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Abstract Sorptive gas treatment for biogas purification,

mainly in pressure swing adsorption processes, currently

constitutes the state of the art. Consequently the knowledge

of sorption properties of appropriate sorbent materials is of

great importance. In this context pure gas isotherms are often

used for the evaluation of such materials. To allow a realistic

description of sorptive biogas purification processes the

multicomponent sorption behavior of corresponding mate-

rials is of special interest. For this reason we present mea-

surement data for the selective sorption of quaternary gas

mixtures on activated carbon Norit R1 Extra, zeolite

molecular sieves 13X and metal–organic framework Baso-

lite C300 with a gas mixture consisting of 60 mol% CH4,

33 mol% CO2, 5 mol% N2 and 2 mol% H2. Measurements

were performed with a manometric-gravimetric sorption

measurement apparatus, combined with a gas chromatog-

raphy system. In contrast to the aforementioned multicom-

ponent sorption measurement, measured pure gas sorption

data are often used for multicomponent sorption prediction.

For this purpose, several prediction models, i.e. the IAST

model, are available. In this context, the multicomponent

sorption behavior of the materials mentioned above was also

predicted using the IAST model. The results of the per-

formed sorption measurements and the comparison to the

predicted sorption data will be presented and discussed in

this paper.
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List of symbols

A Surface area (cm2)

b Langmuir parameter (Pa-1)

m Mass (g)

M Molar mass (g/mol)

n Sorbed gas amount (mmol/g)

nmax Max. sorbed amount (mmol/g)

V Volume (cm3)

x Molar concentration of component in adsorbed phase

y Molar concentration of component in sorptive gas phase

q Density (kg/m3)

p Spreading pressure (N/m)

Subscript

ADS Adsorbed

ASC Additional sample container

BAL Balance

CORR Corrected

D Dosing

EQ Equilibrium

EXP Experimental result

GRAV Gravimetric

He Helium

MAN Manometric

S Sample

SC Sample container

SC?S Sample container including sample

TCD Thermal conductivity detector

* Prepared mass in dosing unit

0 Pure gas

1 Introduction

The increasing use of biogas as energy source has lead to the

need for reliable gas purification methods. Common biogas
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compositions contain the main components methane (CH4) and

carbon dioxide (CO2) as well as minor components like nitro-

gen (N2), oxygen (O2), water vapor, siloxanes, ammonia (NH3)

or hydrogen sulfide (H2S) (Ryckebosch et al. 2011). Thereby

the respective composition is strongly dependent on the dif-

ferent fermentation conditions (Herout et al. 2011). In course of

biogas upgrading some minor components can be removed by

using chemical treatment. In case of H2S removal the chemical

absorption of H2S in aqueous solutions is often used as well as

chemisorption on impregnated or doped sorbents (Abatzoglou

and Boivin 2009). Finally, methane has to be separated from

carbon dioxide and nitrogen to generate highly pure biome-

thane. In this context, physisorption gas treatment, e.g. pressure

swing adsorption has achieved increasing importance over the

last decades. For the design of corresponding purification pro-

cesses the knowledge of sorption properties of appropriate

materials is essential. For this purpose pure gas adsorption

isotherms are often used, even if in real technical processes gas

mixtures are used. Here the multicomponent sorption behavior

of the sorbent materials is of special interest. Several models for

the prediction of multicomponent sorption isotherms based on

pure gas sorption data are available. The Ideal Adsorbed

Solution Theory (IAST), as one of the most popular prediction

models, has gained industrial relevance. Details of IAST are

comprehensively covered in different publications (Myers and

Prausnitz 1965; Crittenden et al. 1985). With increasing num-

ber of gas mixture components the accuracy of these prediction

models is limited. In addition the prediction quality decreases

with increasing differences of the sorption behavior of the

mixture components (Sircar 1995). In this case the direct

measurement of the multicomponent sorption seems to make

more sense. Manometric or gravimetric sorption measurement

instruments for the determination of pure gas adsorption equi-

libria are well established (Belmabkhout et al. 2004; Dreisbach

and Lösch 2000). Coadsorption measurements can be per-

formed by using a combination of these measurement methods

(Keller et al. 1999).

This paper presents the adsorption data of the gases CO2,

CH4, N2 and H2 and quaternary mixtures of these on selected

sorbent materials such as activated carbons (ACs), zeolite

molecular sieves (ZMS) and metal–organic frameworks

(MOFs). These measurements have been performed in a

pressure range up to 3 MPa at 298 K by using a combined

manometric–gravimetric measurement apparatus, the tech-

nical specifications of which will also be presented. Moreover

the multicomponent sorption isotherms were predicted using

the IAST-model and compared with the experimental results.

2 Materials

In course of former studies a broad versified pure gas

sorption screening of several sorbent materials had been

performed by using a manometric screening instrument

(Rother et al. 2012). Based on these experimental results,

high accuracy pure gas isotherms as well as multicompo-

nent sorption data on selected sorbents were measured. The

sorbents of which the experimental results are presented in

this paper exhibit the most promising sorption capacities of

their substance classes. To characterize the sorbent mate-

rials the specific surface areas and total pore volumes were

measured by using the BelsorpMax instrument.

Activated carbon (AC) and ZMS are commonly used

sorbent materials for biogas purification treatment. The

AC, Norit R1 Extra from Norit, Netherlands is a micro-

porous material, exhibiting a specific surface area of

1328.3 m2/g and a total pore volume of 0.6147 cm3/g.

Apart from carbon molecular sieves, carbon based sor-

bents like Norit R1 Extra show an amorphous pore struc-

ture. In contrast to this, ZMS contain a uniform pore

distribution. Based on their design these materials are

polar. As a consequence they prefer the adsorption of

molecules like CO2 exhibiting a large quadrupole moment

as well as high polarizability (Staudt 2006; Moellmer et al.

2011). The ZMS 13X obtained from Chemiewerke Bad

Köstritz, Germany, exhibit a surface area of 737.53 m2/g

with a total pore volume of 0.3063 cm3/g. During the last

years the novel sorbent class of MOFs has achieved

increasing interest. These materials, consisting of metal

ion clusters connected by organic linkers, show partly

higher surface areas than ACs or ZMS. Currently a few

types of MOFs are commercial available (e.g. BASF,

Germany). Basolite C300, also known under the name

HKUST-1, is one of the most promising types of this

sorbent class. Some of those materials show larger surface

areas than ACs or ZMS. In case of Basolite C300 a specific

surface area of 1522.2 m2/g and a total pore volume of

0.8208 cm3/g were measured.

The mentioned sorbents were used for pure gas as well

as multicomponent sorption measurements using a gas

mixture consisting of 60 mol% CH4, 33 mol% CO2,

5 mol% N2 and 2 mol% H2. Measurement gases were

supplied by Air Liquide, Germany with purities of 99.99 %

for CO2 and CH4 and 99.999 % for N2 and H2.

3 Fundamentals

The pure gas isotherms were measured by means of a gravi-

metrically working magnetic suspension balance (Rubotherm,

Germany). This instrument currently embodies the most

accurate sorption measurement technique for pressurized

atmospheres. For the determination of multicomponent sorp-

tion and possible selective sorption behavior a manometric–

gravimetric measurement apparatus combined with a gas

chromatography system was used.
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3.1 Measurement apparatus

Referring to Fig. 1 the measurement setup can be divided

into a dosing unit for the gas mixture generation and a

measurement unit containing the magnetic suspension bal-

ance. This apparatus allows multicomponent sorption mea-

surement within a pressure range between vacuum and

20 MPa. The maximum measurement temperature is 473 K

(Petermann et al. 2008). For the gas mixture generation four

different volumes (I–IV) of calibrated sizes are used. The

volumes are located within a thermostated air bath to achieve

best possible accuracy of mixture composition. The homo-

geneity of the gas mixture is ensured by use of a gas circu-

lation pump and concentration analysis. Therefore the

sorptive gas composition can be analyzed with a gas chro-

matograph (GC) which is connected to the apparatus. The

GC (Agilent, United States) uses three different separation

columns, two of which are packed with molecular sieve 5A.

The third column contains Hayesep Q. In addition two TCD

detectors allow the analysis of gas mixture composition

containing the four gas types mentioned above. To provide

greatest accuracy of pressure detection the system contains

three different pressure sensors (P1–P3), each of them

working within a specific pressure range.

The technical specifications of this measurement appa-

ratus are listed in Table 1. In course of a measurement the

volumes I–IV are filled with the different pure gases. By

adjusting the gas pressure in each volume the corresponding

mixture composition can be generated. Subsequently the gas

mixture is homogenized using the circulation pump and

analyzed by means of the gas chromatograph. In case of good

agreement between the analyzed and intended mixture

composition the gas mixture can be assumed as well

homogenized. Afterwards the gas is expanded into the

measurement unit. The magnetic suspension balance pro-

vides a direct detection of the gas uptake. Furthermore the

detection of the sorption based pressure decrease and the

Fig. 1 Instrument setup of multicomponent measurement apparatus

Table 1 Technical specifications of the multicomponent sorption

measurement system

Unit Specifications

Magnetic suspension

balance (Rubotherm,

Germany)

Max. adsorbent weight: 40 g

Accuracy Dm = ?/- 0.03 mg

Heating system Max. temperature: 473.15 K

Accuracy DT = ?/- 0.03 K

Pressure sensors Max. pressure: 20 MPa

P1, 20–1.35 MPa, 0.04 % full scale

P2, 1.34–0.035 MPa, 0.04 % full scale

P3, 0,034–0 MPa, 0.075 % full scale

Circulation pump Rotary vane pump

Gas chromatograph

(Agilent, USA)

Accuracy Dy = ?/- 0.5 %
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molar concentrations of the sorptive gas phase allow the

determination of the adsorbed gas mass as well as the cal-

culation of the partial adsorbed amounts. This pressure

change of the sorptive gas phase, which provides the basis

for the manometric multicomponent sorption measurement

method, depends on the amount of sorbent material used. To

magnify the manometric signal the instrument contains a

further sample container with additional sorbent material. To

ensure an adequate homogenization of the sorptive gas phase

the circulation pump (Rubotherm GmbH, Germany) was

used for at least 24 h after expanding the gas mass into the

measurement unit.

3.2 Measurement method

Before the sorption measurement, the sorbent material is

activated by means of evacuation and heating up to the

material specific activation temperature.

In course of the gravimetrical sorption measurement the

adsorbed gas amount is calculated based on the signal of the

magnetic suspension balance. Due to the influence of buoy-

ancy forces, depending on the sorptive gas pressure and the

sample volume, the balance signal has to be corrected using

mBAL;CORR ¼ mBAL þ q � VSCþS ð1Þ

The volume of the sample container including sample

material can be determined by performing measurements

with helium. Thereby it is assumed, that no helium will be

adsorbed by the sample material. To calculate the density

the appropriate equation of state GERG 2004 (Kunz et al.

2007) is used.

To determine the sorption based mass change of the

sorbent, the weight of the empty sample container and the

activated sample material will be subtracted from the

corrected balance signal.

Dm ¼ mBAL;CORR � mSC � mS ð2Þ

To generate a sorption isotherm the mass change will be

referred to the used mass of sample material:

mADS;GRAV ¼
Dm

mS;MSB

ð3Þ

Simultaneously to the gravimetric sorption measurement

using the magnetic suspension balance, the detected

pressure and temperature values, as well as the analyzed

sorptive gas composition, can be used for the manometric

sorption measurement.

After expanding the generated gas mixture into the

measuring cell, sorption equilibrium will be attained within

a system-specific equilibrium time. By means of the cor-

responding pressure decrease of the sorptive gas phase the

partial adsorbed amount of each component can be calcu-

lated using

mADS; i ¼ m�i � mEQ
i i ¼ CO2; CH4; N2; H2 ð4Þ

The adsorbed gas mass equates to the difference

between the gas masses before and after expanding into

the measuring cell of the magnetic suspension balance and

the additional sample container. The gas masses can be

determined by means of the partial densities and the

corresponding volumes.

mi ¼ qi � V ð5Þ

Using Eqs. (4) and (5) leads to

mADS; i ¼ q�i � VD � qEQ
i � VHe ð6Þ

To determine the so called helium volume VHe, an

expansion measurement with non-sorbing helium is

performed. The dosing volume VD results from the sum

of the volumes of the dosing unit (cp. Fig. 1)

The partial density qi is defined as

qj
i ¼ qj � y

j
i �Mi

P
i y

j
i �Mi

j ¼ �; EQ; i¼CO2;CH4;N2;H2

ð7Þ

In this context the analysis of mixture composition

occurs twice: before and after expanding the gas mass into

the measurement unit.

The density of the gas mixture can be determined by

using an equation of state (cp. Eq. 1). Finally, the total

adsorbed gas amount is calculated by summing up the

adsorbed partial amounts.

mADS ¼
X

i

mADS; i ð8Þ

Similar to Eq. 3 the adsorbed gas mass will be referred

to the sample material inside the magnetic suspension

balance and the additional sample container.

mADS;MAN ¼
mADS

mS;MSB þmS;ASC

ð9Þ

Typically manometric sorption measurements are per-

formed by using step-up experiments to provide a complete

sorption isotherm. This leads to an increase of measurement

uncertainty during the measurement procedure because the

gas masses from previous measurement points would have to

be considered in Eq. 4 (Rother et al. 2012; Keller and Staudt

2005). In order to avoid unacceptable uncertainties, the

measurements presented in this paper were performed by

using interim activation after each measurement point. To

determine the accuracy of the measurement results presented

in this paper, the guide to expression of uncertainty in

measurement (GUM) is used. Based on this guideline we

assume a maximum uncertainty of 7 % of each measuring

point.
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Based on the measurement technique, the gravimetri-

cally determined total adsorbed gas amount (Eq. 3)

exhibits a smaller uncertainty and can be used to verify the

quality of the manometric measurement results (Eq. 9).

Both methods only lead to the so-called Gibbs excess

amount (Sircar 2001). Even if several authors have verified

that the assumptions on which the Gibbs model is based on

are not fairly correct there is finally no appropriate mea-

surement method for the determination of the absolute

adsorbed amount available (Gumma and Talu 2003).

3.3 Prediction of multicomponent equilibrium by using

IAST model

To calculate the adsorbed amount of a multicomponent gas

phase based on pure gas sorption data it is assumed that the

spreading pressure of the multicomponent sorption is equal

to the spreading pressure of the pure gas adsorption of each

component. Referring to the measurements presented in

this paper, this assumption leads to

p0
CH4
¼ p0

CO2
¼ p0

N2
¼ p0

H2
¼ p ð10Þ

The relationship between the spreading pressure and the

sorption capacities of the pure gas isotherms can be

described as

p � A
R � T ¼

Zp

0

nðpÞ
p

dp ð11Þ

where A is defined as the sorbent surface area. Assuming

isothermal conditions, the sorbate gas phase can be

described as

yi � p ¼ p0
i p0

i

� �
� xi with i ¼ CO2;CH4;N2;H2 ð12Þ

Thereby p0
i ðp0

i Þ represents the theoretical equilibrium

pressure, which appears when the gas mixture would only

consist of the pure component.

Finally, the total adsorbed gas amount is defined as

n ¼
X

i

xi

n0
i

 !�1

ð13Þ

Using Eqs. 10–13 allows the prediction of the adsorbed

amount of multicomponent gas based on the pure gas

sorption data.

4 Experimental results

The described measurement instrument was used to gen-

erate pure gas isotherms of CO2, CH4, N2 and H2 as well as

multicomponent isotherms (60 mol% CH4, 33 mol% CO2,

5 mol% N2 and 2 mol% H2) at a temperature of 298 K.

The main part of the measured isotherms exhibit type I

structure according to the international union of pure and

applied chemistry classification and could be correlated by

using the Langmuir model.

4.1 Norit R1 Extra

Before commencing the sorption measurement the material

was pretreated by evacuating and heating up at 373.15 K

for at least 12 h. During this activation process the weight

loss of sample material was continuously determined using

the magnetic suspension balance. Thus a complete out-

gassing can be ensured and one charge of sample materials

could be used for several measurements. The determined

pure gas sorption data of AC Norit R1 Extra is shown in

Fig. 2. The isotherms correspond to the sorption forces of

the different gas types (Kerry 2007).

The pure gas isotherms of Norit R1 Extra show that the

maximum sorption capacities were not reached within the

considered pressure range. A further pressure increase would

lead to additional sorption effects inside of the microporous

Fig. 2 Pure gas isotherms of

CO2 (black diamond), CH4

(black square), N2 (black

triangle) and H2 (times) on AC

Norit R1 Extra, data have been

correlated by using Langmuir

isotherm (continuous line)
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structure. In Table 2 the measured sorption data including

corresponding Langmuir parameters are summarized.

In Fig. 3 the multicomponent sorption measurement

results on AC Norit R1 Extra, consisting of total adsorbed

gas amount as well as partial amount of each component,

are presented. In addition the total adsorbed amount was

calculated by using the IAST model. The isotherms

describing partial adsorbed amount of N2 and H2 show an

almost linear relationship between adsorbed gas amount

and sorptive gas pressure. Consequently these data could

not be described by using a Langmuir isotherm but by

means of Henry isotherm.

Due to the higher partial pressure of methane within the

sorptive gas phase this component exhibits the largest

partial adsorbed amount. An overview of the measured

sorption data is given in Table 3. The total adsorbed

amount on AC Norit R1 Extra can be predicted sufficiently

accurate by using the IAST model. The deviations to the

measured data are within the expected uncertainty of the

performed multicomponent measurement. In contrast the

predicted molar concentrations xi in the adsorbate differ

from the measured data (Dxi \ 20 %). Thus, the IAST

model can be used to predict the total adsorbed amount of a

quaternary gas mixture on AC Norit R1 Extra, but not to

determine the selective sorption behavior. This difference

in the prediction quality was also considered in course of

previous multinary sorption measurements on AC Norit R1

Extra (Dreisbach et al. 1999).

To evaluate the selective sorption characteristics the

sorption based composition of the sorptive gas phase is

determined. Compared to the mixture composition before

sorption (60 mol% CH4, 33 mol% CO2, 5 mol% N2 and

Table 2 Pure gas sorption data of AC Norit R1 Extra

CO2 CH4 N2 H2

p (MPa) n (mmol/g) p (MPa) n (mmol/g) p (MPa) n (mmol/g) n (MPa) n (mmol/g)

0.014 0.009 0.011 0.002 0.013 0.005 0.012 0.089

0.496 5.768 0.497 3.006 0.497 1.278 0.998 0.673

0.996 7.836 0.997 4.187 0.996 2,039 1.998 1.09

1.496 8.995 1.497 4.914 1.496 2.573 2.999 1.372

1.996 9.72 1.997 5.413 1.997 2.981 3.997 1.583

2.496 3.304

2.997 3.562

nmax 12.50 nmax 7.41 nmax 5.49 nmax 2.87

b 1.74 b 1.35 b 0.60 b 0.31

Fig. 3 Measured

multicomponent sorption data

on Norit R1 Extra containing

the total adsorbed amount

(times) and the partial adsorbed

amounts of CH4 (black square),

CO2 (black diamond), N2 (black

triangle) and H2 (black circle),

total adsorbed amount predicted

with IAST (dotted line)

Table 3 Measured multicomponent sorption data on Norit R1 Extra

p (MPa) nCH4

(mmol/g)

nCO2

(mmol/g)

nN2

(mmol/g)

nH2

(mmol/g)

n

(mmol/g)

0.223 1.223 0.691 0.095 0.013 2.117

0.498 2.150 1.253 0.147 0.067 3.788

0.842 2.933 1.780 0.205 0.086 5.266

1.209 3.556 2.199 0.234 0.093 6.463

1.592 4.007 2.224 0.320 0.067 6.909

nmax 6.45 3.66 * * 11.36

b 1.03 1.08 * * 1.04

* Henry isotherm

1070 Adsorption (2013) 19:1065–1074

123



2 mol% H2) the corresponding data shown in Table 4

indicate a decrease of the carbon dioxide fraction of

approximately 3 % during sorption processes. In contrast

the methane fraction increases within the same magnitude.

Thus carbon dioxide is the most adsorbed gas component

which corresponds to the pure gas isotherms shown in

Fig. 2. The sorption based changes of molar concentrations

from the gas components N2 and H2, showing small partial

pressures within the sorptive gas phase, are comparably

marginal.

4.2 Zeolite molecular sieve 13X

In Fig. 4 the pure gas sorption measurement results on the

zeolite molecular sieve type 13X are presented. In course

of sample activation the materials was heated up to

473.15 K for 24 h.

Due to the quadrupole moment of carbon dioxide and

the polar structure of ZMS 13X the CO2 uptake is pro-

nounced. Thereby the maximum capacity is already

achieved at a low pressure of approximately 0.5 MPa. For

this reason ZMS are often used for biogas purification in

pressure swing adsorption systems, typically working with

a pressure range between 0.4 and 0.7 MPa. The other gases

are adsorbed by ZMS 13X with relatively small amounts

(see Table 5).

Figure 5 shows the multicomponent measurement

results on ZMS 13X. The corresponding data are listed in

Table 6.

The deviations between measured and predicted total

adsorbed amount indicate that zeolitic multicomponent

systems are not sufficiently predictable by using the IAST

model. In this case the assumptions the IAST model is

based on are not reliable.

Within the considered pressure range, the partial

adsorbed amount of CO2 has almost achieved the maxi-

mum capacity. Above pressures of 1 MPa only the sorption

of CH4 increases by a significant margin. This sorption

behavior corresponds with the pure gas sorption data of

ZMS 13X presented in Fig. 4.

Moreover this selective sorption of CO2 at low pressures

is highlighted by means of the sorption based gas compo-

sition presented in Table 7. Similar to the multicomponent

sorption on Norit R1 Extra the fraction of CO2 decreases at

low pressure range due to the high selectivity towards CO2.

In comparison to a mole fraction of 33 % before sorption,

the sorption based mixture composition exhibits a fraction

of 29.6 %. Unlike the multicomponent data of Norit R1

Extra (cp. Table 4), the fraction of CO2 increases with

increasing sorptive gas pressure. As a consequence the

fraction of CH4 decreases at pressures above 1 MPa.

4.3 Basolite C300

The experimental results of pure gas measurements on

MOF type Basolite C300 are presented in Fig. 6, as well as

in Table 8. Before sorption measurement the material was

heated at 373.15 K for 12 h under vacuum. Similar to ZMS

13X, MOF Basolite C300 prefers the adsorption of CO2 at

low pressure ranges, which is a beneficial property for the

use from Basolite C300 as material for biogas purification.

At high pressure ranges Basolite C300 exhibits a remark-

able maximum sorption capacity of CH4, illustrated by

Table 4 Composition of the sorption based sorptive gas phase (Norit

R1 Extra)

p (MPa) yCH4 yCO2 yN2 yH2

0.223 0.627 0.301 0.055 0.017

0.498 0.635 0.301 0.047 0.017

0.842 0.631 0.307 0.046 0.017

1.209 0.631 0.304 0.047 0.019

1.592 0.632 0.303 0.045 0.020

Fig. 4 Sorption data of CO2

(black diamond), CH4 (black

square), N2 (black triangle) and

H2 (times) on ZMS 13X. Data

have been correlated by using

Langmuir isotherm (continuous

line)
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means of a Langmuir parameter nmax = 12.35 mmol/g.

The corresponding isotherm characteristic indicates that

the maximum capacity of CH4 is not achieved in the

investigated pressure range of 2.5 MPa. This indicates that

the adsorption of gases with no or small quadrupole

moments profits by the large surface area of Basolite C300.

This character of Basolite C300 is a disadvantage for

adsorptive biogas purification processes. However the

apparent preferred adsorption of CH4 in a higher pressure

range could lead to a potential use of MOF C300 as

methane storage material.

Figure 7 presents the multicomponent measurement

results on Basolite C300. The corresponding sorption data

is shown in Table 9 and Table 10. The prediction results of

Basolite C300 are similar to those of ZMS 13X. Neither the

total adsorbed amount nor the selective sorption, described

by means of the molar concentrations of the adsorbate, can

be predicted by using the IAS theory. In particular the

preferred adsorption of CO2 in low pressure range leads to

an increasing prediction error.

Table 5 Pure gas sorption data on ZMS 13X

CO2 CH4 N2 H2

p (MPa) n (mmol/g) p (MPa) n (mmol/g) p (MPa) n (mmol/g) p (MPa) n (mmol/g)

0.013 0.003 0.013 0.043 0.012 0.005 0.012 0.002

0.496 6.309 0.406 1.977 0.496 1.299 0.999 0.351

0.997 6.639 0.997 2.846 0.998 1.983 1.997 0.608

1.496 6.779 1.497 3.231 1.497 2.407 2.998 0.801

1.995 6.855 1.997 3.453 1.995 2.693

2.496 3.598 2.997 3.057

nmax 7.04 nmax 4.29 nmax 4.18 nmax 2.23

b 14.20 b 2.06 b 0.91 b 0.19

Fig. 5 Measured

multicomponent sorption data

on ZMS 13X containing the

total adsorbed amount (times)

and the partial adsorbed

amounts of CH4 (black square),

CO2 (black diamond), N2 (black

triangle) and H2 (black circle),

total adsorbed amount predicted

with IAST (dotted line)

Table 6 Measured multicomponent sorption data on ZMS 13X

p (MPa) nCH4

(mmol/g)

nCO2

(mmol/g)

nN2

(mmol/g)

nH2

(mmol/g)

n

(mmol/g)

0.204 1.519 0.932 0.095 0.027 2.776

0.512 1.993 1.260 0.128 0.025 3.699

0.880 2.456 1.488 0.191 0.088 4.396

1.258 2.786 1.607 0.230 0.104 4.835

1.666 3.056 1.668 0.258 0.104 5.202

nmax 3.64 1.90 * * 5.99

b 2.75 4.28 * * 3.55

* Henry isotherm

Table 7 Composition of the sorption based sorptive gas phase (ZMS

13X)

p (MPa) yCH4 yCO2 yN2 yH2

0.204 0.634 0.296 0.046 0.024

0.512 0.631 0.299 0.046 0.024

0.880 0.623 0.315 0.044 0.018

1.258 0.618 0.320 0.044 0.019

1.666 0.617 0.318 0.045 0.020
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Fig. 6 Sorption data of CO2

(black diamond), CH4 (black

square), N2 (black triangle) and

H2 (times) on Basolite C300.

Data have been correlated by

using Langmuir isotherm

(continuous line)

Table 8 Pure gas sorption data on Basolite C300

CO2 CH4 N2 H2

p (MPa) n (mmol/g) p (MPa) n (mmol/g) p (MPa) n (mmol/g) p (MPa) n (mmol/g)

0.013 0.021 0.011 0.035 0.013 0.012 0.366 0.144

0.496 7.065 0.497 3.297 0.996 1.756 0.826 0.316

0.997 8.332 0.997 5.261 1.997 2.753 1.310 0.475

1.496 8.846 1.497 6.500 3.000 3.397 1.940 0.684

1.998 9.114 1.997 7.314 3.996 3.861 2.468 0.822

2.496 9.298 2.496 7.887

nmax 10.10 nmax 12.35 nmax 6.41 nmax 4.52

b 4.95 b 0.74 b 0.38 b 0.09

Fig. 7 Measured

multicomponent sorption data

on Basolite C300 containing the

total adsorbed amount (times)

and the partial adsorbed

amounts of CH4 (black square),

CO2 (black diamond), N2 (black

triangle) and H2 (black circle),

total adsorbed amount predicted

with IAST (dotted line)

Table 9 Measured

multicomponent sorption data

on Basolite C300

* Henry isotherm

p (MPa) nCH4

(mmol/g)

nCO2

(mmol/g)

nN2

(mmol/g)

nH2

(mmol/g)

n

(mmol/g)

0.229 1.295 0.766 0.104 0.047 2.297

0.496 2.359 1.375 0.182 0.086 4.090

0.809 3.502 2.113 0.261 0.121 6.265

1.188 4.225 2.494 0.326 0.163 7.465

1.547 4.846 2.698 0.415 0.171 8.303

nmax 9.35 5.49 * * 15.87

b 0.71 0.68 * * 0.75
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In general the IAST model is useful for the prediction of

binary and ternary mixtures on AC (Dreisbach et al. 1999;

Schell et al. 2012).The comparison of measured and pre-

dicted sorption data presented in this paper indicates that

the total adsorbed amount of a quaternary gas mixture on

AC Norit R1 Extra is reliably predictable. However, using

the IAST model for the consideration of sorbent materials

which show selective sorption behavior like ZMS 13X and

MOF Basolite C300 is not recommended. Here, deviations

to the measured sorption data indicate that the IAST model

does not lead to a sufficiently reliable multicomponent

sorption prediction.

5 Conclusion

A manometric–gravimetric sorption measurement appara-

tus, combined with a gas chromatography system was used

to perform multicomponent sorption measurements on

selected sorbent materials. Thereby the sorption of a qua-

ternary gas mixture containing 60 mol% CH4, 33 mol%

CO2, 5 mol% N2 and 2 mol% H2 was determined. As sor-

bent materials AC Norit R1 Extra, ZMS 13X and MOF

Basolite C300 were used. Based on additionally measured

pure gas sorption data of these sorbents, the adsorbed

amounts of the quaternary gas mixture were predicted by

using the IAST model and compared to measured data. In

this context only the multicomponent sorption on AC Norit

R1 Extra could be reliably predicted. ZMS 13X as well as

MOF Basolite C300 show a preferred sorption of CO2 in low

pressure ranges. In addition C300 exhibits a large sorption

capacity of CH4 at higher pressures. Such selective sorption

behavior leads to an unacceptable increase in the prediction

error using the IAST model. In this case, the measurement of

multicomponent sorption is necessary. More specific pre-

diction models (e.g. heterogeneous ideal adsorbed solution

(Valenzuela et al. 1988)) may provide better results. Nev-

ertheless such models must also be verified by comparison

with measured sorption data.
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