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A B S T R A C T   

Bismuth-based metal-organic frameworks (Bi-MOFs) such as bismuth subgallate are important for applications 
ranging from medicine to gas separation and catalysis. Due to the porous nature of such Bi-MOFs, it would be 
valuable to understand their gas sorption and separation properties. Here, we present the gas sorption properties 
of three microporous Bi-MOFs, namely, CAU-17, CAU-33, and SU-101, along with a new trimesate-based 
structure, UU-200. We perform a detailed analysis of the sorption properties and kinetics of these Bi-MOFs. 
UU-200 shows good uptake capacities for CO2 (45.81 cm3 g− 1 STP) and SF6 (24.69 cm3 g− 1 STP) with CO2/ 
N2 and SF6/N2 selectivities over 35 and 44, respectively at 293 K, 100 kPa. The structure of UU-200 is inves-
tigated using continuous rotation electron diffraction and is found to be a 3D porous framework containing pores 
with a diameter of 3.4–3.5 Å. Bi-MOFs as a group of relatively under-investigated types of MOFs have interesting 
sorption properties that render them promising for greenhouse gas adsorbents with good gas uptake capacities 
and high selectivities.   

1. Introduction 

The emission of greenhouse gases (GHGs), and in particular carbon 
dioxide (CO2), has become an ever-increasing concern in today’s society 
as global warming and climate change-related issues become more ur-
gent [1–3]. Efforts have been made in the last couple of decades to 
reduce the anthropogenic emission of CO2 through investments into 
renewable energy sources, efficiency improvements, and low-carbon 
fuels, to name a few [4,5]. Carbon capture and storage (CCS) technol-
ogies have garnered significant attention in the last couple of decades as 
a potential low-cost and facile alternative for CO2 sequestration through 
the use of solid microporous sorbents such as zeolites [6,7], porous 
carbons [8,9], and metal-organic frameworks (MOFs) [10,11]. CO2 
capture and separation through the use of liquid amine solutions (also 
known as amine scrubbing) has been utilized in industrial plants since 
the 1930s [12]. The corrosivity and volatility along with high-energy 
requirements and cost for recycling the amine-based solutions impose 
certain limitations on this CCS technology. However, contrary to the 

traditional amine-based absorption methods, solid sorbents present 
potential advantages such as reduced regeneration energy requirements, 
improved ease of handling, high adsorption capacities, and good sepa-
ration performances, to name a few [13]. In particular MOFs, a diverse 
and relatively new class of functional porous materials, have attracted 
attention as promising sorbents for greenhouse gas capture and sepa-
ration [14]. The structural diversity of MOFs arises due to the wide 
range of metal cations (or metal clusters), also known as secondary 
building units (SBUs), and organic linkers that can be combined to form 
2D and 3D frameworks of various topologies. Enabling the formation of 
framework materials with tunable pore sizes and shapes, surface func-
tionalities, and physical properties [2,10], making these materials 
interesting for various applications beyond CCS technologies, such as in 
drug delivery, catalysis, energy conversion, gas sensing, and 
luminescence-based sensing [15–20]. Many MOF structures containing 
metals from the s-, p-, d-, and f-blocks have been synthesized over the 
years [21,22]; however, bismuth-based MOFs have remained relatively 
scarce. Organometallic complexes such as bismuth subgallate, an active 
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pharmaceutical ingredient used to treat mild gastrointestinal ailments, 
have been shown to have noticeable CO2 and N2 porosities [23], how-
ever, only a handful of bismuth complexes have been observed to be 
highly microporous [24,25]. The emergence of the first permanently 
porous Bi-MOF, CAU-7, composed of 1,3,5-benzenetrisbenzoate with a 
recorded specific surface area of 1150 m2 g− 1, was introduced by Nor-
bert Stock’s group at Christian-Albrechts-Universität (= CAU) in 2012 
[26]. Porous bismuth-based MOFs composed of various other organic 
linkers have followed during the last decade, such as NOTT-220 (3,3′,5, 
5′-tetracarboxylate-based) [27], CAU-35 (triazine-2,4,6-triyl--
tribenzoate-based) [28], CAU-17 (1,3,5-benzenetricarboxylate-based) 
[29], CAU-33 (1,2,4,5-tetrakis-(4-carboxyphenyl)benzene-based) [30], 
Bi-NU-901 (1,3,5,8-(p-benzoate)pyrene-based) [31] and SU-101 (ella-
gate-based) [32], to name a few. The trimesate-based MOF CAU-17 has 
been shown to possess an intricate topological structure [33] and 
Bi-MOFs with various structures have been synthesized using 1,3,5-ben-
zenetricarboxylic acid as the organic linker [34–37]. As such, due to 
their structural versatility trimesate-based Bi-MOFs could prove to be 
interesting sorbents for greenhouse capture applications. 

Herein, we present a detailed analysis of the gas sorption properties 
of a new Bi-MOF, UU-200 (UU = Uppsala University), synthesized from 
1,3,5-benzenetricarboxylic acid and Bi(NO3)3⸱5H2O, and three micro-
porous bismuth-based MOFs; CAU-17, CAU-33, and SU-101. The struc-
ture of UU-200 was studied using a 3-dimensional electron diffraction 
(3DED/MicroED) technique along with powder X-ray diffraction 
(PXRD). The porosities and greenhouse gas capture properties of the Bi- 
MOFs were investigated using a volumetric equilibrium-based sorption 
method and the CO2 adsorption kinetics were studied using a 
gravimetric-based technique. The rate-limiting mechanisms governing 
the CO2 adsorption process were investigated using the obtained 
gravimetric adsorption profiles and estimated CO2 diffusivities were 
calculated. 

2. Experimental 

2.1. Materials 

Bismuth(III) nitrate pentahydrate (Bi(NO3)3⸱5H2O), 1,3,5-benzene-
tricarboxylic acid (Trimesic acid, H3BTC), 1,2,4,5-tetrakis-(4-carboxy-
phenyl)benzene (H4TCPB), and Acetic acid ≥99% were purchased 
from Sigma-Aldrich, USA. N,N-Dimethylformamide (DMF), Methanol 
(MeOH), Ethanol (EtOH), Toluene, Ellagic acid dihydrate, and Bismuth 
(III) acetate (BiAc3) were purchased from VWR International AB, 
Sweden. 

All chemicals were used as obtained without further purification. 

2.2. Synthesis 

2.2.1. Synthesis of UU-200 
In a typical synthesis, Bi(NO3)3⸱5H2O (454 mg, 936.8 μmol) and 

H3BTC (957 mg, 4.6 mmol) were dissolved in 10 ml and 15 ml of DMF, 
respectively. The two solutions were thereafter mixed, by the addition of 
the metal salt solution to the H3BTC solution, after which the mixture 
was transferred to a 50 ml Teflon-lined stainless-steel autoclave. The 
autoclave was heated at 140 ◦C for 72 h and left to cool to room tem-
perature. The obtained product was collected by centrifugation at 3800 
rpm, washed once with 40 ml DMF and solvent-exchanged in a 50 ml 
solution of MeOH and DMF (1:1 v/v) at 100 ◦C for 20 min. Lastly, the 
product was further washed with 40 ml MeOH twice and finally dried 
overnight in a ventilated oven at 70 ◦C. 

2.2.2. Synthesis of CAU-17 
CAU-17 was prepared with an adaption of a previously reported 

procedure [29]. Briefly, a solid mixture of Bi(NO3)3⸱5H2O (50 mg, 103.1 
μmol) and H3BTC (250 mg, 1.2 mmol) was dissolved in 50 ml MeOH. 
The clear and homogenous mixture was transferred to a 50 ml 

Teflon-lined stainless-steel autoclave and heated at 120 ◦C for 12 h. The 
obtained white product was collected from the cooled autoclave by 
centrifugation at 3800 rpm for 20 min, washed with 40 ml MeOH three 
times, and dried in a ventilated oven at 70 ◦C overnight. 

2.2.3. Synthesis of CAU-33 
CAU-33 was prepared according to a previously reported procedure 

[30]. Briefly, Bi(NO3)3⸱5H2O (174 mg, 358 μmol) and H4TCPB (100 mg, 
179 μmol) were dissolved in a mixture of 4.5 ml DMF and 0.5 ml toluene 
and transferred to a 25 ml Teflon-lined stainless steel autoclave. The 
autoclave was heated at 120 ◦C for 12 h and thereafter left to cool to 
ambient temperatures naturally. The obtained product was 
solvent-exchanged in a 1:1 mixture of MeOH and DMF at 100 ◦C for 10 
min, washed with MeOH three times, and dried in a ventilated oven at 
70 ◦C for 40 min. 

2.2.4. Synthesis of SU-101 
SU-101 was synthesized according to procedures reported by 

Svensson Grape et al. [32]. Briefly, BiAc3 (380 mg, 1.0 mmol) and ellagic 
acid dihydrate (150 mg, 0.5 mmol) were dispersed in a mixture of 1.8 ml 
concentrated acetic acid and 28.3 ml deionized water. The dispersion 
was left stirring at room temperature for 48 h, after which the product 
was separated by centrifugation at 3800 rpm for 20 min, washed with 
deionized water once and EtOH twice, and finally dried in a ventilated 
oven at 70 ◦C overnight. 

2.3. Characterization 

Powder X-ray diffraction (PXRD) diffractograms were recorded on a 
Bruker D8 Advance Powder diffractometer (Bruker, Bremen, Germany) 
operated at 40 kV and 40 mA, using Cu Kα radiation (λ = 1.5418 Å), a 
step-size of 0.02◦ and a time-per-step of 0.3 s. PXRD data for Rietveld 
refinement of UU-200 were collected using a Panalytical X’Pert alpha1 
powder X-ray diffractometer equipped with Johansson Ge mono-
chromator producing Cu-Kα1 radiation (λ=1.540598 Å). Scanning 
electron microscopy (SEM) images were obtained on a Zeiss Merlin Field 
Emission Scanning Electron Microscope (Oberkochen, Germany) using 
an acceleration voltage of 2.5 kV and a probe current of 80 pA. All 
samples were sputter-coated with a thin layer of Pd/Au prior to imaging. 
Fourier transform infrared (FTIR) spectra were recorded on a Bruker 
Tensor 27 (Bruker, Bremen Germany) using a platinum-attenuated total 
reflectance (ATR) accessory. Gas sorption experiments were carried out 
on a Micromeritics ASAP 2020 surface area analyzer (Norcross, GA, 
USA) and all samples were degassed at 423 K for 3 h in dynamic vacuum 
(1 × 10− 4 Pa) before analysis. Brunauer-Emette-Teller (BET) and 
Langmuir specific surface areas were calculated from N2 isotherms 
recorded at 77 K at 4.5–16 kPa and p/p0 = 0.05–0.15, respectively. Pore 
size distributions were calculated using the Density Functional Theory 
(DFT) function in the Micromerities MicroActive software using the N2 
isotherms, the slit pore model for N2 was used for these calculations. 
Total pore volumes were determined from N2 and H2O isotherms 
recorded at 77 K and 293 K, respectively, using a single point from the 
adsorption branch at 0.98 and 0.93 p/p0. These p/p0-values were chosen 
(instead of 0.99 in both cases) to avoid possible overdosing of the 
samples due to experimental error, which would cause the condensation 
of the adsorbate gas and hence overestimating the pore volume. Sorp-
tion isotherms of CH4, CO2, N2, and SF6 between 273 and 303 K were 
also obtained using the Micromeritics ASAP 2020 surface area analyzer 
(Norcross, GA, USA) but with an insulating water bath containing either 
water or a water-ice slurry. The gas selectivities were calculated for 
theoretical gas mixtures containing CH4/N2 (50:50), CO2/CH4 (50:50), 
CO2/N2 (85:15), and SF6/N2 (10:90) using s = (qgas1/qgas2)/(Pgas1/Pgas2) 
and the Ideal Adsorption Solution Theory (IAST). Single-component 
isotherms of CH4, CO2, N2, and SF6 recorded at 293 K were used for 
the IAST calculations (see Section 7 in Supporting Information for more 
details) and all isotherms were fitted with the single-site Langmuir 
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model, dual-site Langmuir model, or Toth model. Isosteric enthalpies of 
adsorption (-ΔHads) were calculated using the Clausius-Clapeyron 
equation on CO2 and SF6 adsorption isotherms recorded at 273, 283, 
293, and 303 K and fitted using the dual-site Langmuir model or Toth 
model. Gravimetric adsorption profiles were recorded using a Mettler 
Toledo TGA/DSC 3+ (Schwerzenbach, Switzerland) using N2 as purge 
gas and CO2 as sorbate. All experiments were carried out on 2.5–7.5 mg 
of material degassed at 423 K for 30 min in an N2 atmosphere (50 ml 
min− 1 flow rate) prior to the gas being switched to CO2, which occurred 
at 303 K and proceeded for 20 min (50 ml min− 1 flow-rate). The ob-
tained CO2 adsorption profiles were further studied using three diffusion 
models and estimated CO2 diffusivities were calculated (see Section 9 in 
Supporting Information for details). 

2.4. Structure determination 

Continuous rotation electron diffraction (cRED) was used to deter-
mine the structure of UU-200. The sample was prepared by crushing the 
powder in agate mortar and dispersing it in absolute ethanol. A droplet 
of the suspension was transferred to a copper grid covered with a holey 
carbon film. cRED data were collected using a JEOL JEM-2100 trans-
mission electron microscope (TEM) (Akashima, Japan). The TEM was 
operated at 200 kV and the sample was mounted on a cryo-transfer to-
mography sample holder (Gatan 914) and cooled to 98 K using liquid N2 
during the data collection. The cRED data were collected by continu-
ously tilting the goniometer and registered using a high-speed hybrid 
detection camera (Timepix Quad, ASI) using the software Instamatic 
[38]. 3D ED datasets were processed using the software XDS [39]. In-
tegrated reflection intensities from three datasets were merged and used 
for structure determination. The structure solution of UU-200 was 

performed by direct methods using software SIR2014 [40] and the 
structure refinement was performed using SHELXL-97 [41]. 

3. Results and discussion 

3.1. Structure of UU-200 

While the structure of CAU-17, CAU-33, and SU-101 were reported in 
recent literature [29,30,32,33], the structure of UU-200 has not been 
previously reported. The cRED data from UU-200 could be indexed 
using an orthorhombic unit cell: a = 22.51 Å, b = 27.53 Å, and c = 10.42 
Å, and space group Pnnm (No. 58), see Fig. 1. A Pawley fit against 
in-house PXRD data was performed and confirmed the space group and 
unit cell parameters a = 21.6381 Å, b = 27.9108 Å, and c = 9.8961 Å 
(Fig. S1). The structure of UU-200 was determined from cRED data of 
88% completeness with a resolution up to 1.2 Å and Rint = 0.35, using 
unit cell parameters obtained from the Pawley fit. The structure solution 
resulted in three bismuth, eight oxygen, and 27 carbon atoms in the 
asymmetric unit. Eight additional oxygen atoms were located from the 
difference electrostatic potential map during refinement to complete the 
structure. The structure refinement converged with an R1-value of 0.33 
and GooF of 2.23, see Table S1 for complete statistics. 

The structure of UU-200 was also confirmed by refinement against 
PXRD data. Rietveld refinement converged with Rwp = 0.205, further 
details regarding the Rietveld refinement can be found in SI (Table S2 
and Fig. S4). UU-200 crystallizes in space group Pnnm (No. 58) and 
exhibits a 3D structure containing three Bi3+ ions and four 1,3,5-benze-
netricarboxylate (BTC3− ) anions in the asymmetric unit. The Bi13+ and 
Bi33+ ions are coordinated with 10 oxygen atoms from six different 
BTC3- anions, and Bi23+ is coordinated with nine oxygen atoms from five 

Fig. 1. (a) Projection of the 3D reciprocal lattice reconstructed from the cRED data with an inset of the crystal from which data were collected. 2D slices from the 3D 
data including the (b) 0kl, (c) hk0, and (d) h0l families of reflections. 
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different BTC3− anions (Fig. 2d). The structure of UU-200 contains 
bismuth atoms that are connected to form Bi2 secondary building units 
(SBUs) (Fig. 2d). They are connected via three (for Bi2 and Bi3) and four 
(for Bi1) oxygen atoms from different BTC3− anions. The distance be-
tween Bi2 and Bi3 is 4.04 Å and the distance between two Bi1 atoms in a 
Bi2 SBU is 3.99 Å. Bi2 SBUs have previously been reported for two Bi3+- 
MOF structures, namely, Bi-BTC [34,35] and SU-100 [42]. Due to the 
difference in coordination environment, they all exhibit different 
structures. UU-200 exhibits a 3D pore system limited by small windows. 
Diffusion along the c-axis will be limited by a triangular pore with a size 
of 3.49 Å, and diffusion along the a- and b-axes will both be limited by a 
3.42 Å window, see Fig. S3 (all sizes are given after subtraction of the 
van der Waals radii, 1.35 Å for oxygen and 1.70 Å for carbon). Which 
was found to be smaller than the crystallographic pore apertures ob-
tained from CAU-17 (9.6 Å, 3.6 Å, and 3.4 Å) [33], CAU-33 (9.5 × 4.6 Å 
and 4.4 × 4.1 Å) [30], and SU-101 (6 - 7 Å) [32]. 

Each of the four symmetry-independent BTC3− anions are in a 
different chemical environment, see Fig. S2. One of the BTC3− anions 
coordinates with all three carboxylate groups in a bidentate chelating 
mode to a Bi3+, a second BTC3− anion coordinates with two of the 
carboxylate groups in a chelating mode to each one Bi3+ ion while the 
remaining carboxylate chelate to one Bi3+ and forms an additional bond 
to one additional Bi3+. The remaining two BTC3− anions chelate with 
one carboxylate group to a Bi3+ while the last two carboxylate groups 
form three bonds each to two different Bi3+-ions. IR spectra of UU-200 
(Fig. S9) also show a clear interaction between the Bi3+ ions and the 
BTC3− linker, as indicated by a slight blue-shift of the carboxylate group 
of in the linker from approx. 1694 cm− 1 to slightly higher wavenumbers. 
The structures of UU-200 and CAU-17 are both built from Bi3+ ions 
connected by BTC3− anions. Their crystal structures are however 
different. In CAU-17, each Bi3+ (there are nine symmetry independent 
Bi3+) is coordinated by nine oxygen atoms - eight of these oxygen atoms 
belong to carboxylate groups of the BTC3− ions and the ninth is a 
coordinating water molecule. This is different from the structure of UU- 
200 as described above. The crystal structure of UU-200 is also different 
from that of the intermediate [Bi(HBTC) (NO3) (MeOH)]⋅MeOH phase 
identified by Köppen et al. [29] which contains coordinating NO3

− ions. 

3.2. Porosity of Bi-MOFs by N2 and H2O sorption 

Nitrogen sorption isotherms and the calculated specific surface areas 
(SSAs) (Fig. 3 and Table 1) show that the four studied Bi-MOFs were 
porous towards N2 at 77 K. According to the structural study, the pores 
of UU-200 were found to be comparable to the kinetic diameter of N2. In 
fact, very slow N2 diffusion was observed in UU-200 while recording the 
N2 sorption isotherm (with an excess equilibration time required at low 
pressures). Indicating the presence of very narrow pores on UU-200. 
Pores with effective diameters close to the kinetic diameter of N2 (or 
other adsorbates of choice) would effectively restrict the diffusion of N2 
into the pores. This could result in an extensive amount of time needed 
for an equilibrium adsorption point to be recorded during the gas 
adsorption experiments, or severely restrict N2 diffusion (i.e. in zeolite 

Fig. 2. The structure of UU-200 viewed along the (a) a-, (b) b- and (c) c-axes, respectively, d) the two unique Bi2 SBUs of the UU-200 structure. Bismuth is shown in 
purple, oxygen in red, and carbon in grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Nitrogen sorption isotherms of UU-200, CAU-17, CAU-33, and SU-101 
recorded at 77 K. The adsorption and desorption branches of the isotherms 
are indicated by filled and hollow symbols, respectively. 
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3A [7]), in both cases, the specific surface area and pore volume of the 
material would be underestimated. Similar to what was observed 
recently on some mixed-linker ZIF-7-8s [43]. As a result, N2 sorption 
points at very low relative pressures were omitted during the recording 
of the isotherm. The values listed in Table 1 for UU-200 are therefore 
expected to be underestimates of the true values. Micropore analysis 
(which requires data points at low relative pressures) by N2 sorption 
using the same settings as those for the other Bi-MOFs was therefore not 
performed on UU-200. On the other hand, CO2 sorption isotherms 
(discussed in detail later) of UU-200 suggested that the structure has 
comparable porosity to CAU-17, CAU-33, and SU-101. 

The DFT-PSD of CAU-17, CAU-33, and SU-101 (Fig. S12) were found 
to be in good agreement with previously published data [29,30,32] and 
all three Bi-MOFs were found to be microporous (pores of <2 nm in 
diameter [44]). Discrepancies between the estimated size of the pore 
apertures in this study as compared to previous literature can most likely 
be attributed to a difference in crystallinity (see Fig. S5) and different 
degrees of pore-evacuation prior to the N2 sorption measurements. The 
pore size calculation on UU-200 was not performed, as previously 
mentioned, due to the slow diffusion of N2. Detailed discussion related to 
the limit of N2 sorption on narrow pores could be found in our previous 
work [43]. 

As N2 could not be used as an adsorbate to probe the porosity of UU- 
200, water (H2O) sorption isotherms were recorded for all Bi-MOFs at 
293 K. According to the isotherms shown in Fig. 4, H2O as a small 
adsorbate (kinetic diameter of 2.8 Å [45] compared to 3.6 Å for N2 [46]) 
was able to freely adsorb on all of the Bi-MOFs, including UU-200. The 
porosity of UU-200 could be qualitatively demonstrated using H2O as 
adsorbate and the respective pore volumes of the Bi-MOFs are presented 
in Table 1. However, as H2O molecules would interact with each other, 
and possibly with the Bi-MOF frameworks in the free and adsorbed state, 
calculations of the SSAs of the Bi-MOFs using the H2O sorption data were 
not performed due to the complexity of using water as an adsorbate 
(water molecules are expected to interact with each other and therefore, 
deviate from the assumptions made by the BET and Langmuir models). 
The shape of the isotherms were found to differ significantly between 
the different MOFs. A Langmuir-shaped isotherm was observed for 
UU-200 and CAU-17. The step in the adsorption branch of the isotherm 
for CAU-17 has previously been found to correspond to a sequential H2O 
adsorption in the smaller triangular and rectangular pores taking place 

at pressures below 20 kPa, followed by adsorption in the larger hexag-
onal pores above 20 kPa, in the framework [29]. Similarly, the hysteresis 
that is observed for CAU-33 may be connected to a difference in H2O 
desorption rate from the larger (9.4 × 4.6 Å) and smaller (4.4 × 4.1 Å) 
1D channels in the material [30]. The Langmuir-shaped isotherm of 
UU-200 points toward an enhanced H2O affinity to the materials as 
compared to CAU-33 and SU-101. This enhanced affinity is assumed to 
be due to the presence of more suitable sized pores in UU-200 and 
CAU-17, and not due to a significant difference in framework hydro-
philicity. As the organic linker in CAU-33 can be assumed to have a 
similar hydrophobic character to the BTC-linker, while the 
ellagate-linker in SU-101 may show slightly higher hydrophilic prop-
erties due to the lactone ring on the ligand [32]. The calculated pore 
volume of SU-101 was found to be significantly lower as compared to 
those estimated made from N2 sorption. This was discrepancy may be 
attributed to an intraparticle condensation of N2 at relative pressures 
above p/p0 = 0.80, or possible mesoporosity that arises from structural 
defects. Determination of the total pore volume at a p/p0 of 0.80 resulted 
in a pore volume that was comparable to that obtained from H2O 
sorption (Table 1). This increased affinity is likely related to the pore 
size of UU-200. A comparison between the calculated pore volumes 
determined from the N2 isotherms at 77 K and the H2O isotherms 
recorded at 293 K (Table 1) shows very different porosities for the MOFs. 
While UU-200 was found to have low porosity as determined by N2, the 
obtained porosities from the H2O sorption isotherms show UU-200 to be 
comparable to the other three Bi-MOFs (given that the hydrophilicity of 
the frameworks can be assumed to be somewhat comparable). 

3.3. Greenhouse gas adsorption and separation on Bi-MOFs 

The Bi-MOFs synthesized in this study were examined for their 
ability to separate and adsorb greenhouse gases. Equilibrium gas sorp-
tion isotherms were recorded at 293 K on the synthesized Bi-MOFs using 
CH4, CO2, N2, and SF6 as adsorbed gases (Fig. 5). The gas uptake ca-
pacities at 100 kPa are listed in Table 2. Due to the restricted N2 diffu-
sion observed on UU-200 at 77 K, the N2 adsorption isotherms at 293 K 
were further investigated in order to evaluate the pore size effect. The N2 
sorption capacity of UU-200 at 100 kPa (3.59 cm3 g− 1 STP) was found to 
be comparable to CAU-17 (4.78 cm3 g− 1 STP) and SU-101 (2.36 cm3 g− 1 

STP), despite the noticeably higher N2-porosity on the latter two MOFs. 
This indicated that the limited N2 access observed on UU-200 at 77 K, 
which was attributed to the presence of narrow pores, could in fact also 

Table 1 
Langmuir and BET specific surface areas and pore volumes of UU-200, CAU-17, 
CAU-33, and SU-101. The values for UU-200 (in brackets) are likely to be 
underestimated due to the pore-size limited adsorption of N2.  

Sample SSALangmuir
a 

(m2 g− 1) 
SSABET

b 

(m2 g− 1) 
Vmicro

c 

(cm3 g− 1) 
Vtot

d 

(cm3 

g− 1) 

Vtot, H2O
e 

(cm3 g− 1) 

UU- 
200 

(141) (115) – (0.07) 0.13 

CAU- 
17 

610 496 0.22 0.22 0.20 

CAU- 
33 

459 373 0.15 0.19 0.16 

SU-101 426 344 0.13 0.22 
(0.17)f 

0.13  

a Langmuir specific surface areas (SSALangmuir) were calculated using the 
Langmuir equation between 4.5 and 16 kPa. 

b BET specific surface areas (SSABET) were calculated using the Brunauer- 
Emmett-Teller (BET) equation between 0.05–0.15 p/p0. 

c Micropore volumes (Vmicro) were estimated using the t-plot method. 
d Total pore volumes (Vtot) were determined using a single-point from the 

adsorption branch of the isotherm at p/p0 = 0.98. 
e Total pore volumes (Vtot) were determined at 293 K using a single-point from 

the adsorption branch of the H2O isotherm at p/p0 ≥ 0.93. 
f Vtot determined using a single-point from the adsorption branch of the 

isotherm at p/p0 = 0.80. 

Fig. 4. Water sorption isotherms recorded at 293 K and 100 kPa for UU-200, 
CAU-17, CAU-33, and SU-101. The adsorption and desorption branches of the 
isotherms are indicated by filled and hollow symbols, respectively. 
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be related to a mild thermally responsive structural change in the 
framework. Negative thermal expansions (NTE), i.e. a reduction in the 
crystallographic unit cell with increasing temperature, has been 
observed in MOFs such MOF-5 [47], IRMOFs [48], Cu3BTC2 [49], and 
UiO-66(Hf) [50], while positive thermal expansion (PTE) effects, i.e. an 
increase in the crystallographic unit cell with increasing temperature, 
has been detected to a lesser degree in framework materials [51]. 
However, both NTE and PSE have been observed in DMF-solvated 
DUT-49(Cu) [51,52], where a ~6.4% reduction in the unit cell vol-
ume was observed upon cooling the material from 298 K to 150 K. This 
phenomenon was attributed to the solidification of the DMF molecules 
in the pores of the structure resulting in a contraction of the pore vol-
ume. Similar observations were made in two DMF-solvated Mn- and 
Cd-based MOFs [53,54], which both showed low N2-porosities at 77 K 
and both PTE and NTE properties, resulting in a slight increase in unit 
cell volume between 208 and 215 K (corresponding to the melting point 
of DMF at 212 K). Although no evidence of framework flexibility was 
observed during the sorption of various gases at 293 K (e.g. CH4, CO2, 

N2, or SF6, see Fig. 5 and Table 2). The possibility that UU-200 may 
undergo a significant enough thermal expansion between 77 K and 293 
K for the structure to become N2-porous at ambient temperatures could 
explain the conflicting results that were obtained. 

The CO2 uptakes on all Bi-MOFs were found to be notable with CAU- 
17 showing the highest uptake of 57.74 cm3 g− 1 STP at 100 kPa (293 K), 
followed by SU-101 (47.82 cm3 g− 1 STP), UU-200 (45.81 cm3 g− 1 STP), 
and CAU-33 (43.95 cm3 g− 1 STP). The CO2 uptake on UU-200 as well as 
the other three Bi-MOFs was found to be comparable to UiO-66(Zr) 
(49.31 cm3 g− 1 STP at 273 K and 100 kPa), SIFSIX-2-Cu (41.24 cm3 

g− 1 STP at 298 K and 100 kPa), USTC-253 (47.74 cm3 g− 1 STP at 298 K 
and 100 kPa), MIL-125 (48.86 cm3 g− 1 STP at 298 K and 100 kPa), UPC- 
105 (53.12 cm3 g− 1 STP at 298 K and 100 kPa), and SIFSIX-3-Ni (60.52 
cm3 g− 1 STP at 298 K and 100 kPa) [55]. The CO2 adsorption capacities 
were however higher than the reported CO2 uptakes on MOF-177 
(17.26 cm3 g− 1 STP at 298 K and 100 kPa), SNU-70 (17.93 cm3 g− 1 

STP at 298 K and 100 kPa), MIL-101(Cr) (27.35 cm3 g− 1 STP at 298 K 
and 100 kPa), and MIP-202 (12.33 cm3 g− 1 STP at 298 K and 100 kPa) 

Fig. 5. CH4, CO2, N2, and SF6 sorption isotherms recorded at 293 K and 100 kPa for (a) UU-200, (b) CAU-17, (c) CAU-33, and (d) SU-101. The adsorption and 
desorption branches of the isotherms are indicated by filled and hollow symbols, respectively. 

Table 2 
CH4, CO2, N2, and SF6 uptake capacities and gas selectivities at 293 K and 100 kPa for UU-200, CAU-17, CAU-33, and SU-101. Working capacity is calculated for SF6 - 
between 10 and 100 kPa and CO2 - between 15 and 100 kPa).  

Sample Working capacity IAST selectivity Henry’s law selectivity 

CH4 (cm3 

g− 1 STP) 
CO2 (cm3 

g− 1 STP) 
N2 (cm3 

g− 1 STP) 
SF6 (cm3 

g− 1 STP) 
CO2 (cm3 

g− 1 STP) 
SF6 (cm3 

g− 1 STP) 
CO2/CH4 

(50:50) 
CO2/N2 

(15:85) 
SF6/N2 

(10:90) 
CO2/ 
CH4 

CO2/ 
N2 

SF6/ 
N2 

UU- 
200 

11.19 45.81 3.59 24.69 8.28 26.66 5.39 34.52 44.81 10.99 29.52 22.25 

CAU- 
17 

20.75 52.74 4.78 32.47 15.01 33.15 1.60 26.13 35.58 4.79 21.47 18.33 

CAU- 
33 

17.69 43.95 4.93 34.84 26.21 23.30 3.11 27.35 – 5.16 23.82 27.97 

SU-101 7.41 47.82 2.36 17.91 6.50 32.26 8.34 36.29 39.87 10.84 32.68 21.59  
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and lower than HKUST-1 (93.24 cm3 g− 1 STP at 298 K and 100 kPa), 
PCN-88 (93.91 cm3 g− 1 STP at 298 K and 100 kPa), Mg-MOF-74 (179.31 
cm3 g− 1 STP at 296 K and 100 kPa), Co-MOF-74 (156.90 cm3 g− 1 STP at 
296 K and 100 kPa), Ni-MOF-74 (130.00 cm3 g− 1 STP at 296 K and 100 
kPa), and ZJNU-44 (116.10 cm3 g− 1 STP at 296 K and 100 kPa) 
(Table S3) [55]. A number of observations could be made based on the 
CO2 sorption isotherms of the Bi-MOFs, namely: 1) All of the CO2 iso-
therms adopted the Langmuir-shape, implying that the effective pore 
size of these Bi-MOFs are close to the kinetic diameters of CO2 for 
enhanced sorbent-sorbate interaction (as CO2 does not chemisorb on 
Bi-MOFs). 2) The low N2 porosity observed on UU-200 was not reflected 
by the CO2 uptake amount at 293 K – the CO2 adsorption capacity on 
UU-200 was comparable to other Bi-MOFs with high N2 surface areas (e. 
g. CAU-17 and SU-101). This confirmed that the low apparent N2 
porosity on UU-200 was due to kinetically restricted N2 diffusion, which 
might be due to a narrowing of the pore opening on UU-200 at 77 K. 3) 
The two trimesate-based Bi-MOFs; UU-200 and CAU-17, although 
chemically similar, had CO2 uptake capacities that were noticeably 
different, which is most likely related to the structural differences be-
tween the materials, as was previously mentioned. Low-pressure CO2 
uptakes (Fig. S13) at industrially relevant pressures (i.e. 15 kPa) were 
found to follow a similar trend to those observed at 100 kPa. The 
adsorption capacity of CAU-17 (20.62 cm3 g− 1 STP) and CAU-33 (20.62 
cm3 g− 1 STP) were observed to be equivalent while UU-200 (19.05 cm3 

g− 1 STP) and SU-101 (16.14 cm3 g− 1 STP) had slightly lower uptakes. 
The SF6 uptake on all Bi-MOFs are also presented in Fig. 5 and 

Table 2. In all cases, SF6 uptake on Bi-MOFs was higher than the N2 
uptake, this is due in part to the higher boiling point of SF6 (223 K) than 
N2 (77 K). The high boiling point of SF6 means that SF6 condenses more 
readily than N2 on surfaces. the highest SF6 uptake capacity was 
observed on CAU-33 (34.84 cm3 g− 1 STP), followed by CAU-17 (32.47 
cm3 g− 1 STP), UU-200 (24.69 cm3 g− 1 STP), and SU-101 (17.91 cm3 g− 1 

STP). The SF6 uptake on CAU-17 synthesized in this study matched that 
of CAU-17 synthesized by Köppen et al. (~31.38 cm3 g− 1 STP at 293 K 
and 100 kPa) [29]. The uptake on UU-200 was higher than expected as 
the crystallographic pore window of the MOF was significantly smaller 
than the kinetic diameter of SF6 (5.5 Å). Thus, it is possible that the SF6 
adsorption may be related to a thermal expansion and/or to structural 
flexibility of the framework, although future investigations including 
possibly the use of in-situ PXRD technique could be interesting in 
studying the sorption properties of UU-200. The SF6 uptakes on the 
Bi-MOFs were comparable to other microporous sorbents such as MOF-5 
(39.00 cm3 g− 1 STP at 298 K and 100 kPa), UiO-66(Zr) (32.50 cm3 g− 1 

STP at 298 K and 100 kPa), and Zeolite 13X (39.22 cm3 g− 1 STP at 298 K 
and 100 kPa) [56]. On the other hand, other MOFs have been shown to 
have higher SF6 uptakes than the Bi-MOFs in this study, including 
Mg-MOF-74 (141.21 cm3 g− 1 STP at 298 K and 100 kPa), Co-MOF-74 
(116.55 cm3 g− 1 STP at 298 K and 100 kPa), MIL-100(Fe) (66.12 cm3 

g− 1 STP at 298 K and 100 kPa), and DUT-9 (52.00 cm3 g− 1 STP at 298 K 
and 100 kPa) [56]. The SF6 adsorption capacities of the Bi-MOFs did not 
appear to correlate to the N2 surface areas and porosities of the samples. 
This implied that the adsorption of SF6 was not governed by the amount 
of available N2 surface area on the Bi-MOF (given that any thermal 
expansion of the frameworks has a negligible effect on the diffusion of 
SF6). For example, CAU-33 had a lower N2 surface area than CAU-17 
however, the SF6 uptake at 100 kPa was found to be slightly higher on 
CAU-33. The higher uptake of SF6 on CAU-33 may be due to the 
increased presence of pores with dimensions suitable for SF6 sorption 
[43]. However, it cannot be ruled out whether the sorption behavior of 
SF6 may be influenced by the flexibility of the frameworks, similar to 
what was seen for the N2 sorption in UU-200. Such structurally induced 
changes were not further studied in this paper. All SF6 isotherms retain a 
similar Langmuir-shape for all Bi-MOF structures, apart from CAU-33 
(Fig. 5c). The SF6 isotherm of CAU-33 at 293 K shows a clear two-step 
isotherm typical for breathing MOFs such as MOFs in the MIL-53 fam-
ily [57–61]. An initial maximum uptake of 13.00 cm3 g− 1 STP is reached 

at the phase transition pressure (57 kPa), where the structure changes 
from a narrow pore (np) phase to a large pore (lp) phase, with a final 
total uptake of 34.84 cm3 g− 1 STP at 100 kPa. The free energy difference 
(ΔFhost) between the np and lp phases was calculated to be approxi-
mately 4.5–7 kJ mol− 1 (Table S16), demonstrating that the relative 
stability of the two phases were comparable [62,63]. PXRD diffracto-
grams of SF6-saturated CAU-33 also show the presence of new peaks at 
lower 2θ (Fig. S6), possibly indicating the presence of a lp-CAU-33 phase 
intermixed with np-CAU-33 (although desorption of SF6 may have taken 
place while handling the sample). Further studies on the 
sorption-induced structural changes of some of these Bi-MOFs could be 
interesting for the application of these materials in SF6 sorption and 
separation. Low-pressure uptakes of SF6 at 10 kPa on the Bi-MOFs 
(Fig. S13) were observed to deviate from the trend shown at 100 kPa, 
much in large part due to the breathing phenomenon seen for CAU-33. 
CAU-17 (17.71 cm3 g− 1 STP) and UU-200 (16.36 cm3 g− 1 STP) were 
found to have the highest uptakes, while SU-101 (11.43 cm3 g− 1 STP) 
and CAU-33 (8.52 cm3 g− 1 STP) were shown to have reduced adsorption 
capacities of SF6 at the given pressure. 

Unlike the sorption behaviors of CO2 and SF6, the CH4 and N2 up-
takes on all Bi-MOFs were found to be relatively low, not exceeding 
20.85 cm3 g− 1 STP and 4.93 cm3 g− 1 STP, respectively. The isotherms 
for both gases were also found to be linear indicating both a low 
adsorption capacity for these gases as well as low affinity. The rest of the 
study will therefore focus on the CO2 and SF6 sorption properties of the 
Bi-MOFs. 

3.4. Gas selectivity and CO2 cycling stability 

The calculated gas selectivities for four hypothetical flue gas or 
industrially relevant gas mixtures; CH4/N2 (50:50), CO2/CH4 (50:50), 
CO2/N2 (15:85), and SF6/N2 (10:90), can be seen in Table 2 and 
Fig. 6a–c. The selectivities are calculated from the data obtained at 293 
K (closest to room temperaure) only, as the calculated selectivities are 
considered to be qualitatively indicative selectivities for real-life appli-
cations. The CO2/N2 IAST selectivities at 100 kPa for all samples were 
found to vary between 25 and 35, where SU-101 showed the highest 
CO2/N2 selectivity of ~35, which was comparable to that of UU-200 
(~35), while CAU-17 had the lowest selectivity of ~25. The CO2/N2 
selectivity of UU-200 was also found to be lower than that of porous 
sorbents such as Mg(H2gal) (377 at 303 K 100 kPa) [64], Fe(Hgal) (612 
at 303 K and 100 kPa) [64], zeolite 13X (981 at 298 K and 100 kPa) [65], 
and ZIF-78 (396 at 298 K and 100 kPa) [66]. But comparable to other 
MOFs like HKUST-1 (~30 at 273 K and 100 kPa), HNUST-1 (~30 at 298 
K and 100 kPa), Co-MOF-74 (~40 at 296 K and 100 kPa), and MIP-202 
(~30 at 298 K and 100 kPa) [55]. Although all samples were found to 
have Langmuir-shaped CO2 isotherms, indicating an enhanced molecu-
lar interaction between the CO2 molecules and the surface of the pores as 
compared to e.g. CH4 and N2, the comparably high N2 uptakes on 
CAU-17 and CAU-33 result in an overall lower CO2/N2 selectivity on 
these samples. The SF6/N2 IAST selectivities showed a similar trend; the 
highest selectivity was observed on UU-200 (~45) followed by SU-101 
(~40), and then CAU-17 (~35). These values were comparable to cor-
responding literature values for MOFs such as UiO-66 (~40 at 298 K and 
100 kPa) [67] and CAU-17 (~30 at 293 K and 100 kPa) [29]. The SF6/N2 
IAST selectivity was not calculated for CAU-33 due to its SF6-induced 
flexibility, as the model is typically not applicable for flexible materials 
[68]. However, modelling of the SF6 isotherm using a number of 
isotherm models (e.g. modified dual-site Langmuir [69]) is possible for 
other purposes. It has also been documented in recent literature that the 
IAST model has a number of shortcomings; IAST assumes an ideal gas 
mixture and is particularly problematic for gases with low interaction 
with the sorbent (as integration over a large pressure range is needed if 
the selectivity of the sorbent is high). As highlighted by Cheung et al. 
[70] and Björnerbäck et al. [71], in order to utilize the IAST model, 
binary or multi-component gas adsorption isotherms are needed. We 
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therefore also calculate the CO2 and SF6 selectivity using the Henry’s 
law model and the numbers are listed in Table 2 for comparison. 

The CH4/N2 and CO2/CH4 selectivities of all Bi-MOFs were found to 
be approximately 5. The values were significantly lower compared to 
either the CO2/N2 or SF6/N2 selectivities, showing that neither UU-200 
nor any of the other investigated Bi-MOFs may have promising gas 
separation properties for such gas mixtures. 

The isosteric enthalpies of CO2 and SF6 adsorption (-ΔHads) (Fig. 7) 
for UU-200 were found to be ~25 kJ mol− 1 (from 6.72 to 38.10 cm3 g− 1 

STP CO2 loading) and ~20 kJ mol− 1 (from 8.97 to 23.53 cm3 g− 1 STP 
SF6 loading), respectively. The obtained -ΔHads of CO2 was found to be 
comparable to that of the other Bi-MOFs; CAU-17 (~25 kJ mol− 1 be-
tween 6.72 and 38.10 cm3 g− 1 STP CO2 loading), CAU-33 (~20 kJ mol− 1 

between 6.72 and 38.10 cm3 g− 1 STP CO2 loading) and SU-101 (~20 kJ 
mol− 1 between 6.72 and 31.38 cm3 g− 1 STP CO2 loading). The -ΔHads for 

all Bi-MOFs, aside from UU-200, can be seen to slightly decrease or 
remain constant with an increase in CO2 loading. Which is an expected 
trend that can be seen when adsorption sites of lower or comparable 
energy become occupied as the degree of loading escalates. The increase 
in -ΔHads that is observed for UU-200 was found to likely be related to 
the narrow pores in the material. A decrease in internal energy of the 
adsorbed phase due to the attractive intermolecular forces between the 
CO2 molecule has been proposed to be the cause of this phenomenon 
[72]. The calculated -ΔHads of SF6 for UU-200 was however lower than 
the corresponding -ΔHads for all other investigated Bi-MOFs; CAU-17 
(~35 kJ mol− 1 between 8.97 and 23.53 cm3 g− 1 STP SF6 loading) and 
SU-101 (~30 kJ mol− 1 between 6.72 and 16.59 cm3 g− 1 STP SF6 
loading). The calculated ranges of all -ΔHads fell below the ranges for 
chemisorption, and thus the adsorption of all gases were assumed to be 
physisorption-based. 

Fig. 6. IAST selectivities for hypothetical gas mixtures composed of (a) CO2/CH4 (50:50), (b) CO2/N2 (15:85), (c) SF6/N2 (10:90) and (d) pressure-swing CO2 
adsorption cycling on UU-200, CAU-17, CAU-33, and SU-101. 

Fig. 7. Isosteric enthalpies of adsorption (-ΔHads) for (a) CO2 and (b) SF6 for UU-200, CAU-17, CAU-33, and SU-101.  
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The physical adsorption of CO2 on the Bi-MOFs was further 
demonstrated by the pressure/vacuum-swing CO2 sorption cycling ex-
periments on the Bi-MOFs (Fig. 6d). The CO2 uptake capacities after 5 
cycles decreased by less than 0.8% on all Bi-MOFs. 

The stability of a MOF is of crucial importance in real-life CO2 cap-
ture and separation applications. As such, the thermal stability of UU- 
200 as well as its physical stability in water was evaluated 
(Figs. S7–S8). The framework was found to remain stable up until 
approx. 473 K, after which the material was observed to decompose in a 
two-step process leading to the formation of Bi2O3 at approx. 673 K. 
Additionally, no phase transformation of UU-200 was found to occur 
after exposing the material to water for 24 h at room temperature. The 
material was also observed to retain its gas adsorption properties when 
in the presence of hydrated CO2 gas (~40% RH at 303 K). 

3.5. CO2 adsorption kinetics and estimated diffusivities 

The diffusion of CO2 in UU-200 and the selected Bi-MOFs were 
studied using a gravimetric method at 303 K (Fig. 8 and Fig. S20). The 
adsorption of CO2 was observed to occur rapidly in all materials, with 
more than 50% of the total uptake being reached within the first 3 min 
(Table 3). Even though the crystallographic pore size of UU-200 was 
found be very close to the kinetic diameter of CO2, the observed CO2 
adsorption rate on UU-200 still appeared to be both scientific and 
possibly industrially relevant. Similar findings have also been observed 
for the CO2 adsorption in other microporous materials with comparably 
narrow pores [73]. The CO2 adsorption kinetics were found to be slower 
in the trimesate-based UU-200 and CAU-17 MOFs than in CAU-33 and 
SU-101. This observation could be attributed to both a structural dif-
ference and a difference in the particle size between the samples as can 
be seen in the SEM images of the materials (Figs. S10–S11). 

Three diffusional models were utilized to further investigate the 
adsorption kinetics of CO2, namely, the intraparticle diffusion model 
(IP), Boyd’s film diffusion model, and the intracrystalline diffusion 
model (IC). The plots obtained from the IP model (Fig. 9a) show clear 
multi-linearity corresponding to three regions in the investigated time 
interval. Here each region represents a separate step in the adsorption 
process, namely: 1) diffusion of the CO2 molecules through the external 
gas film surrounding the particles or adsorption through the external 
surface of the particles, 2) diffusion of the CO2 molecules through the 
pores of the particle (intraparticle diffusion), and 3) slow diffusion of the 
molecules through the micropores (at or near equilibrium) [74,75]. 

Thus, the multi-linearity indicates that IP diffusion is not the sole 
mechanism limiting the adsorption rate of CO2 in the Bi-MOFs. 

Similarly, Boyd plots (Fig. 9b) also show clear deviations from 
linearity for all Bi-MOFs, suggesting that film diffusion, i.e. the external 
gas film surrounding the particles, and possibly other mechanisms have 
an effect on the mass transfer of CO2 in the framework materials. This 
correlates well with what was observed from the IP model, i.e. that IP 
diffusion does not form the sole rate-limiting step [76]. However, 
stronger deviations from linearity were observed for UU-200 and 
CAU-17, which may indicate that IP diffusion may play a larger role in 
the CO2 adsorption process on CAU-33 and SU-101. 

IC diffusional resistance has been shown to play a decisive role in the 
adsorption kinetics of many gases in nanoporous framework materials 
such as zeolites [77,78]. However, the impact that such diffusional 
resistance has on the mass transfer of small gas molecules in MOFs, and 
particularly in bismuth-based ones, has not been as well-documented. 
Plots from the short- and long-time form of the IC model, Fig. 9c–d, 
show good conformity to linearity in the long-time region (Fig. 9d) while 
deviations from linearity were observed during the initial stages of 
adsorption (Fig. 9c). This suggests that IC diffusion forms the 
rate-limiting step towards the end of the adsorption process while 
multiple mechanisms limit the adsorption rate during the initial stages. 
In order to rule out the influence of heat transfer effects on the diffusion 
of CO2 in the materials differential scanning calorimetry (DSC) ther-
mograms were recorded simultaneously with the gravimetric CO2 
adsorption profiles on 2.5 mg, 5 mg, and 7.5 mg of sample 
(Figs. S21–S24). No significant heat transfer effects related to the 
adsorption of CO2 on the MOFs were detected, suggesting that other 
effects, such as film-diffusion or external mass-transfer resistance, may 
have an influence on the diffusion process. 

The diffusion constants, Di r− 2 (Table 4), were calculated from the 
Boyd and IC diffusion models using the gravimetric CO2 adsorption 
profiles obtained on 2.5 mg, 5 mg, and 7.5 mg of sample. The calculated 
CO2 diffusion constants were found to be comparable for all materials, 
with CAU-33 and SU-101 showing slightly faster CO2 diffusivities as 
compared to the other materials. The diffusion constants were also 
found to be within the range for CO2 adsorption in some zeolites (3.64 ×
10− 5 s− 1 to 2.20 × 10− 2 s− 1) [79–82] and MOFs such as mixed-linker 
ZIF-7-8s (2.98 × 10− 3 s− 1 to 9.76 × 10− 4 s− 1) [43]. 

4. Conclusions 

The CO2 and SF6 adsorption properties of four Bi-MOFs, including a 
new bismuth trimesate-based UU-200 MOF, were investigated in detail 
in this study. The structure of UU-200, which was determined using a 
continuous rotation electron diffraction (cRED) technique, was found to 
be different from other existing Bi-trimesate MOFs (e.g. CAU-17). UU- 
200 was found to have good CO2 and SF6 selectivity over N2 with a good 
level of CO2 and SF6 uptake at 293 K. The CO2 adsorption kinetics study 
suggested that film diffusion and pore diffusion may have governed the 
uptake of CO2 at the initial and long-term time scale, respectively. In 
summary, we have demonstrated the CO2 and SF6 adsorption properties 
of four different Bi-MOFs and investigated the CO2 adsorption kinetics in 
detail for the first time. Bi-MOFs showed interesting and selective CO2 
and SF6 adsorption properties, which could place them as candidate 
greenhouse gas adsorbents for swing adsorption-based applications. Fig. 8. Gravimetric CO2 adsorption profiles for UU-200, CAU-17, CAU-33, and 

SU-100, using approximately 5 mg of sample. 

Table 3 
Comparison of the time required to reach 50% and 90% of the total CO2 uptake 
on the Bi-MOFs, respectively.  

Sample 50% CO2 uptake (min) 90% CO2 uptake (min) 

UU-200 2.55 7.53 
CAU-17 2.77 7.88 
CAU-33 1.00 3.07 
SU-101 1.15 2.37  
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Future studies exploring the synthesis conditions of UU-200 (i.e. 
different solvents and green synthesis routes), selectivities at different 
temperatures, framework flexibility, and the photocatalytic properties 
of the MOF may introduce further potential areas of application. 
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Fig. 9. (a) Intraparticle diffusion plot, (b) Boyd plot, intracrystalline plot showing the (c) short-time and (d) long-time expression of the model for UU-200, CAU-17, 
CAU-33, and SU-101. 

Table 4 
Summary of the diffusion constants obtained from Boyd’s film diffusion model 
and the intracrystalline diffusion model. The diffusion constant obtained from 
the Boyd model are given in brackets due to the data falling outside the appli-
cation range of the model.  

Sample Approx. sample mass 
(mg) 

Di r− 2 (s− 1) 

Boyd’s film 
diffusion 

Intracrystalline diffusion 

Short time Long time 

UU- 
200 

2.5 (7.63 × 10− 4) 1.35 ×
10− 4 

7.93 ×
10− 4 

5 (4.78 × 10− 4) 1.33 ×
10− 4 

6.09 ×
10− 4 

7.5 (4.71 × 10− 4) 1.08 ×
10− 4 

3.94 ×
10− 4 

CAU- 
17 

2.5 (9.66 × 10− 4) 1.60 ×
10− 4 

1.08 ×
10− 3 

5 (5.88 × 10− 4) 1.23 ×
10− 4 

6.30 ×
10− 4 

7.5 (3.39 × 10− 4) 6.61 ×
10− 5 

3.56 ×
10− 4 

CAU- 
33 

2.5 (1.01 × 10− 3) 2.31 ×
10− 4 

1.16 ×
10− 3 

5 (1.12 × 10− 3) 3.49 ×
10− 4 

1.21 ×
10− 3 

7.5 (1.26 × 10− 3) 2.75 ×
10− 4 

1.30 ×
10− 3 

SU-101 2.5 (1.20 × 10− 3) 1.96 ×
10− 4 

1.35 ×
10− 3 

5 (9.45 × 10− 4) 2.12 ×
10− 4 

1.18 ×
10− 3 

7.5 (7.82 × 10− 4) 1.90 ×
10− 4 

9.44 ×
10− 4  
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[30] M. Köppen, V. Meyer, J. Ångström, A.K. Inge, N. Stock, Solvent-dependent 
formation of three new Bi-metal–organic frameworks using a tetracarboxylic acid, 
Cryst. Growth Des. 18 (2018) 4060–4067, https://doi.org/10.1021/acs. 
cgd.8b00439. 

[31] L. Robison, L. Zhang, R.J. Drout, P. Li, C.R. Haney, A. Brikha, H. Noh, B.L. Mehdi, 
N.D. Browning, V.P. Dravid, Q. Cui, T. Islamoglu, O.K. Farha, A bismuth 
metal–organic framework as a contrast agent for X-ray computed tomography, ACS 
Appl. Bio Mater. 2 (2019) 1197–1203, https://doi.org/10.1021/acsabm.8b00778. 

[32] E. Svensson Grape, J.G. Flores, T. Hidalgo, E. Martínez-Ahumada, A. Gutiérrez- 
Alejandre, A. Hautier, D.R. Williams, M. O’Keeffe, L. Öhrström, T. Willhammar, 
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