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Abstract: Novel adsorbents for methane and ethane based on HKUST-1 metal-organic framework
were synthesized by microwave (MW) assisted technique using ionic liquids (ILs) as synthesis
media. It was found that the MW synthesis time remarkably impacts both the product yield and the
physico-chemical characteristics of the produced HKUST-1 material. The crystalline phase purity,
crystallite size/dispersion and textural properties of the synthesized HKUST-1 matrices determine
their performance in methane and ethane adsorption. Therefore, the HKUST-1 material produced
in MW fields for 3 min only shows the highest phase purity and the largest surface area (BET) and
porosity, along with a rather small crystallite size (below ~300 nm), demonstrating high methane and
ethane adsorption capacity in the pressure range 1-30 atm.
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1. Introduction

Natural gas is the cleanest fuel among fossil-based resources [1]. It consists mainly
of methane (>90%) and other hydrocarbons (mostly ethane, up to 10%). It is mainly used
as a fuel in industry and households, as well as in internal combustion engines. However,
the combustion of methane—ethane mixture is not an optimal method because ethane is a
promising precursor in the petrochemical synthesis for producing a number of valuable
products, such as plastics [2]. Therefore, more efficient methods for the separation of
components of natural gas are demanded.

To date, methods for natural gas processing based on the cryoseparation techniques,
which involve liquefaction of natural gas at high pressures and low temperatures (10-15 bar,
100 K), are used [3]. An alternate strategy, gas adsorption on porous materials, allows one to
perform separation at room temperature and relatively low pressures (usually 0.1-5 bar) [4].

A novel type of hybrid nanoporous adsorbents, metal-organic frameworks (MOFs),
are currently studied as promising materials for storage and separation of a large number
of different gases [5]. MOF materials are crystalline coordination polymers composed of
metal cations and polydentate organic molecules (linkers) [6]. Due to these unique prop-
erties, MOF matrices show a better configuration for the specific task (i.e., gas separation,
catalysis, sensors) than their inorganic and carbon counterparts. In particular, the reason
for adsorption/separation applications of MOFs is their record-high specific surface area
and porosity, open-pore system, diverse chemical composition and tunable pore geometry
and functionality [7].
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A lot of efforts is devoted to the application of MOF materials in natural gas purifi-
cation [8]. In particular, some methods are recognized as promising candidates for the
separation of methane and ethane, i.e., HKUST-1 [9,10], SBMOEF-1 and SBMOEF-2 [11], DUT-
49 [12], DUT-75 [12] and ZnSDB (isostructural analogue of SBMOF-1) [13]. For instance,
DUT materials show the highest methane adsorption capacity [12], e.g., 240 mg/g for
DUT-75 (90 atm, 298 K), and that of DUT-76 matrix is 308 mg/g under the same conditions,
which is record-breaking today. However, most published works deal with single gas,
methane or ethane, so it is rather problematic to evaluate the real separation performance
of the reported MOF adsorbents due to different adsorption conditions in each cited work,
e.g., pressure and temperature.

The HKUST-1 material is the most promising adsorbent known to date [12] for the
purposes of separating natural gas components due to its high capacity for both methane
and ethane, as well as the rather low cost of synthesis in comparison, for example, with the
DUT-75 matrix.

HKUST-1 (Cus(btc)z) metal-organic framework consists of Cu-Cu dimers, which are
connected by benzene-1,3,5-tricarboxylate (btc) linkers to form a three-dimensional network
with micropores in the range of 0.7-0.9 nm. Due to this structure, the HKUST-1 matrix
features promising adsorption characteristics [13,14].

In particular, the HKUST-1 material shows the adsorption capacity of 4.5 mmol/g
(1 MPa, 303K) [15] for methane and about 3.5 mmol/g (1 bar, 313 K) for ethane [16]. Note,
this capacity value of HKUST-1 for methane meets the requirements of DOE (Department
of Energy, Washington, DC, USA) for the capacity of solid sorbents relevant to their
industrial use.

Currently, a number of different methods are proposed for the synthesis of the HKUST-
1 material, i.e., solvothermal procedure [17,18], MW-assisted solvothermal technique using
templates [19], solvent-free vacuum growth [20], mechanochemical method [21], etc. All
these methods can significantly affect most physicochemical properties of the produced
HKUST-1 material, such as crystallinity, surface area (BET), pore volume, morphology, etc.
Therefore, the correct choice of synthesis procedure may be a key factor which has a serious
impact on the gas separation performance of the HKUST-1 adsorbent.

The crystal size and dispersion of the MOF product are determined by an appropriate
choice of synthesis procedure. It is well-established that efficient nanocrystal size control
is a key factor governing the possibility of application of the material, including MOF
matrices for the specific task [22]. Various procedures are used to tune both the size and
morphology of MOF materials, but the modification of the solvent composition is one of
the most convenient methods [23].

Conventional solvents for MOF formation include water, N,N-dimethylformamide
(DMF), N,N-diethylformamide, dimethyl sulfoxide and N-methylpyrrolidone. In particular,
the use of mixed solvents based on water or ethanol (e.g., DMF/ethanol and DMF/water)
was found to influence crystal growth through solvent-induced effects [24].

Currently, ionic liquids (ILs) are proposed as alternatives to traditional organic solvents
for the ionothermal synthesis of MOF materials [25,26]. Ionic liquids are molten salts with
a melting point below 100 °C, consisting of organic cations (usually dialkylimidazolium or
tetraalkylmmonium) and various organic or inorganic anions, such as acetate CH3;COO™,
triflate CF3503 7, tetrafluoroborate BF, ~. In addition, ILs also feature versatility in choosing
the cation and anion combination, highly tunable properties, high thermal stability, low
vapor pressure and recyclability. The polar ILs provide a high solubility of both organic
and inorganic reagents. In addition, the presence of cation and anion groups in the solvent
can serve as charge compensating moieties during MOF synthesis [27]. Additionally, ILs
are environmentally friendly solvents primarily due to their easy recovery.

In addition, using ILs as a solvent system makes it possible to reduce the MOF
crystallite size efficiently. For instance, the use of ionic liquid microemulsions (ILMEs) is a
relatively new technique for tuning the particle size distributions of MOFs [28].
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Despite its advantages, ionothermal MOF synthesis usually requires a high temper-
ature (>100 °C) and long reaction time (3-12 days) to overcome the high enthalpies of
the product formation or account for the slow kinetics of nucleation [29]. To conquer
these obstacles, it was proposed in [30] to utilize CO; as an activator to promote HKUST-1
material crystallization as ultra-small nanoparticles (NPs) in 1-butyl-3-methylimidazolium
tetrafluoroborate ((BMIM]BF,) at room temperature.

On the other hand, in the context of the efficient control of the morphology of MOF
crystallites, MW-assisted synthesis shows particular potential. This technique is recognized
as a promising strategy to efficiently manipulate the key physico-chemical characteristics
of produced MOF materials [31-33].

MW-assisted synthesis using ILs as solvents is expected, under certain conditions, to
provide enhanced physico-chemical properties of produced MOF materials. It is known
that ILs are appropriate templates for microporous materials [34] and ideal microwave
absorbers [35]. Furthermore, the heating rate in MW fields is significantly increased
compared to traditional organic solvents since the ILs have a significantly higher ionic
conductivity [36,37].

Recently, we reported the impact of MW-assisted synthesis in the HyO-DMF system
at an atmospheric pressure using a household MW oven on the structural, compositional,
morphological and textural characteristics of the produced HKUST-1 material and thereby
on its performance in liquid phase adsorption [32].

This work presents an attempt to combine the “power” of MW-assisted synthesis
and advantages of ILs as reaction media for the efficient control and improvement of the
morphological and textural characteristics of the produced HKUST-1 material and thereby
its behavior in methane and ethane adsorption. For this purpose, HKUST-1 materials
were synthesized in ionic liquids via both MW technique and solvothermal procedure.
Available alkylmethylimidazolium ILs with different alkyl groups, with triflate CF3503~
(OTf™) and bis(trifluoromethylsulfonyl)imide (CF350;),N~ (Tf,N ™) anions, were chosen
as IL components in order to probe the alkyl chain effect on the properties of the formed
MOF materials. The anion choice was dictated by thermal stability and reactivity. ILs with
halogen or carboxylate anions are not thermally stable enough, while inorganic fluorinated
complex anions such as BF;~ or PFs~ may be prone to decomposition in the presence
of metal ions involved in MOF synthesis with the formation of metal fluorides at an
elevated temperature.

The HKUST-1 materials synthesized in an IL. medium under MW and solvothermal
conditions were comparatively studied in methane and ethane adsorption at low and
elevated pressures. To the best of our knowledge, there are no publications on high-pressure
ethane adsorption. Therefore, we report, for the first time, the data on the high-pressure
(>20 bar) adsorption of ethane for the HKUST-1 material.

2. Materials and Methods

The main reagents, i.e., 1-ethyl-3-methylimidazolium chloride, 1-methylimidazole,
n-butyl chloride, n-octyl chloride, benzene-1,3,5-tricarboxylic acid (Hsbtc), copper nitrate
trihydrate, copper acetate monohydrate and lithium bis(trifluoromethylsulfonyl)imide, are
commercial products (Acros). All solvents were purified via common methods before use.

2.1. Synthesis of lonic Liquids

1-Butyl-3-methylimidazolium triflate (BMIM OT{), 1-octyl-3-methylimidazolium tri-
flate (OMIM OTf) and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIM Tf,N) were synthesized via well-known procedures with slight modification [38].
BMIMCI and OMIMCI were prepared by alkylation of 1-methylimidazole with correspond-
ing alkyl chlorides in acetonitrile. ILs with the triflate anion were synthesized by ion
exchange from the corresponding alkylmethylimidazolium chlorides and potassium triflate
in acetonitrile. Then, the crude products were dissolved in CH,Cl,, and the halide impuri-
ties were extracted with water until a negative reaction with silver nitrate was noted. The
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EMIMT{,N was prepared via ion exchange with lithium bis(trifluoromethylsulfonyl)imide
in water—-CH,Cl, mixture. All obtained ionic liquids were dried in a vacuum at 80 °C for
6 h. The detailed procedures are provided in supplementary materials.

2.2. Synthesis of HKUST-1 Materials

Sample mw1 was synthesized according to the procedure reported in [32].

Sample solvl was synthesized according to the procedure reported in [32].

Samples 3-8 were synthesized in IL media by a solvothermal method and in MW
fields according to original procedures. Furthermore, when using ILs as a non-boiling
solvent, it is crucial to effectively stir the reaction mixture to achieve homogenization of the
reactant concentrations in the reaction volume.

The reagents (Hzbtc and Cu?* source) were preliminarily thoroughly ground in an
agate mortar. The exact amounts of reagents, type of solvent, reaction conditions and yields
are presented in Table 1.

Table 1. Synthesis of the HKUST-1 samples.

Reaction Mixture Composition

Material Conditions Cu2* Source Hsbtc Solvent Yield
DMEF : H,O

Solvothermal, Cu(NOj3),-3H,0, : EtOH = o

Isolv [32] 10 h, 100 °C 2 g, 8.58 mmol 1g, 4.7 mmol 1:1:1, total volume - 1.187 g, 83%
45 mL

Solvothermal, Cu(NOs3),-3H,0, EMIM Tf,;N, o
2solv 24'h, 130 °C 1g, 3 g, 15 mmol 1.5 g, 7 mmol 5 mL 0.86 g, 40%

Solvothermal, Cu(NOs),-3H,0, OMIM OTf, o
3solv 24'h, 130 °C 1g 3g, 15 mmol 1.5 g, 7 mmol 5 mL 1.17 g, 54%

Solvothermal, Cu(NOs),-3H,0, 06g, 28 BMIM OTE, o
8solv 24 h, 130 °C 1.2 g, 4.9 mmol mmol 10 mL 0.86 g, 99%
DMEF : H,O 1.121 g, 79%
1mw [32] MW, 30 min C2u (NSO ;f)gznfgélo, 1g,47mmol 1:1,total volume - [Molecules,

& & 40 mL 2020]
Amw MW, 2 min Cu(NOs),-3H,0, 05g,23 BMIM OTF, 026 g, 70%
1 g, 4 mmol mmol 5mL
5mw MW, 3 min Cu(NOs)2-3H,0, 068 28 OMIM OTF, 10 mL 0.75 g, 90%
1.2 g, 4.9 mmol mmol
. Cu(NO3),-3H,0, 1.68g,8 BMIM OTE, )
6mw MW, 7 min 3.6 g, 18 mmol mmol 5 L 21g,87%
. Cu(NO3),-3H,0, 21g,10 EMIM Tf,N, N
7mw MW, 5 min 3.63 g, 15 mmol mmol 5mL 2.1g,70%

A conventional household inverter microwave oven Panasonic NN-GD366M with the
standard frequency of 2450 MHz was used for microwave-assisted syntheses at a power
setting of 200 W. The upper level of the liquid inside the glass reactor was 3 cm lower
than the upper plane of the oven camera. The temperature of the solution was measured
with a thermocouple immediately after turning off the microwave irradiation to prevent
temperature measurement error.

Each reagent was mixed with % of a necessary volume of the selected solvent, and
then the mixtures were combined in the reaction tube. The reaction mixture was stirred
during microwave irradiation with a glass overhead stirrer. The exact reaction times are
presented in Table 1.

The reaction mixture (both after solvothermal and MW syntheses) was diluted with
ethanol (~20 mL). The product was separated by centrifugation and thoroughly washed
with ethanol (3 x 30 mL). The obtained crystalline product was dried under a vacuum (RT,
2hand 140 °C, 6 h).

To study the recyclability of ILs, the reaction mixture was diluted with ethanol after
MW-synthesis, and the HKUST-1 product was centrifuged; the supernatant was collected
and then rotary evaporated to remove ethanol. The residue was analyzed via NMR.
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2.3. Material Characterization

The microstructure and morphology of the synthesized samples were studied by field
emission scanning electron microscopy (FE SEM) with a Hitachi SU8000 field-emission
instrument. The target-oriented approach was utilized for the optimization of the analytical
measurements [38]. The images were recorded in the secondary electron mode at an
accelerating voltage of 2 kV and a working distance of 5-6 mm. The morphology of the
samples was studied with a correction applied to the surface effects of conduction layer
sputtering. X-ray powder diffraction data were collected in a reflection mode using an
EMPYREAN instrument (PANalytical, Malvern, UK) equipped with a linear X’'celerator
detector and non-monochromated Cu K radiation (& = 1.5418 A), measurement parameters:
tube voltage/current 40 kV /35 mA, divergence slits of 1/8 and 1/4°, 26 range 4-40°,
speed 0.2° min~!. Porous structure characteristics of the synthesized materials were
obtained using a standard adsorption isotherm of N, at 77 K measured using ASAP 2020
Plus instrument (Micromeritics). The specific surface area (BET) was calculated from the
adsorption data over the relative pressure range between 0.05 and 0.20. The total pore
volume (Vx) was evaluated at p/p° = 0.95, taking into account the asymptotic behavior of
the isotherm at relative pressures approaching 1. The thickness of the adsorbed multilayer
generally appears to increase without limit when p/p°= 1. The cumulative volume at
adsorption in the BJH method was taken as a mesopore volume (Vmeso)-

'H NMR spectra were recorded using a Bruker AM300 instrument at a frequency of
300 MHz using deuterated DMSO-dg.

Thermogravimetric analysis was performed using a Derivatograph-C instrument
(MOM Company, Budapest, Hungary). Diffuse-reflectance infrared Fourier-transform
spectra (DRIFTS) were recorded at room temperature with a Nicolet 460 Protégé spec-
trometer equipped with a diffuse-reflectance attachment. The samples were placed in the
ampoules with a KBr window. The CaF, powder was used as a standard. For a satisfactory
signal-to-noise ratio, 500 spectra were collected. The spectra were measured at ambient
temperature in the range of 6000-750 cm ! in 4 cm ! steps. The IR spectra of ionic liquids
(OMIM OTf and EMIM Tf;N) were collected with the same spectrometer in a transmission
mode. The KF glass slide was used as a standard.

2.4. Gas Adsorption Experiments

Adsorption of methane and ethane was studied in a classic Sieverts-type apparatus [39].
Adsorption was calculated from pressure measurements over 12-16 points using high
precision empirical equations of state for each gas [40,41]. The parameters of the equations
of states and other experimental details are provided in the supplementary information.
Before measurements, the samples were evacuated at 140°C directly in the setup for 4 h.
The typical sample weight was 0.3-0.6 g; the volume of samples was measured via helium
pycnometry at room temperature.

3. Results
3.1. Synthesis of HKUST-1 Material in the IL Medium

In order to optimize the reaction time, the heating rates of selected ionic liquids and
the DMF-water (v/v) = 1:1 system as reaction media under MW radiation were evaluated
(Figure S1 in the Supplementary Materials). Figure S1 show clearly that the heating rate
of the BMIM OTf is rather constant along with a temperature increase until 300 °C, while
the DMF-water mixture can be heated up to its boiling point (104 °C). The IL heating
rate is much higher than that of the DMF-water system due to the ionic conductivity and
lower heat capacity of the IL. Therefore, using ILs as solvent systems, the reaction time
was decreased to 5 min to prevent possible overheating of the reaction mixture and the
formation of impurity phases.

The effect of the synthesis time on the yield of the HKUST-1 material was evaluated.
Figure S2 show the linear increase in the HKUST-1 yield along with time with a maximum
of ~3 min under MW radiation. Prolonged heating leads to lower HKUST-1 yields (70% at
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7 min). After 7 min of heating, the color of the reaction mixture turns from dark blue to
black. However, after cooling to room temperature and diluting the reaction mixture with
ethanol (20 mL), the color of the suspension soon turns back to dark blue.

Efficient utilization of ILs (as a reaction medium) dictates increasing concentrations
of the reagents for HKUST-1 synthesis as compared to its synthesis in common solvents
(e.g., 1solv sample) due to the rather higher cost of IL. It was found that the optimal IL
solvent quantity (independently of its kind) in the reaction mixture was 10 mL.

A further increase in the volume of IL to 10 mL (Table 2, 5mw sample) led to an almost
quantitative yield (99%). Therefore, the fast (3 min) synthesis of HKUST-1 proceeds in an
economical way in terms of the solvent:reagents ratio, i.e., over 1 mol of reactants per 1 L of
the solvent. Therefore, the optimal conditions for the HKUST-1 material synthesis in ILs
are those described for the 5mw sample.

Table 2. Textural properties and particle size of the synthesized HKUST-1 materials.

. * a . c b s
Material L g ABEITIg/SgO)' ‘Z;;‘g}'g VC';‘I':;;’é V;:g‘;g Fore Width,  particle size
Isolv [32] - Solv 1648 0.816 0.714 0.102 0.6-0.9 8 pm
2solv EMIM Tf,N Solv 497 0.274 0.230 0.044 0.6-0.9 340 nm
3solv OMIM OTf Solv 530 0.285 0.247 0.038 0.6-0.9 ~1 pm
2solv-after-rinsing EMIM Tf,N Solv 1158 0.560 0.424 0.136 0.6-1.0 720 nm
3solv-after-rinsing OMIM OTf Solv 1246 0.574 0.458 0.116 0.65-1.0 870 nm
8solv BMIM OTf Solv 1701 0.753 0.637 0.116 0.6-0.9 350 nm
1mw [32] - MW 2050 0.836 0.777 0.059 0.4-0.8 25 um
4mw BMIM OTf MW 1430 0.676 0.528 0.148 0.6-0.9 200 nm
5mw OMIM OTf MW 1782 0.759 0.680 0.079 0.6-0.9 290 nm
6mw BMIM OTf MW 818 0.416 0.330 0.086 0.6-0.9 790 nm
7mw EMIM Tf,N MW 1772 0.766 0.680 0.064 0.6-0.9 250-400 nm

*ISO 9277. 2 Vioia) Was estimated from the adsorption value at p/pg = 0.99; b Vi =Vs — Vineso- © The cumulative
mesopore volume was calculated at 2 nm from the desorption branch of the isotherm by the BJH method and the
standard thickness of the adsorption film.

The 3solv and 2solv samples were prepared under solvothermal conditions using
5 mL of IL per 7 mmol of Hsbtc with yields of 40-50%, correspondingly. In more dilute
systems (8solv sample), a HKUST-1 yield as high as 99% was achieved.

According to elemental analysis data (Table S1 in the Supplementary Materials), the
synthesized HKUST-1 samples contain only trace amounts of ILs, except for 2solv and
3solv samples before extra-rinsing. Fluorine and nitrogen contents in these materials allow
one to evaluate the presence of ILs cations and anions, correspondingly. In the 3solv
and 2solv samples, the HKUST-1 matrix contains more anions than cations. However,
extra-rinsing with DMF allows one to remove ILs almost completely from these materials
affording 2solv-after-rinsing and 3solv-after-rinsing samples.

One of the main advantages of ILs over traditional organic solvents is the ease of
purification via rotary evaporation due to the fact that ionic liquids are non-volatile. After
the synthesis of sample 5mw under microwave conditions, the recyclability of the ionic
liquid, e.g., OMIMOT{, was studied. Figure S3 show the comparison between the spectra
of neat IL OMIMOTY and the IL recovered after MW synthesis. As can be seen, both spectra
are almost identical, with the exception of two peaks corresponding to traces of ethanol,
indicating the high thermal stability of IL under harsh synthesis conditions (microwave
irradiation associated with a high temperature). Therefore, the proposed method allows
one to easily reuse ionic liquids as the reaction media.

3.2. XRD Analysis of the HKUST-1 Material

The efficiency of the synthesis method was further justified by XRD data.

Powder diffraction patterns of all samples prove the presence of the HKUST-1 crys-
talline phase as the main phase.

A comparison of XRD patterns of the samples HKUST-1pppe-mw synthesized by the
MW technique in DMF as a unique solvent and Imw (Figure S4) clearly show discrep-
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ancies in the relative heights of small-angle peaks, thus indicating the differences in the
content of the voids in both samples. The Pawley fitting also led to slightly different
values of the cubic unit cell parameter 2 in HKUST-1pmp-mw and Imw — 26.292(5) and
26.321(5) A, respectively.

Note that the mixed solvent system, i.e., DMF-H;,O, was selected in order to carry out
this reaction in a more “green” way by reducing the content of toxic and rather expensive
DMF in the synthesis medium.

Three samples, 5mw, 7mw and 8solv, synthesized in pure ILs, demonstrate no extra
peaks from any additional phases (Figure 1).

N (o o N AN U RN AR
AN IR IR LR IR IR B |
10 15 20 25 30 35 40

200)

Figure 1. The combined presentation of the XRD patterns of the 5mw (red), 7mw (blue) and 8solv

=]
n -

(green) samples. The vertical black bars show the calculated peak positions of the cubic HKUST-
1 phase.

At the same time, the other samples are not single-phase materials. For example, the
3solv material contains at least two additional crystalline phases. One of them is most
probably copper oxalate hydrate with characteristic peaks at 20 of 22.9 and 36.2° (its content
is about 10%) and near 5% of unknown phase(s) with the peaks at 10.7, 12.6, 14.2, 27.4° and
some other 26 angles (Figure S5).

Additional rinsing of the 3solv sample, as a result of which 3solv-after-rinsing mate-
rial was obtained, allowed one to reduce the content of the copper oxalate hydrate phase in
the sample down to 3% and completely remove unknown phase(s) (Figure S6).

Additional rinsing of the sample 2solv also did not lead to single-phase sample 2solv-
after-rinsing, whose XRD pattern (Figure S57) contains characteristic peaks of two crystalline
side phases, copper oxalate hydrate (20 22.9°) and copper nitrate hydroxide (20 12.8, 25.8,
33.6°), with the total content of these side phases of about 4%.

Coming back to single-phase samples, 5mw, 7mw and 8solv, we should pay attention
to the proximity of the values of their cubic unit cell parameter a (26.313(2), 26.314(2) and
26.304(2) A, respectively) obtained in the Pawley fittings [42] performed with the program
MRIA [43]. At the same time, it is worthy to note the essential difference in the heights of
some low-angle peaks of 5Smw (for example, at 26 angles 6.8 and 15°, Figure 1) as compared
with 7mw and 8solv. This difference is most probably related to the pore content, which,
in turn, may impact the adsorption properties of these materials.

According to XRD results, the highest phase purity and crystallinity are observed
for the samples 5mw and 8solv, synthesized in a more diluted IL solution using the same
reaction mixture composition by MW and solvothermal technique, correspondingly.
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It could be suggested that the optimal synthesis time for the HKUST-1 material under
MW activation conditions is 3 min. Both synthesis time shortening (2 min) and increasing
(7 min) result in the appearance of additional peaks on the XRD pattern of the corresponding
4mw and 6mw samples. In this case, the effect of the reaction time is accompanied by the
effect of the more concentrated reaction mixture.

By comparing the XRD data for 5mw, 7mw and 8solv materials, it could be concluded
that the reaction mixture composition, in particular, the IL content, has the dominating
effect on the phase purity and crystallinity of the synthesized samples.

In order to study the possibility to produce the HKUST-1 material under scale-up
conditions, it was synthesized using 10-fold quantities of the reagents as compared to the
Imw sample prepared using the MW technique in the DMF-H,0O mixed solvent. XRD re-
sults (Figure S8) show that its structural characteristics are nearly identical to the structural
characteristics of the Imw sample.

To probe the stability of the HKUST-1 materials produced by different methods, the
chemical stability of Imw and 5mw, along with 3solv-after washing and 8solv materials,
was studied by soaking them in water and methanol followed by the XRD measurements
(Figures S9 and 510). It was found that these HKUST-1 samples produced by MW and
solvothermal techniques retain their structural characteristics almost intact after contacting
with these solvents (4 h, 22 °C).

These data confirmed the possibility of the practical implementation of the HKUST-1
based adsorbents synthesized by the described methods.

3.3. Morphology of the HKUST-1 Materials

The morphology of the synthesized HKUST-1 materials was studied by the SEM
method. It was found that synthesis conditions, i.e., heating mode, solvent and reaction
time, impact remarkably on the crystallite size. The Imw material synthesized in MW
fields in a DMF-H,O system shows the largest crystal size (~25 um, Figure S11a) [32]. Note,
the 1solv material obtained under solvothermal conditions in the DMF-H,O-EtOH system
is composed of smaller crystallites (~8 pum, Figure S11b). Probably, the crystal growth rate
prevails over the rate of nucleation under conditions of MW radiation.

According to the literature data [29] and this work’s results, microwave-assisted
ionothermal synthesis is a more effective method for crystallization time shortening. The
local superheating could facilitate the reagent conversion [21]. For instance, local superheat-
ing accelerated the crystallization of the ZIF-8 material under conditions of MW-assisted
ionothermal synthesis [29].

Using IL as a synthesis medium results in particle size reduction both for solvothermal
and MW samples. All materials synthesized in ILs are composed of crystallites with sizes
varying in the range of 200-800 nm. This IL effect could be explained by preventing crystal
growth by IL interacting with HKUST-1 crystallization sites [32].

Probably, in the case of the usage ILs as reaction medium for the HKUST-1 synthesis,
they can act as surfactants [44] and capping agents. Therefore, anions and cations in their
structures can bind with Cu?* open sites and btc linkers (coordinated partially) in HKUST-1
nanoparticles preventing crystal growth in this manner. In addition, Cu(II) complexes with
IL anions, such as Tf,N (which is a constituent of the 2solv and 7mw samples), are reported
in [45].

Again, the dominating factor for the phase purity of the synthesized HKUST-1 ma-
terials is the IL content in the reaction mixture. Therefore, the HKUST-1 particle size is
almost the same for 5Smw (~290 nm) (Figure 2a) and 8solv (~360 nm) (Figure S12a) samples
synthesized in a more diluted solution in MW fields and by the solvothermal technique.
The 2solv-after-rinsing and 3solv-after-rinsing samples obtained in a more concentrated
solution than the 8solv material have more than twice the crystallite size (Figure S12b,c).
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Figure 2. TEM images of 5mw (a) and 4mw (b) materials.

In the case of MW synthesis, the reaction time is an additional factor. Therefore, the
4mw sample synthesized using BMIMOT( in MW fields in the shortest time period (~2 min)
has the smallest particle size (~200 nm) (Figure 2b)). Probably, for the MW synthesis, a
reaction time as short as 2 min is crucial for the dramatic reduction of the HKUST-1 crystal
size. As a result, the 6mw material synthesized in the same IL (BMIMOTF) as the 4mw sam-
ple, but in a more concentrated reaction solution and for two-fold prolonged reaction time
(5 min), has around a three-fold larger crystal size—750 nm (Figure S13a). The 7mw sample
prepared with the same reaction time of ~ 7 min and in the most concentrated reaction
mixture as 6mw is composed of a smaller particle size (around 570 nm, Figure S13b).

The comparison of the HKUST-1 materials synthesized in the IL. medium by the MW
technique and under solvothermal conditions clearly shows the differences in their mor-
phology. Furthermore, the crystallite habit of the solvothermal samples (prepared within
the same reaction time) depends on the IL nature. In particular, the 8solv sample obtained
in BMIMOTEF is composed of rather well-shaped distorted cubic crystals (Figure S12a).
The 2solv-after-rinsing and 3solv-after-rinsing samples synthesized under solvothermal
conditions using different ionic liquids, i.e., EMIMT{,N and OMIMOT{, respectively, are
shaped as octahedra (2solv-after-rinsing) (Figure S12b) and rhombohedra (3solv-after-
rinsing) (Figure S512c) after post-treatment with solvents.

In contrast, the 6mw and 7mw materials produced in MW fields using BMIMOTEF and
EMIMT;N, correspondingly, are composed of the crystallite concretions with an irregular
shape (Figure S13a,b).

It can be suggested that the differences in the habit of the HKUST-1 materials syn-
thesized by different activation methods in the IL. medium may be related to the specific
mechanisms of crystallization in MW fields and under solvothermal conditions.

3.4. Textural Properties and Particle Size of the Synthesized HKUST-1 Materials

The HKUST-1 samples differ remarkably in the specific surface area and pore volume
depending on the synthesis mode (Table 2). According to XRD results, the synthesis method
significantly affects the HKUST-1 phase purity.

The 8solv material synthesized in a more diluted (twice) reaction mixture in the
OMIMOTf medium has a specific surface area that is even larger than that of the 1solv
material synthesized in the DMF-H,O system (Table 2). Moreover, the specific surface area
of 8solv is even larger than that of the 1solv sample synthesized in the EtOH-H,O system.
On the contrary, its porosity is slightly decreased compared to the 1solv sample. However,
the mesopore fractions in both 1solv and 8solv materials are rather similar.

According to elemental analysis data (Table S1), 2solv and 3solv materials synthesized
in a concentrated reaction mixture contain around 8-10 wt. % of IL. It is likely that IL used as
a synthesis medium is located in the mesopores or intercrystalline space in these materials.
Therefore, the specific surface area and pore volume of these samples are much smaller
than these characteristics obtained for other synthesized HKUST-1 materials (Table 2).
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Additional treatment of the 2solv and 3solv samples with EtOH results in a remarkable
increase of the specific surface area and porosity. Simultaneously, the mesopore content in
the corresponding 2solv-after-rinsing and 3solv-after-rinsing materials increases.

The 2solv-after-rinsing and 3solv-after-rinsing samples show a lower surface areas,
which is possibly due to the presence of IL residues entrapped in their pores. The 2solv-
after-rinsing sample has the highest mesopore content, and a reduced specific surface area
among solvothermal HKUST-1 materials, probably due to the nature of IL (EMIMT{,;N)
used as a solvent. This phenomenon could indicate that IL plays the role of the structure-
directing agent in the formation of the HKUST-1 matrix. A similar suggestion was made for
the ionothermal synthesis of the zeolitic imidazolate framework ZIF-8 in the MW fields [29].

The 4mw material has a higher mesopore content and decreased surface area compared
to its other counterparts. The decreased surface areas and porosity of 4mw and 6mw
systems are probably related to the use of a more concentrated reaction solution leading to
the presence of additional crystalline phases according to XRD results. Additionally, the
mesopore content in the 4mw material could probably be attributed to its small particle
size (~200 nm).

The heating mode does not remarkably impact the textural properties of the produced
HKUST-1 material. Therefore, the 5mw, 7mw and 8solv samples have specific surface areas
comparable with the best HKUST-1 samples reported to date, such as the HKUST-1 material
synthesized in the DMF-H,O system in MW fields with the highest surface area [32].

In particular, 5mw and 7mw materials synthesized in OMIMOTf and EMIMT®,N,
respectively, have almost the same specific surface area (BET) and porosity, which are
highest among HKUST-1 materials obtained in ILs (Table 2).

In spite of differences in the specific surface area and pore volume, HKUST-1 materials
synthesized in IL media show almost a similar micropore width (Table 2).

3.5. Thermal Stability of the HKUST-1 Materials

The thermal stability of representative HKUST-1 materials obtained by changing
synthesis variables, Imw, 5mw, 7mw and 8solv samples was probed by the TGA method.
The results of this study (Figure 514) show that all samples maintain network integrity until
320-330 °C. However, the mass loss could be associated with different pore content in the
studied HKUST-1 materials. This observation is in accordance with XRD data (Section 3.2).
The solvent residues may be responsible for the differences in mass loss of the studied
HKUST-1 materials under TGA measurements. These results confirm the stability of the
HKUST-1 materials during their preparation at elevated temperatures under conditions of
the MW-activation of the reaction mass.

3.6. DRIFTS Study of the Synthesized HKUST-1 Materials

Pore chemistry of the synthesized HKUST-1 materials was studied using the DRIFTS
method (ESI). Note that the obtained results could indicate the absence of IL residues in the
synthesized HKUST-1 (5mw, 7mw and 8solv) materials. Furthermore, the DRIFTS study
revealed the absence of adsorbed or coordinated water in 5mw, 7mw and 8solv samples.

3.7. Adsorption Performance

All adsorption isotherms measured for the synthesized HKUST-1 materials using
pure CHy and CyHg exhibit type I shapes (Figures S21 and S22). Moreover, the methane
adsorption isotherm for the 1solv sample synthesized in the DMF-water system is similar
to the literature data [15]. The Imw material produced in MW fields in the same mixed
solvent shows rather similar adsorption properties as solvothermal one (Figure 3).
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Figure 3. Adsorption isotherms for the 5mw (M), Imw (e) and 1solv (A) materials at 298 K. Hollow
symbols—methane adsorption, solid symbols—ethane adsorption.

The results of the adsorption measurements for the synthesized HKUST-1 materials
show that the main factors affecting their capacities are the specific surface area, pore
volume and crystallite size. Furthermore, the combination of these factors is required for
optimal performance. Therefore, the 5mw material with a high specific surface area and
micropore volume associated with the small (~280 nm) size of the crystallites demonstrates
the best adsorption capacity for ethane and methane within the entire pressure range.
According to Figure 3 and Table 3, the 5mw material exhibits ~ 20% higher adsorption
of methane and ethane than the samples synthesized in a DMF-H,O medium (Imw and
1solv). The maximum adsorption value for the sample 5mw is 11.4 mmol/g for ethane (at
20 atm) and 9.37 mmol/g for methane (at 20 atm).

Table 3. Adsorption capacities of synthesized HKUST-1 materials towards methane and ethane.

Sample Code

a(CyHg, 1 atm), a(CHy, 1 atm), a(CyHg, 5 atm), a(CHyg, 5atm), a(CyHg, 20 atm), a(CHy, 20 atm),

mmol/g mmol/g mmol/g mmol/g mmol/g mmol/g
Isolv 5.74 0.74 8.1 2.75 9.12 7
Imw 6.1 0.82 85 348 9.4 7.93
2solv 2.32 0.52 3.37 127 3.89 3.31
3s0lv 21 0.51 3.06 125 36 32
2solv-after- 3.72 0.8 518 2.60 6.02 5.54
r1n51ng
3solv-after- 3.77 0.77 5.48 2.69 6.46 5.80
r1n51ng
4mw 43 0.92 5.74 2.79 6.42 5.28
Smw 7.18 1.03 103 4 114 9.37
6mw 3.58 0.62 5.26 2.19 6.02 489
7mw 5.97 0.89 8.7 3.33 9.98 8
8solv 5.81 0.98 8.71 3.74 10 8.49
HRUSTLIG 3.5[16] 08 [15] . 29[15] . 7.0 [15]

In particular, the methane adsorption value obtained for the 5mw material is al-
most identical to the methane capacity of best DUT-like adsorbents [12], such as DUT-
76, i.e., 9.5 mmol/g (20 atm). The adsorption capacities of 2solv and 3solv samples are
markedly improved after extra-rinsing (Figure 4, Table 3), along with an increase in the
specific surface area and porosity (2solv-after-rinsing and 3solv-after-rinsing samples)
(Table 2). The 7mw and 8solv samples posessing almost the same specific surface area and
crystallite size (Table 2) show very close and high adsorption capacities both for methane
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and ethane, which are slightly inferior to the capacity measured for the 5mw material with
a higher dispersion and smaller nanoparticle size (Table 3).
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Figure 4. Adsorption isotherms for the samples ¥—2solv, A—3solv, e—2solv-after-rinsing and l—
3solv-after-rinsing at 298 K. Hollow symbols—methane adsorption, solid symbols—ethane adsorption.

On the other hand, the 4mw sample with the smallest particle size, but with the de-
creased specific surface area and porosity as compared with 5mw, 7mw and 8solv materials
(Table 2), is inferior to them concerning adsorption capacity (Table 3). A further decrease
in the adsorption capacity (Table 3) is observed for 6mw, 2solv and 3solv materials with
a lower specific surface area and micropore volume and relatively larger nanocrystallites
(Table 2). Note that these textural and morphological characteristics are rather similar for
the three mentioned samples.

In addition, the importance of the small HKUST-1 crystallite size for a good adsorption
capacity is illustrated by an example of Imw material with the highest specific surface area
and porosity, but a very large crystal size, around 25 um. This sample has a decreased
adsorption capacity compared with the 5mw sample with lower specific surface area and
porosity but a small nanocrystallite size (Tables 2 and 3).

The selectivity tendency follows some trends other than the adsorption capacity. To
the best of our knowledge, the IAST and ideal selectivity values for the ethane/methane
pair in a wide pressure range were reported for the HKUST-1 material for the first time
(Figure 5).

20
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Figure 5. The pressure dependencies of C;Hg/CHy ideal and IAST selectivities at 298 K for the 1solv,
5mw and 8solv samples.

The best ideal selectivity ratio for C;Hg:CH4 was obtained on the 1solv sample
(Table 4). It should be noted that currently, there are no available literature data on the ideal
selectivity of adsorption of methane and ethane on HKUST-1. Thus, we have calculated
the ideal selectivity for the ethane/methane pair based on the data from works [15,16]. At
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1 bar and 298 K, the calculated value of the ideal selectivity for C;Hg/CHy4 was 4.375. It
should be noted that this value can serve for comparison purposes only because it was
obtained on two different samples and from different experiments. Nevertheless, the ideal
selectivity value obtained for the 1solv material is 7.76 at 1 atm, which is noticeably higher
than that reported in [15,16].

Table 4. Ideal selectivity for methane and ethane for obtained samples of HKUST-1.

Ideal Selectivity * IAST Selectivity at y(CHy) = 0.9
Sample Code C,H4:CHy at C,H4:CHy at C,H4:CHy at C,H4:CHy at C,H4:CHy at C,H¢:CHy at
P=1atm P=5atm P =20 atm P=1atm P=5atm P =20 atm
1solv 7.76 2,95 1.30 16.13 16.05 13.40
1mw 7.44 244 1.19 12.28 12,51 10.64
2solv 3.56 2.10 1.15 771 8.67 7.36
3solv 3.75 2.09 1.18 484 7.29 6.90
2solv-after- 488 2,01 1.08 5.90 7.76 6.40
rmsmg
3solv-after- 5.39 2.03 1.09 545 7.83 6.69
rmsmg
amw 467 2.06 1.22 6.49 8.97 8.71
5mw 6.97 2.58 1.22 11.0 11.89 10.51
6mw 5.77 2.40 1.23 9.61 10.13 8.30
7mw 6.71 2.61 1.25 9.82 11.01 96
8solv 5.93 2.33 1.18 9.30 10.05 8.51

* Ideal selectivity was calculated as the ratio of adsorption values of methane and ethane at equal pressures (1, 5,
20 atm).

In the case of the 2solv material, the entrapped IL not only reduces the adsorption
values but also has a remarkable impact on selectivity. Therefore, this sample shows similar
adsorption values of methane and ethane at pressures of around 20 atm (Table 3).

In TIAST calculations, the value for y(CHy4) = 0.9 was selected because ethane is the
minor component of natural gas, with concentrations usually within 5-15%. Note that the
dependencies of the ideal selectivity exhibit a similar shape, asymptotically decreasing to
unity at higher pressures. The IAST method, provides different dependencies. As shown in
Figure 5, all HKUST-1 samples synthesized by various methods show a clear maximum
in the pressure range from 3 to 5 atm. The maximum value of the IAST selectivity for the
1solv material is around 16.5 for the ethane/methane pair.

The correlation of the obtained ideal selectivity with textural characteristics of the
synthesized samples reveals that the ideal selectivity almost linearly increases with a gain
in the Sgpt value (R? = 0.85) (Figure 6a), while the correlation of the selectivity with the
Vmicro/ Vimeso ratio was less clear (R? = 0.62) (Figure 6b). It can be suggested that an “ideal”
sample of HKUST-1 designed for methane and ethane separation should have as high
as possible Sggr and a maximum fraction of micropores. Moreover, the average particle
size has almost no impact on selectivity, which makes it very promising for industrial
application because the use of adsorbents with larger particle sizes in certain cases should
be more convenient from the practical point of view.
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Figure 6. The correlation of the ideal selectivity of the synthesized HKUST-1 adsorbents for a
CyHg/CHy mixture with (a) Sggr and (b) Vimicro/ Vmeso-
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4. Conclusions

A series of HKUST-1 materials were synthesized in an IL medium under solvothermal
conditions and under MW activation. Using this kind of solvent system allows one to reduce
the HKUST-1 crystallite size efficiently as compared to HKUST-1 materials synthesized
both under solvothermal and MW conditions. It was found that synthesis variables, such
as reaction time and IL content in the reaction mixture, dramatically influence the phase
purity, crystallinity, crystallite size and textural properties of resulting HKUST-1 samples.
Moreover, the used ILs appear to be stable under microwave conditions and may be
separated and reused in the following experiments.

In particular, the HKUST-1 material prepared in ILs by the MW activation technique
under optimized synthesis conditions features an enhanced adsorption capacity for ethane
and methane. The achieved methane adsorption value for this material is comparable with
the best adsorption capacities demonstrated by the best MOF adsorbents, e.g., DUT-76 MOF.

To the best of our knowledge, the IAST and ideal selectivity values for the ethane/
methane pair were reported for the HKUST-1 material for the first time in a wide pressure
range. The correlation between the ideal selectivities of the synthesized HKUST-1 materials
and their specific surface area (BET) and the ratio of micro:meso pore volumes was found.
The adsorbent prepared in the DMF-water system under solvothermal conditions shows
the best ideal selectivity (experimental and calculated by IAST).

The HKUST-1 samples synthesized in common solvent systems and ILs under solvother-
mal conditions and MW fields may serve as models for investigations of the factors influ-
encing the adsorption behavior of the MOF materials. Therefore, the results of this work
may contribute to the design of the adsorbents for ethane and methane based on HKUST-1
material as well as new MOFs.

Supplementary Materials: The following data are available online at https://www.mdpi.com/
article/10.3390/ cryst12020279/s1, Figure S1: Heating rates of [BMIM] OTf and water : DMF =1 :
1 solvent systems in MW fields; Figure S2: Dependence of the yield of the HKUST-1 material on
the reaction time under conditions of the MW-assisted synthesis; Figure S3: 'H NMR spectra of
the neat IL OMIM OTf and of the same IL recycled after synthesis; Figure S4: A comparison of
experimental XRD patterns of HKUST-1ppmp-mw synthesized by the MW technique in DMF as single
solvent and Imw material; Figure S5: The experimental and calculated after the Pawley fitting XRD
patterns of the 3solv sample; Figure S6: The experimental and calculated after the Pawley fitting
XRD patterns of the sample 3solv-after-rinsing; Figure S7: The experimental and calculated after the
Pawley fitting XRD patterns of the sample 2solv-after-rinsing; Figure S8: Experimental XRD pattern
of HKUST-1 sample produced using tenfold quantities of the reagents; Figure S9: XRD patterns of
Imw, 8solv, 5mw and 7mw materials soaked in MeOH; Figure 510: XRD patterns of Imw, 8solv,
5mw and 7mw materials soaked in H,O; Figure S11: SEM images of the Imw and 1solv samples;
Figure S12: SEM images of the 8solv, 2solv-after-rinsing and 3solv-after-rinsing samples; Figure 513:
SEM images of the 6mw and 7mw samples; Figure S14: TG Curves of the Imw, 8solv, 5mw and 7mw
materials; Figure S15: DRIFT spectra of the 5mw sample and ionic liquid OMIM OTf in a wide range
and 1800-750 cm ™1 region; Figure S16: DRIFT spectra of the 7mw sample and ionic liquid EMIM
Tf,N in a wide range and 1800-750 cm~! region; Figure S17: DRIFT spectra of 5mw (black), 7mw
(red) and 8solv (green) samples; Figure S18: DRIFT spectra of 5mw, 7mw and 8solv samples in the
frequency range of 38002400 cm~!. Figure S19: DRIFT spectra of 5m, 7mw and 8solv samples in
the frequency range of 1800-750 cm~!. Figure S20: The schematic diagram of the adsorption setup;
Figure S21: Methane adsorption isotherms for all obtained samples at 298 K; Figure S22: Ethane
adsorption isotherms for all obtained samples at 298 K. Table S1: Elemental analysis data for the
synthesized HKUST-1 materials.
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