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ABSTRACT: Using solid adsorbents for the destructive sorption of nitrogen trifluoride (NF3) presents a potential solution to its
dual challenges as a potent greenhouse gas and hazardous compound in microelectronics. In this study, a series of MOFs (M-MOF-
74, M = Mg, Co, Ni, Zn) with open metal sites (OMSs) are utilized for NF3 adsorption. By employing single-component adsorption
isotherms and the ideal adsorbed solution theory (IAST) selectivity calculations, the adsorption performance of various adsorbents is
evaluated. The results indicate that Mg, Co, and Ni-MOF-74 exhibit high adsorption capacities for NF3, while Zn-MOF-74 shows a
lower adsorption capacity, likely due to the weaker Lewis acidity of Zn2+. Experimental findings from PXRD and gas adsorption
studies indicate structural pore alteration in the MOF-74 series following NF3 gas adsorption. Theoretical computational analyses
reveal that the MOF-74 series has a higher adsorption affinity for NF3 compared to N2. This research provides insights into the use
of efficient MOF sorbents for the destructive adsorption of NF3.
KEYWORDS: metal−organic framework, nitrogen trifluoride, greenhouse gas, open metal sites, adsorption

■ INTRODUCTION
Nitrogen trifluoride (NF3) is a chemically and thermally stable
artificial inorganic gas used primarily in the cleaning and
etching processes of manufacturing procedures, particularly in
the production of large-scale integrated circuits and display
panels. However, depending on the specific equipment and
application, the utilization efficiency of NF3 in plasma
processes varies. A significant amount of reactants is wasted
in the exhaust gas stream and subsequently released into the
Earth’s atmosphere.1 It is noteworthy that NF3 is a significant
greenhouse gas. Although more environmentally friendly than
SF6, the global warming potential (GWP) of NF3 is 17,200
times greater than carbon dioxide, with a lifetime in the
atmosphere of up to 740 years.2 Although NF3 has not been
included in the Kyoto Protocol, the United Nations Frame-
work Convention on Climate Change has sensibly decided to
include NF3 in the second commitment period. Subsequently,

the Doha Amendment has included NF3 within the regulated
scope, thereby expanding the controlled greenhouse gas
portfolio to encompass seven gases. Average atmospheric
NF3 concentrations have risen from 0.02 parts per trillion
(ppt) in 1978 to 0.454 ppt in 2008, leading to severe
greenhouse effects. Also, it is important to note that NF3 is
toxic to humans. The Immediately Dangerous to Life or
Health (IDLH) value for NF3 is reported to be 1,000 parts per
million (ppm).
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Taking into consideration the greenhouse effect and toxicity
of NF3, it should be prioritized to reduce its emissions or
facilitate its elimination. The existing methods for treating NF3
waste gases primarily involve high-temperature thermal
decomposition or catalytic hydrolysis. However, these methods
result in the emission of highly toxic and corrosive gases, which
are highly detrimental to the environment and lack environ-
mental friendliness.3−6 In contrast, destructive sorption of NF3
by using solid adsorbents that could react with NF3 without
harmful gas production is a more environmentally friendly
approach. The key lies in the development of highly efficient
adsorbents.7−9 Some researchers have employed metal oxides
for the destructive adsorption of NF3,

10,11 but the specific
surface area of metal oxides is typically not high. Due to the
relatively low concentrations of NF3 in waste gas and the
atmosphere, adsorbents capable of adsorbing a significant
amount of NF3 under low pressure are preferable choices.
Metal−organic frameworks (MOFs) have been extensively
researched and developed in recent years. Their large specific
surface areas and tunable pore sizes make them suitable for gas
adsorption and storage applications.12,13 Most studies in the
field of fluorine-containing gas (F-gas) have only focused on
the capture of F-gas using MOFs.14−17 However, considering
the toxicity of NF3 gas, implementing permanent destructive
adsorption of NF3 would be more effective in reducing its
greenhouse effect and mitigating the associated hazards. There
are limited examples of utilizing MOFs for permanent
destructive adsorption of NF3, primarily due to the lack of
reactivity between most MOFs and NF3. MOFs containing
open metal sites (OMSs) exhibit Lewis acidic behavior and can
participate in chemical reactions with Lewis bases such as NF3.
The MOF-74 analogues have demonstrated exceptional
properties in the field of gas adsorption and separation,
particularly in CO2 adsorption.

18 Bae et al. have previously
reported the adsorption characteristics of SF6 on MOF-74
analogues.19 However, few studies have specifically inves-
tigated NF3 sorption on MOF-74.
Here, we utilize a series of MOFs, specifically M-MOF-74,

where M is Mg2+, Co2+, Ni2+, and Zn2+, containing OMSs to
facilitate the destructive adsorption of NF3. Single-component
gas adsorption isotherm results showed that Co-MOF-74
demonstrated the highest adsorption capacity. Notably, Co-
MOF-7 shows the ultrahigh NF3/N2 (1/9) separation
selectivity of 299.6 (298 K and 100 kPa), which sets a new
benchmark for inverse NF3/N2 separation. The PXRD and N2
sorption results of the post-adsorption MOFs indicate a
significant alteration in both the structural framework and pore
architecture, implying a chemical interaction between the
MOFs and NF3.

■ RESULTS AND DISCUSSION
The first MOF-74, also known as Zn-DOBDC, was reported
by Yaghi and co-workers.20 Following the report of Zn/
DOBDC, Co/DOBDC,21 Ni/DOBDC,22 and Mg/DOBDC18

were synthesized by other researchers subsequently. These
compounds have a crystal structure similar to that of Zn/
DOBDC, comprising MII ions that create linear, infinite-rod
secondary building units (SBUs) connected by DOBDC
ligands, leading to one-dimensional pore structures that are
hexagonal in shape (Figure 1a). The synthesized material
encompasses pores that are inhabited by solvent molecules,
which fulfill the coordination of the MII ions within the matrix.
Subsequent evaporated results in the removal of these solvent

molecules, leading to the creation of unsaturated metal sites or
OMSs. The phase purity of the synthesized MOF-74 analogues
was verified by powder X-ray diffraction (PXRD) analysis,
exhibiting a strong agreement with the calculated PXRD
pattern, as shown in Figure 1b. The evaluation of the porosities
of MOF-74 analogues was performed by sorption of N2 at 77
K. As illustrated in Figure 2, all of the MOFs demonstrate
characteristic type-I sorption behaviors, indicating the presence
of microporous structures within their frameworks. The
saturated N2 adsorption capacities of the four samples are as
follows: 360.7 cm3 g−1 for Mg-MOF-74, 316.2 cm3 g−1 for Co-
MOF-74, 282.8 cm3 g−1 for Ni-MOF-74, and 260.2 cm3 g−1 for
Zn-MOF-74, respectively. The surface area was determined
using the BET (Brunauer−Emmett−Teller) method (Figures
S1−S4). Accordingly, the BET surface areas of Mg-MOF-74,
Co-MOF-74, Ni-MOF-74, and Zn-MOF-74 were determined
to be 784.6, 1313.4, 1080.0, and 941.1 m2 g−1, respectively.
These values exhibit a reasonable agreement with those
previously reported in the literature.23−26 The results suggested
the MOF-74 analogues were successfully prepared. In addition,
nonlocal density functional theory (NLDFT) modeling reveals
that the pore size distribution for Mg-MOF-74 is primarily 9.0
Å, for Co-MOF-74 it is 10.7 Å, for Ni-MOF-74 it is 9.7 Å, and
for Zn-MOF-74 it is 10.3 Å (Figure 2), which are in line with
the pore aperture of 11 Å obtained from the single-crystal
structure.
The single-component gas adsorption isotherms were

employed to assess the adsorption capacity of NF3 and N2.
As shown in Figure 3a, the amount of NF3 adsorbed quickly
increased at low pressure, indicating that Mg-MOF-74 has a
stronger NF3 affinity. The Mg-MOF-74 showed an uptake of
50.5 cm3 g−1 for NF3 and 21.9 cm3 g−1 for N2 at 298 K and 100
kPa. The adsorption isotherms of NF3 on Co-MOF-74
exhibited a prompt increase in the low-pressure region with
an uptake of 54.0 cm3 g−1 at 10 kPa and 298 K (Figure 3b).
The adsorption of NF3 follows the typical type I isotherm, with
a total adsorption of 66.6 cm3 g−1, which is significantly higher

Figure 1. (a) The crystal structures and pore structures of MOF-74
with 1D hexagonal channels. (b) PXRD patterns of the as-synthesized
M-MOF-74.
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than that of N2 (18.8 cm3 g−1). As can be seen from Figure 3c,
the uptake of NF3 for Ni-MOF-74 also exhibits a significantly
steeper increase under 10 kPa compared to that of N2. At 298
K and 100 kPa, the NF3 and N2 uptakes for Ni-MOF-74 were
57.7 and 13.0 cm3 g−1, respectively. Unlike the aforementioned
three MOFs, Zn-MOF-74 exhibits a linear adsorption isotherm
for NF3 (Figure 3d) and the NF3 sorption amount is much
smaller. Adsorption isotherms in Figure 3d showed that the
amount adsorbed of NF3 and N2 for Zn-MOF-74 were 31 and
8.9 cm3 g−1, respectively. Despite the four MOF-74 analogues
having similar pore sizes, Zn-MOF-74 exhibits significantly
different NF3 adsorption behavior. The observed dissimilarity
in NF3 adsorption behavior among the four isomers of MOFs
with similar pore sizes can potentially be attributed to the
diverse extent of interaction between NF3, functioning as a
Lewis base, and MOF-74, characterized by distinct Lewis
acidities. This difference in Lewis acid−base reactivity may
result in contrasting adsorption properties, thereby influencing
the overall adsorption isotherms. The NF3 and N2 adsorption
isotherms at 273 K and 100 kPa are shown in Figures S5−S8.
Both gases’ adsorption capacities exhibit an increase under
these circumstances. The calculated adsorption heats of NF3

on Mg-MOF-74, Co-MOF-74, Ni-MOF-74, and Zn-MOF-74
at zero loading are 108.8, 61.6, 21.8, and 131.3 kJ/mol (Figure
S9), respectively.
To evaluate the gas separation ability of samples, ideal

adsorbed solution theory (IAST) calculations of NF3/N2 (1/9,
v/v) mixture adsorption were performed based on the single
gas adsorption isotherm. As shown in Figure 4a, the calculated

IAST selectivity of Mg-MOF-74 under conditions of 298 K
and 100 kPa for binary gas mixtures composed of NF3/N2 (1/
9, v/v) was found to be 58.4. In the pressure range 0−100 kPa,
the selectivity of Mg-MOF-74 toward NF3/N2 reduces
gradually. This can be attributed to the higher capacity of
Mg-MOF-74 for NF3 at lower pressures. As the pressure
increases, the capacity for NF3 gradually reaches equilibrium.
This reveals the dynamic interaction between pressure and the
adsorption behavior of Mg-MOF-74 on NF3. A comparable
situation has occurred in both Co-MOF-74 and Ni-MOF-74,
in which their selectivities toward NF3/N2 (1/9, v/v) are 299.6
(Figure 4b) and 88.2 (Figure 4c) at 298 K and 100 kPa,
respectively. Owing to Zn-MOF-74’s low adsorption capacity
and weak adsorption affinity toward NF3, its selectivity for

Figure 2. N2 sorption isotherms at 77 K on (a) Mg-MOF-74, (b) Co-MOF-74, (c) Ni-MOF-74, and (d) Zn-MOF-74. Pore size distribution and
pore volumes curves of (e) Mg-MOF-74, (f) Co-MOF-74, (g) Ni-MOF-74, and (h) Zn-MOF-74.

Figure 3. Single component NF3 and N2 adsorption isotherms for (a)
Mg-MOF-74, (b) Co-MOF-74, (c) Ni-MOF-74, and (d) Zn-MOF-74
at 298 K and 100 kPa.

Figure 4. IAST-predicted NF3/N2 (1/9) selectivity on (a) Mg-MOF-
74, (b) Co-MOF-74, (c) Ni-MOF-74, and (d) Zn-MOF-74 at 298 K
and 0-100 kPa.
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NF3/N2 is only 2.8 (Figure 4d) at 298 K and 100 kPa. Co-
MOF-74 displays the highest NF3/N2 selectivity among the
four MOFs studied and outperforms several materials
previously reported in the literature for NF3/N2 selectivity,
namely, POPTrB-8F (5.7),27 Co3(HCOO)6 (19.2),

28

Mn3(HCOO)6 (20.0),
28 Ni3(HCOO)6 (30.0),

28 SBMOF-1
(21.0),29 Ni-MOF (35.8),14 NH2−Ni-MOF (32.4),14 PC-750
(61.4),30 and others. The adsorption curve indicates Co-MOF-
74 has a stronger affinity for NF3 at low pressures, with an
adsorption capacity of up to 54.0 cm3 g−1 (2.41 mmol g−1) at
10 kPa. This observation suggests significant host−guest
interactions.
To verify the occurrence of reverse reaction between NF3

and the MOF-74 series, we conducted tests on the adsorption
isotherms of N2 on MOF-74 after NF3 adsorption and the
subsequent adsorption isotherm of NF3 for the second time.
Additionally, the PXRD patterns of the MOF-74 samples after
NF3 adsorption were examined. The crystalline architecture of
the MOF-74 series subjected to NF3 adsorption has become
compromised, as illustrated by Figure 5a. This outcome
elucidates the gas-phase degradation of the crystalline
architecture within the MOF-74 series induced by NF3. As
shown in Figure 5b−e, the isotherm experiment results for the
second instance of single-component NF3 gas adsorption also
signify that the MOF-74 series can no longer adsorb NF3 gas.
Conducting nitrogen adsorption tests at a low temperature of
77 K on the MOF-74 series that has undergone NF3
adsorption revealed that all the MOF-74 series no longer
exhibit a microporous structure (Figures S10−S13). This
observation underscores the disruptive adsorptive capability of
MOF-74 toward NF3 gas, thereby potentially mitigating the
atmospheric impact of NF3 emissions.
The SEM images of Ni-MOF-74 and Zn-MOF-74 sorbents

as examples are shown in Figure 6. Before the adsorption of
NF3 gas, the surfaces of these two MOFs exhibited a sleek and
well-defined morphology (Figure 6a,c). Following the
adsorption of NF3 gas, the surfaces of these two MOFs
transformed, exhibiting a notably roughened texture (Figure
6b,d). From the analysis using energy dispersive X-ray

spectroscopy (EDS) (Figures S14−S21), it is evident that
the concentration of F significantly increases within the spent
MOF samples after NF3 adsorption.
Figure 7 illustrates the proposed NF3 destructive sorption

mechanism on M-MOF-74. Based on the preceding exper-
imental outcomes, it is discernible that following the

Figure 5. (a) The PXRD pattern of M-MOF-74 after NF3 sorption. NF3 adsorption isotherms from the second measurement for (b) Mg-MOF-74,
(c) Co-MOF-74, (d) Ni-MOF-74, and (e) Zn-MOF-74 at 298 K.

Figure 6. SEM images of (a) Ni-MOF-74, (b) spent Ni-MOF-74, (c)
Zn-MOF-74, and (d) spent Zn-MOF-74.

Figure 7. Schematic illustration of the proposed NF3 destructive
sorption mechanism on M-MOF-74.

Chem & Bio Engineering pubs.acs.org/ChemBioEng Article

https://doi.org/10.1021/cbe.3c00096
Chem Bio Eng. 2024, 1, 535−540

538

https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00096/suppl_file/be3c00096_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00096/suppl_file/be3c00096_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00096?fig=fig7&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


adsorption−desorption of NF3 gas, the framework of M-MOF-
74 experiences structural collapse. This potential explanation
derives from the interaction between NF3 gas molecules and
MOF-74 metal sites.
In order to gain a better insight into the adsorption

interactions between the gases and their adsorption sites, grand
Canonical Monte Carlo (GCMC) simulations were performed.
As shown in Figure 8, the intermolecular distances between

NF3 molecules and the MOF-74 series are uniformly shorter
than those between N2 molecules and MOF-74. The
observation suggests that MOF-74 has a higher affinity for
NF3 molecules.

■ CONCLUSIONS
NF3 is of great industrial significance; however, its emissions
have severe implications for greenhouse gas emissions and
public health. Mitigating the risks associated with NF3
necessitates adopting an effective strategy such as destructive
adsorption using solid adsorbents. In this investigation, we
utilized the MOF-74 materials, featuring accessible metal sites,
for NF3 adsorption. Our experimental findings revealed that
Mg, Co, and Ni-MOF-74 exhibit remarkable adsorption
capacities for NF3, while Zn-MOF-74 displayed comparatively
lower adsorption efficiency. Co-MOF-74 was found to adsorb
up to 54.0 cm3 g−1 of NF3 at 10 kPa and 298 K.
Simultaneously, it demonstrated the highest selectivity, reach-
ing up to 299.6. This discrepancy can be attributed to
variations in the acidity of the different metals, influencing
their affinity for NF3. This study sheds light on the potential of
destructive adsorption for addressing NF3 emissions, thereby
contributing to innovative approaches for tackling this issue.
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