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Figure S1. XRD patterns of OAC-1, OAC-1 and OAC-2. 

 

 

 

Figure S2. Representative SEM images of the a) OAC-1, b) OAC-1 and c) OAC-2 showing the 

similarity in the pore structure of the carbon pre- and post-modification. 
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Figure S3.  CO2 adsorption 323K of OAC-0, OAC-1, and OAC-2.        
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Figure S4. (a) CH4 and N2 adsorption 323K of OAC-0, OAC-1, and OAC-2.        
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Fitting of pure component isotherms 

The experimentally measured loadings for (a) CO2, (b) CH4, and (c) N2 were measured as a 

function of the absolute pressure at three different temperatures 273 K, 298 K, and 323 K.  

The isotherm data for all three guest molecules in OAC-0, OAC-1, and OAC-2 were fitted 

with the Langmuir model  

 
bp

bp
qq sat




1
 (1) 

with T-dependent parameter b 
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






RT

E
bb exp0  (2) 

The Langmuir fit parameters are provided in Table S1, Table S2, and Table S3. 

 

Table S5. 1-site Langmuir parameters for adsorption of CO2 in different OACs.  

 qsat 

mol kg
-1

 

b0 

1Pa
 

E 

kJ mol
-1

 

OAC-0 6.7 5.510
-10 23.8 

OAC-1 7.6 6.3410
-10 23.5 

OAC-2 4.8 8.1610
-10 23 
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Table S6. 1-site Langmuir parameters for CH4 in different OACs.  

 qsat 

mol kg
-1

 

b0 

1Pa
 

E 

kJ mol
-1

 

OAC-0 3.75 

 

1.6710
-9

 19.8 

OAC-1 3 

 

2.1110
-9

 20 

OAC-2 2.5 

 

1.80210
-9

 20.9 

 

Table  S7. 1-site Langmuir parameters for N2 in different OACs.  

 qsat 

mol kg
-1

 

b0 

1Pa
 

E 

kJ mol
-1

 

OAC-0 3.1 

 

2.0810
-9

 16 

OAC-1 2.9 

 

4.1810
-10

 19.6 

OAC-2 2.3 

 

6.6510
-10

 18.4 
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IAST calculations 

The adsorption selectivity for the mixtures CH4/N2 and CO2/CH4 defined by 

21

21

pp

qq
Sads 

 

were calculated according to IAST model proposed by Myers [1,2].  In above equation, q1 and 

q2 are the absolute component loadings of the adsorbed phase in the mixture. These component 

loadings are also termed the uptake capacities.   

Isosteric heat of adsorption 

The isosteric heat of adsorption, Qst, defined as 

q

st
T

p
RTQ 














ln2  

were determined using the pure component isotherm fits using the Clausius-Clapeyron equation, 

where Qst (kJ/mol) is the isosteric heat of adsorption, T (K) is the temperature, p (kPa) is the 

pressure, R is the gas constant. The values of Qst for CO2, CH4, and N2 are provided in Table S4 

of OACs.   
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Table S8. Isosteric heats of adsorption of CO2, CH4 and N2 in different OACs.  

 Qst, CO2 

kJ mol-1 

Qst, CH4 

kJ mol-1 

Qst, N2 

kJ mol
-1

 

OAC-0 23.8 19.8 16 

OAC-1 23.5 20 19.6 

OAC-2 23 20.9 18.4 

 

 

Figure S5. CO2, CH4, and N2 fractional uptake on (a) OAC-1, (b) OAC-2 at 323 K. 
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Table S5. Summary of Diffusion Time Constants of CO2, CH4, and N2 on the OACs at 323 K. 

Sample 
CO2 Dc/r

2
c 

(10
-3

 s
-1

) 

CH4 Dc/r
2
c 

(10
-2

 s
-1

) 

N2 Dc/r
2
c 

(10
-3

 s
-1

) 

OAC-1          7.5                          1.9                        8.1 

OAC-2          8.2                          1.1                        7.4 

 

Simulation methodology for transient breakthrough in fixed bed adsorbers  

The separation of CO2/CH4, CO2/N2, and CH4/N2 mixtures is commonly carried out in fixed 

bed adsorbers in which the separation performance is dictated by a combination of three separate 

factors: (a) adsorption selectivity, (b) uptake capacity, and (c) intra-crystalline diffusivities of 

guest molecules within the pores. Transient breakthrough simulations are required for a proper 

evaluation of microporous materials; the simulation methodology used in our work is described 

in earlier publications [3,4].  

In order to evaluate the different OACs, breakthrough calculations were performed taking the 

following parameter values: inside diameter of tube = 50 mm; bed length, L = 1.8 m; voidage of 

bed,  = 0.5; superficial gas velocity, u = 0.05 m/s (at inlet), interstitial velocity, v = 0.1 m/s.  

The mass of adsorbent packed in the tube is 2 kg; see schematic in Figure S6. 

A brief summary of the simulation methodology is presented below.Assuming plug flow of an 

n-component gas mixture through a fixed bed maintained under isothermal conditions (see 

schematic in Figure 0), the partial pressures in the gas phase at any position and instant of time 

are obtained by solving the following set of partial differential equations for each of the species i 

in the gas mixture [5].  
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In equation (1), t is the time, z is the distance along the adsorber,  is the framework density,  

is the bed voidage, v is the interstitial gas velocity, and ),( ztq i  is the spatially averaged molar 

loading within the crystallites of radius rc, monitored at position z, and at time t.  

At any time t, during the transient approach to thermodynamic equilibrium, the spatially 

averaged molar loading within the crystallite rc is obtained by integration of the radial loading 

profile 

drrtrq
r

tq
cr

i

c

i

2
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For transient unary uptake within a crystal at any position and time with the fixed bed, the 

radial distribution of molar loadings, qi, within a spherical crystallite, of radius rc, is obtained 

from a solution of a set of differential equations describing the uptake 

 i
i Nr

rrt

trq 2

2
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The molar flux Ni of component i is described by the simplified version of the Maxwell-Stefan 

equations in which both correlation effects and thermodynamic coupling effects are considered 

to be of negligible importance [4]  

 
r

q
ÐN i

ii



   (4) 

Summing equation (2) over all n species in the mixture allows calculation of the total average 

molar loading of the mixture within the crystallite 
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The interstitial gas velocity is related to the superficial gas velocity by 



u
v   (6) 

In industrial practice, the most common operation uses a step-wise input of mixtures to be 

separated into an adsorber bed that is initially free of adsorbates, i.e. we have the initial condition 

0),0(;0  zqt i  (7) 

At time, t = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-component 

gas mixture and this step input is maintained till the end of the adsorption cycle when steady-

state conditions are reached.  

00 ),0(;),0(;0 utuptpt ii   (8) 

where u0 is the superficial gas velocity at the inlet to the adsorber.  

The breakthrough characteristics for any component is essentially dictated by two sets of 

parameters: (a) The characteristic contact time 
u

L

v

L 
  between the crystallites and the 

surrounding fluid phase, and (b) 
2

c

i

r

Ð
, that reflect the importance of intra-crystalline diffusion 

limitations.  It is common to use the dimensionless time,



L

tu
 , obtained by dividing the actual 

time, t, by the characteristic time, 
u

L
 when plotting simulated  breakthrough curves [3].  
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If the value of 
2

c

i

r

Ð
 is large enough to ensure that intra-crystalline gradients are absent and the 

entire crystallite particle can be considered to be in thermodynamic equilibrium with the 

surrounding bulk gas phase at that time t, and position z of the adsorber 

 ),(),( ztqztq ii   (9) 

The molar loadings  at the outer surface of the crystallites, i.e. at r = rc, are calculated on the 

basis of adsorption equilibrium with the bulk gas phase partial pressures pi at that position z and 

time t. The adsorption equilibrium can be calculated on the basis of the IAST. The assumption of 

thermodynamic equilibrium at every position z, and any time t, i.e. invoking Equation (5), 

generally results in sharp breakthroughs for each component. Sharp breakthroughs are desirable 

in practice because this would result in high productivity of pure products. Essentially, the 

influence of intra-crystalline diffusion is to reduce the productivity of pure gases.  For all the 

breakthrough calculations reported in this work, we assume negligible diffusion resistances for 

all materials and we invoke the simplified Equation (5). 
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Figure S6. Schematic of the breakthrough apparatus.   
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Notation 

b  Langmuir-Freundlich constant for species i at adsorption site A, 
iPa   

ci  molar concentration of species i in gas mixture, mol m
-3

 

ci0  molar concentration of species i in gas mixture at inlet to adsorber, molm
-3 

E   energy parameter, J mol
-1

 

L  length of packed bed adsorber, m  

Ni molar flux of species i, mol m
-2

 s
-1

 

pi  partial pressure of species i in mixture, Pa 

pt  total system pressure, Pa 

qi  component molar loading of species i, mol kg
-1

 

)(tqi   spatially averaged component molar loading of species i, mol kg
-1

 

Qst   isosteric heat of adsorption, J mol
-1

 

rc  radius of crystallite, m  

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 

v  interstitial gas velocity in packed bed, m s
-1

 

Greek letters 

  voidage of packed bed, dimensionless 

  framework density, kg m
-3

 

  time, dimensionless 
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