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Abstract—HP-Cu-BTCs (CTAB), HP-Cu-BTC(N,N), HP-Cu-BTC(SDBS) series with open metal coordination site
Cu(I), cage window sites, tunable porosity, high specific surface area, cavity, etc., were synthesized using cationic surfac-
tant (cetyltrimethylammonium bromide, neutral organic amine, and an anionic surfactant as templates, respectively, A
variety of techniques were used to analyze the materials before and after CO, cycle adsorption at 303 K. A high BET
specific surface area (1,194.06 m’/! g) and total pore volume (0.63 cm3/g) were found in the synthesized HP-Cu-BTC(N,N).
The synthesized HP-Cu-BTC(N,N) not only has high CO, adsorption capacity (7.4293 mmol/g) but also good selectiv-
ity (37.20) for adsorption separation of CO,/N,. Besides, FT-IR spectroscopy, CO,-TPD curves and adsorption kinetic
curve demonstrated that the adsorption mechanism of synthesized HP-Cu-BTC(N,N) was mainly attributable to phy-
sisorption and it could be regenerated at relatively low temperature. The mesoporous structure not only improves the
uptake capacity but also improves the diffusion and mass transfer of CO,. At the same time, the CO,-TPD showed that
the HP-Cu-BTCs may have two major adsorption sites. One is to absorb CO, molecules through van der Waals forces.
The other is the electrostatic interaction of the open Cu sites with CO,. Therefore, the CO,/N, adsorption selectivity of
HP-Cu-BTC(N,N) is significantly higher than that of conventional Cu-BTC. After five consecutive adsorption/desorp-
tion cycles, the adsorbents retained an excellent adsorption property. Thus, it is a very good adsorbent for the CO, capture.
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INTRODUCTION

The release of CO, into the atmosphere by the burning of fossil
fuels is the primary source of the global climate change phenom-
ena [1,2]. Over the last 200 years, fossil fuels have historically been
utilized in massive volumes to power human civilization, and now
fossil fuel combustion meets over 85 percent of global energy
demand. The intrinsic energy density; quantity; and economic reli-
ance of contemporary civilization on their purchase and trading
are the causes for our lopsided reliance on fossil fuels as our major
energy source. Global energy consumption is rapidly increasing,
which is causing serious environmental issues. Concerns about the
possible influence of CO, emissions from fossil fuel burning on
global climate change have prompted a slew of CO, reduction mea-
sures [3-7]. CO, is a significant C1 resource and chemical raw mate-
rial in addition to being a greenhouse gas. The development of
new technologies to convert CO, into chemical raw materials will
aid in the optimization of the future society’s energy structure. As
a result, high-efficiency CO, separation is required, which is a neces-
sity for CO, usage in the future.
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Although it is unrealistic to totally eliminate CO, emissions, it is
feasible to reduce them by using effective separation technology.
Post-combustion (flue gas from power production), pre-combus-
tion (fossil fuels), and oxygen-enriched combustion separation tech-
nology are the three primary types of carbon capture and storage
(CCS) technology [8,9]. Pre-combustion CO, capture entails enrich-
ing and separating CO, and other components of fossil fuels prior
to combustion. To achieve efficient, low-carbon green energy con-
version, this technology is planned to be used with integrated gas-
ification combined cycle power plants. The burning of fossil fuels
in an oxygen-enriched atmosphere with flue gas circulation is
referred to as oxygen-enriched combustion. CO, and H,O are the
major components of flue gas produced by this method. At the
moment, the most extensively utilized method is post-burning re-
moval, which involves using gas separation technology to separate
and collect CO, from a gas source after combustion. Physical adsorp-
tion, chemical adsorption, and membrane separation have all drawn
the interest of scientists from many fields [2,10,11]. Membrane sepa-
ration, on the other hand, is difficult to use in industrial settings
owing to its exorbitant price. Absorption of chemicals using amine-
solution systems has a number of drawbacks, including rusting of
equipment and a highly energetic need for CO, collecting. Adsorp-
tion via physical means using porous solids as adsorbents, on the
other hand, is frequently utilized in CO, collection because of its
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environmental friendliness and economic feasibility. For CO, ad-
sorption, many porous solid adsorbents have been developed, includ-
ing metalorganic frameworks (MOFs) and zeolites (as well as other
porous materials) [12-15]. When compared to other porous mate-
rials, MOFs with adjustable physical properties, amazing porosity,
and superb crystallinity function very well as CO, adsorbents [16-
18].

Metal-organic frameworks (MOFs) have paved the way for the
creation of novel materials. Likewise, research on MOFs is moti-
vated by virtue of their astounding compositional and structural
variety, long-term porosity, very low density, and well delineated
pores and channels. The large interior surface area of MOFs is a
key characteristic that has been shown to be extremely desired in a
variety of possible applications, comprising the storage of hydrogen,
the purification of natural gas, the improvement of biogas, and CO,
and N, separation [19]. Along with the necessity for CO, capture
capacity, the adsorbents stability through repeated CO, capture cycles
(i.e., adsorption/desorption) must be addressed [20-22].

Cu-BTC, one of the most commonly reported MOFs consist-
ing of low-cost basic materials [23,24], is one of the most frequently
reported, is simple to synthesize, has a large specific surface area, is
thermally stable, and typically includes fresh air, with visitors hav-
ing access to 60% of the capacity [25,26]. Additionally; it exhibits
superior CO, adsorption, selectivity, and regeneration properties
when used in conjunction with precise adsorption and desorption
conditions. Cu-BTC is made up of Cu,O units that are connected
by linear benzene-1,3,5-tricarboxylic acid (BT'C). An alternative spacer
is used in lieu of the BTC molecule. It maintains the net’s inherent
properties while offering a well-designed interface for adjusting the
pore size and functioning of the framework [27]. Additional bind-
ing sites for guest gas molecules may be provided by the partial
positive charges that are present on the copper metal sites in Cu-
BTC. This is critical for the adsorption of tiny molecules such as
hydrogen and for increasing the selectivity of adsorption for sepa-
rating mixtures including molecules with various polarities, partic-
ularly at low pressures. Cu-BTC is a three-dimensional network with
intersectional pores, a 0.6 nm tetrahedral side pocket, and a 1.0-1.2
nm cage/window cage. The tetrahedral pockets and major chan-
nels are joined by triangular windows of 0.35 nm diameter [28-31],
precisely the dimension required to segregate CO, (shapes/sizes
3.2x3.3x5.4 A’ and kinetic diameters of ~3.3 A) and N, (kinetic
diameter: 3.64 A) [32,33]. The sole kink in the ointment is that the
pure microporous regime (pore size <2 nm) of Cu-BTC restricts
adsorbate diffusion, which reduces CO, interaction with the Cu-
BTC pore walls [34]. Additionally, the inclusion of mesoporous struc-
tures increases the pore volume of the hierarchical porous MOFs
material, resulting in a better adsorption capacity [35]. Hierarchi-
cal porous materials, in particular, allow for easy regulation of their
structure and function at the atomic or molecular level [36]. As a
result, their success is crucial in developing a reliable method for
converting microporous MOFs to hierarchical porous counterparts
with micropores and mesopores [37].

So far, eight distinct strategies for increasing the pore size of tra-
ditional MOFs have been developed: ligand extension [38], post-
processing [39], mixed ligands [40], templating [41], control syn-
thesis conditions [42-44], ionic liquid, and [45] modulator-induced
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defect-formation technique [46-48]. However, in HP-MOF prod-
ucts produced through the ligand extension approach, lower mes-
opore sizes (<10 nm), volatility, insecurity, and frail interconnected
frameworks are nearly inescapable [49]. Additionally, post-process-
ing and mixed-ligand approaches often result in the formation of
mesopores of uncontrolled size in the final HP-MOFs [50]. Syn-
thetic condition control method is difficult to achieve accurate con-
trol of synthetic conditions, resulting in uneven mesoporous pores
of the product and difficult to adjust the pore size. The types of ionic
liquids used to synthesize hierarchically porous MOFs are limited.
The composite method is difficult to organically combine microp-
orous MOFs with functional porous materials; there are not many
types of modulators for the modulation-inducing defect-forming
strategy [51-53]. In comparison to the other approaches, the tem-
plate method is the preferred way to synthesize of hierarchical Cu-
BTC (HP-Cu-BTC) owing to the wide range of template agents and
ease of operation. The inclusion of template agents significantly in-
creased the micropore volume compared to Cu-BTC. For exam-
ple, it has been reported that cetyltrimethylammonium bromide
(CTAB) may be employed as a template for the synthesis of viable
hierarchical porous Cu-BTC [54]. N,N-dimethylhexadecylamine
and N,N-dimethyltetradecylamine have both been employed as
templates for the synthesis of stable HP-MOFs (e.g., Cu-BTC) [55].
Other novel templates for the synthesis of HP-MOFs have been
described, induding sodium dodecylbenzene sulfonate (SDBS) [56],
N-ethyl per-uorooctylsulfonamide (N-EtOFSA) [57], and 4-(dodecy-
loxy)benzoic acid (DBA) [58].

This study used three surfactants as templates-cationic (CTAB),
neutral organic amine (N,N-dimethyltetradecylamine) and anionic
(SDBS)-to establish a solvothermal approach to manufacture three
stable HP-Cu-BTC(CTAB), HP-Cu-BTC(N,N) and HP-Cu-BTC
(SDBS). The resultant HP-Cu-BTCs were next described and their
CO, and N, adsorption isotherms were determined volumetrically
at 273 K, 298 K, and 303 K at pressures ranging from 0 to 100 kPa.
X-ray diffraction, FT-IR spectroscopy, and thermal analysis were
used to estimate the structural stability of HP-Cu-BTCs before and
after CO, cycle adsorption. The isosteric heat of adsorption and
selectivity were determined using experimental adsorption iso-
therms. CO,-TPD investigated the primary adsorption sites and
adsorption conditions in HP-Cu-BTCs. In addition, we investi-
gated the regeneration and stability of HP-Cu-BTCs in CO,/N,
separation using a breakthrough curve based on a fixed bed reac-
tor, as well as their regeneration and stability across five consecu-
tive cycles.

RESULTS AND DISCUSSION

1. Characterization of Samples

The results from XRD, FT-IR, and TG were analyzed to deter-
mine the CO, adsorption process on HP-Cu-BTCs. The structure
of the adsorbents was studied using the XRD technique after CO,
cycle adsorption at 303 K and 0-100 kPa. Fig. 1(a) shows the XRD
patterns of all materials examined before and after CO, cycle ad-
sorption. Three HP-Cu-BTCs exhibit an XRD pattern consistent
with our earlier work and published data [30,59]. After CO, cycle
adsorption, there are no changes in the positions of the peaks for
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all the HP-Cu-BTCs, indicating that the framework structure is
well retained. There are very minor variations in the peak intensity
after CO, cycle adsorption. While the intensity reduces significantly
following CO, cycle adsorption for HP-Cu-BTC(CTAB) and HP-
Cu-BTC(N,N), the intensity increases for HP-Cu-BTC(SDBS). Nev-
ertheless, at low/atmospheric pressure at 303 K, CO, adsorption had
little effect on the architectures of all HP-Cu-BTCs.

FT-IR and TG were employed to assess the changes in surface
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chemistry of our samples after CO, cycle adsorption. Fig. 1(b) and
Table S1 show the FI-IR spectra of all samples taken before and
after CO, cycle adsorption. All of the bands were assigned in the
same way as the parent Cu-BTC [60], indicating that the HP-Cu-
BTCs were effectively synthesized. The large broad band seen over
the range of 3,000-3,700 cm " is assigned to the O-H stretching vibra-
tion of loosely bound water molecules in HP-Cu-BTC, while the
peaks around 3,427 cm™" are attributed to typical O-H vibrations,
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Fig. 1. (a) XRD patterns and (b) FT-IR spectra of the samples studied before and after CO, cycle adsorption.
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which clearly come from the guest water molecules, according to
the FT-IR spectra of HP-Cu-BTC. Carboxylate groups in BTC have
symmetric and asymmetric stretching vibrations at 1,632/1,580
cm ™' and 1,447/1,374cm”’, respectively. The C-O-Cu stretching
vibration absorption maxima are located around 1,116 cm™' and
940 cm™', respectively. The weak and narrow bands at 2,926/2,851
cm' and 1040 cm™ may be ascribed to the benzene rings (C-H)
and XC-H) vibrations. Cu-BTC has unique absorption peaks be-
tween 761 cm' and 725 cm™' owing to the replacement of Cu on
the benzene ring. The Cu-O stretching vibration might be respon-
sible for the peaks at 489 cm ™. The enhanced Cu-O stretching peak
indicates that BTC coordinates to the Cu site either via its carboxyl
oxygen atom or through its carbonyl oxygen atom.

After CO, cycle adsorption, all samples exhibit a CO, band at
2,349 cm™', suggesting the presence of physiosorbed carbon diox-
ide. Additionally, this band of HP-Cu-BTC(N,N) is more intense
than those of HP-Cu-BTC(CTAB) and HP-Cu-BTC(SDBS) after
adsorption at 303 K, which is consistent with HP-Cu-BTC(N,N)
absorbing more CO, (SDBS). Along with the symmetrical stretch-
ing vibration of O-C=0, the 1,347 cm™" peak also contains the quiet
symmetric stretching modal of adsorbed CO,. The increase in
intensity might be explained by the effect of CO, coordination on
the atmosphere of all these ligands [61]. FT-IR results are in con-
formity with those found in previous works about the structure of
HP-Cu-BTCs adsorbents.

Fig. 2 shows the TG and DTG curves for the HP-Cu-BTCs before
(upper half) and after (bottom half) CO, adsorption. The strength
of the first stage weight loss peaks below 100 °C was reduced after
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CO,; cyde adsorption, suggesting that during the degassing pro-
cess, some weakly adsorbed chemicals and/or physically adsorbed
water were released [62-64]. The second stage weight loss peaks
between 300 °C and 360 °C represent decomposition of carboxylic
groups [65]. It is clear that the HP-Cu-BTC(CTAB) ligands envi-
ronment is more influenced by the coordination of CO, to Cu sites
following CO, cycle adsorption compared to HP-Cu-BTC(N,N)
and HP-Cu-BTC(SDBS). This might be because N-decane was
added to the cetyltrimethylammonium bromide (CTAB) template.
This agrees with the FT-IR spectrum. After 450 °C, the weight loss
is attributed to the full dissolution of the BTC units [66,67], which
is followed by the collapse of the HP-Cu-BTCs framework. The total
weight loss of HP-Cu-BTC(SDBS) and HP-Cu-BTC(N,N) before
and after CO, adsorption is so different, which can be attributed
to the electron transfer between Cu>* and CO, at the coordination
unsaturated metal site to form covalent bond interaction. The van
der Waals force between the pore center and the pore window of
CO, and HP-Cu-BTC(SDBS) and HP-Cu-BTC(N,N) adsorbates
raised the weight loss temperature of HP-Cu-BTC (SDBS) and HP-
Cu-BTC (N,N) after CO, adsorption.
2. XPS

XPS is a flexible method to determine the composition and
chemical state of HP-Cu-BTCs that have been produced. The XPS
spectra of HP-Cu-BTC(CTAB), HP-Cu-BTC(N,N) and HP-Cu-
BTC(SDBS) were measured, Fig. 3 shows the comparable find-
ings. the full-range XPS survey verified the existence of Cu, O, N,
and C elements in all the samples [68]. As seen in Fig. 3(b), the
Cu 2p XPS spectra of the HP-Cu-BTC samples are identical to
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those of the parent Cu-BTC, with the primary peaks located about
933 eV and corresponding to the Cu 2p,, peaks. Fittings of the Cu
2ps), peaks revealed two main components with binding energies
of 9344eV and 932.6¢€V, respectively, attributed to the surface
Cu™ and Cu'" species [69], confirming the presence of CuO and
Cu,O. The presence of Cu™" species in the HP-Cu-BTC samples
was further verified by the shake-up satellite peaks at 943.8 eV and
9389¢€V. Due to the poor crystallinity of the Cu"* species, no appar-
ent Cu,O diffraction peak was seen in the XRD patterns. Fig. 3(c)
shows the Ols spectrum, where the high-resolution spectra of Ols
could be separated into two peaks at 532.8 and 531.8 eV. The peak
at 532.8 eV corresponds to the oxygen components on the carbox-
ylate groups (O-C=0) due to the residues of organic ligand or sur-
face adsorbed oxygen species (-OH), and the peak at 531.8eV
may be ascribed to the lattice oxygen species, attributed to the for-
mation of Cu-O-C bond in the samples. The C 1s spectrum (Fig.
3(d)) shows two obvious characteristic peaks near 284.8 eV and
288.7 eV, corresponding to the phenyl and carboxyl groups in the
material [70-73], respectively. With the XPS data, we list the Cu"
concentration over HP-Cu-BTC in Table S3, and the Cu" calcula-
tion results based on the peak areas in the XPS spectra.
3. Morphology

SEM examination was used to characterize the microstructure,
morphology, and particle shape of synthesized samples; SEM micro-
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graphs are presented in Fig. 4. The findings shown in Fig. 4 reveal
that the HP-Cu-BTCs have almost identical particle sizes with an
octahedral morphology [74], indicating that the addition of tem-
plating agent will not interfere with the formation of crystal shape.
There are, nevertheless, noticeable changes in the crystal surfaces
and particle sizes; the crystal size of HP-Cu-BTC(CTAB) is distrib-
uted within the range 25-35 pm and the crystal size of HP-Cu-
BTC(SDBS) is between 35 and 45 um. While HP-Cu-BTC(N,N)
shows much smaller and distorted crystals ranging from 15 to
25 um, which would result in defects of its crystallinity. At the
same time, as seen in Fig. 4(b), HP-Cu-BTC(N,N) contains struc-
tural faults and a consistent distribution of visible worm-like holes
on the crystal surface. This fact implies that HP-Cu-BTC(N,N) can
not only provide abundant adsorption sites but also facilitate the
mass transport. In addition, compared with the conventional Cu-
BTC (~10 um), the particle size of HP-Cu-BTCs is significantly
increased, the edges become smooth, and the surface is porous,
which may indicate that the addition of the template agent pro-
motes the development of the octahedral structure.

To verify whether the pore structure will be blocked as the
amount of CO, adsorption increases, thereby changing the surface
morphology of the HP-Cu-BTCs adsorbents, the study compared
the microscopic morphology and porous structure changes of HP-
Cu-BTCs before and after five CO, adsorption cycles. From Fig.

Ojuritig] Regulus 5.0kV x22.0k SE(U)

¢:HP-Cu-BTC(SDBS)
f:HP-Cu-BTC(SDBS)-CO,

h:Enlarge HP-Cu-BTC(CTAB)-CO,  i:Enlarge HP-Cu-BT! C(N,N)-cO > gEnlarge HP-Cu-BTC(SDBS)-CO,

Fig. 4. FESEM images of (a)-(c) fresh HP-Cu-BTCs, (d)-(f) HP-Cu-BTC:s after CO, adsorption cycles, (h)-(g) Enlarge HP-Cu-BTCs.
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Fig. 5. TEM images of fresh adsorbents: (a) HP-Cu-BTC(CTAB), (b) HP-Cu-BTC(N,N) and (c) HP-Cu-BTC(SDBS).
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Fig. 6. (a) the N, adsorption (solid symbol) and desorption isotherms (open symbol) of HP-Cu-BTC, (b) differential pore-size distribution of
HP-Cu-BTC for N, (calculated by using a slit pore NLDFT model), (c) CO, adsorption-desorption isotherms at 195 K of HP-Cu-BTC,
and (d) Horvath-Kawazoe (H-K) ultra-microporous pore size distributions of HP-Cu-BTC for CO,.

4(d)-(g), for all the three HP-Cu-BTCs adsorbents, their morphol-
ogy and porous structure were maintained very well after five CO,
adsorption cycles. It gives a hint that the HP-Cu-BTCs crystals were
highly stable during the CO, adsorption/desorption experiments.
Since SEM only provides the external morphology, including
the shape and size of the secondary (aggregated) particles, we fur-
ther investigated the shape and size of the primary (single) crys-
tals of the MOFs with the aid of TEM. The pictures of all HP-Cu-
BTCs samples clearly show the enlarged pore structure, as shown
in Fig. 5. It is worth noting that the mesopores of HP-Cu-BTC
(SDBS) are mainly between the particles (Fig. 4(c) and Fig. 5(c)),
which are formed by the accumulation of HP-Cu-BTC(SDBS)
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nanoparticles, while HP-Cu-BTC(CTAB) and HPOCu-BTC(N,N)
are mainly intra-crystalline (Fig. 4(a), (b) and Fig. 5(a), (b), respec-
tively). Additionally, we observed that HP-Cu-BTCs exhibited con-
siderably varied N, adsorption capabilities and hysteresis loop geo-
metries (Fig. 6(a)), indicating that the porosity of HP-Cu-BTCs is
template-dependent. Therefore, the porosity of HP-Cu-BTC is affected
by both the amount and the type of template.
4. Specific Surface Area and Pore Size Distribution

Fig. 6(a) shows the N, adsorption-desorption isotherms at 77 K,
whereas Fig. 6(b) shows the HP-Cu-BTC NLDFT pore-size distri-
butions. Previous studies have shown that microporous materials
with diameters of less than 0.86 nanometers (e.g., Cu-BTC) exhibit
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a type I adsorption isotherm, in which microporous materials have
a crystalline structure [75]. N, adsorption-desorption isotherms of
the synthesized HP-Cu-BTC with an H1 hysteresis loop are gener-
ally type I and type IV IUPAC isotherms with the addition of the
template [76]. When the relative pressure was small, the three dif-
ferent HP-Cu-BTC samples exhibited type I isotherms. At this time,
microporous monolayer adsorption occurred, the adsorption capac-
ity increased rapidly; and the adsorption capacity was large. When
the relative pressure reached ~0.45, the adsorption and desorption
isotherms of HP-Cu-BTC(CTAB) and HP-Cu-BTC(SDBS) exhib-
ited obvious hysteresis loops (H,-type hysteresis), respectively [77],

Table 1. The porous characteristics of HP-Cu-BTC

characteristic of typical mesoporous materials, indicating that the
samples synthesized with the template CTAB and SDBS had rich
mesoporous structures. However, HP-Cu-BTC(N,N) only has a
small hysteresis loop, indicating that the addition of the neutral
organic amine formed a less mesoporous structure with an aver-
age meso pore size of only 3.12 nm. However, the specific surface
area of HP-Cu-BTC(N,N) was larger than those of HP-Cu-BTC
(CTAB) and HP-Cu-BTC(SDBS) because the non-ionic surfac-
tant in the neutral organic amine did not dissociate in water and
was not affected by factors like the electrolyte and solution pH.
There is no strong electrostatic interaction between anions and

A dSOrbent SZBE'I;I S;nicrf . Smicm /Smesg V;ntulf . Vmicm 3(1_1:1K) \]gmzsi1 MICYO Pore P ﬂmal'Y
(m™g") (m™g") (em™g™) (em™g™) (cm™g™) size (nm) size (Lm)
CTAB 817.46 720.36 7.42 0.46 041 0.075 0.69 27.80
N,N 1,194.06 1,053.51 7.49 0.63 0.68 0.041 0.72 20.89
SDBS 619.94 549.99 7.86 0.39 0.26 0.086 0.68 43.33

Sgert Brunauer-Emmett-Teller specific surface area. S,,,,: micropore specific surface area are calculated using t-plot. S,,,: mesopore specific
surface area are calculated by subtracting S,.,, from Sper Vi, total pore volume calculated from the single-point adsorption branch of the
N, isotherm at p/p,=0.995. V,,,;.,: micropore volume based on the H-K (Original) method using CO, adsorption branch around p/p,=0.3.
V.0t Mesopore volume is calculated using the BJH cumulative specific adsorption volume of holes with widths ranging from 1.7000 nm to
300.0000 nm. The micropore average pore width is determined by the H-K (Original) method of CO, isotherm at 195 K. The primary size

(um) is determined by SEM.
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cations formed by atoms through the gain and loss of electrons.
Through hydrogen bonding and reaction precursors, materials can
be formed with high specific surface areas.

Pore size engineering is a widely established technique for CO,
collection (Fig. 6(b), (d)). A substantial volume and surface area of
pores with diameters of 0.5-0.7 nm or smaller (also called ultra-
micropores) should be present since they have a greater capacity
for CO, adsorption than larger supermicropores (0.7-2 nm) or mes-
opores (>2nm). As a result, the adsorption was examined in rela-
tion to the differential pore volume. As seen in Fig. 7, the primary
determinant of CO, uptake is the micropore volume of porous
adsorbents. Eq. (S3) illustrates how to calculate the coefficient of
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determination R’. Coefficients of determination are consistently
greater for holes with a volume less than 1.0 nm. For bigger pore
sizes, a greater dispersion of CO, adsorption data may be seen. As
seen in Fig. 6(c), HP-Cu-BTC(N,N) has an abnormally high capac-
ity for CO, absorption at 195 K. Because HP-Cu-BTC(N,N) has a
considerable number of holes smaller than 0.8 nm, it is possible
that the Angstrin-sized pore volume plays a significant role in the
physisorption of CO,.

As seen for Fig. 7, the adsorption isotherm of CO, obtained at
273 K shows that when the pore size exceeds 1.0 nm, the correla-
tion between the adsorption capacity of CO, and the pore volume
or surface area is insufficient. Instead, the volume of pores smaller
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Fig. 8. Pure component CO, and N, adsorptions on (a), (b) HP-Cu-BTC(CTAB), (c), (d) HP-Cu-BTC(N,N) and (e), (f) HP-Cu-BTC(SDBS)
at 273K (green), 298 K (blue) and 303 K (pink). Solid lines correspond to fits to the CO, and N, data employing dual-site and single-

site Langmuir-Freundlich models, respectively.
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than 0.8 or 0.5 nm has a good linear correlation with CO, absorp-
tion, respectively (Fig. 7(a) and 7(b)). Thus, pores smaller than 0.8
or 0.5 nm, respectively, contribute the greatest to CO, absorption.
Nevertheless, the volume of pores smaller than 5 Ais relatively small,
which leads to a low CO, uptake, indicating that narrowing the
pore size distribution can hardly improve the CO, uptake at room
temperature and low pressures. Furthermore, the correlation of
pores smaller than 0.5 nm is slightly better than that that of other
pores. As long as the particular adsorption occurs in the pore space,
this result does not lessen the significance of open copper centers.
5. CO, and N, Adsorption Isotherms on HP-Cu-BTCs

The CO, and N, adsorption isotherms on HP-Cu-BTC(CTAB),
HP-Cu-BTC(N,N), and HP-Cu-BTC(SDBS) at 273, 298 and 303 K
in the 0-100 kPa pressure range are shown in Fig. 8. It can be shown
that neither CO, nor N, approaches saturation loading in the pres-
sure range 0-100 kPa. At 273, 298 and 303 K, all species exhibit
monolayer-type adsorption (ie., the normal type I form of the
IUPAC dlassification). This indicates that all isotherms are typical
Langmuir types, demonstrating the HP-Cu-BTCs microporous
characteristics. The quantity of CO, adsorbed on all materials dimin-
ishes when the temperature rises, which might be harmful explained
by a weaker gas-solid contact and the molecules’ increased ther-
mal energy at higher temperatures [78]. As can be observed, these
isotherms demonstrate a rapid rise in the quantity of CO, adsorbed
at pressures below 40 kPa, followed by a gradual increase at pres-
sures between 40 and 100 kPa. The first rise occurred as a conse-
quence of monolayer adsorption in micropores, while the second
occurred as a result of multilayer adsorption in mesopores and
adsorbate-adsorbate interactions. Additionally, the sharp increase
in CO, absorption at low pressure is thought to be due to the unique
interactions between quadrupolar CO, molecules and partial posi-
tively charged ions on the coordinatively unsaturated metal sites in
HP-Cu-BTC in the extremely narrow pores [79]. These locations
should contain the most energetic adsorption centers. As recom-
mended by Zhou et al. [80] and Wu et al. [81]. in contrast, the
absence of high-affinity binding sites in HP-Cu-BTCs results in a
linear N, adsorption isotherm among all temperatures, similar to
that reported with activated carbons [82]. In general, compared to
CO,, the isotherms of N, are linear, indicating that the interaction
between N, and HP-Cu-BTC adsorbents is weaker.

The kinetic diameters of CO, and N, are known to be 3.30 and
3.64 A, respectively [83]. CO, has a high interaction with the sur-
faces of HP-Cu-BTC adsorbents due to its substantial quadrupole
moment (134x10™*° C-m’) and polarizability (and 26.3x10™ cm’).
While N, has a weak quadrupole moment (4.7x10™* C-m’) and
lower polarizability (17.7x10"* cm’) than CO,. This pattern may
be explained by the fact that when the quadrupole moment in-
creases, the adsorption capacity increases proportionately [84]. Fur-
thermore, the three-dimensional microporous structure of HP-Cu-
BTC and the direct interaction of CO, molecules with the unsatu-
rated copper ions of the metallic cluster are credited with the high
affinity of CO, molecules for HP-Cu-BTC [85]. To clarify this, note
that the Cu atoms are coordinated to four O atoms of the tritopic
linker and one H,0O molecule. The development of coordinative
vacancies on the Cu active center is enabled by the dehydration of
the water molecules, resulting in the formation of active unsatu-

rated metal sites for CO, sorption. The larger CO, uptake capacity
of HP-Cu-BTC(N,N) may be credited not only to the large pore
volume and large specific surface area, but also to an increase in
the surface dispersive forces of HP-Cu-BTC(N,N) due to the advent
of the neutral organic amine (N,N-dimethyltetradecylamine (N,N))
and the specific interaction between Lewis acidic metal sites and
CO,.

Table S5 shows some of the most common CO, adsorbents
described in the literature. At 273 K and 100 kPa, the CO, capture
capacity of HP-Cu-BTC(N,N) (7.4293 mmol/g) is greater than that
of other Cu-BTC adsorbents at 273 K and 100 kPa.

6. Dual-site Langmuir-Freundlich (DSLF) Model

It was found that the DSLF model (see Eq. (S1) and (S2) in the
Supporting material) was best able to match the isotherms of CO,
and N, at varying temperatures. Table S4 and Fig. 8 indicate that
the model closely matches the equilibrium data. According to Table
$4, the average relative error between associated findings and experi-
mental data is given. The experimental isotherms and conclusions
of the DSLF and SSLF model are in perfect accord, as seen by the
ARE/% values.

7. Prediction of Adsorption Isotherm of CO,/N, Mixed Gas

CO, is retained at a fairly modest partial pressure of 0.15 bar in
post-combustion flue gas, which is discharged at a total pressure of
around 1bar. As a result, CO, adsorption capability in the low-pres-
sure zone is crucial. The adsorption isotherms calculated by IAST for
CO,/N;, (15 vol/% : 85 vol/%) mixtures on (a) HP-Cu-BTC(CTAB),
(b) HP-Cu-BTC(N,N), and (c) HP-Cu-BTC(SDBS) as functions
of total bulk pressure are shown in Fig. 9. Because CO, and the
HP-Cu-BTCs have greater electrostatic interaction, CO, was pre-
ferred adsorbed over N, on three adsorbents. As a result, the amount
of N, adsorbed in the mixtures was much less than that of the sin-
gle-component adsorption system, owing to the high, competitive
adsorption of CO,. According to Fig. 9, the CO, and N, isotherm
on HP-Cu-BTC(N,N) was greater than that on HP-Cu-BTC(CTAB)
and HP-Cu-BTC(N,N) in the system with the CO, and N, mix-
ture (SDBS). HP-Cu-BTC(N,N) had a greater CO,/N, adsorption
selectivity than HP-Cu-BTC(CTAB) and HP-Cu-BTC(N,N) (SDBS).
The result can be confirmed from breakthrough experiments for
15% CO, and 85% N,. The IAST adsorption selectivity also con-
firmed that CO, can be successfully separated from N,.

8. CO,/N, Adsorption Selectivity on HP-Cu-BTCs

Adsorptive selectivity is a significant metric for determining an
adsorbents affinity for a particular chemical. The differential in affin-
ity of distinct gases to be attached to the surface of adsorbents is
attributable to the adsorptive selectivity. In physisorption-based
selectivity, physical properties of gas molecules such as quadrupole
moment, polarizability, small kinetic diameter and dipole moment,
all play an important role in the separation of gas mixtures. How-
ever, determining an adsorbent’s adsorption selectivity for a partic-
ular gas in gas mixtures is a significant difficulty [86].

The flue gas from a post-combustion process has a very small
amount of CO, (15%) and a significant amount of N, (85%). To
sequester only pure CO, into geological formations, it is critical to
extract CO, selectively from flue gas. The selectivity of CO, over
N, in a gas mixture containing 0.15 bar CO, and 0.85 bar N, is often
used to predict the performance of a material as a prospective can-
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didate adsorbent for a practical application based on the composi- tion, IAST is commonly used. At equilibrium, the chemical poten-

tion of the flue gas. Based on the single-component isotherms of tial of the adsorbed solution is thought to be the same as that of
relevant gases, the CO, selectivity can be predicted through many the gas phase [87]. The accuracy of IAST’s mixed adsorption pre-
methods. For example, the CO, selectivity can be predicted from dictions for specific materials and gas molecules has been con-
the TAST, or the ratio of the adsorption capacity of CO, to the ad- firmed in several research investigations as well [88,89].

sorption capacity of N, and ratio of the initial isotherm slopes. The DSLF and SSLF models accurately predicted the CO, and
8-1. IAST Selectivity N, isotherms at varied temperatures, respectively. The IAST was used
To calculate the selectivity of binary gas mixtures for adsorp- to determine CO,/N, adsorption selectivity based on DSLF model
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fitting parameters (see Eq. (S12)). The CO,/N, molar ratio in flue
gas streams is close to 15/85 at 1 bar total pressure [37]. The CO,/
N, selectivity was determined at various temperatures using the IAST
(see Fig. 10). Because the increase in CO, uptake was substantially
greater than the rise in N, uptake, as the pressure was raised the
CO,/N, adsorption selectivity improved. In addition, because of
CO;’ tiny kinetic diameter, the channel's adsorption sites are more
numerous [90]. In general, raising the pressure reduces selectivity
because CO, has a greater polarizability (CO,: 29.1x107 cm™; N;
17.4x10"* cm™), a greater quadrupole moment (CO,: 13.4x10™*
C-m’ N,: 47x10% C-m’), and a stronger interaction with open
metal copper sites than N,. It is expected that the selectivity will
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decrease as the temperature rises since the binding energy of CO,
and N, is less significant as the temperature rises. Up to 37.18 selec-
tivity for CO, and N, adsorption were found at 100kPa for HP-
Cu-BTC(N,N). Because of its high CO,/N, adsorption selectivity
and high CO,/N, adsorption capacity, HP-Cu-BTC(N,N) has the
potential to be an effective adsorbent for the separation of CO,/N,
mixtures.
8-2. Adsorption Selectivity Factor

Additionally, it is preferable to calculate the selectivity for CO,/
N, using adsorption capability of about 15 kPa for CO, and 85 kPa
for N, at a combined pressure of around 1bar. CO, has an adsorp-
tion capacity of 0.6085 mmol/g at 15kPa and N, only has an ad-
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Fig. 11. CO, and N, isotherm and the tangent line of the CO, and N, isotherm in low pressure region at 273, 298 and 303 K. (a), (b) HP-Cu-
BTC(CTAB), (c), (d) HP-Cu-BTC(N,N) and (e), (f) HP-Cu-BTC(SDBS).
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sorption capability of 0.1809 mmol/g at 85kPa at 303 K for HP-
Cu-BTC(CTAB). As a result, the selectivity of CO,/N, at 273K is
30.834, as derived from the pure-component isotherms using Eq.
(S13). Using the simplified selectivity computation is compatible
with the IAST model, which is more physically precise. Although
the value is lower than that of Cu-BTC [91,92], it is nonetheless com-
parable to some of the most promising MOFs with good CO,/N,
selectivity, suggesting that HP-Cu-BTCs may be an ideal choice for
post-combustion CO, collection.
8-3. Henry’s Law Selectivity

Using the IAST method, you not only need to make sure the
single-component isotherms are fitted correctly based on the right
models, but also has many restrictions in its application. Consider-
ing a small error (in the absolute value) for a weakly adsorbed gas
can produce a very large error in the selectivity. In addition, flexi-
ble or heterogeneous adsorbents, adsorbates with significantly dif-
ferent adsorbing abilities (e.g., CO,/N,), and molecular sieves with
different accessible surfaces for different adsorbates are not suitable
for TAST [93]. Therefore, the predicted selectivity should be regarded
as qualitative measure rather than quantitative measure. Addition-
ally, the IAST factor does not account for the total adsorption of
mixed gas molecules on the pore surface, since it is determined by
single-component isotherms. However, it may be a helpful mea-
sure for evaluating a gas mixture’s simple adsorptive selectivity in
MOFs in order to assess suitable materials for post-combustion
CO, collection. Thus, we measured the initial slopes of the CO,
and N, adsorption isotherms and used the ratios of these slopes to
calculate the CO, adsorption selectivity over N, (Fig. 11). Accord-
ing to these data, the computed CO,/N; selectivity of HP-Cu-BTC
(CTAB), HP-Cu-BTC(N,N), and HP-Cu-BTC(SDBS) was 22.364,
31.287, and 36.242 at 273 K, respectively (see Table S6), demon-
strating the high CO,/N, selectivity of these materials in compari-
son to previously reported materials.
9. HP-Cu-BTCs with Isosteric Heat of CO, and N, Adsorption

It is also critical to consider the adsorbent’s regeneration energy
in industrial applications. As a consequence, the virial method was
utilized to compute the adsorptions isosteric heat (Q,) (see Eq.
(519)). As seen in Fig. 12, all adsorbates have isosteric heats that

—+— HP-Cu-BTC(CTAB)

(a) 5
>
24 31.09 Kk¥/mmol
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=
< f 3
S e g
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T 308 g )
2 [22.32 ki/mmol 24.42 kI/mmol = =
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‘é 4 - : =
2] £ — (o]
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S 22.89 kJ/mmol - |
™
16.31 ki/mmol

CO, uptake (mmol/g)

10 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0

do not remain constant as adsorption capacity increases. These
significant changes are explained by better interactions between
molecules in the adsorbed phase, emphasizing the energy hetero-
geneity of the adsorbent surface. Additionally, the isometric heat of
adsorption of HP-Cu-BTC:s for CO, is larger than that for N,, sug-
gesting that it has a stronger adsorption force for CO,. This find-
ing is in agreement with the adsorption isotherm.

The initial isosteric heat of adsorption is a critical metric for
evaluating the adsorption interaction between the adsorbent and
the adsorbate. These values can indicate the strongest adsorption
site (such as exposed unsaturated metal sites) and the force of the
adsorbents, and it is usually called isometric heat of adsorption under
zero coverage condition. The isosteric heat of CO, adsorption for
HP-Cu-BTC(CTAB), HP-Cu-BTC(N,N) and HP-Cu-BTC(SDBS)
at zero surface coverage is 1631, 22.32 and 29.82 kJ/mol, respec-
tively. This demonstrates unequivocally that various HP-Cu-BTCs
adsorbents exhibit varying degrees of affinity for CO, interaction
at low coverage. At low coverage, the comparatively high tempera-
tures of adsorption are due to CO, and open copper sites have a
strong quadrupolar interaction. With an increase of CO, adsorbed
amounts, the three HP-Cu-BTCs show a gradual increase first and
then decrease of their isosteric heats of adsorption values, due to
the adsorption sites’ heterogeneity [94,95]. Even at high surface cover-
age, the isosteric CO, adsorption heats (Q,) remain almost con-
stant for HP-Cu-BTC(N,N); the adsorption centers of this substance
have a strong affinity for CO, retention. This is because a huge num-
ber of micropores with widths close to 0.6 nm exist (see Fig. 6 and
Table 1). Additionally, the tendency of Qg remains steady as the
surface coverage increases, indicating that the tiny holes and their
copper cores are still not saturated by CO, under the circumstances
of our experiment. This is an excellent characteristic for using the
sample as a CO, collecting medium at high pressures.

To understand the isosteric heats of adsorption in the three HP-
Cu-BTCs adsorbents, the interaction of adsorbed molecules with
the surface of the adsorbent material must be taken into account.
Utilizing a sorbent with two distinct kinds of pores (micropores
and mesoporous) results in distinct adsorption methods. The meso-
porous provide gas molecules with “primary adsorption sites’, nev-

HP-Cu-BTC(N.N) —— HP-Cu-BTC(SDBS)

(b) 15
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=
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¢ 2 et i
SIE .
= |
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Fig. 12. The Q, for CO, (a) and N, (b) on HP-Cu-BTCs calculated by virial equation.
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ertheless, micropores are not capable of directly adsorbing molecules
from the gas phase. Instead, initial molecules that have been adsorbed
reach the open end of the pore and are re-adsorbed on “second-
ary sites” by diffusion processes [96]. Additionally, with increased
surface covering or adsorption loading, adsorbed molecules often
interact with one another (adsorbed-adsorbed interactions) [97].
According to the model described above. At zero coverage, the Q
of molecules adsorbed by a diftusion process is smaller than the
Q, determined from main adsorption sites and adsorbed-adsorbed
contact, and increases as the number of adsorbed molecules in-
creases.

When the CO, adsorption capacity is around 1.0 mmol-g ', the
values of Q, are SDBS-(31.09 kJ-mol ")>CTAB-(21.32 kJ-mol )>
N,N-(18.08 k]-mol ™). The Q, of CO, on the HP-Cu-BTC(CTAB)
and HP-Cu-BTC(N,N) are lower than Cu-BTC (30 kJ-mol ") [79].
The lower values for this MOF series are potentially advantageous in
terms of decreased energy consumption during adsorbent renewal.
Specifically, using a material that has a high affinity for CO, will
raise the cost of regeneration due to the significant amount of energy
needed to disrupt adsorbent-CO, interactions.

10. Kinetics of Adsorption

Adsorption kinetics research contributes to a better knowledge
of the chemical adsorption process, as well as the adsorption and
reaction mechanisms. Adsorption kinetics models are often used
to assess adsorption processes. Three typical adsorption kinetics
models are used to evaluate the adsorption processes: a pseudo-
first order model, a pseudo-second order model, and an intrapar-
ticle diffusion model. The first-order model captures the revers-
ible interaction between the adsorbent and the adsorbate, and it is
thus a more accurate representation of the CO, adsorption behav-
ior of the physical adsorbent than the second-order model [98,99].
It is assumed in the second-order model that the adsorbent and
the adsorbate are coupled via the formation of an extremely strong
chemical bond and, as a result, the model is able to predict more
accurately the CO, adsorption property of the chemical adsorbent
[100]. Adsorption is principally controlled by intraparticle diffu-
sion, according to the intraparticle diffusion concept. The adsorp-
tion of HP-Cu-BTCs followed pseudo-first-order kinetics because
of the favorable fit between experimental and calculated values of
Q, (R* values above 0.999). Table S8 contains the kinetic constants
and R’, but the pseudo-second-order and intraparticle diffusion
models (Fig. S7) could not adequately match the experimental
results. This revealed that physical adsorption may be the rate-lim-
iting step in the adsorption of HP-Cu-BTCs. Second, the figure cre-
ated for the intraparticle-diffusion model has three subsections rather
than a single straight line, demonstrating that intraparticle diffu-
sion is not the deciding step in the rate.

The kinetics of the adsorption process were investigated, and
the findings are shown in Fig. 13. As seen in Fig. 13, the adsorp-
tion capacities of the three adsorbents first grow substantially with
increasing contact time during the first 20 minutes then rapidly
stabilize after approximately 30 minutes. The early stage’s rapid ad-
sorption may be explained by the existence of exposed active sites
on the adsorbents. As the adsorption progresses, the CO, mole-
cules adsorbed on HP-Cu-BTCs gradually increase, resulting in an
increase in the diffusion resistance of CO, molecules into the par-
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Fig. 13. Adsorption kinetics curves of CO, on the HP-Cu-BTC(CTAB)-
green, HP-Cu-BTC(N,N)-blue and HP-Cu-BTC(SDBS)-pink
at 298K and 100kPa (Points: experimental values, lines:
fitting results, pseudo-first-order model model).

ticles, so the adsorption rate becomes slower and slower. Addition-
ally, the greatest adsorption capacity of the three adsorbents is HP-
Cu-BTC(N,N), and the adsorption ability of the four ranks as HP-
Cu-BTC(N,N)>HP-Cu-BTC(SDBS)>HP-Cu-BTC(CTAB).

11. CO,/N, Breakthrough Experiments

Considering that the adsorption and separation behaviors of
many adsorbent-adsorbate systems are still difficult to predict, direct
measurement of the related data is obviously very important, even
if it is only for academic purposes. Compared with the case of sin-
gle-component isotherms, the measurement of mixture isotherms
is very complicated and time-consuming. Among the various mea-
surement methods, fixed-bed breakthrough is the most widely
adopted, because it closely resembles the industrial separation opera-
tions. Using breakthrough setups, the adsorption and separation
performance under a given temperature, pressure, and mixture
composition (including water and other interfering components)
can be readily controlled. The breakthrough times of the adsor-
bates directly reveal their relative adsorption tendencies, which are
combinations of the thermodynamic and kinetic effects. When the
outlet flow rate of each adsorbate is measured, the adsorbate uptake
at any time can be obtained by integrating the breakthrough curve.
However, measurement of the outlet flow rate is much more diffi-
cult than that of the relative concentration.

To further validate the practicality of the method for industrial
use, capability for CO, adsorption was computed using break-
through curves generated in a fixed-bed reactor with simulated flue
gas (CO,: 15%, N,: 85%) at 298 K and 1 atm. As shown in Fig. 14,
efficient separation for CO,/N, mixtures has been factually achieved.
For the breakthrough of CO,/N, mixture, N, had a very fast elu-
tion through the packed bed at 147.27s, 18541s and 16846,
whereas CO, did not begin to flow out until 301.96 s, 679.14 s and
509.62 s for HP-Cu-BTC(CTAB), HP-Cu-BTC(N,N) and HP-Cu-
BTC(SDBS), respectively. CO, was retained in the column for a
remarkable period prior to saturating the HP-Cu-BTCs. For HP-
Cu-BTC(SDBS), the N, breakthrough curve has a little roll-up in
the ordinate direction (the intensity of the output gas ions sur-
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Fig. 14. Column breakthrough experiment for a CO,/N, (15: 85, v:v) gas mixture (298 K, 1 atm) carried out on (a) HP-Cu-BTC(CTAB), (b)

HP-Cu-BTC(N,N) and (c) HP-Cu-BTC(SDBS).

passes the intensity of the input gas ions). When the concentration
front of CO, progresses in the column, the roll-up may be ascribed
to the desorption of N, induced by CO,.

Because actual mixed-gas separation occurs under kinetic flow
conditions, which are often non-equilibrium, the selectivity antici-
pated by IAST may differ greatly from the selectivity seen in actual
mixed-gas separation [101,102]. From breakthrough curves, the
separation selectivity based on the saturation adsorption capacity
was 7.6296, 7.4831 and 8.8014, respectively. Because the CO,/N,
selectivity values that were found are smaller than the values that
were found from IAST, these values may be more accurate for real
selectivity. This means that HP-Cu-BTCs have real dynamic selec-
tivity of CO, over N,. It can be used in real-world post-combus-
tion CO, capture. Moreover, a volumetric adsorption device is unable
to assess regenerability/cycle stability; however, mixed gas break-
through makes this information available.

Table S9 shows the CO, saturation adsorption capabilities. The
CO, saturated adsorption capacity of HP-Cu-BTC(CTAB) and
HP-Cu-BTC(SDBS) was 13.289 and 13.665cm’-g ' at 298 K and
1 atm, respectively. While the HP-Cu-BTC(N,N) showed better
CO, saturated adsorption capacity (14.534 cm’g ") than that of
HP-Cu-BTC(CTAB) and HP-Cu-BTC(SDBS). It was previously
assumed that the CO, adsorption capability of HP-Cu-BTCs mainly
depends on unsaturated Cu-metal sites. For the HP-Cu-BTC(SDBS),
the improved CO, adsorption capability of was ascribed to the Cu*
percentage (18.17/%). While for the HP-Cu-BTC(N,N), the CO,
adsorption capacity had higher CO, adsorption capacity (7.429
mmol-g ') in spite of low Cu" percentage (15.67%). As a result, it
was fair to assume that the CO, adsorption capacity of HP-Cu-
BTC(N,N) was determined not only by the unsaturated Cu-metal
sites, but also the proportion of microporous volume and specific
surface area. According to Table S9, N, shows higher diffusion coeffi-
cients than CO, on the three HP-Cu-BTCs. This strongly suggests
that adsorption rate of N, is faster than CO,. Indeed, the homoge-
neous microporous found on the surface of HP-Cu-BTCs, as shown
in SEM and TEM bpictures, may have a critical role in regulating
such diffusion processes.

12. CO,-TPD Curve on HP-Cu-BTCs

CO,-TPD is mostly used to define adsorption sites on adsor-
bents and to calculate the strength of the adsorbate-adsorbent inter-
action [103]. The CO,-TPD curve for HP-Cu-BTCs within the range
of temperatures 100-400 °C is shown in Fig. 15 for reference. At
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Fig. 15. CO,-TPD profiles of HP-Cu-BTC(CTAB), HP-Cu-BTC(N,N)
and HP-Cu-BTC(SDBS).

246.6 °C, the first peak (peak) is related to bicarbonate, which was
formed when CO, molecules were slightly adsorbed at basic OH
groups in the HP-Cu-BTC(N,N) system. It also can be seen from
the peak area that this site is a weak basic site with weak intensity.
For the three samples, the second CO, desorption peak appears
near 280 °C; it may be attributable to the desorption of CO, from
unsaturated Cu-metal sites, which implies that the open metal sites
made electrostatic contact with the CO, quadrupole moments [81].
The order of its adsorption capacity is HP-Cu-BTC(N,N)>HP-
Cu-BTC(SDBS)>HP-Cu-BTC(CTAB) according to the correspond-
ing peak area underneath the CO,-TPD curve. Besides the slight
shift of the peaks to lower temperatures, and the peak intensity of
HP-Cu-BTC(N,N) is higher than that of HP-Cu-BTC(SDBS). The
findings further confirmed that the relationship between CO, and
the open metal sites of HP-Cu-BTC(N,N) was greater than that
between CO, and HP-Cu-BTC(CTAB) and HP-Cu-BTC(SDBS),
but that the electrostatic interaction was less than the chemical
bond, enabling CO, molecules to be desorbed easily. The third peak
(peak) was ascribed to organic ligand degradation, which was consis-
tent with the TG data (Fig. 2).

HP-Cu-BTC is shown in Fig. 16. It looks like this: There are two
kinds of huge central cavities (L, and L;), which are both 9 Ain
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Fig. 16. Possible CO, adsorption mechanism on the HP-Cu-BTCs adsorbents.
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Fig. 17. Five CO, adsorption/desorption isotherm cycles on (a), (d) HP-Cu-BTC(CTAB), (b), (¢) HP-Cu-BTC(N,N) and (c), (f) HP-Cu-BTC

(SDBS) at 273 and 303 K.

diameter; surround small cavities (T,), which are both 5 A in diame-
ter. As a result, we also set up two more places. These are the tri-
angular-shaped apertures connecting T, and L, (T,,), as well as the
windows connecting the two huge chambers L, and L, (T,,) [104].
Both experiments and molecular simulations have shown that
these sites can be reached [105-107]. It has the same size and form
as L,, but only L, contains open copper sites that point into the
pore. These van der Waals interactions, which are important at high
coverages, and specific interactions with the copper atoms, which
might offer more binding sites to the molecules that are adsorb-
ing them at low coverages, are both possible [108-110].

According to the CO,-TPD data, the HP-Cu-BTCs may have two

major adsorption sites. The tiny pore cage T, (site I) is one, whereas
the open Cu site L, is another (site II) [111]. As seen in Fig. 16,
T)’s triangular windows absorb CO, molecules through the van
der Waals force, which is readily desorbed. It is believed that the
electrostatic force is responsible for CO, adsorption on open Cu
sites (L;).
13. Regenerability of HP-Cu-BTCs in Multiple Cycles

The reusability of the adsorbent is critical in practical applica-
tions. Five successive cycles of CO, adsorption-desorption on HP-
Cu-BTCs were carried out to ascertain the regenerability and operat-
ing capacity of the material. Fig. 17 illustrates the reversibility of the
CO, adsorption process on HP-Cu-BTCs at 273 and 303 K. As seen
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in Fig. 17, there is a tiny degree of hysteresis between the adsorp-
tion and desorption curves, and the quantity of CO, adsorbed in
the low-pressure region drops somewhat after the first cycle. This
might be because the strong interaction between HP-Cu-BTCs
and CO, resulted in the inadequate desorption of the adsorbed
CO, molecules at 273 and 303 K [112,113]. Adsorption and de-
sorption cycles are repeated five times in a row; the total CO, cap-
ture capacity of the HP-Cu-BTC(CTAB), HP-Cu-BTC(N,N), and
HP-Cu-BTC(SDBS) is approximately 97.5%, 99.3%, and 99.7% of
the maximum adsorption capacity; respectively; at 273 K and 96.5%,
98.6%, and 92.1%, respectively, at 303 K. This finding implies that
the CO, capacity loss after five adsorption-desorption cydes is negli-
gible. More importantly, the powder XRD pattern (Fig. 1(a)) and
FT-IR spectra (Fig. 1(b)) of the HP-Cu-BTCs adsorbents after being
used five times were determined to be similar to that of the fresh
adsorbent.

CONCLUSIONS

HP-Cu-BTC(CTAB), HP-Cu-BTC(N,N), and HP-Cu-BTC(SDBS)
exhibit ultra-high CO, adsorption capacity (5.0699, 7.4293, and
6.8783 mmol/g) at 273 K and 100 kPa, respectively, which is greater
than many outstanding adsorbents discussed in the literature [114].
The XRD, FT-IR, TG, and adsorption kinetics analyses all corrob-
orated the physical capture of CO, on all of the examined adsor-
bents. We also showed that for HP-Cu-BTCs with high CO, binding
sites, a DSLF adsorption model is required. Metal-organic frame-
works with promise are not limited to those that have open metal
sites. The particular surface, pore size, and pore volume all play a
role. HP-Cu-BTC(N,N) exhibits the greatest performance in terms
of adsorption capacity and regenerability because of its large spe-
cific surface area (1,194.06 m*/g) and total pore volume (0.63 cm’/
g). As a result, the three samples’ CO, adsorption process is mostly
governed by physisorption as assessed by Szz: Despite the fact that
pore size and volume are insufficient predictors of CO, absorp-
tion by HP-Cu-BTCs adsorbents, the pore volume of micropores
has a substantial correlation with the quantity of CO, adsorbed. At
ambient pressure, CO, absorption is inversely proportional to the
volume of pores having a pore diameter of less than or equal to
1.5nm. The strongest association between CO, adsorption capac-
ity and pore volume occurs when the pore size is smaller than
0.5 nm. This relationship may be utilized to improve the design of
CO, adsorbents and carbon capture and storage (CCS) systems.

According to isotherms for pure-component substances, the
binary-mixture isotherms and CO,/N, adsorption selectivity of the
samples were estimated using IAST. The binary mixtures antici-
pated isotherms indicated that CO, was more readily adsorbed than
N,. Thus, HP-Cu-BTC(N,N) adsorption selectivity for CO,/N, was
much larger than that of Cu-BTC. HP-Cu-BTC(N,N) adsorption
selectivity for CO,/N, reached up to 37.20 at 100 kPa, over 6.9 times
that of Cu-BTC.

Since the quadrupole CO, molecules interact with unsaturated
metal sites in HP-Cu-BTCs, the CO, isometric heat of adsorption
is larger than N,. HP-Cu-BTC(N,N) has a lower Q, of CO, adsorp-
tion than HP-Cu-BTC(SDBS) at zero-surface coverage, implying a
greater surface for CO, trapping in high-energy centers. The low
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adsorption heat saves energy on adsorbent renewal. The adsor-
bents retain their remarkable adsorption properties after five suc-
cessive adsorption/desorption cycles. Additionally; the regeneration
process is straightforward and rapid. The excellent CO, adsorp-
tion capability and CO,/N, selectivity; and regenerability of the modi-
fied hierarchical porous Cu-BTC imply that it may be a potential
cost-effective adsorbent for CO, capture from flue gas.
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BTC :benzene-1,3,5-tricarboxylate
IAST :ideal adsorbed solution theory
PSA : pressure swing adsorption

SMB : simulated moving bed
MOF : metal organic framework

GCMC  :grand canonical Monte Carlo

CCS : carbon capture and storage

CTAB  :cetyltrimethylammonium bromide
N,N :N,N-dimethyltetradecylamine

SDBS :sodium dodecylbenzene
XRD : X-ray diffraction
FTIR : Fourier-transform infrared

XPS : X-ray photoelectron spectroscopy
SEM : scanning electron microscopy
TEM : transmission electron microscopy
TG : thermogravimetry

DTG : differential thermal gravity

CO,-TPD : CO,-temperature programmed desorption
DSLF : Dual-site Langmuir-Freundlich

SSLF : Langmuir-Freundlich

NLDFT  :Non-Local Density-Functional-Theory
H-K : Horvath-Kawazoe

BET : Brunauer-Emmett-Teller

CCDC  :cambridge crystallographic data centre
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EXPERIMENTAL

Materials

Copper(Il) nitrate hydrate (Cu(NO;),-H,0, 99.99%), 1,3,5-ben-
zenetricarboxylic acid (C;H;(CO,H);, H;BTC, 98%), N-decane
(CioH,y, >99.0%), the cationic surfactant cetyltrimethylammonium
bromide (CTAB, C,sH,,BrN, 99%), the neutral organic amine N,N-
Dimethyltetradecylamine (N,N, C,Hi;N, >90.0%) and the anionic
surfactant sodium dodecylbenzene sulfonate (SDBS, C,;H,,NaO;S,
AR) were all purchased from Aladdin Industrial Corporation. Abso-
lute ethanol (EtOH, AR) was purchased from XiLong Science Co.,
Ltd. (China) and deionized water was prepared on-site in the lab-
oratory. All chemical reagents were used as-is and are specified in
Fig. S1.
HP-Cu-BTC Hierarchical Porous Synthesis

The synthesis of HP-Cu-BTC samples were according to the
previously mentioned technique by Duan et al. [1] with a few tweaks,
it is mainly that the order of adding copper nitrate solution and tem-
plate is different. The specific methods are shown in Fig. S2. Firstly,

2473 g cetyltrimethylammonium bromide CTAB and 0.9655 g n-
decane or 3.0303 g N,N-Dimethyltetradecylamine (N,N), this mass
was the reagent divided by the purity 90%, or 2.759 g sodium
dodecylbenzene sulfonate (SDBS) was added in the 100 mL bea-
ker. Next, 5.465 g of Cu(NO;),-3H,O was added in 75 mL of water
that has been deionized to produce solution A, 2.6429 g of 1,3,5-
benzenetricarboxylic acid (H;BTC) was added in 75 mL ethanol
in order to produce solution B. After stirring both solutions for
0.5 hours, solution A was added drop by drop to solution B using
a burette, the mixture was then agitated for 0.5 hours. Following
that, the mixture was added to the templates mentioned before to
produce solution C, respectively, ultrasonic stirring for 0.5 h. The
final solution C was transferred into 100 mL Teflon-lined stain fewer
steel autoclaves and solvothermal heated at 393 K for 12 hours. A
vacuum drying oven at 423 K for 12 h removed the template and
solvents trapped in the channels after cooling to room tempera-
ture. The products are designated HP-Cu-BTC(CTAB), HP-Cu-
BTC(N,N), and HP-Cu-BTC(SDBS). The synthesis process for the
HP-Cu-BTCs is presented in Table S1 and Fig. S2.

Template
( CH; )
- \
o o Br Iv@ N
S ) N—
O\ (o] HO OH H;C \\., ﬁ
on” C,oH,,BINH (CTAB) CH; 0 . /W\,W—®—s=o
| @ cuw} ﬁ + S / S (‘)@
o N® NN Na*
@O/ \‘)e O o CoH,, (pore-enlarging agent) CyH;3sN (N.N) CgHyNaO;S (SDBS)
Cu(NOy), H;BTC

S™, 8% and S represnet cationic, nonionic and anionic surfactants, respectively

Fig. S1. The structures of precursor materials and templates used to build HP-Cu-BTCs in this work.

Table S1. Synthetic materials and ratio of HP-Cu-BTCs

Adsorbent Templating agent Molar ratio of (templating agent/Cu**/H;BTC/Decane)
HP-Cu-BTC(CTAB) CTAB 0.3:1.0:0.556:0.3
HP-Cu-BTC(N,N) NN 0.5:1.0:0.556:0

HP-Cu-BTC(SDBS) SDBS

0.35:1.0:0.556:0




5.465 g CuNO3)y 3H;0

Stirving 30min

26429 g HBTC A solution

@ i

Three types of templates

| .
: af
8 Continue to stir 30min
. = H N NN
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Fig. S2. Synthesis of hierarchical porous HP-Cu-BTCs.

Characterization

FESEM pictures were acquired using a Hitachi Regulus8220 at
a modest loading energy (5.0 kV). The three fresh adsorbents were
examined first, followed by five adsorption/desorption cycles on
the sample. SEM analysis was then used to determine the struc-
ture of HP-Cu-BTCs after CO, adsorption. TEM investigation was
completed using a Hitachi HT-7700 electron microscope set to
200kV. At room temperature and static air conditions, Patterns of
XRD were obtained using a Rigaku D/max-2000 diffractometer
using Cu Ka radiation (1=0.15418 nm, tube voltage: 40 kV, tube
current: 40 mA), scanning from 5° to 50° of the diffraction angles
(26) at a scan rate of 5°/min and a step size of 0.02°. Prior to mea-
surements, samples were pre-treated for 12 hours at 150°C in a
vacuum oven to eliminate any remaining moisture. Diamond 4.6
software was used to mimic the XRD patterns of the MOFs uti-
lized in this study; and the crystal structure information was acquired
from the CCDC-112954 for Cu-BTC. HP-Cu-BTC porous struc-
ture was investigated using N, adsorption-desorption (77 K) and
CO, adsorption-desorption (195K, for ultra-micropores with a
diameter of 1 nm) measurements on a Micromeritics ASAP 2020
HD88 specific surface area and porosity analyzer and a BeiShiDe
3H-2000PS2, respectively. Prior to the adsorption tests, the materi-
als were outgassed under vacuum for 1hour at 90°C and then
heated to 150 °C for 12 hours. The specific surface area was mea-
sured using the multiple-point BET technique across the relative
pressure range 0.05<p/p,<0.3 and the micropore specific surface
area was determined using the t-plot method and N, adsorption
data. The NLDFT model and N, adsorption data were used to
estimate pore size distributions. Pore size distributions for microp-
ores were obtained using the H-K technique and CO, adsorption
data. The total pore volume (V,,,) of the samples was determined
using the single-point adsorption branch of the N, adsorption iso-
therm at p/py,=0.995, and the micropore volume (V,,,,,) was deter-
mined using the H-K (Original) technique with the CO, adsorption
branch near p/p,=0.3. A NETZSCH STA 449 F3 synchronous
thermal analyzer was used to conduct TG studies. Approximately
20 mg of sample was heated at a rate of 5°C/min to 900 °C under
a N, flow rate of 30 mL/min, and weight loss was recorded contin-
uously. The absorbance spectra were acquired using FT-IR on a
Nicolet 6700 spectrometer. Prior to measurements, the samples

were pre-treated for 12 hours at 150 °C in a vacuum oven. The com-
bination was then coarsely mixed with KBr in an agate mortar to
create a 1/100 mass ratio of HP-Cu-BTC-KBr. During the measure-
ment, the resolution was set at 4 cm . Thermo Scientific ESCALAB
250Xi spectrometer (Thermo Fisher Scientific, USA) was used to
perform XPS studies using Al K (1,486.6 €V) radiation as the X-
ray source (14 kV, 250 W). The XPS spectra of the materials were
adjusted using carbon as a reference (C 1s, 284.8 eV).
CO, and N, Adsorption Measurements

CO, and N, isotherms adsorption tests at various temperatures
(273, 298, and 303 K) were performed using an ASAP 2020 HD88
Surface Area and Porosity Analyzer to study the adsorption iso-
therm features of HP-Cu-BTCs samples (Micromeritics Instrument
Corp., America). Temperatures were kept very stable by using a
Dewar with a circulating jacket and a thermostatic bath with a
0.01K accuracy. Before each measurement, 200-300 mg of the
material was vacuumed and degassed for 1 hour at 363 K before
being heated to 423 K for 8 hours. At pressures ranging from 0 to
100 kPa, adsorption isotherms were measured. Throughout the mea-
sures, ultrahigh purity He (99.999%), CO, (99.99%), and N, (99.99%)
were utilized.
CO, Adsorption Kinetic Curves on HP-Cu-BTCs

The CO, adsorption kinetics were determined using the BSD-
VVS&DVS Weight Method Vacuum Steam Adsorption at 298 K
and 100 kPa. Prior to beginning the adsorption experiment, the three
HP-Cu-BTCs adsorbents were degassed at 423 K for 12 hours in a
vacuum atmosphere. Then, the adsorption kinetic curves were mea-
sured to determine the quantity of CO, adsorbed on the HP-Cu-
BTC:s as a function of time. Second, the MFC was used to regulate
a CO, input rate of 60 mL/min to the chamber of samples. Finally,
Adsorption kinetics experiment ended when the samples weight
was stable, suggesting that equilibrium had been achieved (the sam-
ple was saturated with CO,).
CO, Dynamic Breakthrough Experiments

The CO, adsorption performance of HP-Cu-BTCs from a sim-
ulated flue gas was also examined in a fixed-bed flow adsorption
system using a BSD-MAB multi-component adsorption break-
through curve analyzer (BeiShiDe Instrument Corp., China) device
for separation equipped with a fixed-bed absorber at 298 K and
1 atm, as shown in Fig. $4. In this study; 1.5-2.0 g of adsorbent (40-
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Fig. $4. Diagram of the experimental setup for measuring adsorption equilibrium.

60 mesh powder) was packed into a stainless-steel column of 75-85
cm in length and 6 mm in diameter, and the length of the pack-
aged sample was 80 mm, and the column was then packed with
quartz wool stuffed into both of its ends. Following that, the col-
umn was attached to a six-way valve through a gas chromatogra-
phy analyser. Prior to the breakthrough test, the adsorbents were
activated at 423 K for 2 hours in a helium atmosphere with a flow
of 20mL-min"" to eliminate any moisture or pre-adsorbed CO,
from the sample, then cooled to the adsorption temperature of 298 K
in a helium environment with a flow of 20 mL-min"". The simulated
flue gas (CO,: 15%, N,: 85%) was introduced into the adsorption
column at a rate of 5mL-min™' under the supervision of a mass flow
controller. The effluent composition at the column output was
examined using a BSD-MASS spectrometer (INFICON America)
equipped with a thermal conductivity detector (TCD). The break-
through curves may be used to calculate the adsorption capacity.
Carbon Dioxide Temperature Programmed Desorption (CO,-
TPD)

The CO, temperature-programmed desorption (CO,-TPD) tech-
nique is performed using the DAC-1000 (Ruiguwei Technology
Co,, Ltd., China) equipment. The following is the precise proce-

dure: To begin, the HP-Cu-BTCs powders were compressed into a
disk with a pressure of less than 5 MPa for 10 minutes, then pulver-
ized and sieved to get 40-60 mesh particles. Then, 150 mg (40-60
mesh) of HP-Cu-BTC sample is placed in a U-shaped glass tube to
prevent it from being blown away by the gas. The tube is plugged
at both ends with a small amount of quartz cotton and pretreated
with helium flow of 50 mL-min" at 150 °C for 1 h to ensure the sam-
ple is free of impurities. After cooling to 50 °C using helium flow,
high-purity CO, was delivered into the sample for 2 hours, followed
by 1.5 hours of flushing with helium flow of 50 mL-min™" at 50 °C
to remove any excess CO, on the sample surface. Finally, the tem-
perature was increased to 500 °C in a He atmosphere at a rate of
10 °C/min using a 50 mL-min"" helium flow. As the temperature
increases gradually; the CO, molecules adsorbed in the sample begin
to desorb, and the desorbed CO, gas is detected and analyzed at
the quartz tube’s exit by the thermal conductivity detector, and
recorded on the computer to produce a curve called the CO,-TPD
curve.
Regeneration Experiments

The CO, adsorption/desorption recyclability of the HP-Cu-BTCs
samples was also determined five times consecutively using the



Table S2. Assignments of the FT-IR bands detected after CO, cycle adsorption on HP-Cu-BTCs

Wave numbers/cm™

Assignment

Source

3,700-3,000

3,427

2,851/2,926

2,349

1,632/1,580

1,447/1,374

940/1,116

1,040

7251761
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O-H stretching vibration of bound water molecules

O-H hydrogen-bonded stretching of HP-Cu-BTC surface

C-H stretching vibration

Asymmetric stretching vibration of adsorbed CO,

0O-C=0 asymmetric stretching vibration of COO™ in BTC
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Table S3. Surface atomic concentrations of Cu’ over HP-Cu-BTC

Adsorbent Cu' ratio/%
Parent-Cu-BTC 421
HP-Cu-BTC(CTAB) 15.93
HP-Cu-BTC(N,N) 15.67
HP-Cu-BTC(SDBS) 18.17

ASAP 2020 HD88 Surface Area and Porosity Analyzer. Following
each adsorption-desorption measurement at 273 K and 303K at
0-100 kPa, the adsorbent is evacuated to less than 1 kPa to guaran-
tee CO, adsorbed is recovered. The regenerated adsorbent was then
utilized to quantify CO, adsorption-desorption.
Characterization

Cu’" ration calculation results based on the peak areas in XPS
spectra.
Gas Adsorption Analysis

To determine the CO,/N, adsorption parameters of each metal-
organic framework, CO, and N, isotherms were fitted using ad-
sorption models. Basic adsorption models like the Langmuir with
a single binding site, often fail to accurately characterize CO, ad-
sorption on materials with strong binding sites. As such, the CO,
adsorption on our metal-organic frameworks were described in this
study using a dual-site Langmuir-Freundlich (DSLF) model.

1/n 1/n
P 1 2

max kZP
1+k,P

max 1
q9=q; X n
1+k,P

1/n, (Sl)

Here, q (mmol/g) is the quantity adsorbed, p (kPa) is the pres-
sure, q;", @ (mmol/g) are the saturation workloads for sites 1
and 2, and k;, k, (kPa™') are the Langmuir parameters for sites 1
and 2, respectively. The parameters n, and n, are utilized to deter-

mine the difference between the adsorbent and ideal surfaces. It is
worth noting that when the heterogeneity parameter n;=1, the DSLF
model simplifies to the multisite Langmuir equation. On the other
hand, the adsorption of N, is well represented by the Langmuir-
Freundlich (SSLF) model.

k 1/n
q:qm LP (SZ)

1+k;p H

Where: q,, (mmol/g) is the single-site adsorption capacity per
unit mass of the adsorbent, k; (kPa™") is the Langmuir adsorption
equilibrium constant, p (kPa) is the gas phase pressure at adsorp-
tion equilibrium, q (mmol/g) is the adsorption capacity, n is the
surface heterogeneity parameter of the adsorbent.

By multiplying the remainder by the total of all the squares, the
coefficient of determination R* was determined.

n 2
RP=1- Zi(yi— f(x,))
2?:1(5’1'_?)2

y: the i* measured value, f(x;) the i" linear equation value, and y
is the average y value.

To achieve accurate values for the parameters, as an objective
function, we utilize the average relative error (ARE/%), which is de-
fined as follows:

(83)

N —
ARE/9% =0 x e (s4)
k=1 qexp

where q.,, and q, are the experimental and calculated data, N
represents the total of data points, respectively.
Ideal adsorbed solution theory (IAST)

IAST is a powerful tool for forecasting gas mixture adsorption
selectivities and equilibrium based on the isotherms of the single

Table S4. DSLE, SSLF isotherm parameters and average relative errors of pure CO, and N,

Adsorbent/adsorbate (mmcéll- ) (k}l:;, y n, (mmccl)zL ) (kll’(;’ 1) n, RrR? ARE/%
HP-Cu-BTC(CTAB)-CO,-273 K 5.28539 0.01197 1.06018 5.28539 0.01197  1.06018  0.99968 3.209
HP-Cu-BTC(CTAB)-CO,-298 K 7.01588 0.00363 1.02821 7.01588 0.00363  1.02821  0.99997 0.683
HP-Cu-BTC(CTAB)-CO,-303 K 6.63476 0.00 323 1.00297 6.63476 0.00323  1.00297  0.99999 0.372
HP-Cu-BTC(CTAB)-N,-273 K 4.85116 0.000748143 1.02757 1 0.161
HP-Cu-BTC(CTAB)-N,-298 K 6.00143 0.000433396 1.00974 1 0.110
HP-Cu-BTC(CTAB)-N,-303 K 5.37463 0.000418512 1.00473 1 7.633
HP-Cu-BTC(N,N)-CO,-273 K 6.57775 0.00852 0.91632 6.57775 0.00852 091632  0.99998 1913
HP-Cu-BTC(N,N)-CO,-298 K 9.82687 0.00302 0.96505 9.82687 0.00302  0.96505  0.99999 0.629
HP-Cu-BTC(N,N)-CO,-303 K 10.09691 0.00229 1.00084 10.09691 0.00229 1.00084  0.99998 0.381
HP-Cu-BTC(N,N)-N,-273 K 8.07502 0.000567455 0.98548 0.99999 0.205
HP-Cu-BTC(N,N)-N,-298 K 12.67403 0.000225332 0.98529 0.99999 0.137
HP-Cu-BTC(N,N)-N,-303 K 25.09217 0.00010673 0.98239 0.99999 0.192
HP-Cu-BTC(SDBS)-CO,-273 K 6.17285 0.01766 1.0795 6.17285 0.01766 1.0795 0.99982 2.114
HP-Cu-BTC(SDBS)-C0,-298 K 6.53619 0.00367 0.95598 6.53619 0.00367  0.95598  0.99995 1.130
HP-Cu-BTC(SDBS)-C0O,-303 K 4.66473 0.00398 1.01869 4.66473 0.00398  1.01869  0.99998 0.561
HP-Cu-BTC(SDBS)-N,-273 K 8.64363 0.000525693 1.02589 1 0.181
HP-Cu-BTC(SDBS)-N,-298 K 11.01316 0.000261499 1.01574 1 0.178
HP-Cu-BTC(SDBS)-N,-303 K 6.97638 0.000356929 1.0035 1 0.100




Table S5. CO, adsorption characteristics of Cu-BTC adsorbents in comparison to certain common Cu-BTC adsorbents

Adsorbent T/K P/kPa CO, adsorption capacity Ref.
Cu-BTC/GO 277 100 5.00
Cu-BTC/GO-U1 277 100 3.36 2]
Cu-BTC/GO-U2 277 100 4.89
Cu-BTC/GO-U3 277 100 7.27
Cu-BTC 295 100 3.08 [3]
273 100 7.2
CAU-L 298 100 40 4
Cu-BTC 298 1000 8.30
Cu-BTC@EDA 298 1000 6.45 (5]
Cu-BTC@TETA 298 1000 5.50
PANNF@MAC-H 298 2000 6.50 (6]
Cu-BTC 298 100 1.92 7]
MWCNTs@Cu-BTC 298 100 3.26
Imil/3@Cu-BTC 298 100 44 8]
273 100 5.0699
HP-Cu-BTC(CTAB) 298 100 34010
303 100 3.2064
273 100 7.4293
HP-Cu-BTC(N,N) 298 100 5.1685 This work
303 100 3.7509
273 100 6.8783
HP-Cu-BTC(SDBS) 298 100 4.0798
303 100 2.4985
components. IAST was used to predict CO,/N, binary mixture ad- YiP:=X1P; (S7)
sorption in this paper. The adsorbed mixture, according to IAST,
(I=y)p,=(1-x,)p, (S8)

is the optimal spreading pressure and temperature solution, with
the adsorbed solution's chemical potential equal to the gas phase’s
at equilibrium.

Myer and Prausnitz deduced the IAST by considering the ad-
sorption phase to be a solution in symbiosis with the gaseous phase.
As a result, it has a firm theoretical foundation for thermodynam-
ics [9]. The IAST model is capable of performing numerical calcu-
lations simply, and the adsorption equilibrium of any multicom-
ponent system may be estimated using just the data for pure com-
ponents’ adsorption equilibrium. As such, it is a well-established
technique for forecasting multicomponent adsorption equilibrium
models. From the Gibbs equation, the spreading pressure may be
computed using the pure gas adsorption isotherm. The following
is the equation.

RT #/
()= Qdinp ($5)

where 7is the adsorption diffusion pressure, p; is the gas phase
pressure when component i corresponds to the diffusion pressure
75 R is the universal gas constant, and A is the specific surface area
of the adsorbent. Under constant temperature conditions, the dif-
tusion pressures of the single components remained the same. The
equation is as follows:

0 0 3 0
M=m=m==n,=7 (S6)

For the binary adsorption of A and B, the IAST theory requires:

where y, and x, are the mole fractions of component 1 in the
gas phase and the adsorption phase, respectively; P, is the total pres-
sure of the mixed gas, and P, and P, are the equilibrium pressures
of pure components 1 and 2 in the adsorption phase, respectively.
Combination of DSLF and IAST Models

The DSLF-IAST model is expressed as follows [10,11]:

k (1/n,)y k (1/ny)
qdln(l-k c1Y1P +quln| 1+ i1Y1P
S| S|

(1/n,) (1/n,,)
k k;
- qczln[1+ —CZ}IIZP J + qizln[l + —’ZZZP j =0 (S9)

-X X

where q,, k,, q; and k;, are the DSS model parameters of com-
ponent 1; g, ko, g, and k;, are the DSS model parameters of com-
ponent 2; y, is the mole fraction of component 2 in the gas phase;
and x, is the mole fraction of component 2 in the adsorption phase.
The unknown x; can be obtained using matrix laboratory (MAT-
LAB) for fixed P, and y, values.
The Total Adsorption Capacity of the Mixture
The total number of moles adsorbed (n,,,) and each compo-
nent adsorption capacity may be determined using the equation
below:
1 X X3

ot 0
Dot 0y (P))  n,(Py)

(S10)



(S11)

;=X

where, under given pressure conditions, n,,, is the total molar
adsorption capacity of the mixed gas, n, and n, are the adsorption
capacities of single components 1 and 2 when the pressures are P,
and P,, respectively.
IAST selectivity:

The adsorption selectivity of HP-Cu-BTCs to CO,/N, (15vol%:
85 vol%) is calculated by the IAST model, and the calculation for-
mula for selectivity is as follows:

X, /X,
Vi/Y2
Among them, x, and x, represent the mole fractions of compo-
nent 1 and component 2 in the adsorption phase, respectively. y,
and y, are the mole fractions of component 1 and component 2 in
the gas phase, respectively.
Adsorption selectivity on the basis of adsorption isotherm:
The adsorption selectivity (S,;) of CO, over N, in HP-Cu-BTCs
were derived from the data for the single-component isotherm. The
calculation formula is as follows:

TAST= (S12)

B QCO/ qdn,

S =
ads PCOZ/PM

(S13)

Where qc, is the adsorbed quantity of CO, at 0.15bar, qy, is
the adsorbed quantity of N, at 0.85 bar.
Henry’s law:

Equation for determining the CO,/N, adsorption selectivities
according to Henry’s law constant is presented below:
dq_

dp
p—>0

K= (S14)

where Ky is Henry’s law constant, q is the adsorption uptake
(mmol/g), and p is the gas pressure (kPa).

Selectivity according to Henrys law (upper limit selectivity) Sy,
can be expressed as follows:

g K (S15)
Henry — KJ
where K; and K; are Henry’s law constant for components i and
J» respectively.
Isosteric heat of adsorption (Q,,):

were calculated using the CO, adsorption isotherms obtained at
273, 298, and 303 K. To determine this thermodynamic constant
that represents the average interaction between adsorbent and
adsorbate at a certain surface coverage. In this paper, the Q,; of ad-
sorption is calculated by two types equations.

Firstly, Q, was determined by fitting adsorption isotherm of the
single-component at 273 K and 303 K using the Clausius-Clapey-
ron equation, which is illustrated below:

q

(S16)

where Q, (kJ-mol ") denotes the isosteric heat of adsorption at
a particular adsorbent surface loading; R (kJ-mol -K™') denotes to
the universal gas constant, which is 8.3147x107* (kJ-mol K '); T
(K) is the temperature; P (kPa) represents the pressure; q (mmol-
g ') is the adsorbed amount. Integration of Eq. (S16) gives:

a _-RTITy (Pl
ST, P)

(817)

Then, we employed the virial-type equation, which has the fol-
lowing form [12-14]:

ln(P):ln(n)+(l)§:Aini+zn:B-nj S18)

Tz j=0 !

Among them, P (kPa) is the pressure, n (mmol-g ') is the ad-
sorption capacity, T (K) is the temperature, both A; and B; are Virial
constants, m and n represent the number of A; and B, respec-
tively, and R (kJ-mol -K') refers to the constant of universal gas,
which is 8.3147x107* (kJ-mol ".K").

The expression for calculating the heat of adsorption is as fol-
lows:

Q= RTZ{a—mP} —RY An' (819)
N

oT i=0

Zero surface coverage: The initial Q, is a critical metric for
evaluating the adsorbate-adsorbent interactions. These values may
be used to determine the most active adsorption site (such with
unsaturated metal sites exposed or amine functional groups) and
the force exerted by the adsorbents, and are often referred to as Q,
at zero coverage. It may be determined by extrapolating the virial
graphs A, values:

The Q, of CO, adsorption, as a function of the quantity adsorbed Qo=—-RA, (520
Table S6. Henry’s law constants and selectivity for HP-Cu-BTCs extrudates at 273, 298 and 303 K
Adsorbent T/K Ky (mmol-g ' kPa™") of CO, K;; (mmol-g ™' kPa™") of N, Stierry Sads Susr

273 0.07425 0.00332 22.364 30.834 33.29-34.24

HP-Cu-BTC(CTAB) 298 0.04999 0.00248 20.157 18.701 18.77-22.46
303 0.04172 0.00212 19.679 19.058 18.83-20.07
273 0.12984 0.00415 31.287 26.511 28.85-37.18

HP-Cu-BTC(N,N) 298 0.06448 0.00272 23.706 20.851 25.22-37.20
303 0.04479 0.00246 18.207 15.533 15.77-18.44
273 0.14968 0.00413 36.242 37.573 40.10-48.46

HP-Cu-BTC(SDBS) 298 0.05396 0.00272 19.838 19.424 18.12-22.29
303 0.03541 0.00246 14.394 14.043 14.11-18.12
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Fig. S5. Virial fitting curves of CO, (left) and N, (right) isotherms of (a), (b) HP-Cu-BTC(CTAB), (c), (d) HP-Cu-BTC(N,N) and (e), (f) HP-

Cu-BTC(SDBS) at 273 (green), 298 (blue) and 303 K (pink).

Ay/In(mmol-g"-kPa™) is related to the adsorbate-adsorbent inter-
actions.

Fig. S6 show the Q, of CO, and N, calculated by Clausius-Cla-
peyron equation utilizing a DSLF and SSLF adsorption model.
The Q, value reduces significantly with increasing CO, loading,
owing to the availability of CO, molecules interact with unsatu-
rated metal sites at low loading. The Q, values for CO, adsorption
loading on HP-Cu-BTC(N,N) range between 18.11 and 25.74 K]/
mol (<40kJ- mol™), exhibiting high CO, physisorption interac-
tion with unsaturated metal sites, but the relevant Q, value is still
significantly less than the chemical bond energy, promoting CO,
desorption.

Kinetics of CO, Adsorption

To determine the rate of CO, adsorption on the three HP-Cu-
BTCs adsorbents, their mass-transfer coefficients must be deter-
mined. Assume M g of adsorbent is abruptly introduced into a
CO, flow. At time t>0, CO, adsorption occurred, and the quan-
tity of CO, adsorbed on the adsorbent, q(t), grew with time. CO,
adsorption was believed to have first-order kinetics, and the adsorp-
tion process was described using the following equation [15,16]:

aq )
5 Ke(4 -9 (821)

where k- is the mass-transfer constant, q" is the equilibrium quan-



Table S7. Virial equation parameters and correlation coefficients

Adsorbent HP-Cu-BTC(CTAB) HP-Cu-BTC(N,N) HP-Cu-BTC(SDBS)
Adsorbate CO, N, CO, N, CO, N,
A, —1,899.72488 —1,226.41886 —2,660.49691 —1,555.00234 —3,503.68512 —1,476.32637
A, —1,712.47021 6,119.08405 —607.94872 1,752.25283 —3,567.18186 2,122.87093
A, 769.28386 —122,483.4205 344.77045 —47,188.50137 2,082.28179 —134,852.5717
A 340.66047 1,871,518.748 6.1918 715,458.2878 3.86439 3,094,995.905
A, —345.4797 —19,683000 —28.75724 —6,188,720.914 —239.79209 —35,458,000
A, 116.44865 127,226,000 7.40199 31,549,700 76.87866 233,653,000
A —22.01239 —472,711,000 —1.06191 —-93,652,500 -12.99224 —899,314,000
A, 2.20663 934,226,000 0.08029 149,589,000 1.12353 1,862,720,000
Aq —-0.09157 —-759,895,000 -0.0025 -99,277,900 —-0.03924 -1,600,940,000
B, 9.31664 10.07045 11.77069 11.04095 14.80662 10.69974
B, 6.45852 —13.23894 2.27302 —0.46939 12.2226 8.14696
B, —4.21347 119.37974 —1.45405 2.02138 —7.8563 -102.87777
B, 0.76778 —367.72583 0.19582 —-4.77717 1.24584 330.2659
R’ 0.9996 0.99886 0.99695 0.99995 0.99467 0.99979
ARE/% 0.821 0.054 0.148 0.189 0.0002 0.026
Qy/(kJ-mol") 15.796 10.197 22.121 12.929 29.132 12.275
(a) 50 (b) 1=
~ % 44.14 kJ/mmol é
‘§ 40 M 39.44 kJ/mmol ‘§ 14 E* 15.05 kl/mmol
s 30r g
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Fig. S6. Qst for (a) CO, and (b) N, on HP-Cu-BTC:s calculated by Clausius-Clapeyron equation.

tity of CO, adsorbed at a given temperature, q, is the quantity of
CO, absorbed by the adsorbent at time t, which may be measured
using a gravimetric approach. The integral equation was as follows
from Eq. (S20).

q=q(1-¢ ) (S22)

To determine the correctness of the Pseudo-first-order model,
the dimensionless standard deviation of the model is calculated
using an error function based on the dimensionless standard devi-
ation. The following is the expression:

%= l§<q—L" _q‘“’)z (523)

N7 Gexp

Where 6% is the dimensionless standard deviation, q.,, and q.,
are the experimentally measured adsorption capacity and the cal-

culated adsorption capacity calculated according to the model, and
N represents the number of experimental data points.

The second-order model is based on the premise that the rate
of adsorption is proportional to the square of the number of avail-
able adsorption sites. The rate of adsorption may be represented as
follows [17]:

a_ *
a—(t1=keﬂ(q —q (S24)

From Eq. (524), the integral equation was available as follows:

kgt
1+ qekefft
If the adsorbent has a highly developed porous structure or a

pore structure that is mostly made of micropores, the adsorbent’s

CO, adsorption process may be evaluated by the diffusion resis-

9 (825)
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tance between particles, that is, the diffusion resistance in the pores.
Weber-Morris [18] presented an inter-particle diffusion model to
explain the adsorption process dictated by diffusion in the pores
in accordance with FicKs second law of diffusion. The interparti-
cle diffusion model is a simplified representation of pore diffusion
kinetics.

q=kt"*+C (526)

Where k (m01/1<g-min°'5 ) is the diffusion rate constant between
particles, and C is the intercept, which represents the thickness of
the boundary layer.

Adsorption Capacity:

The adsorption period (t), the input flow rate of the particular
gas (F,,), the exit flow rate of the specific gas (F,,,), the dead volume
of the adsorption system (V,,,), and the mass of the adsorbent

(m) may be used to determine the quantity of adsorbed gas (q):

t
Fin t= Vdead _J.O Fautdt

q= —~ (827)

Separation Rate of CO, to N,

A simple equation can be used to figure out the CO,/N, selec-
tivity. In this equation, y is the mole fraction of a gas in the feed
gas stream:

/
5= qco,/ 9N,

(S28)
Yco /YN,

It goes without saying that such measurements should always
be conducted in circumstances that are as near to those encoun-
tered during CO, collection from flue gas as feasible, particularly
in terms of temperature/pressure and the presence of H,0 and O,.
Diffusion Coefficient:

2

L
= 6Teq (829)

Formula D (cm?/s) is the effective diffusion coefficient; L (cm)
is the loading length, namely, the thickness of the fixed bed layer;
t,, (s) is the delay time, namely, the abscess of the extension line of
the steady flow line in the outflow curve and the focus of the X-axis
minus the outflow time.

The outflow time is the time from the beginning of adsorption
penetration to the outflow of adsorbent gas through the column.

Taking CO, out of the flue gas has become more important be-
cause of how important it is to the environment. Because HP-Cu-
BTCs exhibit excellent CO, adsorption capacity, regenerability, and
a low and relatively constant isosteric heat of CO, adsorption, their
selectivities for CO, adsorption over N, are critical factors to con-
sider when evaluating the feasibility of using this material as a CO,
separation medium in real-world applications. The breakthrough
readings are significantly more in line with real gas purification oper-
ations, and numerous examples demonstrate that the selectivity

Table S8. Kinetics Parameters and Standard deviation of CO, on HP-Cu-BTCs at 298 K and 100 kPa

Adsorbent Qexp kg (1/min) Standard deviation/%
HP-Cu-BTC(CTAB) 184.71445 184.4394 0.20699 1.96173E-05
HP-Cu-BTC(N,N) 204.57275 203.9901 0.22212 6.58168E-05
HP-Cu-BTC(SDBS) 191.49445 191.0728 0.21568 1.74056E-05

Table S9. Kinetic selectivity and Diffusion Coefficient of CO, on HP-Cu-BTCs at 298 K and 1 atm
Adsorbent Adsorbate Saulratefi adsor}ptlon Kme.u.c Qutﬂow D.elay .Bed Dllffus10n .
capacity (cm’/g) selectivity ~ time/(s) time thickness  coefficient/(cm’/s)

CO 13.289 301.96 1,340.07 8.5 0.0090

HP-Cu-BTC(CTAB) ’ 7.6296
N, 9.870 147.27 67.26 8.5 0.1790
CO 14.534 679.14 910.21 8.5 0.0132

HP-Cu-BTC(N,N) ? 7.4831
N, 11.006 185.41 28.15 8.5 0.4278
CO, 13.665 509.62 1,380.71 7.5 0.0068

HP-Cu-BTC(SDB 8014
Cu-BTC(SDES) N, 8.798 8.8 168.46 46.36 7.5 0.2022

The outflow time is the time from the beginning of adsorption penetration to the outflow of adsorbent gas through the column.
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Fig. S8. The architectures of molecules adsorbing on the open Cu sites of neutral Cu-BTC are (a) CO, and (b) N,. The unit of measurement

for distance is A.

Table S10. The calculated adsorption energies (E,;) and geometric parameters of the X...Cu-BTC (X=CO, and N,) adducts, including the
Cu...X (dg,. x) distance, Cu-Cu bond length (d., . ¢,), intramolecular bond lengths of the guest molecules in adsorption adducts
(d1y,.x,) and gas phase (d2y, y,). Note that X1-X2 in CO, and N, stand for the O1-C and N1-N2 bonds, respectively

Adsorbent-adsorbate E . (eV) do.x (A) do...cu (A) £Cu-X1-X2 () dlyx (A) 4200 (A)
oo : " : : :

Wpcuptcs.co,  G9A B am 2w e e o
wceos.N, 09 0l 248 v o 1o

LDA stands for local density approximation, while GGA stands for generalized gradient approximation computations.

predicted by IAST may be more accurate for selectivity in real mixed-
gas separation [19,20]. Moreover, a volumetric adsorption device
is unable to assess regenerability/cycle stability; however, mixed gas
breakthrough makes this information available.
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