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Abstract  

Novel carbon adsorbents for propane/propylene separation, with an unprecedented 

adsorption selectivity to propane – the minority component – were prepared from a 

phenolic resin precursor. The preparation conditions of the carbon molecular sieve 

adsorbents, such as pre-treatment with phosphoric acid; carbonization and post-treatment 

with propylene, were carefully investigated concerning their role on the separation 

performance. The best performing sample, MFF_8, was characterized by SEM, FTIR and 

small-angle X-ray scattering (SAXS). It was concluded that the pre-treatment with 

phosphoric acid was critical for obtaining the propane/propylene separation performance 

– adsorption ratio of ca. 2 at 1 bar and 25 ºC; this sample was carbonized at 1100 ºC and 

post-treated with propylene during 12 days. SAXS analysis indicates rod-shaped pores 

for the MFF_8 sample with a bimodal size distribution with averages of 0.4 nm and 3.7 

nm, and HRTEM images show a network of earthworm micropores. The adsorption 

selectivity of this adsorbent to propane was assigned to the shape and size of the pores 

and the rigidity of propylene compared with propane for worming through the 

constriction of the ultra-micropores network. To the best knowledge of the authors, this 

is the first time a carbon molecular sieve (CMS) adsorbent with rod-shaped pores is 

reported. This new family of CMS adsorbents show great potential for equilibrium and 

kinetic based separations of adsorbates displaying different worming performances. 

 

Keywords: Carbon molecular sieve; phenolic resin precursor; propylene / propane gas 

separation; propane over propylene adsorption selectivity.  
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1. Introduction 

 Olefins are the building blocks for a large number of commodities [1, 2]. Their 

separation/purification remains, however, a great challenge. Light olefins such as 

ethylene and propylene are often mixed with their homologue light paraffins, ethane and 

propane, respectively, which display close boiling points [2]. One of the most important 

uses of ethylene and propylene are the production of their corresponding polymers; the 

required purity for this application is > 99.5 %, which is quite demanding to reach [3, 4]. 

Since distillation is still the election process for these separations, the corresponding 

distillation columns need to be very long rendering these separations energy demanding 

[5, 6]. Literature reports several processes for light olefins production and separation, 

such as i) adsorption-based processes: temperature swing adsorption (TSA) [7] and 

pressure swing adsorption (PSA) [2, 8, 9]; ii) membrane processes: gas permeation [10-

12] and pervaporation [13]; iii) reaction processes: catalytic pyrolysis process (CPP) [14], 

by-product upgrading (C4-9) [15] and propane oxidative dehydrogenation [16]; and iv) 

hybrid processes: distillation with adsorption [17], membrane [18] and reaction processes 

[19]. Among the above processes, adsorption- [20] and membrane-based [21] are the ones 

that have received more attention. Especially, adsorption-based processes have reached 

promising recoveries for the required purities [2, 8]. 

Rege et al. [20] studied the performance of an equilibrium PSA-based separation 

adsorbent, AgNO3 / SiO2, and a kinetic separation adsorbent, zeolite 4A. Comparing the 

performance of both adsorbent materials, the authors found that AgNO3 / SiO3 displayed 

a better separation performance allowing to produce a propylene 99 % with a recovery of 

44 %. Padin et al. [22] simulated the performance of an AlPO4-14 adsorbent using a four-

step PSA cycle with a gas feed of 50 % C3H6 / 50 % C3H8. The results showed a propylene 

purity of 99 % and a recovery of 53 %. Grande et al. [2] used a zeolite 4A adsorbent in a 

two-stage VPSA unit, obtaining a propylene purity of 99.6 % and a recovery of 95.9 %. 

Despite the very satisfactory results, the energy demand of the overall separation was 

somewhat higher than the one for distillation process. Furthermore, Campo et al. [8] used 

a modified 13X zeolite in a five-step VPSA and a feed mixture of 75 % C3H6 / 25 % C3H8. 

The obtained results showed a propylene purity of 99.54 % and a recovery of 85 %, which 

are very interesting results. Although the reported results display the required propylene 

purity, ca. 99.0 %-99.5 %, the recovery is still relatively low, ca. 50.0-85.0 % [2]. Other 

studies have assessed the adsorption and kinetic selectivity of propylene/propane 
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mixtures in: zeolite 13X pellets [23]; zeolite DD3R with different sizes [24]; zeolite 5A 

with deposited ultrathin microporous TiO2 coatings to precisely adjust the pore mouth 

size [25]; ferro-alumino-silicate levyne (FeAl-LEV) zeolites [26]; zeolite membranes, 

containing ion-exchanged silver cations [27]; Ag(I) doped microporous carbons [28]. 

However, all the adsorbents used in these separations are adsorption selective to the 

olefins, which is the majority component. This makes the PSA units large, energy 

demanding and displaying modest recoveries. 

The ideal would be to have an adsorbent selective to the minority component, the 

light paraffin. However, there were described just a handful of such adsorbents. Herdes 

et al. [29] were among the first to report a paraffin equilibrium selective absorbent. These 

authors described an aluminium methylphosphonate polymorph alpha (AlMePO-α) 

selective towards paraffins over olefins. This material – Al2(PO3CH3)3 – was firstly 

reported by Maeda et al. [30] and since then it was widely studied by other researchers 

[31-33]. Literature assign this inversed selectivity to strong adsorbent-adsorbate 

interactions during adsorption process [34-36]. Additionally, metal organic frameworks 

(MOFs) such as ZIF-7, Fe2(O2)(dobdc) and MIL-100 have been investigated for 

preferable paraffin selectivity over olefins i) ethane / ethylene [5],  ii) propane / propylene 

[37, 38] and iii) isobutane / isobutene [38] separations. Gücüyener, et al. [5] reported a 

MOF, ZIF-7, paraffin selective towards ethane / ethylene mixtures displaying an 

adsorbed concentration ratio of ca. 7, favourable to ethane over ethene, with an ethane 

adsorption capacity of 1.8 mol·kg-1, at 0.3 bar 25 ºC. Recently, Andres-Garcia et al. [39] 

reported a ZIF-67 MOF that exhibited an adsorbed concentration ratio, favourable to 

propane over propylene, of 3.7 with a propane adsorption capacity of 2.24 mol·kg-1, at 

ca. 0.2  bar and 25 ºC. 

The discovery of new materials selective toward paraffins over olefins may require 

changing the structure of the adsorbents, such as functional surface groups and/or pore 

structure [36]. Finding the key factors for having the unprecedented separation would 

allow the development and optimization of materials with the desired characteristics for 

the given gas separation. Some authors are developing different concepts for explaining 

this separation such as thermodynamic control, i.e., control of specific adsorbate-

adsorbent interactions [40]. Studies revealed that whereas polar cation-containing 

zeolites, such as 13X, show preferable olefin adsorption [41, 42], nonpolar cation-free 

zeolites display higher affinity to paraffins [36, 43, 44]. These studies of preferable 

paraffin adsorption were predicted based on molecular dynamics calculations using 
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mixed gas isotherms [40]. For example, Keil et al. [45] predicted an ethane adsorbed 

capacity selectivity of 2 from an equimolar mixture of ethane / ethene with an ethane 

adsorption capacity of 2.5 mol·kg-1 on carbon nanotubes, at 1 bar and 27 ºC. On the other 

hand, it was predicted that zeolite silicalite-1 should display only a slightly higher ethane 

adsorption equilibrium over ethylene [46]. 

This work reports the preparation of propane selective carbon molecular sieve 

adsorbents from a phenolic resin precursor. The samples were pre-treated with phosphoric 

acid and post-treated with propylene; propylene treatment stabilizes the adsorbent against 

chemisorption of ambient oxygen [47-49]. Adsorbents were characterized concerning 

adsorption equilibrium isotherms of propane and propylene, pore size distribution and 

mercury porosimetry; the surface morphology and chemistry were analysed by scanning 

electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and by 

thermogravimetric analysis; the pore shape and pore size distribution was obtained by 

SAXS. The best performing material displayed a propane / propylene adsorbed 

concentration ratio of 2 at ca. 1 bar. 

 

2. Experimental 

2.1. CMS preparation 

Precursor materials 

Phenolic resin MFF, mean particle size of ca. 1.5 µm, was used as precursor. 

Carbon dioxide (99.9 % pure) and helium (99.999 % pure) were supplied by Linde. 

Propane and propylene were provided from Praxair (99.5 % pure).  

 
Pre-treatments 

MFF precursor was mixed overnight with 25 wt. % phosphoric acid solution at 

room temperature; the acid:precursor mass ratio was ca. 3. After mixed, the samples were 

carbonized.  

 
Carbonization  

The carbonization step was carried out in an alumina tube (one of 954 cm3 volume 

for temperatures among 950-1100 ºC and another of 5049 cm3 volume for temperatures 

between 1200-1300 ºC; with 4.7 cm and 7.1 cm of inner diameter, respectively) inside a 

tubular horizontal Termolab TH furnace. For guaranteeing the temperature homogeneity 

along the tube, three spatially separated thermocouples were placed into the furnace. 

Samples were carbonized under N2 atmosphere with a 100 mL·min-1 (small volume tube) 
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and 300 mL·min-1 (large volume tube) flow rate and a 3 ºC·min-1 heating rate. End 

temperatures from 950 ºC up to 1300 ºC with 60 minutes of soaking time were employed 

[50]. After the carbonization, the carbon adsorbents were cooled naturally until room 

temperature and then removed from the furnace.  

 

 
Post-treatments 

After the carbonization step, the carbon adsorbents were stored in 2 bar of 

propylene for 1 to 12 days. 

 
2.2.Thermogravimetric analysis 

Thermogravimetric analysis was performed in a Netzsch STA 449 F3 Jupiter 

thermogravimetric balance; a sample of 11.1 mg was employed. A proximate analysis 

was performed for obtaining the fraction of fixed carbon. The protocol used is described 

elsewhere [51] and generally comprises the following steps: 

 From room temperature to 110 ºC at 25 ºC·min-1 under 30 mL·min-1 of nitrogen; 

in this step all humidity should be released. 

 From 110 ºC up to 950 ºC with a 9 min dwell under nitrogen stream; in this step 

it is expected a mass loss attributed to the release of volatile matter. 

 The last step includes a 11 min dwell at 950 ºC, under oxygen atmosphere, where 

carbon was burned leaving ashes. 

 
2.3.Scanning electron microscopy (SEM)  

SEM analyses were performed in a Phenom XL scanning electron microscope. The 

Phenom XL was equipped with two detector systems, one with a fully integrated EDS 

system for elemental analysis and another that corresponds to a Secondary Electron 

Detector (SED) that enables surface sensitive imaging.  

 
2.4.Mercury porosimetry 

Mercury porosimetry analysis was performed in a Micromeritics Autopore IV 9500 

porosimeter. Samples were mechanically outgassed while under 2.06×10-3 MPa prior to 

mercury intrusion for removing all physically adsorbed species. Mercury pressure 

increased from 2.06×10-3 MPa to 2.068×102 MPa for entering in smaller pores, down to 

ca. 6 nm. 
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2.5.Particle size distribution 

Particle size measurements were performed using a Counter LS 230 using Mie light 

scattering Polarization Intensity Differential Scattering (PIDS) technology. Samples were 

previously dispersed in distilled water. 

 

 

2.6.Fourier transform infrared spectroscopy (FTIR) 

The infrared spectra were recorded using a VERTEX 70 FTIR spectrometer 

(BRUKER) in transmittance mode with a high sensitivity DLaTGS detector at room 

temperature. Samples were analysed in transmission mode, using pellets of potassium 

bromide (KBr) with 1 % (w/w) of the compound. The spectra were recorded from 

4000 cm-1 to 400 cm-1 with a resolution of 4 cm-1. 

 
2.7.Micropores characterization 

Micropore size distribution of the CMS adsorbents was determined based on 

adsorption equilibrium isotherms of carbon dioxide at 0 ºC as described elsewhere [52-

54]. This method could not be applied to phosphoric acid treated samples due to the 

change of the CMS inner surface chemistry. 

For characterizing the adsorbent microporosity the Dubinin-Astakhov (DA) 

equation is normally used (Eq. 1) [55, 56]:  

 

0

0 0

ln( / )
exp

n

RT P PW

W E
                                                                                 (1) 

 

where W is the micropore volume, P is the pressure, W0 is the total micropore volume, E0 

is the characteristic energy for adsorption, P0 is the vapor pressure of the free liquid, R is 

the gas constant, T is the absolute temperature and n is a fitting parameter; for n = 2 this 

equation renders the Dubinin–Raduschkevisch (DR) equation. 

 

2.8.Small-angle X-ray scattering 

SAXS measurements were carried out at the University of Sheffield using a Xeuss 

2.0 instrument (Xenocs, Grenoble France), this particular SAXS system is equipped with 

a liquid gallium X-ray source (MetalJet Excillum, Sweden). The X-ray beam (9.24 keV) 

size was 600 µm vertically and 400 µm horizontally, with a distance of 305 mm between 
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sample position and the detector (Pilatus3R 1M 2D, Dectris, Switzerland). The samples 

were mounted on a sample holder and three measurements were taken from different 

regions of the sample, spaced by roughly ~ 1 mm. Each sample was also measured in 

transmission and scaled to the transmission through air and a suitable air background was 

also collected. The data operation tool in Sasview 4.2 [57] was used to scale the SAXS 

data and subtract the air background. 

2.9.High-resolution transmission electron microscopy (HRTEM) 

HRTEM analysis was performed in a FEI Titan Cubed microscope operated at 300 

kV. This instrument was equipped with an image aberration corrector that provides 80 

pm resolution. 

 

2.10. Specific surface area 

Multipoint Brunauer-Emmett-Teller (BET) specific surface area measurements 

were performed in a Quantachrome Autosorb AS-1 instrument at -196 ºC. Prior to the 

analysis samples were outgassed at 80 ºC for 30 minutes, then at 120 ºC for 30 minutes 

and finally at 300 ºC for 3 hours. 

 
2.11. Adsorption equilibrium isotherms and gas uptake experiments 

The adsorption equilibrium isotherms and uptake curves for C3H6, C3H8 and CO2 

were obtained by using the volumetric method as described elsewhere [58, 59]. For 

measuring pressures until 2 bar a 2 bar Drück pressure sensor was used (reading error of 

0.1 % of full scale), and for higher pressure values a 7 bar Drück (reading error of 0.1 % 

of full scale) was employed. The samples and tanks were evacuated at 70 ºC for 4 h to 

pressures < 0.002 bar using an Alcatel 1004A vacuum pump.  

 
Langmuir (Eq. 2) and Toth (Eq. 3) adsorption isotherm equations are 

thermodynamically consistent; Toth has one more parameter to account for the surface 

heterogeneities [56]. SIPS (Eq. 4) also has three parameters to account for the surface 

heterogeneities but is not applicable for low pressures since it does not converge to the 

Henry’s law [54, 56].  

 

1
s
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where q is the adsorbed solute concentration at pressure P, qs is the adsorbed saturation 

capacity, b is the adsorption affinity constant and t and n are parameters used to 

characterize the heterogeneity of the system. Generally, t is less than unity; for t = 1, Toth 

equation converges to Langmuir equation [56].  

The adsorption kinetics was calculated using a non-isothermal model for constant-

volume and variable-pressure conditions (Eq. 5) [60]:  
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where Bn = Yn [(qn
2 - α) qncotqn - 2α] + qn

2(qn
2 - α), Yn = qncotqn - 1 and α* = KV. 

Considering that V = Vs / Vg, and VS correspond to the volume of the sorbent particles and 

Vg to the volume of the gaseous phase, respectively. This equation was fitted to the 

experimental uptake curves for obtaining the inverse of the apparent diffusion time 

constant (D·r-2). 

 

3. Results and discussions 

Several CMS samples were prepared under different conditions – Table 1 – and 

characterized for optimization of the adsorbent performance; the phosphoric acid pre-

treatment, the carbonization end temperature and the post-treatment with propylene were 

changed. 

 

Table 1. Adsorbents preparation conditions description. 

Sample Pre-treatment 
Carbonization 

end temp. 
Post-treatment 



9 
 

MFF_1 Without 1100 ºC for 1 h Without 
MFF_2 25 wt.% of H3PO4 overnight 1100 ºC for 1 h Without 
MFF_3 Without 1100 ºC for 1 h Propylene for 1 day 
MFF_4 Without 1100 ºC for 1 h Propylene for 7 days 
MFF_5 12.5 wt.% of H3PO4 overnight 1100 ºC for 1 h Propylene for 12 days 

MFF_6 25 wt.% of H3PO4 overnight 950 ºC for 1 h Propylene for 12 days 

MFF_7 25 wt.% of H3PO4 overnight 1100 ºC for 1 h Propylene for 6 days 

MFF_8 25 wt.% of H3PO4 overnight 1100 ºC for 1 h Propylene for 12 days 

MFF_8/1200 25 wt.% of H3PO4 overnight 1200 ºC for 1 h Propylene for 12 days 

MFF_8/1300 25 wt.% of H3PO4 overnight 1300 ºC for 1 h Propylene for 12 days 

 

3.1.CMS adsorption capacity and kinetics  

Table 2 shows the obtained propane and propylene adsorbed concentration and D·r -

2 at ca. 1 bar and 25 ºC for all samples. 

 

Table 2. Adsorption capacity and kinetics for both C3H8 and C3H6 and at ca. 1 bar and 25 ºC.  

Sample 
C3H8 C3H6 C3H8 selectivity 

q / mol·kg-1 D·r-2 / s-1 q / mol·kg-1 D·r-2 / s-1 Equil.* Kinet.* 
MFF_1  0.4 1.9×10-3 1.6 1.2×10-3 < 1 1.6 
MFF_2  3.0 1.9×10-3 2.5 2.5×10-3 1.2 ≈1 
MFF_3  0.2 1.2×10-2 1.8 3.3×10-4 < 1 37.1 
MFF_4  0.3 4.0×10-2 1.6 7.3×10-3 < 1 5.5 
MFF_5  2.0 3.9×10-2 2.3 2.4×10-2 < 1 1.6 
MFF_6  2.4 5.0×10-2 2.9 4.5×10-2 < 1 1.1 
MFF_7  2.7 3.1×10-2 2.5 1.5×10-3 1.1 21.2 
MFF_8  2.9 1.2×10-1 1.4 1.4×10-1 2.1 ≈1 
MFF_8/1200 3.7 1.8×10-1 3.5 3.9×10-2 1.1 4.7 
MFF_8/1300 3.8 2.4×10-2 3.3  4.2×10-2 1.2  < 1 

 

From Table 2 it can be observed that the sample without any pre- or post-treatment 

– MFF_1 (control) – is selective towards propylene. The propane adsorption selective 

samples are MFF_2, MFF_7, MFF_8 and MFF_8/1200; MFF_8 sample displays the 

highest adsorbed concentration ratio of ca. 2 at 1 bar. Among these samples MFF_7 and 

MFF_8/1200 display kinetic selectivity to propane, where sample MFF_7 displays the 

highest kinetic selectivity of 21. 

Samples MFF_2 and MFF_8 display the highest equilibrium selectivity and are 

produced under similar carbonization conditions and pre-treatment; however, sample 

MFF_8 was also submitted to 12 days of propylene atmosphere treatment. It seems that 

carbonization conditions and pre-treatment are more relevant than the post-treatment for 

the adsorption selectivity. MFF_8 displays the highest equilibrium selectivity but also 

very high adsorption kinetics making it ideal for equilibrium-based PSA gas separation. 
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3.2.Thermogravimetry analysis 

Proximate analysis [51] of precursor MFF was obtained - Figure 1.  

 

 

Figure 1. Proximate analysis of MFF precursor by thermogravimetric method. The removed species at 

different intervals are identified. 

 

Table 3 shows the obtained TGA weight results for MFF precursor. 

 

Table 3. Proximate analysis results by thermogravimetry of MFF precursor. 

 MFF.AP precursor 

Humidity / % 7 
Volatile matter / % 34.2 
Fixed carbon / % 41.2 

Ashes / % 18.0 
  

Proximate analysis shows that the obtained fixed carbon value is within the values 

for similar materials 40 % - 60 % [61-63]. The fixed carbon is related to the mechanical 

resistance of the carbonized adsorbent and values above 40 % are envisioned [54]. 

 
 
3.3.Scanning electron microscopy  

Figure 2 shows SEM micrographs of MFF precursor material as well as CMS 

MFF_8. 
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Figure 2. SEM micrographs with a) 1000× b) 2000× of magnification for MFF precursor material and c) 

500× d) 2000× of magnification for the MFF_8 CMS adsorbent. 

 
Figures 2a) and 2b) show that the MFF precursor is a very fine powder showing 

some particle agglomeration. Figure 2c) and 2d) show that the resultant CMS adsorbent 

exhibits larger agglomerated particles. The particle size distribution of sample MFF_8 is 

shown in Figure 3; particles range from 0.38 µm to 4 µm. 
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Figure 3. Particle size distribution of precursor MFF and of the derived CMS adsorbent MFF_8. 
 

3.4.Mercury porosimetry 

Table 4 summarizes the morphology characteristics of MFF_8 adsorbent, including 

skeleton density, ρHe, obtained by helium pycnometry. 

 
Table 4. Mercury porosimetry results for MFF_8 adsorbent. 

 MFF_8 
ρHe / g·cm-3 2.4 

Total pore area / m2·g-1 25.3 
Median pore diameter (volume) / µm 0.86 

Median pore diameter (area) / µm 0.04 
εtotal / % 66.3 

 

3.5.FTIR analysis 

 Figure 4 shows the FTIR spectra of precursor MFF and samples MFF_2 (pre-treated 

with phosphoric acid and without post-treatment) and MFF_8 (best performing, pre-

treated with phosphoric acid and post-treated for 12 days with propylene). Band 

assignments of Figure 4 are summarized in Table 5.  

 

 

 

 

 

 



13 
 

 

Figure 4. FTIR spectrum: a) precursor (sample MFF) and; b) sample MFF_2, pre-treated with phosphoric 

acid and without post-treatment; c) sample MFF_8, pre-treated with phosphoric acid and post-treated with 

propylene for 12 days. 

 

 Figure 4 indicates that pre- and post-treatments, as well as carbonization end 

temperature, cause several changes in the surface chemistry of the samples. Namely, after 

carbonization most functional groups are removed, which is expected since several 

heteroatoms are released during this stage. However, in all samples O-H stretching 

vibrations ascribed to alcohols and phenols at 3400-3200 cm-1 and C-H stretching 

vibrations assigned to aliphatic compounds at 2950-2800 cm-1, are present [64, 65]. The 

bands located between 2364-2343 cm-1 are attributed to CO2 present in the ambient air. 

Also, the O-H functional group intensity increases for sample MFF_2 pre-treated with 

phosphoric acid and decreases when post-treated with propylene, sample MFF_8. These 

results indicate that phosphoric acid should hydrolyze the surface of the carbon samples, 

as suggested by Myglovets et al. [66]. Not less important, in the CMS adsorbents a strong 

band at 1380 cm-1 assigned to C-H stretching vibration is observed [67]. Also, the sample 

pre-treated with phosphoric acid and not exposed to propylene, sample MFF_2, shows 

the presence of a C=O stretching vibration band at 1734 cm-1 [65]. Since the sample 

treated with propylene do not present this functional group, propylene should act as a 
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cleaning agent of this oxygenated functional group, as reported before [47, 48]. Spectra 

of samples pre-treated with phosphoric acid (Figures 4b) and 4c)) indicate the presence 

of phosphor surface-functional groups, these samples exhibit a P=O stretching vibration 

band at 1170-1169 cm-1 [68-70]. However, the sample not exposed to propylene, MFF_2, 

displays a P-O-C stretching mode band at 1317 cm-1 assigned to P-O-C groups in 

phosphate-carbon complexes [69]. Since sample MFF_8, among the three samples, is the 

one displaying the highest propane selectivity, the deletion of P-O-C and C=O functional 

groups and the presence of C=C and P=O groups in the adsorbent inner surface could also 

contribute for the observed performance. 

 

Table 5. FTIR spectra bands and assignments. 

Wavenumber / cm-1 Functional group Assignment 

3449, 3427, 3423 O-H 
O-H stretching assigned to alcohols 

and phenols 

3070 =C-H =C-H stretching in aromatic structures 

2925, 2916, 2914 -CH3 and -CH2- Aliphatic C-H stretching vibration 

2856, 2850 -CH2- 
C-H out-of-plane stretching vibration 

in alkanes 

1734 C=O  
C=O stretching vibration in ketones, 

aldehydes, lactones or carboxyl groups 

1657, 1597 
C=O and NH2 Two bands; C=O stretching and NH2 

deformation vibrations 

1630 C=C C=C stretching vibration in alkenes 

1479 -CH2 Scissor vibration of CH2 

1387, 1380 C-H Stretch vibration of C-H 

1340  O-H Phenolic O-H in-plane deformation 

1317 P-O-C 
Stretching mode of P-O-C groups on 

phosphate-carbon complexes  

1200, 1117, 1115 C-O-C 
C-O-C antisymmetric stretching 

vibration 

1170, 1169 P=O 
P=O stretching vibration in 

phosphorous oxyacids and phosphates 

897, 894, 773 C-H 
Out-of-plane deformation mode of C-H 

substituted in different benzene rings 

692 C-H 
C-H out-of-plane deformation of 

mono-substituted benzenes  

460 C-O-C C-O-C bend vibration in ethers 

 
 
3.6.Surface area and pore volume  
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Figure 5 plots the carbon dioxide and sulfur hexafluoride adsorption equilibrium 

isotherms at 25 ºC for sample MFF_8. 

 

Figure 5. Adsorption equilibrium isotherms at 25 ºC on MFF_8 a) CO2 and b) SF6. 
 

Figure 5 indicates that MFF_8 CMS adsorbent displays a wide micropore size 

distribution since carbon dioxide (kinetic diameter of 0.33 nm [71]) and sulfur 

hexafluoride (kinetic diameter of 0.55 nm [72]) are highly adsorbed. Furthermore, the 

carbon dioxide amount adsorbed is clearly higher than the sulfur hexafluoride 

concentration, which reaches saturation at ca. 1.1 bar; the carbon dioxide isotherm 

reaches saturation above 7 bar. These results indicate a limited volume of pores larger 

than the size of sulfur hexafluoride. 

 
 Figure 6 shows the CO2 adsorption isotherm at 0 ºC and the respective Dubinin-

Astakhov linearization for MFF_8 CMS adsorbent. The DA fitting parameters are given 

in Table 6. 
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Figure 6. CO2 adsorption isotherm at 0 ºC (a) and respective linearization employing Dubinin-Astakhov 

equation (b) for MFF_8 adsorbent (scatter corresponds to experimental data and solid line to DA fitting). 

 
Table 6. Structural parameters for MFF_8 CMS sample. 

Parameter MFF_8 

n 1.9 

W0 / cm3·kg-1 347.3 

E0 / kJ·mol-1 9.4 

S / m2·g-1 834.8 

 

 The obtained specific surface area and micropore volume for MFF_8 adsorbent is 

in the range of other values reported in literature [73-77].  

 
3.6.1. SAXS analysis 

Small angle X-ray scattering (SAXS) was used for analysing the shape and size of 

MFF_8 CMS adsorbent pores [78]. The obtained results are shown in Figure 7. SAXS 

data was fitted with the Guinier-Porod model [79] in the Q range from 0.1 Å-1 to 1.0 Å-1. 

This model is empirical and can be used to determine the size and dimensionality of the 

nanopores including asymmetric nanopores with different shapes as spheres, rods, 

platelets as well as shapes intermediate between spheres and rods and between rods and 

platelets.  

The Guinier-Porod model is given by equations (6) and (7): 

 
2 2

3( ) exp gQ R

s

s

G
I Q

Q
for 1Q Q                                                                                (6) 

( )
m

D
I Q

Q
for 1Q Q                                                                                                  (7) 
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where Q is the scattering variable, I is the scattered intensity, Rg is the radius of gyration 

and G and D are the Guinier and Porod scale factors, respectively. For globular pores 

(such as perfect spheres) s = 0, for rod shape (2D symmetry) structures s = 1 and for 

platelet shaped structures (1D symmetry) s = 2. The fitting parameters to the Guinier-

Porod model (shown as red dots in Figure 7b), are s = 0.977 and Rg = 6.01 Å. The value 

of s shows that the pores have approximately rod-shaped geometry. Considering that the 

radius-of-gyration of a randomly oriented cylinder of radius R is given by Rg = R / √2, 

then a value of R ~ 8.5 Å is obtained, i.e., the rods have then an average diameter of 

1.7 nm. 

 

 
Figure 7. SAXS data for MFF_8 for a) three spatially separated regions; b) data fitted to the Guinier-

Porod model and c) Lorentz corrected SAXS data with a distribution of nanoscale structures centered 

around Q values of ca. 0.17 Å-1 and 1.6 Å-1 (a.u. = arbitrary units). 

 
The SAXS scattered intensity I(Q), is related to the scattering vector amplitude, 

with the resultant I(Q) coming from the subtraction of the appropriate background from 
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the sample [80]. The momentum transfer value Q is related to the scattering angle and X-

ray wavelength using the following: 

 

4 sin
Q                                                                                                                     (8) 

 
Bragg’s law (Eq. 9) can be applied for determining d, which is the lattice interplanar 

spacing of the crystal [78]: 

 
 2 sinn d                                                                                                                    (9) 

2
d

Q
                                                                                                                           (10) 

 
where θ is the X-ray incident angle (Bragg angle), n is an “integer”, λ is the wavelength 

of the characteristic X-ray. Applying Eq. 10, the pore size distribution of the sample was 

determined for each Qmax value. Then, Figure 7c) shows the pore size distribution of 

adsorbent MFF_8, which displays a bimodal size distribution with averages of 0.4 nm in 

the range of the ultra-micropores and 3.7 nm in the mesopore size range.  

 

An HRTEM image was taken from an MFF carbon adsorbent carbonized at 1100 ºC 

end temperature and 120 minutes of soaking time – Figure 8. The carbon adsorbent was 

not submitted to any pre- or post-treatment. 
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Figure 8. HRTEM image of an MFF carbon adsorbent carbonized at 1100 ºC. 

 
Figure 8 shows an earthworm network of micropores, compatible with the results 

obtained from SAXS analysis, both in terms of pore geometry and pore size distribution.  

 
3.6.2. Adsorption equilibrium and kinetics 

The adsorption equilibrium isotherms of propane and propylene at 25 ºC on sample 

MFF_8 are plotted in Figure 9.  
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Figure 9. Propane (▲) and propylene (■) experimental isotherms on MFF_8 at 25 ºC. The dotted lines 

are the Toth equation fitting. 

 
MFF_8 displays a higher adsorption capacity for propane compared with 

propylene; the adsorbed concentration ratio is ca. 2 at 1 bar. Normally, an activated 

carbon, as well as most of the adsorbents, are selective to propylene, which makes this 

adsorbent very special. This adsorbent is especially suited for the propylene purification, 

which implies the removal of small concentrations of propane. Table 7 shows the fitting 

parameters of the Toth equation for propane and propylene on MFF_8. 

 

Table 7. Toth equation parameters of C3H6 and C3H8 on MFF_8 adsorbent. 

Toth equation 

 qs / mol·kg-1 b / bar-1 t 

C3H6 2.89 1.30 0.89 
C3H8 3.59 13.93 0.70 

 

Figure 10 shows the experimental uptake curves and the respective fitting model 

for propane and propylene at ca. 1 bar and 25 ºC. The adsorption kinetics for both propane 

and propylene are very fast and similar, making this adsorbent suitable only for adsorption 

equilibrium separation processes. The separation mechanism that drives the separation is 

still unclear. However, the authors believe that the special morphology and size of the 

pores, as well as the presence of P=O groups and absence of C=O groups, may play a key 

role, preventing ingress of more rigid propylene molecules inside the adsorbent pore 

network.  
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Figure 10. Experimental uptake curves (black symbols) and fitting model (red dashed lines) for: a) 

propane and b) propylene. The fitting parameters are also given. 

 

4. Conclusions 

Carbon molecular sieve adsorbents with kinetic and equilibrium selectivity to 

propane over propylene, were successfully prepared from a phenolic resin precursor. The 

phenolic resin precursor was pre-treated with phosphoric acid, followed by carbonization 

and propylene post-treatment. Ten samples were prepared changing the end temperature 

(950 ºC – 1300 ºC), pre-treatment (phosphoric acid concentration – 0 wt.% to 25 wt.%) 

and post-treatment (time of contact with propylene 0 to 12 days). The best performing 

samples, samples MFF_7 and MFF_8, were pre-treated with phosphoric acid at 25 wt.%, 

carbonized at 1100 ºC and post-treated with propylene for 6 and 12 days, respectively. 

MFF_7 exhibited a kinetic selectivity of propane over propylene of ca. 21 and MFF_8 

displayed an equilibrium selectivity of ca. 2, at 1 bar and 25 ºC. MFF_8 sample was fully 

characterized to investigate the reasons for this unprecedented equilibrium-based 

separation performance. The FTIR spectra showed that both, pre- and post-treatments, 

produce several changes in surface chemistry of the samples. Moreover, the results 

obtained from the volumetric method indicate that phosphoric acid may play a key role 

in the inverse equilibrium-based selectivity, since all samples pre-treated with phosphoric 

acid display a significant increase in the propane adsorption. On the other hand, the post-

treatment with propylene, though relevant, has a smaller role for the equilibrium-based 

selectivity to propane. The propylene post-treatment opens the constrictions – more 

straight inter-pore connections, first increasing the diffusion kinetics to C3H8 – more 

flexible molecule – and then to C3H6, respectively. The SAXS analysis indicates that 

a b 
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MFF_8 adsorbent has rod-shaped pores with a bimodal distribution and have an average 

pore size of 0.4 nm in the range of the ultra-micropores region. The HRTEM images show 

a earthworm network of micropores compatible with the SAXS analysis, both in terms of 

pore geometry and pore size distribution. The adsorption-based selectivity was assigned 

to the rod-shape ultra-microporosity, which should prevent the rigid propylene molecule 

to progress inside the adsorbent pore network. This conclusion opens the doors of carbon 

molecular sieve membranes to a completely different class of gas separations, gas 

separations based on the molecular worming though rod-shape pores.  
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Abstract  

Novel carbon adsorbents for propane/propylene separation, with an unprecedented 

adsorption selectivity to propane – the minority component – were prepared from a 

phenolic resin precursor. The preparation conditions of the carbon molecular sieve 

adsorbents, such as pre-treatment with phosphoric acid; carbonization and post-treatment 

with propylene, were carefully investigated concerning their role on the separation 

performance. The best performing sample, MFF_8, was characterized by SEM, FTIR and 

small-angle X-ray scattering (SAXS). It was concluded that the pre-treatment with 

phosphoric acid was critical for obtaining the propane/propylene separation performance 

– adsorption ratio of ca. 2 at 1 bar and 25 ºC; this sample was carbonized at 1100 ºC and 

post-treated with propylene during 12 days. SAXS analysis indicates rod-shaped pores 

for the MFF_8 sample with a bimodal size distribution with averages of 0.4 nm and 3.7 

nm, and HRTEM images show a network of earthworm micropores. The adsorption 

selectivity of this adsorbent to propane was assigned to the shape and size of the pores 

and the rigidity of propylene compared with propane for worming through the 

constriction of the ultra-micropores network. To the best knowledge of the authors, this 

is the first time a carbon molecular sieve (CMS) adsorbent with rod-shaped pores is 

reported. This new family of CMS adsorbents show great potential for equilibrium and 

kinetic based separations of adsorbates displaying different worming performances. 

 

Keywords: Carbon molecular sieve; phenolic resin precursor; propylene / propane gas 

separation; propane over propylene adsorption selectivity.  
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1. Introduction 

 Olefins are the building blocks for a large number of commodities [1, 2]. Their 

separation/purification remains, however, a great challenge. Light olefins such as 

ethylene and propylene are often mixed with their homologue light paraffins, ethane and 

propane, respectively, which display close boiling points [2]. One of the most important 

uses of ethylene and propylene are the production of their corresponding polymers; the 

required purity for this application is > 99.5 %, which is quite demanding to reach [3, 4]. 

Since distillation is still the election process for these separations, the corresponding 

distillation columns need to be very long rendering these separations energy demanding 

[5, 6]. Literature reports several processes for light olefins production and separation, 

such as i) adsorption-based processes: temperature swing adsorption (TSA) [7] and 

pressure swing adsorption (PSA) [2, 8, 9]; ii) membrane processes: gas permeation [10-

12] and pervaporation [13]; iii) reaction processes: catalytic pyrolysis process (CPP) [14], 

by-product upgrading (C4-9) [15] and propane oxidative dehydrogenation [16]; and iv) 

hybrid processes: distillation with adsorption [17], membrane [18] and reaction processes 

[19]. Among the above processes, adsorption- [20] and membrane-based [21] are the ones 

that have received more attention. Especially, adsorption-based processes have reached 

promising recoveries for the required purities [2, 8]. 

Rege et al. [20] studied the performance of an equilibrium PSA-based separation 

adsorbent, AgNO3 / SiO2, and a kinetic separation adsorbent, zeolite 4A. Comparing the 

performance of both adsorbent materials, the authors found that AgNO3 / SiO3 displayed 

a better separation performance allowing to produce a propylene 99 % with a recovery of 

44 %. Padin et al. [22] simulated the performance of an AlPO4-14 adsorbent using a four-

step PSA cycle with a gas feed of 50 % C3H6 / 50 % C3H8. The results showed a propylene 

purity of 99 % and a recovery of 53 %. Grande et al. [2] used a zeolite 4A adsorbent in a 

two-stage VPSA unit, obtaining a propylene purity of 99.6 % and a recovery of 95.9 %. 

Despite the very satisfactory results, the energy demand of the overall separation was 

somewhat higher than the one for distillation process. Furthermore, Campo et al. [8] used 

a modified 13X zeolite in a five-step VPSA and a feed mixture of 75 % C3H6 / 25 % C3H8. 

The obtained results showed a propylene purity of 99.54 % and a recovery of 85 %, which 

are very interesting results. Although the reported results display the required propylene 

purity, ca. 99.0 %-99.5 %, the recovery is still relatively low, ca. 50.0-85.0 % [2]. Other 

studies have assessed the adsorption and kinetic selectivity of propylene/propane 



3 
 

mixtures in: zeolite 13X pellets [23]; zeolite DD3R with different sizes [24]; zeolite 5A 

with deposited ultrathin microporous TiO2 coatings to precisely adjust the pore mouth 

size [25]; ferro-alumino-silicate levyne (FeAl-LEV) zeolites [26]; zeolite membranes, 

containing ion-exchanged silver cations [27]; Ag(I) doped microporous carbons [28]. 

However, all the adsorbents used in these separations are adsorption selective to the 

olefins, which is the majority component. This makes the PSA units large, energy 

demanding and displaying modest recoveries. 

The ideal would be to have an adsorbent selective to the minority component, the 

light paraffin. However, there were described just a handful of such adsorbents. Herdes 

et al. [29] were among the first to report a paraffin equilibrium selective absorbent. These 

authors described an aluminium methylphosphonate polymorph alpha (AlMePO-α) 

selective towards paraffins over olefins. This material – Al2(PO3CH3)3 – was firstly 

reported by Maeda et al. [30] and since then it was widely studied by other researchers 

[31-33]. Literature assign this inversed selectivity to strong adsorbent-adsorbate 

interactions during adsorption process [34-36]. Additionally, metal organic frameworks 

(MOFs) such as ZIF-7, Fe2(O2)(dobdc) and MIL-100 have been investigated for 

preferable paraffin selectivity over olefins i) ethane / ethylene [5],  ii) propane / propylene 

[37, 38] and iii) isobutane / isobutene [38] separations. Gücüyener, et al. [5] reported a 

MOF, ZIF-7, paraffin selective towards ethane / ethylene mixtures displaying an 

adsorbed concentration ratio of ca. 7, favourable to ethane over ethene, with an ethane 

adsorption capacity of 1.8 mol·kg-1, at 0.3 bar 25 ºC. Recently, Andres-Garcia et al. [39] 

reported a ZIF-67 MOF that exhibited an adsorbed concentration ratio, favourable to 

propane over propylene, of 3.7 with a propane adsorption capacity of 2.24 mol·kg-1, at 

ca. 0.2  bar and 25 ºC. 

The discovery of new materials selective toward paraffins over olefins may require 

changing the structure of the adsorbents, such as functional surface groups and/or pore 

structure [36]. Finding the key factors for having the unprecedented separation would 

allow the development and optimization of materials with the desired characteristics for 

the given gas separation. Some authors are developing different concepts for explaining 

this separation such as thermodynamic control, i.e., control of specific adsorbate-

adsorbent interactions [40]. Studies revealed that whereas polar cation-containing 

zeolites, such as 13X, show preferable olefin adsorption [41, 42], nonpolar cation-free 

zeolites display higher affinity to paraffins [36, 43, 44]. These studies of preferable 

paraffin adsorption were predicted based on molecular dynamics calculations using 
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mixed gas isotherms [40]. For example, Keil et al. [45] predicted an ethane adsorbed 

capacity selectivity of 2 from an equimolar mixture of ethane / ethene with an ethane 

adsorption capacity of 2.5 mol·kg-1 on carbon nanotubes, at 1 bar and 27 ºC. On the other 

hand, it was predicted that zeolite silicalite-1 should display only a slightly higher ethane 

adsorption equilibrium over ethylene [46]. 

This work reports the preparation of propane selective carbon molecular sieve 

adsorbents from a phenolic resin precursor. The samples were pre-treated with phosphoric 

acid and post-treated with propylene; propylene treatment stabilizes the adsorbent against 

chemisorption of ambient oxygen [47-49]. Adsorbents were characterized concerning 

adsorption equilibrium isotherms of propane and propylene, pore size distribution and 

mercury porosimetry; the surface morphology and chemistry were analysed by scanning 

electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and by 

thermogravimetric analysis; the pore shape and pore size distribution was obtained by 

SAXS. The best performing material displayed a propane / propylene adsorbed 

concentration ratio of 2 at ca. 1 bar. 

 

2. Experimental 

2.1. CMS preparation 

Precursor materials 

Phenolic resin MFF, mean particle size of ca. 1.5 µm, was used as precursor. 

Carbon dioxide (99.9 % pure) and helium (99.999 % pure) were supplied by Linde. 

Propane and propylene were provided from Praxair (99.5 % pure).  

 
Pre-treatments 

MFF precursor was mixed overnight with 25 wt. % phosphoric acid solution at 

room temperature; the acid:precursor mass ratio was ca. 3. After mixed, the samples were 

carbonized.  

 
Carbonization  

The carbonization step was carried out in an alumina tube (one of 954 cm3 volume 

for temperatures among 950-1100 ºC and another of 5049 cm3 volume for temperatures 

between 1200-1300 ºC; with 4.7 cm and 7.1 cm of inner diameter, respectively) inside a 

tubular horizontal Termolab TH furnace. For guaranteeing the temperature homogeneity 

along the tube, three spatially separated thermocouples were placed into the furnace. 

Samples were carbonized under N2 atmosphere with a 100 mL·min-1 (small volume tube) 
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and 300 mL·min-1 (large volume tube) flow rate and a 3 ºC·min-1 heating rate. End 

temperatures from 950 ºC up to 1300 ºC with 60 minutes of soaking time were employed 

[50]. After the carbonization, the carbon adsorbents were cooled naturally until room 

temperature and then removed from the furnace.  

 

 
Post-treatments 

After the carbonization step, the carbon adsorbents were stored in 2 bar of 

propylene for 1 to 12 days. 

 
2.2.Thermogravimetric analysis 

Thermogravimetric analysis was performed in a Netzsch STA 449 F3 Jupiter 

thermogravimetric balance; a sample of 11.1 mg was employed. A proximate analysis 

was performed for obtaining the fraction of fixed carbon. The protocol used is described 

elsewhere [51] and generally comprises the following steps: 

 From room temperature to 110 ºC at 25 ºC·min-1 under 30 mL·min-1 of nitrogen; 

in this step all humidity should be released. 

 From 110 ºC up to 950 ºC with a 9 min dwell under nitrogen stream; in this step 

it is expected a mass loss attributed to the release of volatile matter. 

 The last step includes a 11 min dwell at 950 ºC, under oxygen atmosphere, where 

carbon was burned leaving ashes. 

 
2.3.Scanning electron microscopy (SEM)  

SEM analyses were performed in a Phenom XL scanning electron microscope. The 

Phenom XL was equipped with two detector systems, one with a fully integrated EDS 

system for elemental analysis and another that corresponds to a Secondary Electron 

Detector (SED) that enables surface sensitive imaging.  

 
2.4.Mercury porosimetry 

Mercury porosimetry analysis was performed in a Micromeritics Autopore IV 9500 

porosimeter. Samples were mechanically outgassed while under 2.06×10-3 MPa prior to 

mercury intrusion for removing all physically adsorbed species. Mercury pressure 

increased from 2.06×10-3 MPa to 2.068×102 MPa for entering in smaller pores, down to 

ca. 6 nm. 
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2.5.Particle size distribution 

Particle size measurements were performed using a Counter LS 230 using Mie light 

scattering Polarization Intensity Differential Scattering (PIDS) technology. Samples were 

previously dispersed in distilled water. 

 

 

2.6.Fourier transform infrared spectroscopy (FTIR) 

The infrared spectra were recorded using a VERTEX 70 FTIR spectrometer 

(BRUKER) in transmittance mode with a high sensitivity DLaTGS detector at room 

temperature. Samples were analysed in transmission mode, using pellets of potassium 

bromide (KBr) with 1 % (w/w) of the compound. The spectra were recorded from 

4000 cm-1 to 400 cm-1 with a resolution of 4 cm-1. 

 
2.7.Micropores characterization 

Micropore size distribution of the CMS adsorbents was determined based on 

adsorption equilibrium isotherms of carbon dioxide at 0 ºC as described elsewhere [52-

54]. This method could not be applied to phosphoric acid treated samples due to the 

change of the CMS inner surface chemistry. 

For characterizing the adsorbent microporosity the Dubinin-Astakhov (DA) 

equation is normally used (Eq. 1) [55, 56]:  

 

0

0 0

ln( / )
exp

n

RT P PW

W E
                                                                                 (1) 

 

where W is the micropore volume, P is the pressure, W0 is the total micropore volume, E0 

is the characteristic energy for adsorption, P0 is the vapor pressure of the free liquid, R is 

the gas constant, T is the absolute temperature and n is a fitting parameter; for n = 2 this 

equation renders the Dubinin–Raduschkevisch (DR) equation. 

 

2.8.Small-angle X-ray scattering 

SAXS measurements were carried out at the University of Sheffield using a Xeuss 

2.0 instrument (Xenocs, Grenoble France), this particular SAXS system is equipped with 

a liquid gallium X-ray source (MetalJet Excillum, Sweden). The X-ray beam (9.24 keV) 

size was 600 µm vertically and 400 µm horizontally, with a distance of 305 mm between 
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sample position and the detector (Pilatus3R 1M 2D, Dectris, Switzerland). The samples 

were mounted on a sample holder and three measurements were taken from different 

regions of the sample, spaced by roughly ~ 1 mm. Each sample was also measured in 

transmission and scaled to the transmission through air and a suitable air background was 

also collected. The data operation tool in Sasview 4.2 [57] was used to scale the SAXS 

data and subtract the air background. 

2.9.High-resolution transmission electron microscopy (HRTEM) 

HRTEM analysis was performed in a FEI Titan Cubed microscope operated at 300 

kV. This instrument was equipped with an image aberration corrector that provides 80 

pm resolution. 

 

2.10. Specific surface area 

Multipoint Brunauer-Emmett-Teller (BET) specific surface area measurements 

were performed in a Quantachrome Autosorb AS-1 instrument at -196 ºC. Prior to the 

analysis samples were outgassed at 80 ºC for 30 minutes, then at 120 ºC for 30 minutes 

and finally at 300 ºC for 3 hours. 

 
2.11. Adsorption equilibrium isotherms and gas uptake experiments 

The adsorption equilibrium isotherms and uptake curves for C3H6, C3H8 and CO2 

were obtained by using the volumetric method as described elsewhere [58, 59]. For 

measuring pressures until 2 bar a 2 bar Drück pressure sensor was used (reading error of 

0.1 % of full scale), and for higher pressure values a 7 bar Drück (reading error of 0.1 % 

of full scale) was employed. The samples and tanks were evacuated at 70 ºC for 4 h to 

pressures < 0.002 bar using an Alcatel 1004A vacuum pump.  

 
Langmuir (Eq. 2) and Toth (Eq. 3) adsorption isotherm equations are 

thermodynamically consistent; Toth has one more parameter to account for the surface 

heterogeneities [56]. SIPS (Eq. 4) also has three parameters to account for the surface 

heterogeneities but is not applicable for low pressures since it does not converge to the 

Henry’s law [54, 56].  

 

1
s

bP
q q

bP                                                                                                                     (2) 
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where q is the adsorbed solute concentration at pressure P, qs is the adsorbed saturation 

capacity, b is the adsorption affinity constant and t and n are parameters used to 

characterize the heterogeneity of the system. Generally, t is less than unity; for t = 1, Toth 

equation converges to Langmuir equation [56].  

The adsorption kinetics was calculated using a non-isothermal model for constant-

volume and variable-pressure conditions (Eq. 5) [60]:  
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where Bn = Yn [(qn
2 - α) qncotqn - 2α] + qn

2(qn
2 - α), Yn = qncotqn - 1 and α* = KV. 

Considering that V = Vs / Vg, and VS correspond to the volume of the sorbent particles and 

Vg to the volume of the gaseous phase, respectively. This equation was fitted to the 

experimental uptake curves for obtaining the inverse of the apparent diffusion time 

constant (D·r-2). 

 

3. Results and discussions 

Several CMS samples were prepared under different conditions – Table 1 – and 

characterized for optimization of the adsorbent performance; the phosphoric acid pre-

treatment, the carbonization end temperature and the post-treatment with propylene were 

changed. 

 

Table 1. Adsorbents preparation conditions description. 

Sample Pre-treatment 
Carbonization 

end temp. 
Post-treatment 
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MFF_1 Without 1100 ºC for 1 h Without 
MFF_2 25 wt.% of H3PO4 overnight 1100 ºC for 1 h Without 
MFF_3 Without 1100 ºC for 1 h Propylene for 1 day 
MFF_4 Without 1100 ºC for 1 h Propylene for 7 days 
MFF_5 12.5 wt.% of H3PO4 overnight 1100 ºC for 1 h Propylene for 12 days 

MFF_6 25 wt.% of H3PO4 overnight 950 ºC for 1 h Propylene for 12 days 

MFF_7 25 wt.% of H3PO4 overnight 1100 ºC for 1 h Propylene for 6 days 

MFF_8 25 wt.% of H3PO4 overnight 1100 ºC for 1 h Propylene for 12 days 

MFF_8/1200 25 wt.% of H3PO4 overnight 1200 ºC for 1 h Propylene for 12 days 

MFF_8/1300 25 wt.% of H3PO4 overnight 1300 ºC for 1 h Propylene for 12 days 

 

3.1.CMS adsorption capacity and kinetics  

Table 2 shows the obtained propane and propylene adsorbed concentration and D·r -

2 at ca. 1 bar and 25 ºC for all samples. 

 

Table 2. Adsorption capacity and kinetics for both C3H8 and C3H6 and at ca. 1 bar and 25 ºC.  

Sample 
C3H8 C3H6 C3H8 selectivity 

q / mol·kg-1 D·r-2 / s-1 q / mol·kg-1 D·r-2 / s-1 Equil.* Kinet.* 
MFF_1  0.4 1.9×10-3 1.6 1.2×10-3 < 1 1.6 
MFF_2  3.0 1.9×10-3 2.5 2.5×10-3 1.2 ≈1 
MFF_3  0.2 1.2×10-2 1.8 3.3×10-4 < 1 37.1 
MFF_4  0.3 4.0×10-2 1.6 7.3×10-3 < 1 5.5 
MFF_5  2.0 3.9×10-2 2.3 2.4×10-2 < 1 1.6 
MFF_6  2.4 5.0×10-2 2.9 4.5×10-2 < 1 1.1 
MFF_7  2.7 3.1×10-2 2.5 1.5×10-3 1.1 21.2 
MFF_8  2.9 1.2×10-1 1.4 1.4×10-1 2.1 ≈1 
MFF_8/1200 3.7 1.8×10-1 3.5 3.9×10-2 1.1 4.7 
MFF_8/1300 3.8 2.4×10-2 3.3  4.2×10-2 1.2  < 1 

 

From Table 2 it can be observed that the sample without any pre- or post-treatment 

– MFF_1 (control) – is selective towards propylene. The propane adsorption selective 

samples are MFF_2, MFF_7, MFF_8 and MFF_8/1200; MFF_8 sample displays the 

highest adsorbed concentration ratio of ca. 2 at 1 bar. Among these samples MFF_7 and 

MFF_8/1200 display kinetic selectivity to propane, where sample MFF_7 displays the 

highest kinetic selectivity of 21. 

Samples MFF_2 and MFF_8 display the highest equilibrium selectivity and are 

produced under similar carbonization conditions and pre-treatment; however, sample 

MFF_8 was also submitted to 12 days of propylene atmosphere treatment. It seems that 

carbonization conditions and pre-treatment are more relevant than the post-treatment for 

the adsorption selectivity. MFF_8 displays the highest equilibrium selectivity but also 

very high adsorption kinetics making it ideal for equilibrium-based PSA gas separation. 
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3.2.Thermogravimetry analysis 

Proximate analysis [51] of precursor MFF was obtained - Figure 1.  

 

 

Figure 1. Proximate analysis of MFF precursor by thermogravimetric method. The removed species at 

different intervals are identified. 

 

Table 3 shows the obtained TGA weight results for MFF precursor. 

 

Table 3. Proximate analysis results by thermogravimetry of MFF precursor. 

 MFF.AP precursor 

Humidity / % 7 
Volatile matter / % 34.2 
Fixed carbon / % 41.2 

Ashes / % 18.0 
  

Proximate analysis shows that the obtained fixed carbon value is within the values 

for similar materials 40 % - 60 % [61-63]. The fixed carbon is related to the mechanical 

resistance of the carbonized adsorbent and values above 40 % are envisioned [54]. 

 
 
3.3.Scanning electron microscopy  

Figure 2 shows SEM micrographs of MFF precursor material as well as CMS 

MFF_8. 

 



11 
 

 

 
Figure 2. SEM micrographs with a) 1000× b) 2000× of magnification for MFF precursor material and c) 

500× d) 2000× of magnification for the MFF_8 CMS adsorbent. 

 
Figures 2a) and 2b) show that the MFF precursor is a very fine powder showing 

some particle agglomeration. Figure 2c) and 2d) show that the resultant CMS adsorbent 

exhibits larger agglomerated particles. The particle size distribution of sample MFF_8 is 

shown in Figure 3; particles range from 0.38 µm to 4 µm. 
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Figure 3. Particle size distribution of precursor MFF and of the derived CMS adsorbent MFF_8. 
 

3.4.Mercury porosimetry 

Table 4 summarizes the morphology characteristics of MFF_8 adsorbent, including 

skeleton density, ρHe, obtained by helium pycnometry. 

 
Table 4. Mercury porosimetry results for MFF_8 adsorbent. 

 MFF_8 
ρHe / g·cm-3 2.4 

Total pore area / m2·g-1 25.3 
Median pore diameter (volume) / µm 0.86 

Median pore diameter (area) / µm 0.04 
εtotal / % 66.3 

 

3.5.FTIR analysis 

 Figure 4 shows the FTIR spectra of precursor MFF and samples MFF_2 (pre-treated 

with phosphoric acid and without post-treatment) and MFF_8 (best performing, pre-

treated with phosphoric acid and post-treated for 12 days with propylene). Band 

assignments of Figure 4 are summarized in Table 5.  
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Figure 4. FTIR spectrum: a) precursor (sample MFF) and; b) sample MFF_2, pre-treated with phosphoric 

acid and without post-treatment; c) sample MFF_8, pre-treated with phosphoric acid and post-treated with 

propylene for 12 days. 

 

 Figure 4 indicates that pre- and post-treatments, as well as carbonization end 

temperature, cause several changes in the surface chemistry of the samples. Namely, after 

carbonization most functional groups are removed, which is expected since several 

heteroatoms are released during this stage. However, in all samples O-H stretching 

vibrations ascribed to alcohols and phenols at 3400-3200 cm-1 and C-H stretching 

vibrations assigned to aliphatic compounds at 2950-2800 cm-1, are present [64, 65]. The 

bands located between 2364-2343 cm-1 are attributed to CO2 present in the ambient air. 

Also, the O-H functional group intensity increases for sample MFF_2 pre-treated with 

phosphoric acid and decreases when post-treated with propylene, sample MFF_8. These 

results indicate that phosphoric acid should hydrolyze the surface of the carbon samples, 

as suggested by Myglovets et al. [66]. Not less important, in the CMS adsorbents a strong 

band at 1380 cm-1 assigned to C-H stretching vibration is observed [67]. Also, the sample 

pre-treated with phosphoric acid and not exposed to propylene, sample MFF_2, shows 

the presence of a C=O stretching vibration band at 1734 cm-1 [65]. Since the sample 

treated with propylene do not present this functional group, propylene should act as a 
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cleaning agent of this oxygenated functional group, as reported before [47, 48]. Spectra 

of samples pre-treated with phosphoric acid (Figures 4b) and 4c)) indicate the presence 

of phosphor surface-functional groups, these samples exhibit a P=O stretching vibration 

band at 1170-1169 cm-1 [68-70]. However, the sample not exposed to propylene, MFF_2, 

displays a P-O-C stretching mode band at 1317 cm-1 assigned to P-O-C groups in 

phosphate-carbon complexes [69]. Since sample MFF_8, among the three samples, is the 

one displaying the highest propane selectivity, the deletion of P-O-C and C=O functional 

groups and the presence of C=C and P=O groups in the adsorbent inner surface could also 

contribute for the observed performance. 

 

Table 5. FTIR spectra bands and assignments. 

Wavenumber / cm-1 Functional group Assignment 

3449, 3427, 3423 O-H 
O-H stretching assigned to alcohols 

and phenols 

3070 =C-H =C-H stretching in aromatic structures 

2925, 2916, 2914 -CH3 and -CH2- Aliphatic C-H stretching vibration 

2856, 2850 -CH2- 
C-H out-of-plane stretching vibration 

in alkanes 

1734 C=O  
C=O stretching vibration in ketones, 

aldehydes, lactones or carboxyl groups 

1657, 1597 
C=O and NH2 Two bands; C=O stretching and NH2 

deformation vibrations 

1630 C=C C=C stretching vibration in alkenes 

1479 -CH2 Scissor vibration of CH2 

1387, 1380 C-H Stretch vibration of C-H 

1340  O-H Phenolic O-H in-plane deformation 

1317 P-O-C 
Stretching mode of P-O-C groups on 

phosphate-carbon complexes  

1200, 1117, 1115 C-O-C 
C-O-C antisymmetric stretching 

vibration 

1170, 1169 P=O 
P=O stretching vibration in 

phosphorous oxyacids and phosphates 

897, 894, 773 C-H 
Out-of-plane deformation mode of C-H 

substituted in different benzene rings 

692 C-H 
C-H out-of-plane deformation of 

mono-substituted benzenes  

460 C-O-C C-O-C bend vibration in ethers 

 
 
3.6.Surface area and pore volume  
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Figure 5 plots the carbon dioxide and sulfur hexafluoride adsorption equilibrium 

isotherms at 25 ºC for sample MFF_8. 

 

Figure 5. Adsorption equilibrium isotherms at 25 ºC on MFF_8 a) CO2 and b) SF6. 
 

Figure 5 indicates that MFF_8 CMS adsorbent displays a wide micropore size 

distribution since carbon dioxide (kinetic diameter of 0.33 nm [71]) and sulfur 

hexafluoride (kinetic diameter of 0.55 nm [72]) are highly adsorbed. Furthermore, the 

carbon dioxide amount adsorbed is clearly higher than the sulfur hexafluoride 

concentration, which reaches saturation at ca. 1.1 bar; the carbon dioxide isotherm 

reaches saturation above 7 bar. These results indicate a limited volume of pores larger 

than the size of sulfur hexafluoride. 

 
 Figure 6 shows the CO2 adsorption isotherm at 0 ºC and the respective Dubinin-

Astakhov linearization for MFF_8 CMS adsorbent. The DA fitting parameters are given 

in Table 6. 
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Figure 6. CO2 adsorption isotherm at 0 ºC (a) and respective linearization employing Dubinin-Astakhov 

equation (b) for MFF_8 adsorbent (scatter corresponds to experimental data and solid line to DA fitting). 

 
Table 6. Structural parameters for MFF_8 CMS sample. 

Parameter MFF_8 

n 1.9 

W0 / cm3·kg-1 347.3 

E0 / kJ·mol-1 9.4 

S / m2·g-1 834.8 

 

 The obtained specific surface area and micropore volume for MFF_8 adsorbent is 

in the range of other values reported in literature [73-77].  

 
3.6.1. SAXS analysis 

Small angle X-ray scattering (SAXS) was used for analysing the shape and size of 

MFF_8 CMS adsorbent pores [78]. The obtained results are shown in Figure 7. SAXS 

data was fitted with the Guinier-Porod model [79] in the Q range from 0.1 Å-1 to 1.0 Å-1. 

This model is empirical and can be used to determine the size and dimensionality of the 

nanopores including asymmetric nanopores with different shapes as spheres, rods, 

platelets as well as shapes intermediate between spheres and rods and between rods and 

platelets.  

The Guinier-Porod model is given by equations (6) and (7): 

 
2 2

3( ) exp gQ R

s

s

G
I Q

Q
for 1Q Q                                                                                (6) 

( )
m

D
I Q

Q
for 1Q Q                                                                                                  (7) 

 



17 
 

where Q is the scattering variable, I is the scattered intensity, Rg is the radius of gyration 

and G and D are the Guinier and Porod scale factors, respectively. For globular pores 

(such as perfect spheres) s = 0, for rod shape (2D symmetry) structures s = 1 and for 

platelet shaped structures (1D symmetry) s = 2. The fitting parameters to the Guinier-

Porod model (shown as red dots in Figure 7b), are s = 0.977 and Rg = 6.01 Å. The value 

of s shows that the pores have approximately rod-shaped geometry. Considering that the 

radius-of-gyration of a randomly oriented cylinder of radius R is given by Rg = R / √2, 

then a value of R ~ 8.5 Å is obtained, i.e., the rods have then an average diameter of 

1.7 nm. 

 

 
Figure 7. SAXS data for MFF_8 for a) three spatially separated regions; b) data fitted to the Guinier-

Porod model and c) Lorentz corrected SAXS data with a distribution of nanoscale structures centered 

around Q values of ca. 0.17 Å-1 and 1.6 Å-1 (a.u. = arbitrary units). 

 
The SAXS scattered intensity I(Q), is related to the scattering vector amplitude, 

with the resultant I(Q) coming from the subtraction of the appropriate background from 
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the sample [80]. The momentum transfer value Q is related to the scattering angle and X-

ray wavelength using the following: 

 

4 sin
Q                                                                                                                     (8) 

 
Bragg’s law (Eq. 9) can be applied for determining d, which is the lattice interplanar 

spacing of the crystal [78]: 

 
 2 sinn d                                                                                                                    (9) 

2
d

Q
                                                                                                                           (10) 

 
where θ is the X-ray incident angle (Bragg angle), n is an “integer”, λ is the wavelength 

of the characteristic X-ray. Applying Eq. 10, the pore size distribution of the sample was 

determined for each Qmax value. Then, Figure 7c) shows the pore size distribution of 

adsorbent MFF_8, which displays a bimodal size distribution with averages of 0.4 nm in 

the range of the ultra-micropores and 3.7 nm in the mesopore size range.  

 

An HRTEM image was taken from an MFF carbon adsorbent carbonized at 1100 ºC 

end temperature and 120 minutes of soaking time – Figure 8. The carbon adsorbent was 

not submitted to any pre- or post-treatment. 
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Figure 8. HRTEM image of an MFF carbon adsorbent carbonized at 1100 ºC. 

 
Figure 8 shows an earthworm network of micropores, compatible with the results 

obtained from SAXS analysis, both in terms of pore geometry and pore size distribution.  

 
3.6.2. Adsorption equilibrium and kinetics 

The adsorption equilibrium isotherms of propane and propylene at 25 ºC on sample 

MFF_8 are plotted in Figure 9.  
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Figure 9. Propane (▲) and propylene (■) experimental isotherms on MFF_8 at 25 ºC. The dotted lines 

are the Toth equation fitting. 

 
MFF_8 displays a higher adsorption capacity for propane compared with 

propylene; the adsorbed concentration ratio is ca. 2 at 1 bar. Normally, an activated 

carbon, as well as most of the adsorbents, are selective to propylene, which makes this 

adsorbent very special. This adsorbent is especially suited for the propylene purification, 

which implies the removal of small concentrations of propane. Table 7 shows the fitting 

parameters of the Toth equation for propane and propylene on MFF_8. 

 

Table 7. Toth equation parameters of C3H6 and C3H8 on MFF_8 adsorbent. 

Toth equation 

 qs / mol·kg-1 b / bar-1 t 

C3H6 2.89 1.30 0.89 
C3H8 3.59 13.93 0.70 

 

Figure 10 shows the experimental uptake curves and the respective fitting model 

for propane and propylene at ca. 1 bar and 25 ºC. The adsorption kinetics for both propane 

and propylene are very fast and similar, making this adsorbent suitable only for adsorption 

equilibrium separation processes. The separation mechanism that drives the separation is 

still unclear. However, the authors believe that the special morphology and size of the 

pores, as well as the presence of P=O groups and absence of C=O groups, may play a key 

role, preventing ingress of more rigid propylene molecules inside the adsorbent pore 

network.  
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Figure 10. Experimental uptake curves (black symbols) and fitting model (red dashed lines) for: a) 

propane and b) propylene. The fitting parameters are also given. 

 

4. Conclusions 

Carbon molecular sieve adsorbents with kinetic and equilibrium selectivity to 

propane over propylene, were successfully prepared from a phenolic resin precursor. The 

phenolic resin precursor was pre-treated with phosphoric acid, followed by carbonization 

and propylene post-treatment. Ten samples were prepared changing the end temperature 

(950 ºC – 1300 ºC), pre-treatment (phosphoric acid concentration – 0 wt.% to 25 wt.%) 

and post-treatment (time of contact with propylene 0 to 12 days). The best performing 

samples, samples MFF_7 and MFF_8, were pre-treated with phosphoric acid at 25 wt.%, 

carbonized at 1100 ºC and post-treated with propylene for 6 and 12 days, respectively. 

MFF_7 exhibited a kinetic selectivity of propane over propylene of ca. 21 and MFF_8 

displayed an equilibrium selectivity of ca. 2, at 1 bar and 25 ºC. MFF_8 sample was fully 

characterized to investigate the reasons for this unprecedented equilibrium-based 

separation performance. The FTIR spectra showed that both, pre- and post-treatments, 

produce several changes in surface chemistry of the samples. Moreover, the results 

obtained from the volumetric method indicate that phosphoric acid may play a key role 

in the inverse equilibrium-based selectivity, since all samples pre-treated with phosphoric 

acid display a significant increase in the propane adsorption. On the other hand, the post-

treatment with propylene, though relevant, has a smaller role for the equilibrium-based 

selectivity to propane. The propylene post-treatment opens the constrictions – more 

straight inter-pore connections, first increasing the diffusion kinetics to C3H8 – more 

flexible molecule – and then to C3H6, respectively. The SAXS analysis indicates that 

a b 
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MFF_8 adsorbent has rod-shaped pores with a bimodal distribution and have an average 

pore size of 0.4 nm in the range of the ultra-micropores region. The HRTEM images show 

a earthworm network of micropores compatible with the SAXS analysis, both in terms of 

pore geometry and pore size distribution. The adsorption-based selectivity was assigned 

to the rod-shape ultra-microporosity, which should prevent the rigid propylene molecule 

to progress inside the adsorbent pore network. This conclusion opens the doors of carbon 

molecular sieve membranes to a completely different class of gas separations, gas 

separations based on the molecular worming though rod-shape pores.  
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