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Supplementary Figure 1. Experimental and simulated PXRD patterns of NiDOBDC (a),
MIL-101 (b) and MIL-100(Fe) (c)
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Supplementary Figure 2. BET surface area of NiDOBDC (a) and MIL-101 (b). The
surface areas are with in the reported range in the literature.

Supplementary Figure 3. Reversible uptake of R12 in NiDOBDC and CoDOBDC

Supplementary Figure 4. Reversible adsorption and desorption of R12 in MIL-101 at
room temperature. Solid and open triangles represent adsorption and desorption,
respectively.

Supplementary Figure 5. Reversible adsorption and desorption of R12 in MIL-100(Fe)
at room temperature. Solid and open triangles represent adsorption and desorption,
respectively.
.

Supplementary Figure 6. Simulated and experimental isotherms of R12 in MIL-101
as a function of pressure at various temperatures 25 °C (a); 50 °C (b); 70 °C (c)

Supplementary Figure 7. Simulated and experimental isotherms of R12 in NiDOBDC as a
function of pressure. The RDF computed from the molecular dynamics simulations of loading
R12 in NiDOBDC at 1000 mbar and 25 °C. Notice the Fluorine in R12 molecules closer to Ni 2+
sites compare to Chlorine.
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Supplementary Figure 9. GCMC simulation snapshots of R12 adsorption in MIL101 as a function of pressure 100, 500 mbar and 2000mbar
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Supplementary Figure 10. GCMC simulation snapshots of R22 adsorption in MIL101 as a function of pressure 100 mbar (a), 500 mbar (b), 2000mbar (c)

Supplementary Figure 11. Adsorption of various refrigerants as a function of temperature in
MIL-101; R12 (a), R13 (b) , R14 (c), R22 (d), R32 (e)
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Supplementary Figure 12. Isosteric heats of adsorption of R12, R22, R13, R32 and R14
as a function of loading in MIL-101.

Supplementary Figure 13. 19F MAS NMR spectrum of R22 in MIL-101. Notice the
downfield shift of R22 in the pores compare to free gas.

Supplementary Figure 14. Schematic diagram of breakthrough analysis coupled with
residual gas analyzer.

Supplementary Figure 15. Mixed gas (R12, R22 in Helium gas) breakthrough
experiments using MIL-101 at room temperature coupled with residual gas analyzer.
Notice the Helium and R22 bleed through the column before R12 indicating the
selectivity of MIL-101 towards R12 over R22 at 800 mbar pressure (8% of R12, 2% of
R22 in a total 10 bar of Helium pressure).

Supplementary Figure 16. Comparison of the pure component isotherm data with dualsite Langmuir-Freundlich fits (parameters as provided in Table S4) for adsorption of R12,
R13, R14, R22, and R32 in MIL-101 at 298 K.

Supplementary Figure 17. IAST calculations of the component loadings in MIL-101 in
equilibrium with an equimolar 5-component R12/R13/R14/R22/R32 gas phase mixture of
R12, R13, R14, R22, and R32 at 298 K.

Supplementary Figure 18. IAST calculations of the adsorption selectivity for R22 with
respect to R12 for equimolar binary R12/R22 gas phase mixture at 298 K.

Supplementary Figure 19. Schematic of adsorber packed with MIL-101.
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Supplementary Figure 20. Breakthrough characteristics of an adsorber packed with
MIL-101 with feed of equimolar 5-component R12/R13/R14/R22/R32 mixture,
maintained at total pressures, pt, of 250 kPa,(a) and 150 kPa (b).
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Supplementary Figure 21. Breakthrough characteristics of an adsorber packed with MIL-101
with feed of equimolar binary R12/R22 mixture, maintained at total pressures, pt, of 100 kPa (a),
50 kPa (b), and 10 kPa (c).
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Supplementary Figure 22. Breakthrough characteristics of an adsorber packed with
MIL-101 with feed of binary R12/R22 azeotropic mixture (98wt% R12, 2 wt% R22),
maintained at total pressures, pt, of 100kPa (a), 50 kPa (b), and 10 kPa (c)

Supplementary Table 1. Binding energies of R12 with aromatic ring in
MIL-101
R12 (CCl2F2)

Binding energy,
kcal/mol

Perpendicular
distance from the
ring, Å

-1.39

5.08

-0.86

4.52

Supplementary Table 2. Binding energies of R22 with aromatic ring in
MIL-101
Binding energy,
kcal/mol

Perpendicular distance
from the ring, Å

-1.67

5.09

-1.15

4.52

-4.30

3.34

R22 (CHClF2)

Supplementary Table 3: Force field parameters for R12 (CCl2F2)
σ, Å

ε, kcal/mol

q, e

C

3.50

0.063

0.526

Cl

3.47

0.243

-0.088

F

2.94

0.053

-0.175

Supplementary Table 4. Dual-site Langmuir-Freundlich parameters for adsorption of
R12, R13, R14, R22, and R32 in MIL-101 at 298 K.
Adsorbate

Site A

Site B

qA,sat

bA0

A

qB,sat

bB0

B

mol kg-1

Pa  A

dimensionless

mol kg-1

Pa  B

dimensionless

R12

9.6

5.1310-10

1.9

5.7

3.9210-5

1

R13

11.8

4.0710-6

0.95

R14

17.5

4.3510-6

0.76

R22

8.2

1.1210-10

1.87

8.1

5.2810-5

1

R32

18.5

6.2310-14

2.3

14

2.6910-4

0.66

Supplementary Methods
Breakthrough simulations
Fitting of pure component isotherms for MIL-101
The experimentally measured loadings of R12, R13, R14, R22, and R32 in MIL-101
obtained at room temperature; i.e. 298 K, were fitted with the dual-site LangmuirFreundlich model

---------------(1)
The Langmuir-Freundlich parameters for adsorption of R12, R13, R14, R22, and R32 in
MIL-101 are provided in Table S4. Figure S16 provides a comparison of the pure
component isotherm data with dual-site Langmuir-Freundlich fits. The fits are excellent
over the entire range of pressures.

IAST calculations for mixture adsorption equilibrium in MIL-101
In order to determine the potential of MIL-101 to separate mixtures containing R12,
R13, R14, R22, and R32, we calculated the component loadings in MIL-101 in
equilibrium with an equimolar 5-component mixture in the gas phase. The calculations
of the Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz for the component
loadings for a range of total bulk gas phase pressures are shown in Figure 17. From
Figure 17 it can be noted that the separation of R12 and R22 is the most difficult. The
separation of components R13, R14, and R32 does not pose problems.
We need to investigate the separation of R12/R22 binary mixture in more detail. Figure
18 shows the IAST calculations of the adsorption selectivity of R22 with respect to R12

for an equimolar binary R12/R22 gas phase mixture at 298 K. We note that for total gas
pressures pt = pR12+pR22 > 200 kPa, the selectivities are close to unity, and no separation
is possible. However, for pt = pR12+pR22 < 100 kPa, the selectivity is in favor of R22, and
separation is possible.

Packed bed adsorber breakthrough simulations
To establish the feasibility of separation of mixtures containing R12, R13, R14, R22, and
R32 using MIL-101 adsorbent, we performed breakthrough simulations using the
methodology described in earlier work. Experimental validation of the breakthrough
simulation methodology is available in the literature. Intra-crystalline diffusion of guest
molecules within the pores of MIL-101 is considered to have negligible influence on
breakthrough; this is a good assumption to make for MOFs, such as CuBTC, Cu-TDPAT,
and FeDOBDC, that have large characteristic pore sizes.
Figure 19 shows a schematic of a packed bed adsorber packed with MIL-101. The
following parameter values were used: length of packed bed, L = 0.1 m; fractional
voidage of packed bed,  = 0.4; superficial gas velocity at inlet of adsorber, u = 0.04 m/s,
framework density of MIL-101,  = 620 kg/m3.
Figures 20a and b show the breakthrough characteristics of an adsorber packed with
MIL-101 with feed of equimolar 5-component mixtures, maintained at total pressures of
(a) 250 kPa, and (b) 150 kPa. The x-axis in is dimensionless time, , defined by dividing
the actual time, t, by the characteristic time,

L
. From these breakthroughs, we note that
u

separation of R13, R14, and R32 from the gas mixture is not the issue; this was

anticipated by the IAST calculations presented in Figure 17. The separation of R12 from
R22 is what needs closer attention.
Figure 21 presents the breakthrough characteristics of an adsorber packed with MIL101 with feed of equimolar binary R12/R22 mixture maintained at total pressures, pt =
pR12+pR22, of (a) 100 kPa, (b) 50 kPa, and (c) 10 kPa. We note that for pt = pR12+pR22 =
100 kPa, no clean separation is possible. However, for pt = pR12+pR22 = 10 kPa, it is
possible to achieve good separation of R12/R22 mixture.
A mixture of R12 and R22 forms an azeotrope with the composition 98 wt% R12, 2
wt% R22; this is equivalent to a 97.2 mole% R12, 2.8 mole% R22. We also investigated
the potential of MIL-101 for separation of a gaseous phase feed mixture with the
azeotropic composition. Figure 22 presents the breakthrough characteristics of an
adsorber packed with MIL-101 with feed of binary R12/R22 azeotropic mixture (98wt%
R12, 2 wt% R22), maintained at total pressures, pt, of (a) 100kPa, (b) 50 kPa, and (c) 10
kPa. We note that it is possible to “break” the azeotopic mixture if the total feed pressure
pR12+pR22 = 10 kPa.

Notation

b

Langmuir-Freundlich constant, Pa 

L

length of packed bed adsorber, m

pi

partial pressure of species i in mixture, Pa

pt

total system pressure, Pa

qi

component molar loading of species i, mol kg-1

qt

total molar loading in mixture, mol kg-1

qsat

saturation loading, mol kg-1

R

gas constant, 8.314 J mol-1 K-1

t

time, s

T

absolute temperature, K

u

superficial gas velocity in packed bed, m s-1

z

distance along the adsorber, m

Greek letters

Voidage of packed bed, dimensionless


Exponent in Langmuir-Freundlich isotherm, dimensionless



Framework density, kg m-3



Time, dimensionless

