9.01%) and 6.53 wt.-% (caled. 7.52%) in two steps,
which correlates to the loss of non-coordinated water and ED molecules
in the temperature range of 23-124 °C and 124-218 °C, respectively.
Further, the third mass decay of 21.67 wt.-% (calcd. 22.70%) between
218-440 °C resulted from the removal of metal-bound water and ED
molecules, and finally, above 440 °C the weight loss was associated with
the primary decomposition process. Thus, in accordance with the EA
results of the studied ED@MOF-74 sample, the proposed formula
[Mgo(dobdc)(H20)g 7(ed)1 31-2 H20-0.5(ed) is in close agreement as

LT PO O

Mg-MOF-74
Bcro-27-mg

30000 =

20000 -

10000 =

~AA 4

30

Position [°26] (Copper (Cu))

1500
1000
500

LILILIL! rrsrvtrtyivnrrmnmrewised

0
-500
-1000
-1500

Rwp = 5.0636

Fig. 1. Pawley refinement plot of Mg-MOF-74. The experimental pattern is black, and the refined profile is red. In contrast, green colored markers on top correspond
to characteristic Bragg peak positions of the refined unit cell of the structure reported by Dietzel et al. [23] (CSD entry: MOHGOI). The difference plot of experimental

vs. refined profiles is shown below in blue.
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Fig. 2. Powder X-ray Diffraction Patterns of Mg-MOF-74 (red) and ED@MOF-74 (blue).
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Fig. 3. a) FT-IR (em™h) spectra of 2,5-dihydroxyterephthalic acid ligand (H4dobdc, blue), Mg-MOF-74 (black), and ED@MOF-74 (red). b) Magnification of the bands
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Fig. 4. a) TG curves of Mg-MOF-74 (black) and ED@MOF-74 (red), SEM images for b, ¢) Mg-MOF-74, and d, e) ED@MOF-74 at different magnifications.
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supported by the thermogravimetric analysis.

Scanning Electron Microscopy (SEM) was performed to corroborate
the morphology following the ED modification. SEM images for Mg-
MOF-74 and ED@MOF-74 demonstrate that their morphology
remained intact after functionalization (Fig. 4b-e). The particles have a
softer, powdery texture resembling small conglomerates with a cotton-
ball-like morphology, with an average size of about 300-400 nm [38].

3.2. CO2 adsorption from air

A set of adsorption experiments was conducted in variable conditions
to screen the performance of the MOFs in DAC conditions. The pristine
Mg-MOF-74 was tested first using the TVCSA scheme, as described in
Section 2.3. The adsorption capacity of the pristine MOF in the presence
of 400 ppmv CO3 at 25 °C was around 0.03 mmolcoa/8sorbent- Since the
estimated minimum fluidization velocity was much exceeded in the
studied conditions, vacuuming was not employed in the following runs
to avoid the loss of adsorbent from the bed. In the first experiment with
ED@MOF-74, the sample was regenerated at 100 °C, and adsorption
was conducted in dry conditions for 12 h. The sample reached pseudo-
equilibrium based on the outlet CO, concentration reaching the feed.
The achieved CO, adsorption capacity was around 0.4 mmolcoa/8sorbents
imparting a significant enhancement in adsorption performance in DAC
conditions compared to the unmodified MOF. A summary of the
measured capacities in different experiments conducted in this study is
shown in Table 1, while a more detailed table is available in the Sup-
porting Information.

It is shown in Table 1 that the adsorption results are higher in most
cases than the respective desorption capacities. Similar behavior has
been observed earlier in the case of Hy0, while for CO», this difference
has been relatively small, if any [41]. The main reason for this difference
between adsorption and desorption capacities originates from the
adsorption measurement method, as discussed in previous work [41,
47]. The measured feeds uncertainty significantly affects the calculated
adsorption capacity, as shown in the Supporting Information. However,
the differences between adsorption and desorption capacities fall within
the experimental uncertainty, and the mass balance between the steps is
well maintained.

In the following experiment, a higher regeneration temperature of
120 °C was used (100 °C in the first test) to achieve more complete
regeneration, as it was suspected to be incomplete at 100 °C. The higher
temperature was selected as the capacity resulting in the first experi-
ment was deemed low in comparison to 1.5 mmolcoa/gsorbent in dry DAC
conditions reported by Choi et al [31]. Consequently, the higher
regeneration temperature increased the COy capacity from approxi-
mately 0.4 mmolcoa/gsorbent to 0.7 mmolcoa/gsorbent and
0.8 mmolco2/gsorbent in adsorption and desorption, respectively. How-
ever, after three cycles in different conditions of humidity and adsorp-
tion temperature, the adsorption was measured again in dry conditions
at 25°C, resulting in an even higher adsorption capacity of

Table 1
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0.98 mmolcoa/gsorbent- A repeated cycle in similar adsorption conditions
resulted in a slightly lower capacity of 0.90 mmolco2/8sorbent, although
the difference falls within experimental uncertainty. The increase in
adsorption capacity from the second experiment done in similar condi-
tions compared to the sixth and seventh experiments could be due to
changes in the sample due to multiple repeats of adsorption and
desorption. Another reason could be the introduction of humidity in the
third and fourth experiments. Although the removal of H,O was deemed
complete after the humid cycles, as no humidity was detected in the
outlet at the end of desorption, it is possible that humidity within the
MOF structure enabled a complete regeneration when purging the
sample with nitrogen at 120 °C. The effect of adsorption temperature
and humidity on the adsorption of CO, is discussed in more detail below.

3.2.1. Effect of adsorption temperature

The adsorption of CO3 on amine-functionalized materials is governed
by adsorption equilibrium and mass transfer, which is why it is essential
to study the rate of adsorption and the measured final adsorption up-
takes at different temperatures. Fig. 5 shows the CO; adsorption
breakthrough data on the ED@MOF-74 at different temperatures in the
long cyclic experiment. The feed was reached earlier at higher temper-
atures, which could be attributed to both lower adsorption capacity and
increased kinetics at higher temperatures. For example, at 77 °C and
102 °C, the CO2 concentration sharply increases towards the feed
already at the start of the experiment. On the other hand, the CO5
concentration increases slower towards the feed at 25 °C and 35 °C, in
which cases the adsorption started to slow down significantly only
during the few final hours of the experiment (see Supporting Informa-
tion Fig. S2).

At 12 °C, the adsorption rate was clearly lower than at higher tem-
peratures. As shown in Fig. 5a, at 12 °C, the CO; concentration increases
quickly in the first minutes of the run, but then the increase slows down.
It could be observed in this experiment that the CO2 concentration and,
thus, the CO5 uptake increased for the whole duration of the 12-hour
adsorption phase (Fig. S2). Additionally, the adsorption rate at 12 °C
stays at a higher level during 5-10 h from the start of adsorption,
decreasing from around 0.032 to 0.017 mmolcoa/(8sorbent-h) (see Sup-
porting Information S.10). In comparison, at 25 °C, the adsorption rate
drops from 0.035 to around 0.008 mmolco2/(gsorbenth) over the same
period. Thus, it seems that the sample did not reach saturation at the end
of the 12 °C adsorption experiment compared to the 25 °C and higher
adsorption temperatures. Still, as shown in Fig. 6, the final CO, uptake is
lower at 12 °C compared to 25, 35, and even 52 °C due to a much lower
adsorption rate in the initial hours of adsorption (see Fig. 5a). Notably,
adsorption/desorption capacities measured at 25 °C and 35 °C were
approximately the same, around 0.9 mmolcoa/gsorbent int the long cyclic
run. The results were similar in the adsorption experiments 5-7 (see
Table 1), where the adsorption/desorption capacities were approxi-
mately 0.9-1.0 mmolcoa/8sorbent and 1.0-1.1 mmolcoa/sorbent at 25
and 35 °C, respectively.

Adsorption-desorption capacities of the ED@MOF-74 in different experiments and conditions. Experiments 2-7 were done in successive cycles using the same sample.

Experiment Crzo (Vol%) tads (h) Tadgs (°C) Tges (°C) qcoz,ads (Mmolco2/g) qcoz,des (MMOlgo2/8) QH20,ads (MMOly20/8) QH20,des (MmMOl20/8)
1 0 12 25 100 0.42 + 0.05 0.36 + 0.03
2 0 16 26 120 0.67 + 0.08 0.77 + 0.06
3 1.6 16 25 120 1.79 + 0.22 1.68 + 0.14 11.60 + 0.81 11.76 + 0.42
4 1.6 16 35 120 0.66 + 0.08 0.77 + 0.06 8.42 + 0.59 9.44 + 0.33
5 0 16 35 120 1.14 + 0.14 0.98 + 0.08
6 0 16 25 120 0.98 + 0.12 0.87 + 0.07
7 0 16 25 120 0.90 + 0.11 0.84 + 0.07
Dry cyclic® 0 5 25 120 0.82 + 0.10 0.75 + 0.06
Humid CyCliCh 1.9 5 25 120 1.07 + 0.13 0.90 + 0.07 10.08 + 0.7 10.95 + 0.39
Long cyclic 0 12 25 120 0.91 + 0.11 0.94 + 0.08
Long cyclic 0 12 35 120 0.95 + 0.12 0.89 + 0.07

# The highest result of the dry cyclic experiment.

b Result from cycle 1 of humid cycling. The same sample was used as in the dry cyclic run.
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Fig. 6. Experimental CO, adsorption and desorption capacities at different
adsorption temperatures from approximately 400 ppm dry CO,. Adsorption
time was 12 h. Temperature swing (TS) was done at 120 °C.

These results suggest that the ED@MOF-74 suffers from a limited
adsorption rate in the adsorption of CO5 from the air, especially at
temperatures lower than 25 °C. These results could have implications
for the practical applicability of the sorbent for DAC in cold climates.
Although the measured adsorption capacities at the lowest adsorption
temperatures could be higher with longer adsorption times, a prolonged
adsorption phase can drastically reduce the CO; productivity of the DAC
process [48] and thus increase the cost of captured COo.

The measured adsorption capacities at different temperatures shown
in Fig. 6 can be utilized to estimate the achievable working capacity in a
temperature-swing adsorption (TSA) process. As an example, from the
measured adsorption capacities, with adsorption at 25 °C and desorp-
tion at 77 °C or 102 °C resulted in working capacities of around
0.54 mmolco2/8sorbent OF 0.74 mmolcoa/gsorbents respectively. These
correspond to approximately 59% or 81% of the adsorption capacity at
25 °C, respectively. In this regard, the ED@MOEF-74 differs significantly
from the pore-expanded version of Mg-MOF-74 modified with ED [en-
Mgy(dobpdc)], for which CO, adsorption tests at 0.39 mbar resulted in
2.83 mmolcoz/gsorbents 0-11 mMmolcoz/gsorbent, and negligible adsorption

at 25 °C, 50 °C and 75 °C, respectively [49]. In an actual DAC process,
the desorption is typically achieved through either temperature-vacuum
swing (TVS) [50,51], steam-stripping [52], or a combination of these
[53-55]. The comparison of the working capacities based on adsorption
capacities measured in dry TSA/TCSA conditions has limited practical
utility but can provide a preliminary estimate of the working tempera-
ture range. For example, it is clear that if less than 60% of the adsorption
capacity is achievable with a regeneration temperature of 77 °C in TSA,
it is likely that a higher temperature is required in a TVSA process to
achieve a similar working capacity, where the achievable working ca-
pacity can be much lower than in TSA operation [42]. On the other
hand, steam acts as both the stripping gas and the conveyor of heat,
which can result in a higher working capacity if steam-stripping
regeneration is used. Therefore, using a regeneration temperature of
100 °C in a steam-stripping operation may result in a higher work-
ing/adsorption capacity ratio than 81%.

The impact of adsorption temperature was also investigated in an
adsorption isobar experiment, where the feed was in constant condition
while only the temperature was varied. The results of this run were
similar to those presented above, although the measured CO, uptakes
were slightly lower in the adsorption isobar experiment. However, at
25 °C, the CO5 uptake was lower than at around 50 °C, which contra-
dicts the results shown in Fig. 6. The results are different due to the much
shorter adsorption times, which likely explains why adsorption was not
close to equilibrium. In the adsorption isobar experiment, adsorption
was also measured at 120 °C, where the CO5 uptake was already lower
than 0.1 mmolco2/gsorbent- It Was also found that after N, purge at
120 °C, increasing the desorption temperature beyond 133 °C did not
result in any significant further desorption. Based on these results, in
terms of working capacity, it does not seem reasonable to use a tem-
perature higher than 120 °C to regenerate the ED@MOF-74. However,
as previously discussed, the productivity of DAC is greatly affected by
the length of adsorption-desorption cycles, so higher regeneration
temperature may be beneficial from a kinetic and productivity point-of-
view. Moreover, other processes, such as TVSA, may benefit more from a
higher desorption temperature. The adsorption isobar results are shown
and discussed in more detail in the Supporting Information.

3.2.2. Effect of humidity

In DAC processes, COz/water co-adsorption is an unavoidable chal-
lenge because ambient air always contains a certain humidity, up to
84 g/m°® worldwide [30]. Humidity can change the type of reaction in
amine-based sorbents, shifting the reaction product of CO5 and amines
from ammonium carbamate to species such as bicarbonate or hydroni-
um carbamate, thus increasing the CO; adsorption capacity [41,56,57].
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On the other hand, co-adsorbed water causes parasitic heat loss during
desorption, significantly increasing the energy demand of the DAC
process [48]. Additionally, most MOFs tend to experience a reduction in
crystallinity and BET surface area when exposed to humid conditions
[58]. However, it is known that the stabilization of MOFs with exposed
metal cations under humid conditions is often improved by functional-
ization with amines. Generally, for amine-containing adsorbents, the
formation of urea leads to the deactivation of amines under dry condi-
tions, thus reducing CO2 capacity. However, under humid conditions,
urea formation is obstructed [59], which may, in turn, improve the
water stability of the amine-functionalized adsorbents [60].

It is well established that studying humid CO2 adsorption is vital
when assessing materials for the DAC potential. However, literature is
still scarce in this aspect, particularly in the case of amine-modified
MOFs, and the nearest examples can usually be found in articles
related to post-combustion capture. For example, a study by Mason et al
[61] investigated a series of MOF systems for CO, adsorption using a
multicomponent adsorption analyzer considering a gas mixture
composed of water, CO3, and Ny. Amine appended CuBTTri demon-
strated a slightly decreased equilibrium CO; capacity after exposure to
water. On the other hand, CO, adsorption on mmen-Mgy(dobpdc) was
promoted in the presence of 14% COy/N> up to 32% RH conditions and
found to be 14% higher (nearly 4.2 mmolco2/8sorbent) cOmpared to dry

a
400
il
300 _
D
A 21l 400
£ % BlAg S i
g 8 ge v S
— 2004 300 E w A _
o SR
o 200 N X O Dry 25°C
S % - Dry 35°C
10017 100487 % *x— Humid 25°C [
B— Humid 35°C
08
0 1 2
08 : . .
‘ 3 10 15
Time (h)
¢ 4
1
294 1 . . . . )5 0
L1.75
11, LAk jREARARE
28 ﬁl ;\"1 Uv !,UL' ) g "'w'!!! .
A [,
: L1.25
_27|i _
e
: Temperature 1
L0.75 o
L0.5
L0.25
0

Time (h)

20 (PPM)

Journal of Environmental Chemical Engineering 12 (2024) 112193

conditions. Remarkably, the isostructural nickel analogue, mmen-Nis(-
dobpdc), which has been reported not to undergo carbamate insertion in
CO4, presence, was found to display a noticeable enhancement in the CO4
capture, close to 3-fold, in comparison to the dry case [61]. In another
example, after exposure to humid conditions (100% RH), MOFs pos-
sessing diamines with side alkyl substituents, such as men-Mgs(dobpdc)
and den-Mgy(dobpdc), yielded only a marginal difference in CO2 ca-
pacity. In comparison, COy capacity of en-Mgs(dobpdc) decreased
roughly by 67% (4.30 versus 2.88 mmolcoz/gsorbent, under 15% CO2/Ny
at 40 °C). The hydrolytic stability was ascribed to the fact that branched
diamines contain methyl groups, which can help safeguard the Mg-N
bonds from hydrolyzing [56,62].

For ED@MOF-74, as indicated in Table 1 above, the highest
adsorption capacity of approximately 1.8 mmolco2/8sorbent Was ob-
tained in humid conditions at 25 °C, using a feed with 400 ppm CO,
with around 2 vol% humidity, demonstrating the positive impact of
humidity. However, at 35 °C, the adsorption capacity decreased to
around 0.7 mmolco2/8sorbent, Marking a considerable capacity decrease
of about 60% in only a 10 °C temperature swing. Nonetheless, as dis-
cussed in the previous section, no reduction in CO5 capacity was found
in dry adsorption conditions at 25 °C compared to 35 °C. Kwon et al.
[63] also made a similar observation for aminopolymer-impregnated
meso/macroporous silica sorbent under DAC conditions, suggesting
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water vapor presence mitigates kinetic limitations.

Fig. 7 compares adsorption breakthrough data in dry and humid
conditions. As shown in Fig. 7a, the COy concentration increases
significantly slower towards the feed in the humid 25 °C experiment
compared to dry conditions or the humid 35 °C. Consequently, the up-
take curve in Fig. 7b shows a much higher adsorption rate during the
first two hours in the humid 25 °C experiment. This is also shown in the
moving average adsorption rate plots in Supplementary Information
(S.10). At 25 °C in humid conditions, the adsorption rate starts from
1.34 mmolcoa/(8sorbentrh) and drops to around 1.06 mmolcoy/
(8sorbenth) after 30 min of adsorption (around 21% drop). On the other
hand, in dry conditions at 25 °C, the respective values are 0.82 and
0.55 mmolcoa/(Zsorbent-h) (33% drop). The adsorption rate in humid
conditions clearly exceeds the adsorption rate measured for an amine-
functionalized resin in similar CO5 and H,O concentration conditions
and adsorption temperature, which was 0.88 mmolco2/(8sorbenth) [41]
(calculated from the first 30 min). However, it should be noted that the
gas/solid ratio in this work was around twice compared to [41,42] and
the amino resin had a much larger particle size median of 600 um [64]
compared to an average of 0.4 um for the ED@MOF-74 (measured from
SEM). In pelletized form, it is expected that the ED@MOF-74 has a
slower adsorption rate than that measured here.

Fig. 7c and d show the temperature peaks observed in the humid
experiments. No clearly observable temperature peak was seen in the

Journal of Environmental Chemical Engineering 12 (2024) 112193

dry experiments. Additionally, as shown in Table 1, the measured H,O
adsorption and desorption capacities were several times higher than the
CO4 capacities. Therefore, it can be construed that the measured tem-
perature increase during adsorption was due to the adsorption of HyO
rather than increased CO, uptake. Similar findings were found for the
amino resin examined in earlier work [41]. However, as mentioned in
Section 2.3, the temperature probe was above the sample; thus, the
temperature profiles shown in Fig. 7 do not represent the actual sample
temperature. Therefore, the temperature increase caused by COz may
not be evident due to the dispersion of the temperature profile. The HyO
concentration profiles are also displayed in Fig. 7c and d. Notably, the
“noisy” behavior of the CO3 profile in Fig. 7a is due to the highly variable
H50 concentration. This is due to air in the capillaries of the humidity
calibrator used to humidify the feed, which has also been discussed in
earlier work [41].

Fig. 8 shows the adsorption breakthrough data in dry and humid
conditions in a multi-cycle experiment. Since the cycling was done with
the same sample by continuing with humid cycling after dry cycling, the
data of the last dry cycle and the first humid cycle are compared here.
Notably, while the CO, adsorption uptakes calculated from the first 5 h
of adsorption between different experiments in dry conditions matched,
in humid conditions, there is a significant difference in CO5 adsorption
uptakes between the two experiments shown in Figs. 7 and 8, approxi-
mately 1.8 vs. 1.1 mmolcoa/gsorbent, respectively. The main reason for
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desorption cycles in dry and humid conditions using the same sample. The dry data is from the last cycle of the dry cyclic stability experiment, while the humid
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the much lower adsorption uptake measured in the multi-cycle experi-
ment is that the sample had undergone 18 dry adsorption-desorption
cycles before initiating the humid cycling. The drop in capacity and
stability of the ED@MOF-74 is discussed in more detail in the next
section below (3.3.2).

The results shown in Fig. 8 allow a better comparison of the break-
through curve shape between dry and humid conditions than in Fig. 7
due to a much steadier HyO concentration profile during the humid run.
It is shown in Fig. 8a that unlike in the dry run, in humid conditions, the
CO4 concentration first increases quickly to around 200 ppm but then
continues on a much slower path toward the feed. This can be explained
by the temperature increase shown in Fig. 8c, which slows down the
adsorption of CO; during the first 20-30 min of adsorption. The tem-
perature increase in this experiment is reasonably similar to that shown
in Fig. 7, which is almost 4 °C. Additionally, the measured H,O
adsorption/desorption capacities were around 12 mmoly20/8sorbent il
experiment 3 (see Table 1) and 10-11 mmoly0/8sorbent in the multi-
cycle experiment. This is around double to that measured for the pro-
prietary amino resin studied earlier [41] or the commercial Lewatit VP
OC 1065 [65]. As for MOFs, Mason et al. [61] compared the perfor-
mance of different MOFs under conditions that are pertinent to power
plant flue gas and reported Ho,O uptake up to 9.5, 5.4, 14.2,
18.2 mmoly20/8sorbent  for ~mmen-Mgo(dobpde), mmen-CuBTTri,
Mgy(dobde) and HKUST-1, respectively. Thus, consistent with
ED@MOF-74, H,0 adsorption capacities in these hybrid materials
remained more dominant than the corresponding CO; capacities.

The adsorption of H20 can thus have three significant practical im-
plications for using this adsorbent for DAC. Firstly, a high amount of
adsorbed HyO significantly enhances the regeneration energy require-
ment of the DAC process. For example, suppose the qy20/qcoz ratio is
6.4, as in experiment 3 (see Table 1). In that case, the isosteric heat of
H20 adsorption using the heat of H>O vaporization of 44 kJ/mol at
25 °C constitutes around 6.4 MJ/kgcoz. The latent heat due to HoO
desorption is thus a significant part of the total energy requirement of
DAC, with upper limits estimated from around 12 MJ/kgcoz [53] to 19
MJ/kgcoz [66]. The second practical implication also arises from the
isosteric heat of HoO adsorption since, as shown in the data above, the
H30 adsorption causes a temperature increase, which reduces the
adsorption of CO,. In the results shown here, the heat transfer in the
adsorption column can be regarded as reasonably optimal due to the
small diameter column, which may not be true for process-scale DAC
adsorption columns. Therefore, this phenomenon is likely more promi-
nent in the process-scale DAC and may lead to a reduced adsorption rate
in the beginning, causing a delay in the adsorption phase or reduced
working capacity and thus reduced productivity of CO,. Analogously,
while the adsorption heat may delay the adsorption phase, the cooling
effect during the desorption of the gases may delay the regeneration
phase. It should also be considered that the laboratory-scale adsorption
column was actively cooled during adsorption through the column wall
using a heat-transfer fluid. Therefore, with adsorbents that capture
significant amounts of H,0O, the heat transfer and the active cooling of
the adsorption column during adsorption become more important. The
third and possibly the most critical implication of humidity for the
long-term use of DAC is the possible degradation of the MOF, which is
investigated in the next section.

3.3. Cyclic stability

The assessment of CO, adsorption during repetitive adsorption-
desorption cycles is the true measure in evaluating the material’s
tolerance to operating conditions, its long-term viability for a practical
capture process, and minimizing the cost related to DAC operation. To
assess the stability of the ED@MOF-74, dry and humid cyclic adsorption-
desorption experiments were conducted, after which the samples were
analyzed with PXRD, FT-IR, and EA. In total, there were two charac-
terized samples. The first sample underwent 18 dry and 18 humid
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adsorption/desorption cycles, and the second sample underwent the dry
adsorption isobar and long cyclic tests. In Section 3.3.2, these two
samples are referred to as “ED@MOF-74-COy-humid” and “ED@MOF-
74-COy-dry” respectively.

3.3.1. Cyclic DAC experiments

Intriguingly, as shown in Fig. 9, it was found that the cyclic
adsorption and desorption capacities were lower in the first adsorption-
desorption cycles compared to the following ones. This finding was
consistent with the preliminary experiments, where the adsorption and
desorption capacities of experiment 2 were lower than in experiments 6
and 7, which were conducted in similar conditions and used the same
sample. After the fourth cycle, the cyclic capacities seem to stabilize. In
cycles 5 to 18, a slightly decreasing trend can be observed in the cyclic
capacities. The adsorption and desorption capacities drop from around
0.85 and 0.75 mmolcoa/8sorbent in the 5th cycle to around 0.79 and
0.73 mmolcoa/gsorbent i the 18th cycle, respectively. Calculated from
the desorption capacity values, the drop in capacity corresponds to
around 2.7%, or 0.2%/cycle. This capacity drop rate is comparable to
the 0.18%/cycle measured for a proprietary amino resin over 19 dry
TCSA cycles with the same device [42].

Even though the regeneration was deemed complete between cycles,
it is possible that the lower cyclic capacities observed in the first four
cycles are due to incomplete regeneration and thus reaching a cyclic
steady state by cycle nr. 5. Another reason may be that the sample
required a more extended activation due to blockage of some of the
pores with physically bound ethylenediamine, which was then removed
after a few cycles with regeneration temperature near the evaporation
temperature of free ED (see TGA results in Section 3.1). This could also
explain why higher results were gained in the preliminary experiments
after a few adsorption-desorption cycles, as discussed in Section 3.2. To
avoid this from affecting the results of the humid cycling, the humid
cycling was continued with the same sample after the last dry cycle.

Although the capacity drop observed in the dry cycling was rather
moderate, the humid adsorption and desorption capacities at the start of
the humid cycling were much lower compared to the preliminary
experiment done in similar conditions, as discussed in Section 3.2.2.
Thus, it appears that degradation of the adsorption sites was more
prominent during the dry cycling than what could be observed based on
the evolution of the measured CO; capacities. One reason for this could
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be that humidity enables the adsorption of CO, on amine sites that are
both more susceptible to degradation and cannot adsorb CO; in dry
conditions. When such amines are degraded due to, e.g, the high
regeneration temperature, the drop in adsorption capacity is not
observed in dry cycles. Humidity may disrupt the H-bonded networks
between adjacent primary amine groups, thereby incrementing CO»
binding sites (more accessible free amines) [61,67-69]. Therefore, a fair
amount of the diamine molecules exist in the MOF pores as free amines,
thus being unbound to the metal sites, and thereby cannot adsorb CO; in
dry conditions. Such amines are then easily leached out due to evapo-
ration by heating, which may justify why the CO; capacity at the start of
the humid cycling was much lower than in experiment 3. The existence
of free ED is evidenced by the TGA results in Section 3.1.

A drastic decline in CO3 and H30 capacities could be observed in
humid conditions, as shown in Fig. 10. The cyclic COy capacity, as
shown in Fig. 10a, drops rapidly at the beginning but slows down after
the 7th cycle. The CO5 desorption capacity drops from around 0.90 to
0.44 mmolcoa/gsorbent in the first 7 cycles, corresponding to over 50%
drop, around 7%/cycle. However, from the 7th to the 18th cycle, the
CO4 desorption capacity drops to around 0.23 mmolco2/gsorbent, COTTE-
sponding to a drop rate of 4%/cycle. In total, the desorption capacity
decreased by around 74% as compared to the first cycle. On the other
hand, the decreasing trend in the cyclic HyO capacities in Fig. 10b seems
somewhat constant throughout the experiment, although it slows down
in the last few cycles. The desorption H,O capacity drops from around
11 to 8.5 mmoly20/8sorbent; corresponding to around a 23% drop, or
1.3%/cycle. The major loss of COy capacity may refer to significant
changes in the underlying framework or the loss of active amine sites.
The cause of the capacity loss was studied by characterizing the samples
after the cycling tests, as shown in the next Section (3.3.2).

3.3.2. Characterization of ED@MOF-74 post-cycling

The progressive decrease in capacity after repeated tests under both
dry and humid conditions can be most likely explained by the partial
structural collapse, or the material propensity towards amine loss upon
regeneration, or the adverse impact of moisture. PXRD, FT-IR, and EA
were conducted after subsequent cyclic tests to corroborate the struc-
tural changes and verify the nitrogen content in the post-cycling samples
to support this interpretation. Upon adsorption\desorption cycling
under dry and humid conditions, both ED@MOF-74 samples experi-
enced a dramatic reduction in crystallinity, as evidenced by the broad-
ened and markedly lowered intensities of characteristic diffraction
peaks, as can be seen in the PXRD pattern shown in Fig. 11. The decrease
in crystallinity may be plausibly caused by the continuous adsorption
and desorption cycling, resulting in the fractionation of bigger crystals
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into smaller ones and causing crystal defects. Nevertheless, in our study,
the PXRD pattern still displays the retention of original MOF diffraction
peaks (Fig. S5). Such retention of the PXRD pattern is possible even with
a major change in the MOF structure. For example, Kumar et al. [58]
found that the presence of moisture caused an appreciable decline in the
adsorption performance of Mg-MOF-74. While its PXRD pattern
exhibited no change, the BET surface area decreased to 74% after one
day of humidity exposure and became negligible (6 m?/g) after pro-
longed exposure (7 or 14 days), implying partial pore blockage, possibly
by rearrangement of amine groups or pore collapse. Literature suggests
that the considerable loss of surface area provides strong evidence for
amorphization and partial structural degradation [70].

Accordingly, as seen in Fig. 12, FT-IR spectra of all the samples,
regardless of whether from dry or humid conditions, exhibit a significant
loss of the spectral bands’ intensity associated with the amine modes,
particularly the doublet attributed to vs and v,s (N-H) stretching modes
of amines (as discussed earlier). This indeed suggests that there was
some amine loss during CO; capture/releasing cycles, which was
confirmed by elemental analysis (see Table S7). In Fig. 12, it can be
observed that the bands in ED@MOF-74 samples associated with the
amine modes are shifted to 3281 cm™! for ED@MOF-74-COy-humid,
and 3309 cm ™! for ED@MOF-74-CO,-dry, respectively. Additionally, a
new weak shoulder has been registered roughly around 1680 cm™! on
both the post adsorption\desorption cycling samples. This band has
been previously attributed to the O= C= O bending mode during
chemisorption [71,72]. Therefore, it is feasible that a reduction in CO5
capacity could result from a small portion of the adsorbed CO,
remaining in a stable and strongly chemisorbed form in the
ED@MOF-74, making the adsorption-desorption process partially
non-reversible. However, there is insufficient conclusive evidence for
this interpretation as the shoulder observed is very weak, possibly due to
H-bonding, and other bands are not well distinguishable. Moreover, it is
very challenging to detect infrared bands of the adsorbed species that
produce signals typically between 1800 — 1200 cm™'[66] due to the
overlapping of bands by the organic bridging linker in this region.

It needs to be mentioned that the downward trend in capacity
because of the diamine leaching has also been observed in other
diamine-appended MOF systems [34,73-76]. For example, Adil et al.
[34] exploited the performance stability of amine-functionalized mate-
rial under humid conditions by using the flow-mode breakthrough sys-
tem, simulating practical post-combustion carbon capture scenarios.
The authors demonstrated that mmen-Mgy(dobpdc) is not stable in cy-
clic mode, reflected by a notable decrease (~30%) in CO5 retention time
observed after five cycles, suggesting the amine’s detachment from
OMSs as water molecules compete for them. They explained that the
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Fig. 10. Adsorption and desorption capacities in the repeated cycles of humid temperature-concentration swing adsorption of a) CO, and b) H,0. Adsorption was
conducted at 25 °C with around 400 ppmv CO, and 2 vol% H3O in N». Desorption was conducted at 120 °C using pure N, feed.
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Fig. 11. PXRD pattern of ED@MOF-74 before and after adsorption/desorption cycling under dry and humid conditions.
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relatively strong binding energy between Hy0 and Mg?* compared to
Mg-amine disrupts coordinated diamines, thus leading to the amine loss
and gradual reduction in CO; uptake [34]. In the literature, the degra-
dation of amine-supported adsorbents was investigated under dry con-
ditions and CO4 capacity loss was correlated with the deactivation of
primary amines by urea species formation [59,77].

Since amine-functionalization holds tremendous promise for atmo-
spheric CO> capture, future studies should pay close attention to humid
instability issues to further enhance the performance of these desirable
adsorbent systems under humid DAC conditions. Coating diamine-
functionalized MOFs with polymers that induce hydrophobic proper-
ties is recommended to reduce the dramatic impact of water vapor [78,
79]. The adsorbent Choe et al. [74] studied relied on the fabrication of
diamine-appended Mgs(dobpdc)-alumina\silane\epoxide composites.
They concluded that the epoxide’s ring-opening reaction with diamines
appended to exposed metal cations afforded improved hydrophobicity,
hindered water vapor penetration into the pores, and reduced the
diamine volatilization.

4. Conclusions

In the present work, we investigated the effectiveness of ED@MOF-
74 for direct air capture using an automated fixed-bed adsorption
setup combined with physicochemical characterization. We evaluated
the carbon capture performance of the adsorbent in both dry and humid
DAC-relevant conditions and tested its stability through adsorption/
desorption TCSA cycling. Our evaluation included a more comprehen-
sive range of operating conditions compared to existing literature, such
as temperature and humidity, which were found to impact the
ED@MOF-74 performance dramatically.

In dry conditions using 12-hour adsorption, the measured CO5 up-
take dropped progressively at adsorption temperatures higher than
35 °C. The adsorption/desorption capacities registered at 25 °C and
35 °C were similar, around 0.9 mmolcoz/8sorbent- However, at 12 °C, the
CO4 uptake was lowered to roughly 0.7 mmolco2/gsorbent- It Was noted
that the sample was not reaching saturation at the end of the 12 °C
adsorption experiment compared to 25 °C or at higher temperatures
used, suggesting that ED@MOF-74 could suffer from mass-transfer
limitations in the CO; capture from the air at temperatures much
below 25 °C. In humid conditions at 25 °C, the difference in CO uptake
under dry vs. humid conditions was the highest, measuring
1.8 mmolco2/gsorbent Using a feed with 400 ppm CO3 and around 2 vol%
humidity. However, in contrast to the trend observed in the dry CO,
stream at a temperature of 35 °C, the adsorption capacity decreased
drastically to around 0.7 mmolcoa/8sorbents marking a decline of nearly
60% in only a 10 °C temperature swing. Additionally, the amount of
adsorbed H,O was multiple times that of CO, being around
10-11 mmoly20/8sorbent- In consecutive TCSA cycles using the
ED@MOF-74, only a small cyclic capacity drop of around 3% occurred
in 18 cycles during dry conditions. However, over continued cycling at
2 vol% humidity, the capacity drop was significantly pronounced,
leading to around 74% loss of CO2 uptake compared to the first humid
cycle result.

Characterization of ED@MOF-74 following dry experiments and dry
\humid TCSA cycling using PXRD and EA analyses revealed that the
samples lost both crystallinity and nitrogen content. Furthermore, the
FT-IR studies illustrated that both samples experienced a loss of intensity
in the spectral bands associated with amines compared to the fresh
ED@MOF-74. As demonstrated by the TGA results, a significant portion
of the ethylenediamine in the ED@MOF-74 existed in the form of free
amines, volatilizing slightly above 120 °C. Altogether, characterization
results suggest that the material propensity towards amine loss could be
responsible for the performance decrease after successive TCSA cycles,
and here, we propose two potential mechanisms for the amine loss.
Firstly, in dry conditions, the free amines present in the sample are
progressively removed after repeated temperature elevation from the
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adsorption temperature up to 120 °C. Secondly, in humid conditions,
the water molecules may strip the ED groups from the grafted sites after
repeated humid cycles. It is also plausible that because there was a high
amount of adsorbed H20, ED might have dissolved in the water and then
left as droplets during desorption.

This study shows that the ED@MOF-74 has multiple challenges when
it comes to its real-life application as a viable DAC adsorbent, especially
due to the high required desorption temperature, low adsorption rate at
low temperature, high H;O uptake, and structural degradation.
Decreasing the regeneration temperature may prevent degradation in
dry conditions but will significantly compromise the achievable cyclic
working capacity, especially if temperature-vacuum swing adsorption is
used. Based on humid experiments at 25 °C and 35 °C, humidity facili-
tates the regeneration process, which could mean a lower regeneration
temperature could be used in humid conditions. However, humidity also
clearly renders the adsorbent useless over multiple cycles through active
amine site loss, which may promote using this adsorbent in significantly
dried air. Another reason against applying the adsorbent in a high-
humidity climate is the tendency to capture high amounts of HyO,
increasing the energy requirement of the process. On the other hand,
application in dry air usually means cold, sub-zero conditions, which
seem to entail kinetic limitations. Moreover, the process-scale applica-
tion of the MOF would require either pelletizing or coating the adsorbent
on a structured monolith. On a positive note, this study showed that
even straightforward techniques can be used to achieve porous layers of
COq-adsorbing MOFs on different substrates.

Only a few studies cover the critical aspects necessary for effectively
employing MOFs in DAC-relevant conditions, specifically kinetics and
stability in humid environments. Overall, the results presented in this
work emphasize the necessity of directing more attention toward these
aspects to incorporate amine-decorated porous supports in a realistic
DAC process successfully. In future studies, more comprehensive CO5
adsorption testing at varying relative humidities and temperatures,
along with TVSA cycling, would complement the current knowledge of
amine-modified MOFs. Another critical element to be systematically
explored is the long-term stability of the amines. An in-depth explora-
tion of underlying chemical and structural parameters that affect
degradation would provide valuable guidance in constructing effective
amine-rich sorbents. This would ensure that adsorbents maintain their
high adsorption capacities over a few months, thereby maximizing the
applicability of such CO, adsorbents for direct air capture.
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