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Fig. 1 Comparison of the experimental powder X-ray diffraction patterns of synthesized [Ni3(HCOO)6]
samples along with the simulated pattern from Reference [55].
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Fig. 2 FT-IR spectroscopy of [Ni3(HCOO)6] samples.
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Fig. 3 SEM images of [Ni3(HCOO)6] samples: (A) and (B) 1a, (C) and (D) 1b, (E) and (F) 2a, (G) 1c and (H)
2b.
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Fig. 4 TGA curves of [Ni3(HCOQO)6] samples in argon atmosphere.
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Fig. 5 Argon adsorption isotherms of [Ni3(HCOO)6] samples: 1a (red squares); 1b (blue circles); 1c
(magenta up triangles); 2a (olive down triangles) and 2b (navy left triangles) measured at 87.3 K,
respectively.
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Fig. 6 Pure gas adsorption experiments: adsorption isotherms for CH4 at 288 K (black squares), 298 K (red

cycles) and 308 K (blue up triangles) and N2 at 288 K (green down triangles), 298 K (magenta diamonds)
and 308 K (wine stars) on (A) Sample 1a; (B) Sample 1b; (C) Sample 1c; (D) Sample 2a; (E) Sample 2b
(Solid lines: Toth model). Toth model nicely fits each CH4 and N2 adsorption isotherm on [Ni3(HCOO)6]
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Fig. 7 CH4-N2 selectivity as a function of pressure for [Ni3(HCOQ)6] samples, zeolites and other MOFs.
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Fig. 8 Breakthrough curves of the CH4-N2 equimolar mixture on [Ni3(HCOO)6] samples at 298 K for (A)
Sample 1a, (B) Sample 1b, (C) Sample 1c, (D) Sample 2a, (E) Sample 2b at 2.0 bar and (F) Sample 2a at

4.0 bar.
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Fig. 9 Breakthrough curves on Sample 2a for five repeated cycles at 298 K and 4.0 bar.
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Textual Abstract

The adsorptive separation selectivities of CH4/N, were successfully improved from 4.0-4.8 to

7.0—7.5 via synthesis optimization of the ultra-microporous [Niz(HCOO)¢] frameworks.
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Abstract

Separation of methane and nitrogen is an important issue in upgrading low-quality natural gas and
non-cryogenic, adsorption-based separation of CH4/N, is particularly challenging. In this report, a
MOF adsorbent namely [Niz(HCOO)s] framework is comprehensively investigated for the
separation of CH4/N, mixture via pure gas adsorption and binary gas breakthrough experiments. All
the prepared samples synthesized from different routes were also studied in detail by PXRD, FT-IR,
SEM, TGA/DSC and argon adsorption. The results show that the adsorptive separation
performances can be improved significantly by optimizing the synthesis of the framework. The
precursors play crucial roles in the crystallization of [Niz(HCOO)¢] frameworks, giving rise to the
variability in ultra-micropore volume, surface area and pore size. Good crystallization can result in
large ultra-micropore volume and furthermore brings about high separation selectivity. The
[Ni3(HCOO)¢] framework synthesized by nickel nitrate and methyl formate exhibits the best
crystallization and the largest micropore volume, leading to the highest CH4/N, separation
selectivity up to 7.5 in the pressure range of 2.0-10 bar, which is the highest value reported for
MOFs. Moreover, this adsorbent presents uniform nanosized crystal (~ 140 nm), permanent
porosity and consistent separation performances, making the [Ni3(HCOO)s] framework a promising

candidate for natural gas upgrading.

Keywords

Adsorption, CH4/N; separation, ultra-micropore, metal-organic frameworks, natural gas upgrading

1. Introduction
Upgrading technologies of natural gas are becoming increasingly significant due to the large
demand for this clean-burning and economical alternative fuel. However, gases extracted from the

reservoirs contain contaminants such as heavier gaseous hydrocarbons (C2+), carbon dioxide,



RSC Advances Page 14 of 47

hydrogen sulfide, nitrogen, water and mercury, which greatly lower the quality and need to be
removed in order to meet the pipeline quality.'” Among the purification processes, the nitrogen
removal is technically difficult due to the similar physical and chemical properties of the methane
and nitrogen molecules.>® Efficiently reducing the nitrogen content of low-quality natural gas
streams is one of the world's toughest energy challenges.”” In general, adsorptive separation via
pressure swing adsorption (PSA) process is an energy-effective and economic-feasible alternative to

12,13
2 and

cryogenic distillation. Many porous materials including activated carbon,®'' silicalite
molecular sieves™'*** have been evaluated for CH4/N, separation. However, adsorptive separation
of CH4/N; has been found particularly challenging because of the unsatisfactory performances for
the existing adsorbents. Furthermore, compared with the numerous extensive studies on the natural

2125 there is less work carried out for this

gas upgrading processes like CO,/CH4 separations,
particular difficult separation of CH4/N, mixtures.*?°
Recently, metal-organic frameworks (MOFs) have been attracted remarkable attentions for

22730 gas purification and separation,’' ™ due to their

their promising applications in gas storage,
ultrahigh specific surface area, adjustable pore sizes and controllable properties, as well as
acceptable thermal stability.34'37 A few MOFs have been evaluated on the separation of CH4/N,
mixtures by prediction from the pure gas adsorption isotherms or molecular simulations.****

Basolite® A100 and 3 [Cu(Me-4py-trz-ia)] were evaluated and found to exhibit selectivities of

SCH4/N2 = 3.4-4.4 and SCH4/Nz = 4.0-4.4 at 298 K, respectively.43 MOF-5 and MOF-177 were
predicted to have selectivities of SCH4/N2 = 1.1 and SCH4/N2 = 4.0 at 298 K, respectively.39 The

simulated selectivities for HKUST-1, IRMOF-1, IRMOF-11, IRMOF-12, UMCM-1, UMCM-2,
ZIF-68 and ZIF-69 are 2.0—4.0 at pressures up to 2.0 MPa and 298 K.**** However, the adsorption
selectivities of CH4 over N, on these MOFs are not superior to those of the conventional adsorbents
like activated carbon and zeolites.*

In the earlier work, we studied the selective adsorption of CH4 against N, on two
ultra-microporous frameworks, [M3(HCOO)s] (M = Ni, Co), and confirmed that both the

3
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frameworks have high selectivities for the separation of CH4/N, mixtures, especially the
[Ni3(HCOO)s] with highly enhanced selectivities up to 6.5.** The high selectivity is engendered by
the tight coupling between uniform ultra-micropore (< 7 A) and moderate polarizability."***’ The
ultra-micropore walls are in proximity to each other, providing an enhanced adsorption potential
towards gas molecules of the similar size within the micropores.***’ It is known that differences in
synthesis procedures will have great effects on the pore structure and morphology of metal-organic
frameworks, which are key features to evaluate gas adsorption characteristics.***’ As a continuation
of our previous study for the separation of CH4/N, on the [Niz(HCOO)¢] framework and a step
toward the development of novel CHs—selective adsorbents, here we report the synthesis of
[Ni3s(HCOO)¢] frameworks from different routes to tune the ultra-micropore volume and improve
the performances of the selective adsorption of CHy4 against N,. The separation selectivity of the
optimized [Niz(HCOO)s] framework with high ultra-micropore volume and good crystallinity can
be improved to 7.5 at 298 K and 4.0 bar, which is the highest value ever reported for CH4/N,
separation on MOFs. Moreover, the modified synthesis is easy to scale up because the usage of
methyl formate instead of formic acid will not only overcome the corrosion problem of formic acid,
but also shorten its synthetic route in industry as formic acid is derived from the hydrolysis of
methyl formate in industrial practice. We believe that such study is vital to understand the effect of
synthesis procedure on pore structure and adsorption characteristics of [Ni3(HCOO)g] frameworks,
as well as natural gas upgrading. The fundamental studies will be helpful for the optimization of
this new adsorbent with high ultra-micropore volume and excellent separation performance for

practical CH4/N; separation.
2. Experimental

2.1 Material synthesis. All solvents and reagents in this work were of analytical grade quality
obtained from commercial sources and used without further purification unless otherwise stated.
Formic acid [FA, HCOOH, 98.0%], methyl formate [MF, HCOOCH;, 98.0%], nickel nitrate

hexahydrate [Ni(NO3),-6H,O, 98.5%], nickel acetate tetrahydrate [Ni(CH;COO),-4H,0, 98.0%]
4
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and nickel chloride hexahydrate [NiCl,-6H,0, 98.0%] were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. N,N-dimethylformamide [DMF, 99.5%] and acetone
[CO(CH3),, 99.5%] were purchased from Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin,
China.

2.1.1 Hydrothermal synthesis from formic acid (FA). Sample 1la, 1b and 1c series were
synthesized using modified solvothermal conditions by very similar methods.”® The preparation of
Sample 1a is described as an example. A homogenous mixture of nickel nitrate hexahydrate (5.678
g, 19.5 mmol) and formic acid (5 ml, 129.9 mmol) in DMF (40 ml) was transferred into a 150 ml
Teflon-lined stainless steel autoclave and heated (under autogenous pressure) in an oven at 373 K
for 48 h. After cooling naturally, the light green crystalline powdery product was separated by
centrifugation at 10000 rpm for 5 min and rinsed with DMF (10 ml) and acetone (10 ml). Then the
resultant product was dried in a vacuum oven at 323 K for 2 h. Yield: 3.29 g, 100% based on nickel
nitrate.

Sample 1b and 1c were obtained by similar procedures except for the different nickel salts,
where nickel acetate tetrahydrate (4.852 g, 19.5 mmol) for Sample 1b and nickel chloride
hexahydrate (4.635 g, 19.5 mmol) for Sample 1c were used in yields of 97.8% and 95.1%,
respectively.

2.1.2 Hydrothermal synthesis from methyl formate (MF). Sample 2a, 2b and 2c series were
synthesized via very similar methods. The preparation of Sample 2a is described as an example. A
40 ml DMF solution containing 5.678 g nickel nitrate hexahydrate (19.5 mmol) and 8.2 ml methyl
formate (130.0 mmol) was transferred into a 150 ml Teflon-lined stainless steel autoclave and
heated (under autogenous pressure) in an oven at 373 K for 48 h. After cooling naturally, the light
green crystalline powdery product was separated by centrifugation at 10000 rpm for 5 min and
rinsed with DMF (10 ml) and acetone (10 ml). Then the resultant product was dried in a vacuum
oven at 323 K for 2 h. Yield: 3.29 g, 100% based on nickel nitrate.

Sample 2b and 2c were obtained by similar procedures except for the different nickel salts,
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where nickel acetate tetrahydrate (4.852 g, 19.5 mmol) for Sample 2b and nickel chloride
hexahydrate (4.635 g, 19.5 mmol) for Sample 2c were used in yields of 100% and 1.69%,
respectively. The yield of Sample 2c¢ is too low to get enough quantities to study further.

The as-synthesized samples of [Ni3(HCOO)s DMF] were evacuated in a vacuum oven at 433 K
(higher than the boiling point of DMF, 426 K) for 12 h. The resulting void-cleaned samples of
[Ni3(HCOO)s DMF] were referred to as the “activated samples”, namely [Nis(HCOO)¢] as well as
Ni formate.

2.2 Characterization. Powder X-ray diffraction (XRD) patterns of all samples were obtained on a
PANalytical X pert diffractometer (Cu Ka, 40 kV, 40 mA) for 20 values from 5° to 30° with a step
size of 0.01° and a scan rate of 5° min"'. Fourier transform infrared (FTIR) spectra data were
recorded in the frequency range of 4000—650 cm™ with a resolution of 4 cm™ on a Nicolet 6700
spectrometer in transmittance mode at room temperature. All the samples were ground with KBr,
and pressed into thin discs. The crystal morphologies of the synthesized product were examined
using a scanning electron microscope (SEM, Quanta 200F, FEI Company). Thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were performed to study the thermal
stability of the products using a NETZSCH STA 449 F3 analyzer under argon atmosphere (20 ml
min”, 30-800 °C, 10 °C min™") and air (20 ml min", 30-800 °C, 10 °C min™"). Pore structure
analysis of the samples were conducted by low-pressure gas adsorption experiments (1 x 107 < P/P,
< 1.0) with argon (87.3 K), carried out on a Quantachrome Autosorb-iQ2 automatic volumetric
instrument. The experimental apparent specific surface area, Sppr (Brunauer-Emmett-Teller
method), the micropore volume, V. (¢-plot method), the total pore volume, V; (Gurvich-rule) and
pore size distributions (PSD) were calculated from the Ar adsorption isotherms. Prior to the gas
adsorption measurements, all the samples were outgassed at 433 K for 12 hours under
turbomolecular pump vacuum.

2.3 Adsorption measurements. Pure gas adsorption and binary breakthrough experiments were

carried out to evaluate the static and dynamic CH4 adsorption capacity and selectivity against N».
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2.3.1 Pure gas adsorption measurements. The single component adsorption isotherms of
methane and nitrogen on [Nis(HCOO)¢] frameworks were measured volumetrically (up to 760 torr)
at three temperatures (288 K, 298 K and 308 K) by Autosorb-iQ2 equipped with a recirculating
water bath. Sample outgassing process was carried out at 413 K under a vacuum for 12 h. The free
space of the system was determined by using the helium gas. High purity grade CHy4 (99.99%), N,
(99.999%) and He (99.999%) were used. All the methane and nitrogen adsorption isotherms have

been calculated based on the three parameter Toth equation®’

N BxP
N (1+(B><P)“’)”c

max

(1)

Where N is the gas uptake (mmol g™'), Nmax is the maximum gas uptake (mmol g), B and ¢ are
fitting constants; the Henry’s law constant K of the Toth isotherm equation can be calculated by

the equation

dN
K,=—=N__xB 2
H Pd]?) max ( )

The ideal selectivity S;;, also known as Henry’s law selectivity, is calculated as the ratio of

Henry’s law constants from pure gas adsorption isotherms of gas component i and j

K, .
S i KH’Z (3)

H,j

2.3.2 Binary gas breakthrough separation experiments. Breakthrough separation
experiments were performed in a chromatographic column packed with ca. 3.5 ml of [Nis(HCOO)¢]
sample particles, using a homemade apparatus (see ESI, Fig. S1t1). The column (a stainless steel
column of 250 mm with an inner diameter of 4 mm) was placed in the oven to control the
temperature. The pre-activated [Niz(HCOO)¢] powder was pressed by a pressure of ca. 100 bar.
Then the pellets were broken and sieved to obtain particles with diameters from 180 to 280 um. The
column was filled with the obtained particles and used as the fixed adsorption bed to record the
CH4/N, mixture breakthrough curves. Before each breakthrough experiment, the sample in the

column was activated and outgassed in situ at 433 K for 2 h under a helium flow of 20.0 sccm. The
7
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CH4/N; breakthrough experiments were conducted at 298 K with increasing pressure up to 1.0 MPa
and constant gas mixture composition (50-50 CH4-N;). The effluent was analyzed using a TOF-MS
500 mass spectrometer made by Dalian Institute of Chemical Physics. The signal strength of mass
spectrometer has a good linear relationship with the molar concentration of gas in the range 0-10%.
For all experiments, a permanent dilution helium flow of 40 times of the quantity of feed gas was
introduced to control the molar concentration of the gas into the mass spectrometer. The sample
column was purged with helium after finishing the adsorption step in every measurement to
regenerate for another measurement. The pressure drop over the column was always less than 0.005
MPa. The breakthrough experiments allowed us to calculate the equilibrium selectivity or
separation factor for CH4/N, separation, which is defined as

o =42 4)

7oy,
Where ¢; is the adsorbed amount of component i and y; is the mole fraction of component i in the
gas phase. The adsorbed amount ¢; was determined by integration of the experimental breakthrough

curves,5 % as follows:

F(Cl.,otf = jo” C(t)dt)— v,
q; = %)

m ads.

Where F is the total flow of the feed gas passing through the column, C(?) is the concentration of
component i in the gas phase, # is the first moment of the breakthrough curve of component i
leaving the column, Vj is the dead volume of the set-up. It is important to take into account the dead
volume to determine the accurate adsorbed amount of components. For validation of the set-up,
additional breakthrough measurements with CH4/N, mixtures up to 1.0 MPa at 298 K on two
commercially available MOFs of Al-BDC (Basolite® A100) and Cu-BTC (Basolite® C300) were

carried out. Very good agreement between literature data and the results of this study was obtained.
3. Results and discussion

3.1 Synthesis of [Ni3(HCOOQO)g] frameworks and structural characterization. In the synthesis of
8



RSC Advances Page 20 of 47

MOFs, different precursors could result in different samples with various yields and diverse
structure characteristics including morphology, crystal size and pore width, or even different
MOFs.” As seen from Table 1, all synthesized samples are in high yields with the exception of
Sample 2¢ from nickel chloride and methyl formate.

X-ray powder diffraction analysis was first carried out to investigate the purity and crystallite
structure of [Niz(HCOO)¢] frameworks synthesized from different routes. As shown in Fig. 1, the
XRD profiles of the synthesized [Niz(HCOO)s] samples and the simulated form show similar
patterns, which are the same of samples as reported before.”””*>* For Sample 1a and 2a, the XRD
patterns match perfectly with the simulated pattern, indicating that the [Ni3(HCOO)s] frameworks
synthesized from the nickel nitrate keep the better crystalline structure compared with samples
synthesized from other nickel salts. On the contrary, Sample 1c and 2b present different XRD
patterns and exhibit poor crystalline structures. For Sample 1b, however, the pattern is transitional
between the good crystalline structures and the poor ones. This can be seen from the percent
crystallinity data calculated from the XRD patterns as well. As listed in Table 1, the percent
crystallinities of Sample 1a and 2a are more than 99%, while the value for Sample 2b is only
82.57%. For Sample 1b, the percent crystallinity is 94.06%, between the values of Sample 2a and
2b.

Fourier transform infrared (FT-IR) spectroscopy of [Niz(HCOO)s] samples are given in Fig. 2,
exhibiting the similar frameworks for the synthesized samples. The split weak bands around 2900
cm’ are caused by the stretching vibrations of C—H in the six individual HCOO™ groups in the
structure. The strong bands at 1355—1325 cm™ and 1650—1580 cm™ can be ascribed to the v,(C—0)
and v{(C—0) vibrations of the —COO" groups.*’ A pair of medium intense bands at 1408—1399 cm™
and 1393—1378 cm’" are attributed to asymmetric deformation vibrations of O—C—0.>> The medium
intense peak around 800 cm™ can be assigned to the symmetric deformation vibrations of 0—C—0.>

For the IR spectra of Sample la, 1b and 1c synthesized from formic acid, besides the bands

from the bridging formate ligands, the additional bands around 1100 cm™ and 1680 cm™ are due to
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the v(C—N) and v(C=0) vibrations of DMF molecules, which indicate that DMF molecules are still
left in the channels because of incomplete activation.”” While for Sample 2a and 2b synthesized
from methyl formate, there is no band attributed to the DMF molecules, demonstrating the two
samples are well activated. Their IR spectra exhibit broad bands in the region between 3400—3100
cm™', which are due to v(O—H) vibrations of the uncoordinated water molecules involved in weak
hydrogen bonds, indicating that moisture in the atmosphere is re-adsorbed in the activated samples
of 2a and 2b.>* This phenomenon indicates that the [Niz(HCOO)s] samples synthesized from methyl
formate are easier to remove the guest molecules (DMF) to get the activated forms.

3.2 Morphologies of [Ni3(HCOO)s] frameworks. The SEM images of the synthesized
[Ni3(HCOO)¢] samples are shown in Fig. 3. Apparently seen from the images, Sample 1a, 1b and
2a exhibit uniform crystals while Sample 1c and 2b show heterogeneous morphologies. More
specifically, uniform crystals with the size of ~ 140 nm are observed from Fig. 3E and 3F for
Sample 2a, which agrees well with the highest crystallinity data as calculated from the XRD pattern
(Table 1). Smaller crystal size of ~ 75 nm can be obtained for Sample 1b (Fig. 3C and 3D), which is
almost half the size of Sample 2a. The smaller crystallite size produces broader peaks in the XRD
patterns for Sample 1b.”® However, based on the non-uniform crystals of Sample 1c showed in Fig.
3G and the low yield of 2c, we can conclude that using nickel chloride as the nickel precursors is
unfavorable for the synthesis of uniform [Ni3(HCOO)s] crystals. Nevertheless, the heterogeneity of
Sample 2b crystals with the size of as large as 12.5 um shown in Fig. 3H indicates that the
combination of nickel acetate and MF as precursors seems like a poor choice, resulting in worse
crystallinity (82.57%). Accordingly, the precursors have great influences on the crystal growth. This
also suggests us a feasible strategy to manipulate the size and morphology of MOF crystals by
changing the metal and organic linker precursors.

3.3 Chemical and thermal stability analysis. High thermal stability and inertness to different
solvents are some of essential requirements for the application of MOFs used as adsorbents.

Therefore, the thermal behaviors of the as-synthesized and activated [Ni3(HCOO)s] samples were

10
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investigated by using thermal analysis (TGA/DSC) (Fig. 4 and see ESI, Fig. S2—S137). Both in
argon and air atmosphere, there are two clear weight loss steps for all the as-synthesized
[Ni3(HCOO)¢] samples with one step for guest removal and the other for framework collapse, while
there is only one rapid weight loss step for all the absolute activated samples in the absence of guest
removal step. All the samples reveal a thermal stability range up to ca. 230 °C in argon atmosphere
and ca. 250 °C in air atmosphere. Specifically, the TGA trace for as-synthesized Sample 2a in argon
atmosphere shows a gradual weight-loss step between 120 °C and 200 °C, which corresponds to the
removal of the DMF guest molecules (calculated: 14.07%; observed: 14.05%), along with an
endothermic enthalpy of 113.5 kJ/mol, calculated according to the DSC curves (Fig. S6). A plateau
between 200 °C and 230 °C indicates that the evacuated framework has high thermal stability (Fig.
4). The second rapid weight loss of ca. 51.42%, starting at 230 °C and ending at 280 °C, implies the
collapse of the framework with an endothermic enthalpy of 166.2 kJ/mol. Compared with the
as-synthesized 2a, the activated 2a shows only one clear weight loss process at a similar
temperature (230—280 °C, 58.85%, 188.2 kJ/mol). The similar weight loss processes are observed
for 2a in air atmosphere. Two weight loss steps (100—230 °C, 15.17%; 230-300 °C, 43.06%) are
observed for the as-synthesized Sample 2a, and only one rapid weight loss (240-300 °C, 48.36%)
occurs for the guest-free sample. Additionally, this weight loss process becomes exothermic (Fig.
S117), and the exothermic enthalpy for framework decomposition in air is 616.4 kJ/mol. The
samples of 1a, 1b, 1c and 2b share the similar thermal behavior with Sample 2a. All the guests
(adsorbed water molecule in the air and DMF) are liberated from the pores up to ca. 250 °C both in
argon and air atmosphere, then the frameworks decompose up to ca. 300 °C.

Chemical stability of the [Ni3(HCOO)g] framework was evaluated by the heating the sample in
DMF, methanol, ethanol and water at 100 °C for 24 hours. These conditions generally reflect
potential extreme industrial requirements. Take the Sample 2a as an example, the sample retained
its framework structure under these conditions, as evidenced by the sharp, unshifted diffraction

lines in the PXRD patterns in Fig. S13 (see ESIf). For samples treated by ethanol and water,

11



Page 23 of 47 RSC Advances

however, the crystallinities were reduced a little. Further investigation was carried out to evaluate
the pore structure change for the sample treated by water via Ar (87 K) adsorption experiment. As
showed in Fig. S14 (see ESIT), there was little change in micropore structure for the [Ni3(HCOO)g]
framework indicating a good chemical stability in water.

3.4 Pore structure analysis. Argon adsorption measurements were carried out under liquid argon
bath (87.3 K) to evaluate the porosity of [Ni3(HCOO)g] samples (Fig. 5). The BET surface area is
calculated from the Ar adsorption isotherms with good linearity.”’ The total pore volume and
micropore volume are calculated using Gurvich-rule and #-Plot method, respectively.”® The texture
properties are summarized in Table 2. All the Ar adsorption isotherms of [Niz(HCOO)s] samples
exhibit initial type-I isotherm and the increase in the volume adsorbed at very low relative pressures
corresponding to a permanent microporosity. However, for Sample 1b, the isotherm shifts to
type-IV with a significant portion of the mesopore volume, which may be attributed to the
interparticle voids of the nanoparticle agglomeration.’® The BET surface area and total pore volume
is 331 m* g and 0.350 cm’ g”', higher than other samples. The mesopores in Sample 1b make
contributions to the higher BET surface area and larger total pore volume. However, the micropore
volume which is essential to the separation of small gas molecules is 0.085 cm’ g, equivalent to

the values for Sample 1a and 1c.**

For comparison, the BET surface area and the micropore
volume for Sample 2b are only 173 m* g and 0.022 cm’ g™, much lower than other samples. This
could be attributed to crystal imperfections as indicated by the PXRD patterns (Fig. 1 and Table 1).
The increase in the volume adsorbed near P/Py = 1 for Sample 2b is ascribed to the existence of the
macropores resulting from the stacking of the large crystals,” which can be seen form the SEM
images (Fig. 3). For Sample 2a, the BET surface area, the total pore volume and the micropore
volume is 327 m? g”, 0.146 cm® g and 0.097 cm® g, respectively. Obviously, the micropore
volume of Sample 2a is higher than other samples, which makes Sample 2a more suitable for the

43,44

separation of CH4 and Nj. In order to estimate pore size distributions for [Niz(HCOO)s] samples,

Ar isotherms were analyzed using non-local density functional theory (NLDFT) applying a hybrid

12
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kernel for Ar adsorption at 87 K. The analysis of [Ni3(HCOO)s] samples result in good fittings with
the least fitting errors. The zigzag micropore sizes of the [Ni3(HCOO)s] frameworks are estimated
ca. 6 A from Ar adsorption isotherms, with an additional mesopore distribution at ca. 21.3 nm for
Sample 1b. Nevertheless, Sample 2b presents a shift of micropore size with two peaks centered at
8.30 A and 1.87 nm. The micropore size is beyond ultra-micropore size range (< 7 A) which may be
unfavorable for the separation of small gas molecules.** The results suggest that the pore structure
of [Niz(HCOO)s] frameworks including the ultra-micropore volume, pore size and surface area can
be adjusted by changing the precursors, which may be giving rise to different gas adsorption
behaviors and separation performances.
3.5 Pure gas adsorption isotherms. The adsorption isotherms of CH4 and N, were measured at 288
K, 298 K and 308 K on [Niz(HCOO)s] samples to evaluate the separation capability for CH4/N,
mixtures (Fig. 6). The ultra-micropore volumes of the frameworks are acting as gas adsorption
sites.”’ As list in Table 2, the CH4 and N, adsorption amounts for [Nis(HCOO)s] samples are
consistent with the micropore volume. Sample 2a which has the largest micropore volume (0.097
cm® g) adsorbs the largest amount of CH, (0.81 mmol g™ at 1.0 bar and 298 K) while Sample 2b
adsorbs the least amount of CHy (0.42 mmol g™") due to its least micropore volume (0.022 cm® g™).
A comparison of the adsorbed amounts of CHs and N, for Sample la, 1b and 1c reveals that
equivalent micropore volume leads to the equivalent adsorption amount. Additionally, for Sample
1b, the large percentage of mesopore volume also makes contributions for the adsorbed amounts of
both CH4 and N» to some extent. However, the mesopores with the size of 21.3 nm are too large and
non-selective for the separation of CH4 and N, molecules. On the whole, the large adsorption
amount of the CHs and N, are dominantly determined by the ultra-micropore volume since the
ultra-micropore have an enhanced adsorption potential towards gas molecules within the
micropores.*’

Clearly seen from Fig. 6, CH, is preferentially adsorbed over N, for all the [Ni3(HCOO)s]

samples due to the higher uptakes of CHy4 against N». This is probably attributed to the fact that CHy

13
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molecules have a higher polarizability (26x10% ¢cm™ for CHy vs. 17.6x10% cm™ for N») and are
more polarisable than N, molecules. Although N, molecules exhibit a quadrupole moment, it is of
less influence regarding the total adsorption potential than their difference in polarizability.

All the adsorption data are fitted well with Toth model. The parameters of the fitting
procedures are given in Table S1—S5 (see ESIT). According to the Henry’s law constants calculated
from the pure gas adsorption isotherms, all the [Niz(HCOO)¢] samples favor CH4 more than N,
since higher values of Henry’s law constants for CH4 adsorption correspond to higher adsorption
potential towards CH4 for all samples. The preferential adsorption of CHs over N, leads to an

equilibrium adsorption selectivity of CH4 higher than acy,N, = 1.2 Accordingly, the ideal

adsorption selectivities of separating CH4/N, mixtures are calculated as the ratio of the Henry’s law
constants from the pure gas isotherms on the [Niz(HCOO)s] samples. All the calculated ideal
selectivities at 288 K, 298 K and 308 K are given in Table 3. The ideal selectivities for all the
samples are nearly constant between 288 K and 308 K. Thus, the temperature dependence of the
experimentally determined selectivities is very small in the investigated temperature range and can

be neglected.43 Sample 1a, 1b and 1c exhibit the similar ideal selectivities Scy /N, between 5.7 and

6.1, which is the consequence of the equivalent micropore volume. For Sample 2a, the selectivities
are between 6.2 and 6.6, which are among the highest values reported for MOFs in CH4/N;
separation. The large ultra-micropore volume accounts for the high selectivities. Lower selectivities
between 4.7 and 4.8 are calculated for Sample 2b because of the low micropore volume. In the
meanwhile, the micropore size of Sample 2b shifts to 8.30 A and 1.87 nm, beyond the
ultra-micropore size range of gas molecule dimensions (< 7 A), which is not preferential for the
separation of small gas molecules (CHy: 3.80 A, Ny: 3.64 A).Y 1t is safe to conclude that larger
ultra-micropore volume corresponds to the higher selectivities. The high selectivities predicted from
the pure gas adsorption isotherms indicate that Sample 2a has the great potential in separation of
CH4/N; and is a promising candidate for nitrogen removal from natural gas. Moreover, it is noted
that the Sample 2a is sufficiently stable and robust, as we could perform a whole series of sorption
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measurements without changing the sample, even after long exposures to humid air.
3.6 Binary gas breakthrough separation experiments. To confirm the selective adsorption of CHy4
over N; on [Ni3(HCOO)g] samples, binary gas breakthrough separation experiments were conducted
under different pressures from 2.0 to 10 bar at 298 K. Additionally, two commercially available
MOFs of Al-BDC (Basolite® A100) and Cu-BTC (Basolite® C300) were examined on the
separation of CH4/N, mixtures for comparison, validating the breakthrough set-up as well (see ESI,
Fig. S15 and S16t). Zeolites including 5A, 13X and SAPO-34 were also investigated (Fig.
S17-S197). A binary mixture composing 50% of CH4 and 50% of N, were used as feed gas to
investigate the separation performance of the adsorbents.

Fig. 7 shows the selectivities for CH4 over N, determined from the breakthrough experiments

on different adsorbents. At the range of 2.0-10 bar, Cu-BTC MOF exhibits selectivity of acu,n, =
2.9-3.1, which agrees well with the simulated selectivity around ocy Ny = 3.0-3.5 in literature,40
and AI-BDC MOF shows selectivity of acn Ny = 4.2—4.8, which coincides with the value acpy Ny =

3.3—4.4 of Basolite A100.* The good agreement between the experimental data and the literature
data demonstrates the validation of the homemade apparatus for breakthrough measurements.

The values of selectivity of acy /o for Sample 1a, 1b and 1c are respectively 5.6—6.0, 5.9—6.1
and 5.5-5.9, which are nearly constant and in good agreement with the ideal selectivities of Scu,n,

= 5.7-6.1, determined by ratio of the Henry’s law constants. Sample 2a exhibits higher selectivity

of ocy Ny = 7.2—7.5 while Sample 2b shows lower values around ocy Ny = 4.8-5.1. According to

the earlier study, the high selectivities of separating CH4 over N, for [Ni3(HCOO)g] frameworks are
ascribed to the tight coupling between uniform ultra-micropore (< 7 A) and moderate polarizability
resulting from their peculiar structures where multiple coordination modes exist in the frameworks.
Since there is no significant change in the crystalline framework of [Niz(HCOO)¢] samples
synthesized from different routes, the notable changes in the ultra-micropore volume as well as the
pore size dominantly give rise to the different separation performances of CH4/N, mixtures. As we

can see, the larger micropore volume the sample has, the higher selectivities for the separation of
15
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CH, against N, we can obtain. In the meanwhile, large pore size (> 7 A) also accounts for the lower
selectivity.
Additionally, the selectivities of zeolites including SA, 13X and SAPO-34 we calculated are in

good agreement with literature data where SA and 13X zeolites exhibit selectivities around oy 4No
= 2.0 and OCH,N, = 2.3, respectively,61’62 SAPO-34 shows values lower than OCH,N, = 3.0.%°

Comparison with other MOFs on the separation of CH4/N, mixtures is not yet possible because of
the lack of experimental mixture separation data. Nevertheless, based on the ideal selectivities

Scuyn, predicted by the pure gas isotherms, Saha ef al. showed that MOF-5 and MOF-177 exhibit
ideal selectivities of SCH4/N2 = 1.1 and Scu Ny = 4.0, respectively.39 Mollmer et al. calculated the
selectivities of Sci,n, = 4.0-4.4 and Scyyn, = 3.4-4.4 for °,[Cu(Me-4py-trz-ia)] and Basolite® A100
at 298 K, respectively.43 MIL-53(Al) exhibits the ideal selectivities of SCH4/N2 = 2.7 at 303 K,

determined by Rallapalli et al.”* Clearly, all the selectivities for MOFs studied for the separation of
CH4/N; are much lower than those of Sample 2a. Fig. 8 shows the typical breakthrough curves of
the CH4-N, equimolar mixture at 298 K on [Niz(HCOO)s] samples at 2.0 bar and on Sample 2a at
4.0 bar. For all the samples, N, breaks first, indicating that N, is more weakly adsorbed than CH4. A
marked roll-up effect is observed in the breakthrough curves of N, just before CH4 breaks. The
momentary higher concentration of N, in the eluting gas than in the feed gas is due to partial
desorption of N, when CH4 competitively adsorbs in the column.** The equilibrium selectivities
calculated from the breakthrough curves in Fig. 8 are determined to be 6.0 for Sample 1a, 5.9 for
Sample 1b, 5.8 for Sample 1c, 7.2 for Sample 2a and 4.8 for Sample 2b at 298 K and 2.0 bar.

Sample 2a presents the selectivity of acu,n, = 7.5 at 298 K and 4.0 bar according to Fig. 8F. All the
CH4/N; selectivities determined from the breakthrough curves on other samples are showed in the
Fig. 7.

For practical use, a desired adsorbent should not only possess high selectivity and high

adsorption capacity, but also display a stable cyclic adsorption performance during long-term
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cyclical operation. Here, we have carried out cyclical adsorptive separation experiments at 298 K.
All the synthesized [Niz(HCOO)s] frameworks can be fully regenerated by purging with helium and
show fairly consistent performance in the separation of CH; and N,. Clearly seen from the
breakthrough curves measured at 298 K and 4.0 bar for Sample 2a (Fig. 9), the separation
performances are constant for several repeat cycles after regeneration. Meanwhile, for Sample 1a,
after 20 cycles of separation experiments at 298 K, 6.0 bar, the separation selectivities are nearly
constant as showed in Fig. S19 (see ESI).

Activated carbons have also been extensively studied on the separation of CH4/N, mixtures.
The average selectivities over activated carbon are ca. 1.9-4.0,%" much lower than [Ni3(HCOO)q]
frameworks. The large uniform ultra-micropore (< 7 A) volume coupled with moderate
polarizability resulting from the multiple coordination modes for [Niz(HCOO)s] frameworks
provides an enhanced adsorption potential towards CHy.** On the other hand, the weak polar surface
and chaotic pore structure limit the separation selectivity of CH4/N, mixture for activated carbons'.
As compared with 5A zeolite and the BPL carbon, one of the most intensively studied activated
carbons, [Ni3(HCOO)s] frameworks show the enhanced higher selectivities up to triple values of SA
zeolite and BPL carbon (Table 4), making them to be good candidates for preferential adsorption of
CH,4 against N,.

4. Conclusions

In this work, we have successfully optimized the synthesis of the ultra-microporous [Niz(HCOO)¢]
frameworks by changing the precursors. Pore structures including ultra-micropore volumes, surface
areas and pore size distributions are tuned to improve the CH4/N; separation performances, which
are evaluated by pure gas adsorption measurements and binary gas breakthrough experiments.

Based on the characterizations of the samples, the larger ultra-micropore volume corresponds to the
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higher selectivities. Sample 2a synthesized by non-corrosive methyl formate and nickel nitrate

shows the largest ultra-micropore volume and exhibits an enhanced high selectivity of acuy~, =

7.2—7.5 for the separation of CH4/N; in the pressure range of 2.0—10 bar. The sample can also be
easily regenerated and presents constant separation performances after cyclical adsorptive
separation experiments. The results of XRD, FT-IR, SEM, TGA/DSC and Ar adsorption indicate
that Sample 2a displays good crystallization, uniform crystal size (~ 140 nm) and permanent
porosity. The good separation performances presented by Sample 2a make it a promising candidate

as a sustainable and effective adsorbent for upgrading low-quality natural gas.
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Figure captions
Fig. 1 Comparison of the experimental powder X-ray diffraction patterns of synthesized

[Ni3(HCOO)¢] samples along with the simulated pattern from Reference [55].
Fig. 2 FT-IR spectroscopy of [Ni3(HCOO)e] samples.

Fig. 3 SEM images of [Ni3(HCOO)s] samples: (A) and (B) 1a, (C) and (D) 1b, (E) and (F) 2a, (G)
1c and (H) 2b.

Fig. 4 TGA curves of [Nis(HCOO)¢] samples in argon atmosphere.

Fig. 5 Argon adsorption isotherms of [Niz(HCOO)¢] samples: 1a (red squares); 1b (blue circles); 1c
(magenta up triangles); 2a (olive down triangles) and 2b (navy left triangles) measured at

87.3 K, respectively.

Fig. 6 Pure gas adsorption experiments: adsorption isotherms for CH4 at 288 K (black squares), 298
K (red cycles) and 308 K (blue up triangles) and N, at 288 K (green down triangles), 298 K
(magenta diamonds) and 308 K (wine stars) on (A) Sample 1a; (B) Sample 1b; (C) Sample
1c; (D) Sample 2a; (E) Sample 2b (Solid lines: Toth model). Toth model nicely fits each
CH4 and N, adsorption isotherm on [Ni;(HCOO)s] samples.

Fig. 7 CH4-N; selectivity as a function of pressure for [Ni3(HCOO)s] samples, zeolites and other
MOFs.

Fig. 8 Breakthrough curves of the CH4-N, equimolar mixture on [Niz(HCOO)s] samples at 298 K
for (A) Sample 1a, (B) Sample 1b, (C) Sample 1c, (D) Sample 2a, (E) Sample 2b at 2.0 bar
and (F) Sample 2a at 4.0 bar.

Fig. 9 Breakthrough curves on Sample 2a for five repeated cycles at 298 K and 4.0 bar.
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Fig. 1 Comparison of the experimental powder X-ray diffraction patterns of synthesized

[Ni3(HCOO)¢] samples along with the simulated pattern from Reference [55].
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Fig. 2 FT-IR spectroscopy of [Niz(HCOO)e] samples.
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Fig. 3 SEM images of [Niz(HCOO)s] samples: (A) and (B) 1a, (C) and (D) 1b, (E) and (F) 2a, (G)

1c and (H) 2b.
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Fig. 4 TGA curves of [Niz(HCOO)¢] samples in argon atmosphere.
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Fig. 5 Argon adsorption isotherms of [Ni3(HCOO)s] samples: 1a (red squares); 1b (blue circles); 1c
(magenta up triangles); 2a (olive down triangles) and 2b (navy left triangles) measured at 87.3 K,

respectively.
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Fig. 6 Pure gas adsorption experiments: adsorption isotherms for CH, at 288 K (black squares), 298

K (red cycles) and 308 K (blue up triangles) and N, at 288 K (green down triangles), 298 K

(magenta diamonds) and 308 K (wine stars) on (A) Sample 1a; (B) Sample 1b; (C) Sample 1c; (D)

Sample 2a; (E) Sample 2b (Solid lines: Toth model). Toth model nicely fits each CHs and N,

adsorption isotherm on [Niz(HCOO)s] samples.
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Fig. 7 CH4-N, selectivity as a function of pressure for [Ni3(HCOO)s] samples, zeolites and other

MOFs.
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Fig. 8 Breakthrough curves of the CH4-N; equimolar mixture on [Ni;(HCOO)s] samples at 298 K

for (A) 1a, (B) 1b, (C) 1c, (D) 2a, (E) 2b at 2.0 bar and (F) 2a at 4.0 bar.
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Fig. 9 Breakthrough curves on Sample 2a for five repeated cycles at 298 K and 4.0 bar.
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Table caption

Table 1 Yield and crystallinity data of [Ni3(HCOO)s] samples synthesized by different routes. ND,
no data.

Table 2 Porosity data of [Ni3(HCOO)s] samples synthesized by different routes based on Ar
adsorption isotherms. Sger and Siang are the BET and Langmuir surface areas, respectively.
Vi and Vi are the total pore volume and micropore volume, respectively.

Table 3 Ideal selectivities at zero coverage calculated from Henry’s law constants determined by
pure gas Toth isotherm parameters.

Table 4 Comparison of CH4/N, separation selectivity of [Niz(HCOO)¢] samples, BPL carbon and
5A zeolite at 298 K and 2.0 bar.
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Table 1 Yield and crystallinity data of [Niz(HCOO)] samples synthesized by different routes. ND,

no data.

Sample  Nickel HCOO- Product  Crystallinity

Number precursor precursor yield (%) (%)
la Nitrate FA 100 99.11
1b Acetate FA 97.8 94.06
1c Chloride FA 95.1 92.06
2a Nitrate MF 100 99.91
2b Acetate MF 100 82.57
2c Chloride MF 1.69 ND
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Table 2 Porosity data of [Ni3(HCOO)s] samples synthesized by different routes based on Ar
adsorption isotherms. Sger and Siang are the BET and Langmuir surface areas, respectively. V; and

Vmic are the total pore volume and micropore volume, respectively.

Sample SBET P/P, range for Stang P/Pyrange for V¢ Vmicd NLDFT
Number (m?/g) SBET” (m?/g) SLangb (cm’/g) (cm’/g) PSD (A)
la 232 0.005-0.0427 262 0.0533-0.3032 0.097 0.078 6.12

6.42
1b 331 0.007-0.0529 410 0.0529-0.3525 0.350 0.085 13
1c 284 0.007-0.0530 362 0.0530-0.3522 0.166 0.074 6.42
2a 327 0.007-0.0534 386 0.0534-0.3528 0.146 0.097 6.42

8.30
2b 173 0.0100-0.1517 292 0.1517-0.3520 0.130 0.022 1871

“The linearity of fitting for BET model is 0.9999. "The linearity of fitting for Langmuir model is 0.999. ¥,
(total pore volume) calculated by Gurvich-rule at P/Py=0.95. “Vyic (micropore volume) calculated by -Plot
method.
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Table 3 Ideal selectivities at zero coverage calculated from Henry’s law constants determined by

pure gas Toth isotherm parameters.

Ideal Selectivity

Sample Scin,
Number
288 K 298 K 308 K

la 6.0 6.1 5.7
1b 6.1 5.8 5.7
1c 6.1 6.0 5.8
2a 6.6 6.5 6.2
2b 4.8 4.7 4.8
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Table 4 Comparison of CH4/N, separation selectivity of [Ni3(HCOO)s] samples, BPL carbon and

5A zeolite at 298 K and 2.0 bar.

Material 008 [NBHCOO)] iﬁli;?i?;n >A zeolite [Ni3(1:1a380)6] [Ni3§{ag<(;0)6]
pairs selectivity 7] selectivity /BPL carbon I5A geolite
la CH4/N; 6.0 24 22 2.5 2.7
1b CH4/N, 59 24 2.2 2.5 2.7
1c CH4/N, 5.8 24 22 2.4 2.6
2a CH4/N; 7.2 24 22 3.0 3.3

2b CH4/N, 4.8 24 2.2 2.0 2.2
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Graphical Abstract
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The adsorptive separation selectivities of CH4/N, were successfully improved from 4.0—4.8 to
7.0—7.5 via synthesis optimization of the ultra-microporous [Niz(HCOO)s] frameworks.
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