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1. Materials and methods 

HKUST-1 was obtained from Sigma-Aldrich under the commercial name Basolite C300 and continuously stored in 

activated state. The n-hexane and methanol vapor phase isotherms (313K) were obtained on (I) a gravimetric 

uptake device (VTI, SGA-100H) using nitrogen as carrier gas as well as (II) a gravimetric uptake device (Hiden 

Isochema, IGA 002) without carrier gas. Both methods used 7-18 mg samples. The activation procedure for the 

dynamic uptake method can be found elsewhere (1). 

For the breakthrough experiments, HKUST-1 powder was pelletized using methanol. An excess amount of 

methanol was added to the active material under nitrogen atmosphere, triggering a color change from dark purple 

to turquoise. The material was subsequently dried under atmospheric conditions. Before pelletization, a few drops 

of methanol were again added to the dry turquoise powder, and this wet powder was compressed using a press. 

The methanol additions saturate the free metal sites, also being the initial water adsorption sites (2). This is 

believed to partially protect the HKUST-1 structure form water attack as water adsorption has been shown to 

degrade the material. Previously, DMF was also shown to protect HKUST-1 from liquid water damage (3). 

Additionally the methanol loading of the MOF should help to protect it against compressive damage during 

pelletization. Methanol saturation prior to pelletization appears an alternative to plastic bag sealing of the press 

die and powder (4). The resulting MOF cake was broken and sieved, yielding pellets of 0.4-2 mm diameter. Both 

the powder as pellets were handled to minimize water adsorption from the atmosphere, as the material is 

susceptible to water damage (1). The experimental isotherms were obtained on HKUST-1 powder, rather than the 

HKUST-1 compressed pellets used in the breakthrough experiments. Argon porosimetry confirms both the powder 

as pellets to maintain an almost identical high porosity (figure S.1). The BET surface of the powder was 1885 m²/g, 

the pellets had a BET surface area of 1802 m²/g. 

Isotherm fitting was performed using Athena Visual Studio 14.0 (Athena Visual Software, Inc.). 
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Figure S.1: Argon (87K) porosimetry on HKUST-1 powder (before pelletization) and pellets. 
 

A 10 cm long stainless steel column with 2.54 mm internal diameter was packed with the pellets and regenerated 

by heating the column to 373K for 1 hour followed by further regenerating at 453K overnight, all under nitrogen 

flow. Breakthrough based adsorption capacities were calculated with the following formulae: 
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Here Ci and Ci,feed are the measured concentration (mol/m³) and feed concentration respectively. F is the 

volumetric flow rate (m³/s), tdead (s) is the dead time of the experimental set-up and mads the mass of adsorbent. 

Methanol (>99.9%, Sigma Aldrich) and n-hexane (>96%, Biosolve) loaded nitrogen (>99.998%, Air Liquide) streams 

were produced using temperature controlled saturators. These streams were fed to the regenerated column, and 

the column’s outlet was monitored using a mass spectrometer at m/z ratios of 31 (methanol) and 43 (n-hexane). 

Further details regarding the experimental set-up can be found elsewhere (5).  

The m/z-43 signal was corrected for the baseline drift of the mass spectrometer, as shown in figure S.2. The 

experimental breakthrough results are summarized in table S.1. Before this baseline correction, the total adsorbed 

amounts (on volume basis) for the equimolar breakthrough experiments were calculated at ca. 740 µl/g at high 

total vapor pressures. After baseline correction, this becomes ca. 670 µl/g (table S.1), more in line with the pure 
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component uptakes measured at similar high vapor pressures; ca. 680 µl/g for n-hexane and ca. 650 µl/g for 

methanol. 

 

Figure S.2: Mass spectrometer output for the breakthrough of an equimolar methanol/n-hexane mixture 
on HKUST-1 (313K) at 11 kPa total vapor pressure before (Left) and after (Right) baseline correction of 

the 43 (n-hexane) m/z signal. 
 

Table S.1: Experimental results for binary breakthrough experiments with equimolar 
methanol/n-hexane mixtures on HKUST-1 at 313K. 

Total vapor 
pressure 

(Pa) 

Selectivity 
methanol/ 
n-hexane 

Methanol 
adsorbed 
(mol/kg) 

n-hexane 
adsorbed 
(mol/kg) 

Total 
adsorbed 
(mol/kg) 

yMeOH Total 
adsorbed 
(µl/g) * 

11 300 4.12 9.0 2.2 11.2 0.50 667 

7 250 3.60 8.6 2.4 11.0 0.50 677 

4 250 3.12 7.9 2.6 11.6 0.49 683 

2 700 3.85 7.6 2.0 9.6 0.49 586 

* Calculated using the liquid densities of n-hexane and methanol at 313K. 

 

For comparison, the IAST procedure was also applied for an apolar MOF, ZIF-8. The methanol isotherm data (323K) 

are taken from Cousin Saint Remi et al. (6) The n-hexane gravimetrical isotherm was obtained on a commercial 

Basolite Z1200 (ZIF-8) sample in a similar manner as for HKUST-1. The experimental temperature was 323K, while 

activation was performed at 453K for 4 hours. 
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2. Adsorption of argon compared to n-hexane and methanol adsorption 

Argon porosimetry measurements were performed on a Quantasorb Autosorb AS-1 (Quantachrome Instruments, 

USA) device at 87K. Figure S.3 shows the argon porosimetry (87K) combined with the n-hexane and methanol 

isotherms obtained by gravimetric (313K) measurements (static method) converted to volume basis using the 

liquid density. The saturation capacity of the S1 cages is estimated to be near 15 % of the total pore volume, as 

shown in table S.2. The red line indicates this estimated saturation capacity of the S1 cages (based on 15% of the 

measured argon uptake at a relative pressure of 0.95), the preferential adsorption sites for argon at low pressure 

as shown in a previous study by Krungleviciute et al (7). This capacity agrees reasonably well with the onset of the 

second adsorption step for argon. The n-hexane allocating procedure (see below) utilizes a Langmuir equation with 

a saturation capacity of 1 n-hexane molecule per S1 cage. The Langmuir plot is given by the blue line in figure S.3, 

where the saturation plateau corresponds well with saturation of the estimated pore volume of the S1 cages. 

 

Figure S.3: Argon (87K) and n-hexane and methanol (313K) adsorption isotherms expressed as adsorbed 
volume (µl/g). The red line indicates the estimated S1 saturation capacity, the blue line the Langmuir fit 

applied to the first n-hexane step. 
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Table S.2: Estimation of contributions of S1, L2 and L3 cages for argon. 

Cage type Estimated cage 
diameter (Å) 

N° per HKUST-1 
unit cell 

Pore volume per 
HKUST-1 unit cell (Å³) 

% 

S1 5 8 524 14.6 

L2 9 4 1527 42.7 

L3 9 4 1527 42.7 

 

The pore size distribution of HKUST-1 powder based on the argon isotherm is shown in figure S.4 and reveals a 

bimodal distribution, i.e. the smaller S1 cages and the combined larger L2 and L3 cages. 

 

Figure S.4: Pore size distribution of HKUST-1 powder obtained from argon (87K) porosimetry and using 
the Quantachrome ASiQwin software (model: Ar (87K) on carbon, cylindrical pores, NLDFT adsorption 

branch). 
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3. Isotherm allocation 

The experimental methanol and n-hexane isotherms are fragmented and parts are attributed to the S1, L2 and L3 

cages identified in the HKUST-1 structure. We have identified only 3 adsorption locations in the structure. A more 

detailed adsorption mechanism including other adsorption sites, for example near the pore openings (windows) 

(8,9) is not considered. 

METHANOL 

The experimental two-step adsorption isotherm of methanol (313K) was fitted using a double Sips model: 

1 2

, 1 ,1 , 2 ,2

1 2

,1 ,2

. . . .

1 . 1 .

n n

MeOH SAT MeOH MeOH MeOH SAT MeOH MeOH

MeOH n n

MeoH MeOH MeoH MeOH

q K p q K p
q

K p K p
 

 
 

For methanol, the first Sips part describes the initial (low vapor pressure) adsorption step. The initial step (here 

given by the second Sips part above) has been assigned to filling of the L3 cages (1). Also, some of the first 

methanol molecules to adsorb have also been found in or near the S1 pockets (1,8). For this model, we have 

assumed the initial step in the methanol isotherm to occur solely due to filling of the L3 cages.  
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The isotherm expression for the L3 cages thus becomes: 
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The Sips part describing the second adsorption step in the original fit is allocated to the combined behavior of the 

L2 and S1 cages. Based on the cages estimated internal diameter, occurrence and spherical cages, 75% of the Sips 

model capacity is allocated to the larger L2 cages and 25% to the smaller S1 cage (Table S.3). 
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Accordingly, 2 Sips isotherms (for the L2 cages and S1 cages) result from a single Sips isotherm:  



 

S8 
 

, 1, , 1

, 1

, 1

, 2, , 2

, 2

, 2

. .

1 .

. .

1 .

MeOH S SAT MeOH S MeOH

MeOH S

MeoH S MeOH

MeOH L SAT MeOH L MeOH

MeOH L

MeoH L MeOH

q K p
q

K p

q K p
q

K p















 

 
Table S.3: Estimation of contributions of L3 and S1 cages for methanol. 

Cage type Estimated cage 
diameter (Å) 

N° per HKUST-1 
unit cell 

Pore volume per 
HKUST-1 unit cell (Å³) 

% 

L3 9 4 1527 74.5 

S1 5 8 524 25.5 

 

The full methanol isotherm is now represented by: 

, 1, , 1 , 2, , 2 , 3, , 3

, 1 , 2 , 3

. . . . . .

1 . 1 . 1 .

MeOH S SAT MeOH S MeOH MeOH L SAT MeOH L MeOH MeOH L SAT MeOH L MeOH

MeOH
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q

K p K p K p

  

  
  

  
 

 

The color code red/blue/green corresponds to the cages S1/L2/L3 respectively, as indicated in Figure 1. 

N-HEXANE 

For n-hexane, the experimental isotherm (313K) was fitted using a Langmuir and double Sips model.  
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First, the Langmuir model was fitted to the initial step of the isotherm, assuming a saturation capacity of 8 

molecules per HKUST-1 unit cell. 

, 1 8
1

Hex SAT

molecules
q

HKUST unitcell



 

In the next step, the double Sips model, combined with the already determined Langmuir fit, was fitted on the full 

isotherm. 

Allocation of the fitted model above proceeds as follows: 

The Langmuir isotherm is attributed to the S1 cages. 
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The double Sips part of the original fit is allocated to the combined n-hexane adsorption in the L2 and L3 cages. 

This Sips part is divided in 2 equal parts, corresponding to the L2 cages and the L3 cages (Table S.4). This is 

achieved by adjusting the saturation values.  
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Thus we obtain new double Sips expressions to qualitatively describe the adsorption in the L2 and L3 cages. 
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Table S.4: Estimation of contributions of L2 and L3 cages for n-hexane. 

Cage type Estimated cage 
diameter (Å) 

N° per HKUST-1 
unit cell 

Pore volume per 
HKUST-1unit cell (Å³) 

% 

L2 9 4 1527 50.0 

L3 9 4 1527 50.0 

 

The full n-hexane isotherm is now represented by combining the contributions of the S1, L2 and L3 cages, yielding 

the same results as the original (non-allocated) fitting: 
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The color code red/blue/green corresponds to the cages S1/L2/L3 respectively, as indicated in Figure 1. 
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4. IAST on apolar MOF ZIF-8 

For comparison to HKUST-1, IAST was applied to the adsorption of the same methanol/n-hexane mixture on the 

apolar MOF zinc-2-methyl-imidazole (ZIF-8), which does not contain free metal sites. Figure S.5 shows that both 

adsorbates have a similar pore filling when the gravimetric data are converted using the liquid density at 323K. 

Figure S.5 also shows the isotherm fits used for the IAST method. Figure S.6 shows the n-hexane over methanol 

selectivity to drop continuously with increasing total vapor pressure (increasing methanol over n-hexane 

selectivity), rather than maintain quasi constant as was predicted for HKUST-1. This predicted behavior is 

qualitatively similar to the L2 and S1 cages of HKUST-1. 

 

Figure S.5: Experimental n-hexane and methanol (323K) isotherm on ZIF-8. Left: Expressed as adsorbed 
volume per gram of adsorbent (calculated using the liquid densities at 323K). Right: The experimental 

data and isotherm fits of n-hexane and methanol (323K) on ZIF-8 at 323 K. 

 

Figure S.6: Predicted selectivity of n-hexane over methanol for an equimolar binary mixture for ZIF-8 
(323K) using IAST. 
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