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Abstract
The removal of the main impurity CO2 is a crucial step in biogas upgrading. In this work, the separation of CO2 from CH4 on 
electrospun polyacrylonitrile-based carbon nanofibers (CNFs) is investigated using breakthrough experiments. The CNFs are 
prepared at various carbonization temperatures ranging from 600 to 900 °C and feature a tailorable pore size that decreases 
at higher carbonization temperatures. The adsorption properties of the different CNFs are studied measuring pure compo-
nent isotherms as well as column breakthrough experiments. Adsorption kinetics are discussed using a linear driving force 
approach to model the breakthrough experiment and obtain the adsorption rate constant. Moreover, different approaches 
to determine the selectivity of the competitive CO2/CH4 adsorption are applied and discussed in detail. The results clearly 
prove that a size exclusion effect governs the adsorption selectivity on the CNFs. While CH4 cannot adsorb in the pores 
of CNFs prepared at 800 °C or above, the smaller CO2 is only excluded from the pores of CNFs prepared at 900 °C. For 
CNFs carbonized in the range from 600 to 750 °C, values of the CO2/CH4 selectivity of 11–14 are obtained. On the CNFs 
prepared at 800 °C the CH4 adsorption is severely hindered, leading to a reduced adsorbed amount of CH4 and consequently 
to an improved CO2/CH4 selectivity of 40. Furthermore, owing to the shrinking pores, the adsorption rates of CH4 and CO2 
decrease with higher carbonization temperature.
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1  Introduction

Methane (CH4) is a commonly used energy carrier (as well 
as a base chemical) and usually obtained from the extrac-
tion of natural gas. In order to defossilize the energy supply, 
CH4 obtained from biogas is a suitable alternative [1, 2]. 
However, raw biogas contains various impurities like CO2, 
H2S, H2, N2, O2, NH3 or Siloxanes with the main impurity 
being CO2 [3, 4]. The CO2 content can range from traces up 
to 50% with the typical range being 25–50% [4, 5]. In order 
to use biogas as an energy carrier and feed it to the grid, the 
CO2 has to be removed [6, 7]. The separation of CO2 can 

be performed by amine scrubbing [3, 8, 9], by membrane 
processes [8–10] or by adsorption process [8, 9, 11, 12].

In an adsorption process the gas mixture is fed into an 
adsorber column and the CO2 is removed from the gas 
stream by adsorption on a suitable adsorbent, whereas the 
CH4 is obtained in pure form at the end of the adsorber 
column. The regeneration of the adsorbent saturated with 
CO2 can be performed by a change of pressure using either 
pressure swing adsorption (PSA) [13, 14] or vacuum swing 
adsorption (VSA) [15, 16] or by a change of temperature 
by purging with a hot gas (temperature swing adsorption, 
TSA) [17] or heating the adsorbent electrically (electric 
swing adsorption, ESA) [18–20]. In general, TSA processes 
are more efficient for the removal of components with a 
low content due to the comparably long cooldown phase, 
whereas PSA processes are more efficient for the removal 
of components with a high content due to the energy needed 
to pressurize the whole gas phase [21]. A key component in 
such a process is the adsorbent itself. It should feature a high 
adsorption capacity for the component(s) to be removed, a 
high selectivity, a good stability and low costs [22]. Two 
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general concepts can be applied to achieve a high selectivity 
for the separation of the desired components, namely equi-
librium or kinetic effects [23]. The first utilizes a difference 
in the equilibrium loading of the different components. A 
typical example is the purification of hydrogen that is only 
adsorbed in low quantities due to its low condensability at 
room temperature, whereas the other components have much 
higher adsorption capacities [24, 25]. The kinetic separa-
tion makes use of steric effects, leading to a slow adsorp-
tion rate and in the limiting case to a size exclusion effect. 
For example, the separation of O2 and N2 in a PSA process 
utilizes the different sorption rates of both components on a 
molecular sieve [26]. A similar separation approach is also 
possible for CO2 and CH4 as there is a difference in size of 
both molecules [27].

In the literature, different adsorbents have been studied 
for the separation of CH4 and CO2, mostly activated carbons 
(AC) [28, 29], carbon molecular sieves (CMS) [11, 29] and 
zeolites [29–32]. For example, Grande et al. [28] measured 
breakthrough curves of 10% and 20% CO2 in CH4 on an 
activated carbon. Silva et al. [31, 32] investigated binary 
breakthrough curves of CO2 and CH4 on zeolite 13X with 
special regard to the sorption kinetics. Canevesi et al. [11] 
measured pure gas adsorption data on the carbon molecular 
sieve KP 407 and simulated its behavior in a 6-step PSA pro-
cess. Möller et al. [29] compared the separation performance 
of zeolite 13X, a carbon molecular sieve and an activated 
carbon and highlighted the suitability of molecular sieves for 
the CO2/CH4 separation over the use of activated carbons.

Recently, electrospun polyacrylonitrile-based (PAN-
based) carbon nanofibers (CNFs) were reported that fea-
ture smaller pore sizes at higher carbonization tempera-
tures, leading to a tailorable molecular sieve effect [27, 33]. 
Studies on the sorption kinetics of these CNFs confirmed 
the molecular sieve effect [34]. In addition, breakthrough 
experiments with CO2 and N2 revealed excellent CO2/N2 

selectivity [35]. Structural investigations of these CNFs 
were done using transmission electron microscopy [36, 37] 
as well as atomic force microscopy [38].

In this work, electrospun PAN-based carbon nanofibers 
carbonized at various temperatures are evaluated for the 
separation of CO2 from CH4. Pure component isotherms 
of CH4 and CO2 are discussed and based on this data the 
CO2/CH4 selectivity is predicted using the Ideal Adsorbed 
Solution Theory (IAST). These results are compared to the 
measured CO2/CH4 selectivity obtained from breakthrough 
experiments with 6% CO2 and 14% CH4 in 80% He at 10 bar 
and 25 °C. For a precise estimation of the adsorbed amount 
of CH4 and more detailed insights, desorption curves were 
recorded as well. In addition, the adsorption kinetics are 
analyzed by fitting a modeling approach using the linear 
driving force (LDF) model to the measured data to obtain 
the adsorption rate constant.

2 � Results

2.1 � Adsorption isotherms

To investigate the CO2/CH4 separation capabilities of PAN-
based carbon nanofibers (CNFs), at first, pure component 
isotherms were measured. Figure 1 depicts isotherms of 
CH4 and CO2 measured at 25 °C on CNFs carbonized at 
various temperatures ranging from 600 to 900 °C. The CH4 
isotherms (Fig. 1a) of the CNFs prepared in the temperature 
range from 600 to 750 °C are all similar, as they adsorb 
0.56–0.58 mmol g−1 of CH4 at 1.0 bar and feature a slightly 
concave isotherm shape with regard to the pressure axis. 
For CNFs prepared at higher temperatures than 750 °C, the 
isotherm shape changes to almost linear. In addition, the 
adsorbed amount of CH4 decreases to 0.34 mmol g−1 for 
CNFs prepared at 800 °C and to 0.01 mmol g−1 for CNFs 

Fig. 1   Isotherms of CH4 (a) and CO2 (b) measured at 298 K on PAN-based carbon nanofiber pellets carbonized at various temperatures ranging 
from 600 to 900 °C. Closed symbols represent adsorption, open symbols desorption
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prepared at 900 °C. In addition, a strong pseudo-irreversibil-
ity is observed on the CNFs carbonized at 800 °C, indicating 
kinetic limitations of the adsorption and desorption process.

A similar observation can be made for the CO2 isotherms, 
but in a different carbonization temperature range. Here, the 
CO2 isotherms of the CNFs prepared up to 800 °C show 
almost identical behavior, while a significant decrease in 
the adsorbed amount of CO2 as well as a strong pseudo-
irreversibility is only visible for the CNFs carbonized at 
900 °C. This effect has already been discussed in previous 
works [27, 33, 35] and is attributed to a size exclusion effect. 
The CNFs feature a high amount of narrow ultramicropores 
that shrink when the CNFs are treated with a higher car-
bonization temperature. Thus, CO2 and CH4 can adsorb in 
the pores CNFs carbonized at 700 °C and below. On elevat-
ing the carbonization temperature to 800 °C, CO2 can still 
adsorb while CH4 is excluded by its size. At some point, 
when the CNFs are carbonized at even higher temperatures, 
neither CO2 nor CH4 can penetrate the pore structure of the 
material. In comparison to CO2, the exclusion of CH4 from 
the pores takes place on CNFs that were carbonized at a 
lower temperature (800 °C for CH4 compared to 900 °C for 
CO2), as the CH4 molecule (critical diameter: 400 pm [39]) 
is larger than the CO2 molecule (critical diameter: 280 pm 
[39]). The pseudo-irreversibility that occurs in the carboni-
zation temperature range of size exclusion can be attributed 
to the severe diffusion resistance induced by the pores hav-
ing a similar size as the gas molecule.

A comparison of the CH4 and CO2 isotherms reveals 
that even on CNFs prepared below 800 °C where pores are 
accessible for both, CO2 and CH4, CO2 is adsorbed in higher 
quantities (about 1.6 mmol g−1 CO2 vs. 0.56 mmol g−1 CH4 
at 1.0 bar on CNFs prepared at 600 °C) indicating a higher 
affinity of the CNFs to CO2. This observation is found in 
literature for different materials [11, 28, 29, 31] and can be 
attributed to several effects: the interaction with the adsor-
bent as induced by the surface chemistry (CO2 can act as 
Lewis acid and interact with nitrogen moieties, whereas CH4 
cannot), the higher condensability of CO2 compared to CH4 
and the fact that the same pore volume can accommodate 
more CO2 molecules than larger CH4 molecules.

For CNFs carbonized at 800 °C the adsorbed amount of 
CH4 is reduced due to the size exclusion effect, while the 
adsorbed amount of CO2 is still high. Consequently, the iso-
therms suggest an even better separation on these CNFs. For 
CNFs carbonized at 900 °C and above, a reduction in the 
CO2 capacity takes place, making the CNFs less suitable for 
the adsorption of CO2.

2.2 � Kinetics of the breakthrough experiments

For detailed insights into the CO2/CH4 separation on the 
CNFs, breakthrough experiments were conducted with a 

gas mixture consisting of 6% CO2, 14% CH4 and 80% He at 
25 °C and 10 bar total pressure. Besides the breakthrough 
curves that are shown in Fig. 2, desorption curves of CH4 
and CO2 were measured following the breakthrough by purg-
ing with He at 10 bar after saturation of each component 
was reached. The complete breakthrough experiments as 
well as the desorption curves can be found in the Support-
ing Information (Figs. S1, S2). In the following, the break-
through curves and their kinetics are discussed qualitatively 
as well as quantitatively. Afterwards, the amount of adsorbed 
and desorbed CH4 and CO2 is evaluated and the adsorption 
selectivity of CO2 over CH4 is derived.

The measured breakthrough curves of CH4 and CO2 
(solid lines) on CNFs carbonized in the temperature range 
from 600 to 900 °C are shown in Fig. 2 together with the 
curves of the modeling approach (dashed lines), which will 
be discussed later. In addition, breakthrough curves for 
CH4 and CO2 of a blank run are displayed (dotted lines). 
As discussed in the Sect. 2.3, the blank run accounts for 
contributions of the void volume and thus, the amount of 
adsorbed gas corresponds to the area between the blank and 
the sample run.

In general, the breakthrough of CH4 occurs much ear-
lier than the breakthrough of CO2, e.g., the time at which 
c/c0 = 0.5 (t0.5) is 326 s for CH4 and equals 1050 s for CO2 
on the CNFs prepared at 600 °C. The difference in break-
through period is expected due to the lower adsorption 
capacity of CH4 compared to CO2 (Fig. 1) and the higher 
CH4 content in the gas phase, leading to a faster saturation 
with CH4. The difference in breakthrough times result in a 
so-called roll-up effect, in which the normalized concentra-
tion of CH4 at the outlet rises above 1.0 due to the absence 
of CO2 and a displacement of already adsorbed CH4 by CO2. 
A roll-up of CH4 is observed for the CNFs carbonized in the 
range from 600 to 800 °C (Fig. 2a–d).

An assessment of the shape of the breakthrough curves 
reveals insights about the adsorption kinetics. In general, 
for type I isotherms under equilibrium conditions, the shape 
of a breakthrough curve should be steep and focused [40]. 
However, a breakthrough curve will flatten and spread out 
more as the system becomes more kinetically limited. In 
direct comparison all samples exhibit significant differences 
in the CH4 breakthrough behavior, as they feature different 
shapes and breakthrough durations. For a clear illustration, 
Fig. 3 shows a bar diagram highlighting the onset of the CH4 
breakthrough (lower end), the time at c/c0 = 0.5 (t0.5, central 
line) and c/c0 = 1.0 (upper end). t0.5 can be seen as a rough 
estimation of the adsorbed amount. The height of a bar is 
a measure for the dispersion of a breakthrough curve. On 
the CNFs prepared at 600 °C (Fig. 2a) both, CH4 and CO2, 
exhibit steep and focused curves. However, on the CNFs pre-
pared at 700 °C, the breakthrough curve of CH4 is more dis-
perse (Fig. 2b) and hence, displays a significant higher bar in 
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Fig. 3. In addition, the onset of the CH4 breakthrough starts 
earlier at already at 135 s compared to 230 s for the CNFs 
carbonized at 600 °C. A similar observation can be made for 
the CH4 breakthrough curve on the CNFs prepared at 750 °C 
that features a flat curve as well (Fig. 2c). A comparison of 
the average breakthrough time at c/c0 = 0.5 shows a con-
tinuous decrease from 326 s for CNFs prepared at 600 °C 
to 164 s for CNFs prepared at 800 °C (Fig. 3), indicating a 
decrease in the adsorbed amount of CH4. The same is visible 

in Fig. 2a–d as the area between the blank and the sample 
curve is reduced for CNFs prepared at higher carbonization 
temperatures. This trend intensifies on the CNFs carbon-
ized at 800 °C, where the area between sample and blank 
run shrinks in such a way that the CH4 breakthrough curve 
almost resembles the curve of the blank run (Fig. 2d). A 
similar observation can be made for the CH4 breakthrough 
on the CNFs carbonized at 900 °C (Fig. 2e).

Fig. 2   Breakthrough curves of CO2 und CH4 measured on PAN-
based carbon nanofiber pellets carbonized at 600 °C (a), 700 °C (b), 
750 °C (c), 800 °C (d) and 900 °C (e) as well as the adsorption rate 
constant obtained from the modeling of the breakthrough curves (f). 

Both, blank (dotted lines) and sample measurement (solid line), were 
acquired at 298 K and 10 bar with a gas composition of 6% CO2, 14% 
CH4 and 80% He and a flowrate of 50  ml min−1. The dashed lines 
represent the results from the modeling approach
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Up to a carbonization temperature of 800 °C, the break-
through curves of CO2 show only minor differences as 
these samples feature a long breakthrough period for CO2 
with steep breakthrough curves. However, on the CNFs 
carbonized at 900 °C, the breakthrough period is signifi-
cantly shorter as the breakthrough of CO2 starts already at 
150 s. As a result, the sample run of CO2 almost resembles 
the blank run, which was observed for CH4 as well, indi-
cating that neither CH4 nor CO2 is adsorbed in significant 
amounts.

The change of the shape of the CH4 breakthrough 
curves on the different samples is an interesting observa-
tion, since it reveals important insight into the adsorption 
kinetics. The concave CH4 isotherms up to CNFs carbon-
ized at 750 °C (Fig. 1a) should lead to focused break-
through curves. However, for CH4 this is only observed 
for CNFs carbonized at 600 °C. On CNFs prepared at 700 
and 750 °C the breakthrough curves of CH4 are disperse, 
indicating an insufficient adsorption rate to obtain the ther-
modynamically favored shape. Furthermore, the adsorp-
tion capacity on the latter sample seems to be reduced 
due to the slow adsorption rate, as the area between blank 
and sample run decreased (although CH4 as well as CO2 
feature similar isotherms on the CNFs carbonized at 700 
and 750 °C). These observations indicate a continuous 
decrease in the adsorption rates of CH4 from CNFs pre-
pared at 600 °C to CNFs prepared at 800 °C.

To gain in-depth insights into the adsorption kinetics, the 
breakthrough processes were modeled with the linear driv-
ing force approach (LDF) [41] using the commercial soft-
ware 3PSim. According to this approach the adsorption rate 
is proportional to the difference in equilibrium loading qeq,i 
and current loading qi for the corresponding component i:

 The constant ki is a measure for the rate of adsorption for the 
component i and was obtained by fitting the rate constant of 
CO2 and CH4 to the corresponding breakthrough data. For 
the simulation the following assumptions were made:

•	 The LDF model can sufficiently describe the adsorption 
process.

•	 The gas phase can be described with the ideal gas law.
•	 Based on the low amount of adsorbent (1.5 g) isothermal 

conditions were assumed.
•	 The radial dispersion can be neglected.
•	 The axial dispersion can be described as dispersed plug 

flow.
•	 The pressure drop along the column is negligible.
•	 The column is homogenously packed.

The isotherm data of CH4 and CO2 from Fig. 1 was 
implemented into the simulation by a dual site Langmuir 
Sips isotherm model:

qeq represents the equilibrium loading, qmax the maximal 
loading, K1 and K2 the affinity constants, p the pressure and b 
the heterogeneity exponent. qmax , b , K1 and K2 are fit param-
eters. The fit of the isotherms as well as the fit parameters 
are given in Fig. S3 and Tables S2 and S3 in the Support-
ing Information. Further parameters for the simulation are 
given in Table S4. To account for the competitive adsorption 
of CH4 and CO2, the amount adsorbed was predicted by 
the Ideal Adsorbed Solution Theory (IAST) by Myers and 
Prausnitz [42]. A detailed description of the implemented 
formulas can be found in the Supporting Information.

The modeling of the breakthrough experiment supports 
the finding of a slower adsorption with higher carbonization 
temperature, as the obtained adsorption rate for CH4 and 
CO2 both decrease with increasing carbonization tempera-
ture (Fig. 2f). For CO2, the decrease is moderate, chang-
ing from 10.2 min−1 for the CNFs carbonized at 600 °C to 
6.2 min−1 for the CNFs carbonized at 800 °C. However, for 
CH4 a significant decrease from 3.3 min−1 for the CNFs pre-
pared at 600 °C to 0.66 min−1 for CNFs prepared at 700 °C 
and a further decrease to 0.26 min−1 on the CNFs carbonized 
at 750 °C is observable. For the CNFs carbonized at 800 °C, 
the value is significantly lower. It should be noted that the 
adsorption rate constant of the CNFs carbonized at 800 °C is 
only a rough estimation of the order of magnitude, because 
no meaningful fit to the CH4 breakthrough curve could be 
performed, as the curve mostly resembles the blank run (and 

(1)
�qi

�t
= ki

(

qeq,i − qi
)

(2)qeq =
qmax

2

[

K1 p

1 + K1 p
+

(

K2 p
)b

1 +
(

K2 p
)b

]

Fig. 3   Characteristic times of the CH4 breakthrough curves. The 
lower end of a bar represents the onset of the CH4 breakthrough, 
whereas the upper end of a bar represents complete breakthrough 
(c/c0 = 1.0). The central line highlights the time at which c/c0 = 0.5. 
The values are listed in Table S1 as well
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the simulation was performed under the assumption of an 
ideal concentration step). Therefore, the order of magnitude 
for the adsorption rate constant was estimated at which an 
immediate breakthrough of CH4 occurs. Here a value of 
0.001 min−1 was used. No simulation was performed on the 
data of the CNFs prepared at 900 °C, as CO2 as well as CH4 
resemble the curves of the blank run and thus, no meaning-
ful fitting could be performed. Nonetheless, the modeling 
approach clearly underlines the severe kinetic limitations 
of the CH4 adsorption with increasing carbonization tem-
perature, since the adsorption rate constant of CH4 declines 
by multiple orders of magnitude from the CNFs prepared at 
600 °C to the CNFs prepared at 800 °C (Fig. 2f).

These observations can be attributed to the shrinkage of 
the ultramicropores on the CNFs with increasing carboniza-
tion temperature. The smaller pores increase the diffusion 
resistance and thus, reduce the adsorption rate constant on 
CNFs carbonized at higher temperature and lead to a flat-
tening of the CH4 breakthrough curves on CNFs prepared 
at 700 and 750 °C. Ultimately, the reduction in the adsorp-
tion rate results in a decreased apparent adsorption capacity 
for the CNFs carbonized at 750 °C. On the CNFs carbon-
ized at 800 and 900 °C, at the point where size exclusion 
takes place, an almost immediate breakthrough of CH4 is 
observed. For CO2 the size exclusion is observable as well, 
comparing the CNFs carbonized at 800 and 900 °C, since 
the breakthrough of CO2 occurs significantly earlier on the 
CNFs prepared at 900 °C as on the CNFs prepared at 800 °C.

2.3 � CO2/CH4 selectivity

When evaluating the separation capabilities of a material, 
the selectivity can be used as a performance indicator to 
compare different materials. The CO2/CH4 selectivity can 
be calculated according to Eq. 3:

qi denotes the amount of adsorbed i and yi denotes the vol-
ume fraction of i in the gas phase. The fraction in the gas 
phase of each component is given by the chosen condi-
tions of the breakthrough experiment, while the amount of 
adsorbed CO2 and CH4 (qi) can be obtained by integration 
of the breakthrough curves. For an accurate assessment of 
the adsorbed amount, especially if only low amounts of gas 
are adsorbed, it is necessary to accurately quantify the con-
tributions of the void volume. Thus, a procedure is applied, 
which was described previously [35] and is additionally 
depicted in Fig. S4 in the Supporting Information. Here, the 
contributions of the void volume are measured by a blank 
run with glass beads as inert filling material under the same 
conditions as the sample run. Consequently, an integration 

(3)SCO2∕CH4
=

qCO2

qCH4

yCH4

yCO2

of the blank run yields a value for the void volume, while 
an integration of the sample run yields a value that con-
sists of contributions of the void volume and contributions 
of the adsorption. Hence, the amount of adsorbed gas qads,i 
is obtained by subtracting the blank value qblank,i from the 
sample value qsample,i:

The adsorbed amounts of CH4 and CO2 for the different 
samples obtained from the breakthrough experiments are 
shown in Fig. 4a. It has to be noted that on most samples 
the breakthrough of CH4 occurs early (600 °C: t0.5 = 326 s) 
compared to CO2 (600 °C: t0.5 = 1050 s) leading to a roll-
up of CH4 over a long period of time (600 °C: 720 s). 
During that time adsorbed CH4 might be displaced by CO2 
and eluted over a long period of time, resulting in only a 
small change in concentration and, thus, making a precise 
quantification of the light component (CH4) challenging as 
reported in literature [35, 43–45]. The adsorption values 
of CH4 were obtained from an integration up to the CH4 
roll-up, but do not include the roll-up, since including the 
roll-up led to negative CH4 loadings for some samples. 
Consequently, displaced CH4 during the roll-up is not con-
sidered in the adsorption values, which for some samples 
might lead to an overestimation of adsorbed CH4.

Wilkins et al. [43, 45] proposed to measure desorption 
curves by purging with the carrier gas and use these curves 
for a more precise quantification of the adsorbed amount 
of the light component (here CH4). Thus, in addition to the 
values obtained from the breakthrough curves, values from 
the integration of the desorption curves are shown as well.

In general, the adsorbed amount of gas in Fig. 4a is 
higher for CO2 than for CH4, indicating a higher affin-
ity to CO2 than CH4. In the adsorption branch of CO2, 
a slight decrease is observable from CNFs prepared at 
600 °C (1.29 mmol g−1) to CNFs prepared at 800 °C (1.14 
mmol g−1) followed by a significant reduction in capac-
ity to CNFs carbonized at 900 °C (< 0.1 mmol g−1). For 
CH4 similar observations can be made but shifted to lower 
carbonization temperatures. On CNFs carbonized at 600 
and 700 °C the CH4 capacity is rather high (0.5–0.6 mmol 
g−1) and then declines significantly on the CNFs carbon-
ized at 800 °C (< 0.1 mmol g−1). The severe reduction 
of the adsorption capacity is attributed to the size exclu-
sion effect, taking place for CO2 in the range from 800 to 
900 °C and for CH4 from 700 to 800 °C. Due to the shift 
in carbonization temperature for the size exclusion, the 
CNFs prepared at 800 °C are highlighted as a suitable 
separation material, as CO2 is adsorbed in high quantities 
but CH4 not.

A comparison of the results obtained from the integra-
tion of the breakthrough curves and the desorption curves, 

(4)qads,i = qsample,i − qblank,i
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reveals deviations for most of the CNFs. For CO2 the des-
orption values are below the adsorption values in the car-
bonization temperature range from 600 °C (0.2 mmol g−1) 
to 750 °C (0.06 mmol g−1), then match for 800 °C and 
finally are higher on CNFs prepared at 900 °C. The first 
observation can be attributed to the dispersive nature of 
the CO2 desorption curves (Fig. S2), resulting from the 
concave shape of the CO2 isotherm on these CNFs [40]. 
Consequently, the desorption of CO2 is stretched over a 
long period of time with the result that complete desorp-
tion was not observed in the time frame of the experiment. 
With increasing carbonization temperature, the desorp-
tion curves become slightly less dispersive, as depicted in 
Fig. S2. As a consequence, the difference between adsorp-
tion and desorption value decreases for higher carbonized 
CNFs and results finally in a matching capacity for the 
800 °C fibers. For the CNFs carbonized at 900 °C, the des-
orption capacity is above the adsorption capacity leading 
seemingly to a contradiction, which has been reported for 
CO2 breakthrough experiments on the CNFs carbonized 
at 900 °C before [35]. As discussed in the isotherms and 
kinetics sections, the CO2 adsorption of the CNFs carbon-
ized at 900 °C is limited by severe kinetic restrictions. As 
shown in Fig. 2e, the adsorption period of CO2 is very 
short until the CO2 breakthrough is observed, resulting in 
a low amount of adsorbed CO2 (0.04 mmol g−1), which is 
significantly below the loading of the corresponding CO2 
isotherm (0.7 mmol g−1) at these conditions. After the 
breakthrough, the gas phase composition was kept con-
stant for 20 min before the desorption curves were meas-
ured. During this period, additional CO2 could adsorb and 
consequently, desorb during the desorption experiment. 

However, the adsorption rate after the breakthrough is too 
low to distinguish removed CO2 due to adsorption from 
signal fluctuations, making a quantification of the CO2 
adsorbed after the breakthrough not feasible. Since the 
desorption curve could be integrated over a considerably 
longer time frame than the breakthrough measurement (2 h 
for the desorption vs. 5–6 min for adsorption) and does not 
contain signal fluctuations from the mass flow controllers, 
more time for equilibration was given and thus, more CO2 
could be quantified during the desorption experiment.

For CH4 a much higher adsorption capacity than desorp-
tion capacity is found on CNFs prepared at 600 or 700 °C. 
Matching adsorption and desorption values are found on 
CNFs prepared at 750 °C as well as 900 °C. For the CNFs 
prepared at 800 °C, a higher desorption value than adsorp-
tion value is observed. The deviations on the CNFs prepared 
at low temperatures stem from neglecting the roll-up in the 
integration of the breakthrough curves and thus, neglecting a 
displacement of CH4 by CO2. The desorption curves include 
these contributions and thus, are representative of the actual 
adsorbed amount of CH4. The CNFs prepared at 800 °C fea-
ture the same effect for CH4 as discussed for CO2 on the 
CNFs prepared at 900 °C. The adsorbed amount of CH4 does 
not reach equilibrium as severe kinetic limitations are pre-
sent leading to further adsorption after the breakthrough as 
the composition was kept constant for 40 min. The integra-
tion of the desorption was performed over a longer period of 
time compared to the adsorption, resulting in a better equi-
libration and, thus, a higher quantified amount of adsorbed 
CH4 from the desorption curve. On the CNFs carbonized 
at 750 °C the adsorption and desorption values match, as 
the two opposing effects, under-equilibration due to kinetic 

Fig. 4   a  Adsorbed amount of CO2 and CH4 quantified by integra-
tion of the breakthrough experiments shown in Fig.  2 (Adsorption) 
and the desorption curves in Fig. S2 (Desorption). b CO2/CH4 selec-
tivity calculated according to Eq. 3 from the breakthrough data and 
IAST calculations at 25 °C and 2 bar and a CO2/CH4 ratio of 30/70. 
In order to calculate the measured CO2/CH4 selectivity (Eq.  3), for 
the loading of CO2, the adsorption value was used, whereas for the 

loading of CH4 the desorption value (red circle) or the adsorption 
value (orange triangle) was used. The more representative values are 
connected with a solid line, the values regarded as less precise are 
connected with a dashed line. For the IAST calculations the CO2 and 
CH4 isotherms in Fig.  1 were fitted with a dual site Langmuir Sips 
isotherm model (Eq. 2). The parameters of the fit are shown in Tables 
S2 and S3 in the SI (Color figure online)
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restrictions and overestimation of the adsorbed amount due 
to neglecting the roll-up, counterbalance each other.

In conclusion, for CO2 the adsorption branch represents 
the more reliable value for the adsorbed amount as the des-
orption slightly underestimates the adsorbed amount of CO2 
due to the dispersive desorption curves and the limited time 
frame of the experiment.

CH4 is more accurately quantified by the desorp-
tion curves for CNFs prepared up to 750 °C, as both CH4 
adsorption and CH4 displacement by CO2 is considered in 
this method. For the CNFs carbonized at 800 °C the CH4 
adsorption is governed by the slow adsorption kinetics lead-
ing to a correlation of the duration of adsorption and the 
quantified amount of CH4. Because the time the composition 
was kept constant until desorption was measured (40 min) 
was considerably longer than the breakthrough experiment, 
it is assumed that most of the additionally adsorbed CH4 

quantified by the desorption curve, is adsorbed after com-
plete CO2 breakthrough occurred. Therefore, the adsorption 
value is considered the more realistic for CH4 on this sample.

In consideration of this, the amount of adsorbed CO2 
on the CNFs carbonized up to 800 °C is in the range of 
1.14–1.29 mmol g−1, which is slightly below the pure CO2 
capacity of 1.25–1.35 mmol g−1 from Fig. 1. The amount of 
adsorbed CH4 stays almost constant for CNFs carbonized 
in the range from 600 to 750 °C (0.22–0.24 mmol g−1 at 
a partial pressure of 1.4 bar), which is significantly lower 
than the pure CH4 uptake at 1 bar shown in Fig. 1 (0.55–58 
mmol g−1). These deviations from the pure component 
adsorption isotherms indicate a strong displacement of CH4 
by CO2, which is indicative of strong competitive mixed 
gas adsorption equilibria. CNFs prepared at 800 °C feature 
a smaller CH4 loading of 0.07 mmol g−1 indicating an even 
better separation on this sample. For deeper insights into 

Table 1   Values for the CO2/
CH4 selectivity on different 
materials reported in literature 
and measured with binary CO2/
CH4 breakthrough experiments

a Selectivity calculated according to Eq. 3 from the reported breakthrough data
b Values were read from diagram
c Estimated at an axial position of 0.1 m at t = 2000 s

Sample CO2/CH4 
selectiv-
ity

Temperature/K Sum of 
CO2 + CH4 
pressure/bar

Composi-
tion CO2/
CH4

References

600 °C CNFs 13.6 298 2 30/70 This work
700 °C CNFs 11.5 298 2 30/70 This work
750 °C CNFs 10.8 298 2 30/70 This work
800 °C CNFs 39.5 298 2 30/70 This work
900 °C CNFs 7.7 298 2 30/70 This work
Zeolite 13X 36.3 313 0.65 25/75 [32]
Zeolite 13X 19.7 313 1.96 25/75 [32]
Zeolite 13X 14.4 313 3.27 25/75 [32]
Zeolite 13X 10.8 423 1.96 25/75 [32]
Zeolite 13X 7.1 479 1.96 25/75 [32]
Maxsorb (AC) 3.1a 298 5 10/90 [28]
Maxsorb (AC) 3.3a 298 25 10/90 [28]
Maxsorb (AC) 2.5a 298 50 10/90 [28]
Maxsorb (AC) 3.4a 298 5 20/80 [28]
Maxsorb (AC) 3.4a 298 25 20/80 [28]
Maxsorb (AC) 3.0a 298 50 20/80 [28]
CPDA@A-Cs (carbon composite) 5.1 298 1.00 50/50 [47]
Cu-BTC 6.5b 303 1.1b 25/75 [48]
Cu-BTC 5.6b 303 1.1b 50/50 [48]
Cu-BTC 6.6b 303 1.1b 75/25 [48]
Shirasagi MSC CT-350 15.08 303 1.0 40/60 [49]
Shirasagi MSC CT-350 26.32 303 1.0 10/90 [49]
Organosorb 10-CO 2.89 303 1.0 40/60 [49]
CMS-240 12.71 303 1.0 40/60 [49]
CMS-240 34.74 303 1.0 10/90 [49]
CMS KP407a,b,c 14.9 314.65 10 10/90 [50]
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the separation capabilities of the CNFs, the CO2/CH4 selec-
tivity was calculated according to Eq. 3 and is displayed 
in Fig. 4b. For the calculation the adsorption value of CO2 
was used, while for CH4 the adsorption (red circle) as well 
as the desorption value (orange triangle) were used. The 
results are shown together with values predicted by the Ideal 
Adsorbed Solution Theory (IAST) [42] based on the dual 
site Langmuir Sips fits to the isotherms in Fig. 1 (Fig. S3). 
The measured CO2/CH4 selectivity stays rather constant for 
the CNFs carbonized in the range from 600 to 750 °C with 
values of 10.8 to 13.6 (CH4 desorption) or 4.9 to 11.4 (CH4 
adsorption) already indicating a rather selective adsorption 
of CO2. Even higher values of 18.9 (CH4 desorption) and 
39.5 (CH4 adsorption) are realized on the CNFs prepared 
at 800 °C, as the size exclusion of CH4 appears, highlight-
ing this material as a highly selective adsorbent for CO2/
CH4 separation. For a carbonization temperature of 900 °C 
the selectivity drops again to 8, since the size exclusion of 
CO2 from the pores takes place on this sample, leading to 
an extremely small CO2 capacity and making these CNFs 
unsuitable as an adsorbent. As discussed above, the CH4 
desorption value is more representative in the range from 
600 to 750 °C (selectivity of 10.8 to 13.6), whereas for CNFs 
prepared at 800 °C the adsorption value of CH4 is more 
accurate (selectivity of 39.5).

In comparison, the CO2/CH4 selectivity values predicted 
by the IAST calculations are in general higher (23–44), but 
show a less significant increase in selectivity from 750 °C 
(31) to 800 °C (44) as shown in Fig. 4b. The latter can be 
attributed to the severe kinetic limitations for CH4 adsorp-
tion on the CNFs carbonized at 800 °C. IAST is based on 
the equilibrium isotherms in Fig. 1, whereas the amount of 
adsorbed CH4 on the CNFs carbonized at 800 °C was not 
governed by equilibrium, but the rate of adsorption. That the 
IAST calculation resulted in roughly two times higher values 
in the range from 600 to 750 °C was observed for the CO2/
N2 selectivity on the CNFs as well [35]. The deviation in the 
CO2/CH4 selectivity is mainly referable to the predicted CH4 
adsorption, which is roughly half as high compared to the 
measured data (Fig. S5). An explanation for the deviation in 
CH4 loading might be that for the less selectively adsorbed 
component (here CH4) the spreading pressure is calculated 
up to a pressure that is higher than the total pressure of the 
gas phase (here: 2 bar) [42, 46]. Consequently, the isotherm 
fits of the CH4 isotherms are extrapolated far beyond the 
measured pressure range. Therefore, the results of the IAST 
calculation are dependent on how well the dual site Lang-
muir Sips model describes the CH4 isotherm beyond the 
fitted range.

A comparison of the CO2/CH4 selectivity of the CNFs 
with other materials reported in literature is shown in 
Table 1. It should be noted that the measurement con-
ditions (pressure, temperature, gas phase composition) 

reported in other works vary and thus, a direct compari-
son of these values should be taken with caution. This 
is especially true, if the separation is based on kinetic 
limitations and thus, strongly dependent on the conditions 
of the experiment. The CO2/CH4 selectivity reported in 
literature for carbonaceous materials like the Maxsorb, 
Organosorb 10-CO or the CPDA@A-Cs is typically in the 
range of 2–5 under various conditions, which is in agree-
ment with values reported by Peredo-Mancilla et al. [51] 
for various other carbon materials. The MOF Cu-BTC 
exhibits a slightly higher selectivity of 5.6–6.6 (30 °C, 
1.1 bar) for various CO2/CH4 ratios. Compared to this, 
the CNFs carbonized in the temperature range from 600 
to 750 °C show already a good CO2/CH4 selectivity with 
values of 10.8–13.6 (25 °C, 2 bar). The CNFs prepared at 
800 °C have an even higher CO2/CH4 selectivity of 39.5, 
as they feature a kinetic separation effect additionally. 
Their CO2/CH4 selectivity is in a similar range as the 
selectivity of the zeolite 13X (although measured under 
deviating conditions). Commercial carbon molecular 
sieves such as the Shirasagi MSC CT-350, the CMS-240 
or the CMS KP407 that utilize a kinetic separation effect 
as well were reported to have a CO2/CH4 selectivity in 
the range from 12.7 to 34.7 depending on the chosen 
condition [49, 50]. Compared to this, the CNFs prepared 
at 800 °C feature a similar CO2/CH4 selectivity, which 
highlights these CNFs as a powerful adsorbent for CO2/
CH4 separation. Moreover, it seems possible to further 
increase the CO2/CH4 selectivity of the CNFs by opti-
mizing the carbonization temperature in the temperature 
range from 800 to 900 °C. At the optimal carbonization 
temperature, the diffusion resistance of CH4 is maximized 
in order to minimize the CH4 uptake, while simultane-
ously the pores are still wide enough to be accessible for 
CO2 at a reasonable adsorption rate.

3 � Experimental

3.1 � Synthesis

All chemicals were used as received without further puri-
fication. A solution of 10 wt% polyacrylonitrile (PAN, 
Homopolymer, 150.000 g mol−1, BOC Science, USA) in 
N,N-dimethylformamide (DMF, VWR Chemicals, Ger-
many) was obtained by dissolving 8 g of PAN in 72 g DMF 
and stirring for 2 days at room temperature. The solution 
was then processed in an electrospinning device in a cli-
mate chamber (IME Technologies, The Netherlands) to 
produce a PAN-nanofiber mat. As collector a rotating 
barrel with a length of 18 cm, a diameter of 9.0 cm and 
a rotating speed of 1000 rpm was used. A nozzle setup 
consisting of four linear arranged nozzles moved laterally 
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to the rotating barrel (nozzle-to-nozzle distance: 1.0 cm). 
The nozzles moved over a distance of 12 cm with a speed 
of 2.0 cm s−1 and a turn delay of 500 ms. The movement 
was centered on the mid of the collector. The solution was 
pumped through the nozzles with 30 µl min−1 per nozzle 
(120 µl min−1 total). The tip-collector distance equaled 
7.5 cm and a voltage of 25 kV was applied. The atmos-
phere was kept constant at 25 °C with a relative humidity 
of 30%. After 3 h of electrospinning, a PAN nanofiber mat 
was obtained.

This fiber mat was stabilized in a drying furnace (Carbo-
lite Gero, Germany) in air at 250 °C for 15 h with a heating 
rate of 5 K min−1. Afterwards, the fibers were processed 
into pellets. For this, the stabilized fiber mat was shredded 
to a fiber powder using a knife mill (IKA A 10 basic, IKA, 
Germany) with a grinding chamber reduction and a star 
shaped cutter. The shredding was performed three times for 
60 s. After each shredding step the mill was opened and 
fiber mat fragments sticking to the cap were removed and 
put back into the grinding chamber. 3 g of the resulting fiber 
powder was put into a 50 ml beaker together with 5.4 g of a 
3.3 wt% solution of PAN (Homopolymer, 150.000 g mol−1, 
BOC Science, USA) in DMF (VWR Chemicals, Germany) 
and mixed for several minutes by hand with a spatula to 
obtain a homogeneous dough-like mass. The dough-like 
mass was extruded through a 2 mm nozzle onto a petri dish 
into cylindrical shaped lines. The extrudate was dried at first 
on a heating plate at 50 °C for 30 min and then in a vacuum 
drying chamber (Binder, Germany) at 80 °C for at least 1 h. 
To stabilize the PAN binder of the extrudate, the aforemen-
tioned stabilization was carried out again (250 °C, 15 h, 5 k 
min−1). Afterwards, the extrudate was cut into 2–4 mm long 
pellets using a scalpel. The nanofiber pellets were carbon-
ized in a tube furnace under an argon atmosphere at various 
temperatures ranging from 600 to 900 °C. The tube furnace 
was heated with 5 K min−1 and after reaching the desired 
temperature, it was held for 3 h. Cool down was performed 
with a rate of 3.3 K min−1.

3.2 � Static gas adsorption measurements

CO2 (4.5, Air Products, Germany) and CH4 (4.5, Messer, 
Germany) isotherms were measured with a Quantachrome 
Autosorb iQ2. The measurement temperature was kept con-
stant at 298 K with a water bath. Prior to each isotherm 
measurement the samples were outgassed under vacuum at 
200 °C for 6 h.

3.3 � Breakthrough measurements

Breakthrough curves were measured by 3P Instruments 
GmbH (Germany) using a mixSorb SHP (3P Instruments 
GmbH, Germany) with a stainless-steel column (15 cm 

length, 8 mm inner diameter). A diagram of this device 
was shown previously [35]. The gas composition at the 
column outlet was measured with a mass spectrometer 
(Cirrus 3, MKS, USA). For each sample measurement 
1.50 g of CNFs pellets were filled into the column result-
ing in a filling height of 11.5 cm. Each sample was pre-
treated at 300 °C for 90 min with a Helium (5.0, Tyczka 
Industrie-Gase, Germany) flow of 50 ml min−1 to remove 
preabsorbed gases. Afterwards, the column was tempered 
to 25 °C using a water bath. For each sample the following 
breakthrough experiment was performed. At 10 bar and 
25 °C a mixture of 6 vol% CO2 (4.5, Tyczka Industrie-
Gase, Germany), 14 vol% CH4 (3.5, Tyczka Industrie-
Gase, Germany) and 80 vol% He was flowing through the 
column with a flowrate of 50 ml min−1. After a complete 
breakthrough of CO2 and CH4 and a steady state was 
observed, desorption curves were recorded by purging 
with He. For this the gas mixture was change to 100% 
Helium at 10 bar and 50 ml min−1 for at least 2 h. The 
complete breakthrough experiment is shown in Fig. S1.

For an accurate integration of the breakthrough curves, 
a blank run under the same conditions was performed 
using glass beads with a diameter of 0.4–0.6 mm (VWR, 
Germany). The amount of glass beads needed to match the 
void volume of the sample runs was calculated from the 
density of the glass beads and the average density of the 
CNFs. The density of the glass beads and the CNFs was 
measured at 25 °C using a 3P micro 300 (3P Instruments 
GmbH, Germany). The volume of a sample was deter-
mined by the difference of the volume of the measurement 
cell with sample inside and without sample inside. The 
volume inside the measurement cell was determined by 
dosing Helium (6.0, Air Products, Germany). The weight 
of the sample was measured with a high precision scale 
(Mettler Toledo, Switzerland). Considering the average 
density of the CNFs (1.8 g cm−3) and glass beads (2.3 g 
cm−3), 1.9 g of glass beads were used in the blank run.

Integration of the breakthrough curves was performed 
using the software mixSorb Manager (Version: 1.4.1.1, 
3P Instruments GmbH, Germany). The corresponding 
equations are shown in the Supporting Information. The 
breakthrough curves of CO2 were integrated from the start 
of the experiment to the time until complete breakthrough 
was observed. For CH4 integration of the roll up led 
partly to unreasonable (negative) loadings, as discussed 
in the results part. Thus, only the adsorption phase (with-
out the roll-up) from the beginning of the breakthrough 
experiment to the time when the CH4 concentration first 
surpasses the inlet concentration was considered for the 
integration. The desorption curves of CH4 and CO2 were 
integrated from the start of the desorption up to 120 min.
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3.4 � Modeling

Modeling of the breakthrough curves was performed with 
the software 3PSim (Version: 1.1.2.6, 3P Instruments 
GmbH, Germany). Further details on the implemented for-
mulas can be found in the Supporting Information. For the fit 
to the experimental data, the dead time of the experimental 
setup has to be accounted for. Consequently, the time of the 
blank run until the CH4 concentration reached half of the 
input concentration was subtracted from the sample runs.

3.5 � IAST calculations

The IAST calculation were performed with the software 
3PSim (Version: 1.1.2.6, 3P Instruments GmbH, Germany). 
The isotherm data was described by dual site Langmuir Sips 
fits. The fit parameter can be found in Tables S2 and S3 and 
a visualization of the fit and the measured data is shown in 
Fig. S3 in the Supporting Information.

4 � Conclusion

In this work polyacrylonitrile-based electrospun carbon 
nanofiber pellets were investigated for the separation of 
CO2 and CH4 using static and dynamic gas adsorption. The 
pure component isotherms showed a high CO2 adsorption 
capacity on CNFs prepared in the temperature range from 
600 to 800 °C and a moderate CH4 adsorption capacity 
on the CNFs prepared in the temperature range from 600 
to 750 °C. On CNFs carbonized at 800 and 900 °C, CH4 
and CO2, respectively, exhibited a significant decrease in 
the adsorbed amount and showed severe kinetic limitation 
visible as pseudo-irreversibility. This was attributed to a 
shrinkage of the ultramicropores of the CNFs, leading to 
a size exclusion of CH4 on the CNFs carbonized at 800 °C 
and of CO2 on the CNFs carbonized at 900 °C. Likewise, a 
slowdown of the adsorption kinetics was observed during 
the breakthrough experiment performed with a CO2/CH4 
ratio of 30/70. In the carbonization temperature range from 
600 to 800 °C, the decrease in the kinetics for CO2 was only 
marginal as the adsorption rate constant of CO2 obtained 
from a modeling approach decreased from 10.3 to 6.2 min−1, 
whereas a more significant decline was present for CH4. The 
rate constant of CH4 decreased from 3.3 min−1 on the CNFs 
prepared at 600 °C to roughly 0.001 min−1 on the CNFs 
prepared at 800 °C, leading to an increase in dispersion of 
the CH4 breakthrough curves with higher carbonization tem-
perature. A reduced CH4 breakthrough period was observed 
for the CNFs prepared at 750 °C as well as almost immediate 
breakthrough of CH4 on CNFs prepared at 800 °C. Conse-
quently, a detailed analysis of the adsorbed amount quanti-
fied by adsorption and desorption of CO2 and CH4 revealed 

that due to the kinetic limitations the amount of adsorbed 
CH4 significantly decreases on increasing the carbonization 
temperature from 750 to 800 °C. As a result, good CO2/CH4 
selectivity values of 10.8–13.6 for the CNFs prepared in the 
temperature range from 600 to 750 °C are obtained, but on 
the CNFs carbonized at 800 °C, on which CH4 adsorption is 
kinetically hindered, a superior CO2/CH4 selectivity of 40 is 
achieved, highlighting these CNFs as a powerful adsorbent 
for the separation of CO2 and CH4.
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