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by Adsorption on Carbon Molecular Sieve

Simone Cavenati, Carlos A. Grande, and Alı́rio E. Rodrigues

Laboratory of Separation and Reaction Engineering (LSRE), Department

of Chemical Engineering, Faculty of Engineering, University of Porto,

Porto, Portugal

Abstract: Adsorption equilibrium of methane and nitrogen on CMS 3K from Takeda

Corp. were gravimetrically measured at 298, 308, and 323 K and at pressures up to

2000 kPa. The most adsorbed gas is methane followed by nitrogen. The adsorption

loading at 550 kPa and 308 K is 1.73 mol/kg for methane and 0.91 mol/kg for

nitrogen. Experimental data were fitted with the multisite Langmuir model. Single

component uptake of these gases at low pressures was used to determine the adsorption

kinetics. Adsorption of nitrogen is much faster than methane, although this gas is

preferentially adsorbed. The adsorption rate of both gases was controlled by a

surface barrier resistance at the mouth of the micropore combined with micropore

diffusion. Breakthrough curves of pure gases and their binary mixtures were

measured at ambient temperature. A bi-LDF (Linear Driving Force) model was used

to predict the fixed-bed behavior. Large differences in the adsorption kinetics

were observed: at 308 K the LDF constant ratio was Km,N2
/Km,CH4

¼ 133, although

because of much higher adsorption of methane, the overall kinetic selectivity

was 1.9 at 308 K. The data obtained in this work can be used for adsorption separation

processes modeling for methane purification from nitrogen-contaminated streams.
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INTRODUCTION

The main application of a separation technology involving methane and

nitrogen is in the natural gas (NG) field. NG refers to the gaseous fossil-

based fluid found in geological accumulations widespread all over the

world. Natural gas is a valuable alternative fuel and has two advantages in

comparison with other combustibles: it is clean-burning and has a lower

cost, being cheaper than other fuels like crude oil, gasoline, or diesel, for

example. In the environmental protection field by using NG as a vehicular

fuel reductions in CO, CO2, and SO2 are 97, 24, and 90%, respectively, and

the amount of lead discharged in exhaust gases is reduced to zero.

Currently, NG supplies one-fourth of the energy needed in the world’s

homes, businesses, vehicles, industries, and power plants, and the consump-

tion of NG is expected to grow by 50% over the next 20 years (1).

The composition of natural gas varies considerably according to the

location of the drill; it consists mainly of methane, typically 80–95%, with

variable amounts of C2þ hydrocarbons, and often nitrogen and carbon

dioxide as impurities (2). Nitrogen is a major problem in many fields;

i.e., 16% of U.S. reserves are contaminated with higher amounts of nitrogen

than required by pipeline specifications.

Natural gas from a field will burn without processing, but it usually

requires treatment to remove and control the level of particular components

affecting regulatory compliance of product quality and also for transportation

in pipelines. To meet “pipeline quality methane” the maximum amount of

nitrogen and carbon dioxide cannot exceed 4 and 2%, respectively. The

carbon dioxide reduction is also important to prevent equipment and

pipeline corrosion.

Methane–nitrogen separation can also appear in methane upgrading from

landfill gas (LFG) production (3). When the LFG is collected above atmos-

pheric pressure, a low amount of nitrogen and oxygen is found in a stream

mainly composed of methane and carbon dioxide (4). To increase methane

yield, methane may be collected at pressures below atmospheric allowing

more air to penetrate the cap and releasing more nitrogen into the product

stream (oxygen is consumed aerobically). To produce pipeline methane a

series of PSA units in series was proposed to split CO2 followed by N2,

being this nitrogen rejection process the most expensive in the process

economics (3). A similar perspective in economic limitations was reported

for gob and coalbed methane enrichment (5).

Nitrogen-contaminated NG and LFG streams have a low BTU value and

have to be upgraded by nitrogen removal. Some fields cannot be exploited

because of the economical constraints of nitrogen removal (traditionally by

techniques such as cryogenic distillation) and most of the exploited ones are

supported by the extraction of helium as a byproduct.

Separation of gas mixtures by pressure swing adsorption (PSA) has

emerged as a very successful technology and has gained wide commercial
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acceptance in the last years. It is generally accepted that methane-nitrogen is a

very difficult separation due to the low selectivity of the adsorbents. A funda-

mental requirement of an adsorbent for this separation is to exhibit nonadsorb-

ing characteristics toward methane. Even when many commercial adsorbents

were tested for this separation, most of them (particularly zeolites and

activated carbons) adsorb more methane than nitrogen (6–9). A process

using one of these adsorbents will deliver the product (purified methane) at

low pressure requiring an additional compression stage. A new group of

tailored titanosilicate (named ETS, Engelhard titanosilicates) molecular

sieves is promising (10) because of the possibility of total exclusion of the

methane molecule. Particularly, a PSA process using modified-ETS-4

(named Molecular Gatew) is being commercialized since 2001 splitting a

stream of methane with 18% of nitrogen (11).

Carbon molecular sieves (CMS) are carbonaceous adsorbents with a

relatively narrow micropore size distribution that can be produced from

many different organic sources: bituminous coal, bones, coconut shell, etc.

The final micropore size depends on the pyrolysis and activation steps in the

manufacturing process (12). Carbon molecular sieves are known to offer

significant kinetic selectivity between compounds of similar sizes and proper-

ties, like oxygen-nitrogen separation (13–15). Another application where CMS

is being applied is the separation of methane and carbon dioxide for landfill gas

purification (16, 17). It is also used in carbon dioxide recovery from steel

converter gas (18). The molecule of nitrogen has a kinetic diameter of 3.6 Å

while the diameter of the molecule of methane is 3.8 Å. Although the difference

is small, the pores of a carbon molecular sieve can be bottlenecked to an inter-

mediate size to inhibit or delay the adsorption of methane.

In this paper we will present adsorption equilibrium and kinetics of

methane and nitrogen in carbon molecular sieve 3 K from Takeda Corp. at

298, 308, and 323 K. Adsorption equilibrium up to pressures of 2000 kPa is

reported for methane and nitrogen. Adsorption kinetics of both gases was deter-

mined with uptake curves. Pure gas and binary breakthrough curves were also

measured to confirm adsorption equilibrium and kinetics and to provide

required data to model a PSA unit for kinetic separation of methane-nitrogen.

EXPERIMENTAL SECTION

Adsorption equilibrium of pure gases was performed in a magnetic suspension

microbalance (Rubotherm, Germany) operated in closed system. The sample

of adsorbent is weighed and placed in a basket suspended by a permanent

magnet through an electromagnet (magnetic suspension coupling). The cell

in which the basket is housed is then closed and vacuum is applied. An ana-

lytical balance is connected to the magnetic coupling receiving the weight

values measured inside the cell and through an acquisition system the

data are recorded in a computer. Two Lucas Schaevitz pressure transducers
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were used; one from 0–100 kPa and other from 0–25000 kPa to acquire data

at low and high pressures, respectively. Adsorption equilibrium was esta-

blished after some time without significant variation of the weight and

pressure: for the case of nitrogen this period was 30 min while for methane

(very low diffusing gas) 6 h were established (each point takes around 3

days to achieve equilibrium).

The activation of the sample was carried out under vacuum at 523 K

overnight. The heating rate to reach this temperature was 1 K/min.

Isotherms were measured at 298, 308, and 323 K. Adsorption and desorption

measurements were performed and all the isotherms were reversible.

When the initial point of equilibrium is to be measured, an initial pressure

lower than 10 kPa was always established and the adsorption uptake was

recorded each 15 s for nitrogen and each 2 min for methane. This initial

adsorption uptake of the pure gases at the different temperatures was used

for kinetic measurements.

Pure gas and binary breakthrough curves were measured in a laboratorial

unit already existing in our laboratory used for C3 separation (19). To study the

adsorption of this mixture, the analysis system (performed by a gas chromato-

graph, GC) was modified. Pure gas analysis and binary mixtures were

performed using a thermal conductivity detector for methaneþ nitrogen

detection and a flame ionization detector for methane measurements. It was

assumed (and verified in the calibration) that nitrogen does not produce vari-

ations in the FID signal for methane detection. The column used in the GC

was a CP-Poraplot Q (Varian, Netherlands) with a flow rate of 7.0 mL/min

of helium (used as carrier gas and as TCD reference gas) at constant tempera-

ture of 373 K.

The characteristics of this unit are reported in Table 1. In all the cases the

column was previously filled with helium. For the pure gas adsorption break-

through curves, helium was used to establish the molar fraction of the

measured gas in the desired value. No inert was introduced in the binary

breakthrough experiments. The adsorbent was activated at 523 K overnight

under a small flow of helium.

Takeda Corp (Tokyo, Japan) kindly provided the CMS Takeda 3 K extru-

dates used in this study. Some characteristic properties of the adsorbent are

summarized in Table 2. All gases used in this work were provided by Air

Liquide: methane N35, nitrogen N45 and helium N50 (purities greater than

99.95, 99.995, and 99.999%, respectively).

THEORETICAL

Adsorption Equilibrium

As a first step in the description of the adsorption equilibrium, we must dis-

tinguish between absolute adsorption and excess adsorption. The relation
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between them is shown in Equation (1) (20),

q ¼ qexc þ
rGVads

msMW

ð1Þ

where q is absolute adsorbed phase concentration, qexc is excess adsorbed

phase concentration, rG is the density of the gas phase, Vads is the volume

of the adsorbed phase, ms is the mass of adsorbent connected to the micro-

balance, and MW is the molecular weight of gas. The second term in the

right-hand side corresponds to the “buoyancy” correction term. The main

Table 1. Fixed-bed parameters and adsorbent properties used in

binary bed experiments of methane-nitrogen adsorption and in pure

fixed-bed experiments of methane-helium and nitrogen-helium

adsorption in CMS3K (Takeda)

Bed radius, m 0.0105

Bed length, m 0.83

Bed porosity 0.33

Bulk density, kg/m3 715.43

Column wall density, kg/m3 8238

Wall specific heat, J/kg K 500

Wall heat transfer coefficient, W/m2 K 80.0

Overall heat transfer coefficient, W/m2 K 25.0

Pellet radius (infinite cylinder), m 0.9E23

Pellet density, kg/m3 1060

Pellet porosity 0.46

Total flow rate, SLPM 0.7

Solid specific heat, J/kg K 880

Methane–nitrogen ratios in binary

breakthrough experiments

0.43–0.57; 0.57–0.43

Methane molar fractions in pure

breakthrough experiments

0.09, 0.43, 0.56, 0.75

Nitrogen molar fractions in pure

breakthrough experiments

0.43, 0.53, 0.60, 0.80

Table 2. Adsorbent properties

Parameters Value

Pellet density (g/cm3) 1.06

Extrudate diameter (cm) 0.18

Average extrudate length (cm) 0.43

Pellet porosity (–) 0.46

Macropore radius (Å) 1560

Macropore volume (cm3/g) 0.313
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reason to this difference is that the volume of the adsorbed phase is not neg-

ligible, and the gas density becomes closer to the density of the adsorbed phase

especially at higher pressures, where the last term of the right-hand side of Eq.

(1) cannot be neglected (21). The excess adsorption is obtained from adsorp-

tion measurements. On the other hand, the absolute adsorption cannot be

obtained directly, and many approximate methods to calculate it from the

excess adsorption were published (20–23).

For any measurement in the Rubotherm microbalance, the weight

recorded in the microbalance display Dm (taking the first value as reference

because we tare the balance at the beginning of the measurements) is

expressed by

Dm� DZP ¼ mads � rGðVads þ Vs þ VcÞ ð2Þ

where DZP is the variation of the Zero Point value, mads is the total mass

adsorbed, Vs is the volume of the solid adsorbent, and Vc is the volume of

the cell where the adsorbent is loaded.

In order to determine the volumes that contribute to the buoyancy effect, a

calibration with helium was performed, under the assumption that this gas is

not adsorbed (mads ¼ Vads ¼ 0). From this calibration with helium we get

Dm ¼ DZP�
Mw

RgT
ðVs þ VcÞP ð3Þ

From the slope of Eq. (3), the volume of the cell (Vc) and the volume of

the solid adsorbent (Vs) can be determined, while the intercept corresponds to

the buoyancy of the permanent magnet.

To estimate the volume of the adsorbed phase, in this work we used an

assumption reported by Dreisbach and coworkers (22), already tested for

adsorption equilibrium measurements with these gases up to 5000 kPa on

zeolite 13X (24). The assumption is that the volume of the adsorbed phase

is approximated by

Vads ffi
mads

rL

ð4Þ

where rL is the density of the adsorbed phase, which is assumed to be equal to

the density at the boiling point at 1 atm., selected as the reference state

conditions.

Another consideration according to the definitions given is that

q ¼
mads

msMW

ð5Þ

Rearranging Eq. (2) by taking into account Eq. (4), we obtain

q ¼
Dm� DZPþ rGðVs þ VcÞ

msMW

rL

rL � rG

ð6Þ
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In Eq. (6) it can be observed that when the density of the gas is small

(compared with the density of the adsorbed phase), the buoyancy correction

can be omitted.

Adsorption equilibrium of pure components was fitted using the multisite

Langmuir model (25)

q�i
qmax;i

¼ KiP 1�
X q�i

qmax;i

� �ai

ð7Þ

where qmax is the maximum amount adsorbed, ai is the number of sites

occupied per molecule and with an exponential temperature dependence for

the adsorption constant Ki described as

Ki ¼ K0
i exp

�DHi

RTs

� �
ð8Þ

where Ki
0 is the adsorption constant at infinite temperature and 2DHi is the

isosteric heat of adsorption, both for component i.

Adsorption Kinetics by Adsorption Uptake

CMS is known to have bidisperse pore structure with macropores from 100–

1000 nm and micropores smaller than 1 nm (18). Because of this large size

difference, in most of the literature concerning the use of CMS for gas separ-

ation, the controlling transport resistance is in the micropores (26).

According to the preparation of the material, the constriction of the pores

can be in the micropore mouth or distributed inside it. Both materials will

present micropore resistance, although when the restriction is limited only

to the pore mouth, a surface barrier resistance may be present (14). Successful

description of diffusion in pores with mouth restriction was achieved by

adding a barrier mass transfer coefficient to the micropore model (26, 27)

and also using a lumped model (26, 28). It has to be pointed out that both

models require experimental data for constant determination: LDF constant

in the lumped model and barrier mass-transfer coefficient in the distributed

model.

In this work we have used a distributed dual-resistance model (barrier

mass-transfer and micropore resistances) to determine kinetic parameters

from adsorption uptakes performed at low partial pressure of sorbate. Using

a low partial pressure we are diminishing the effects of adsorption equilibrium

nonlinearity. Also, as the measurements were performed with CMS extru-

dates, macropore resistance was also considered and as the fluid is stagnant

an external mass-transfer resistance was included in the model.
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In any gravimetric batch experiment, when the adsorbent is clean, the

molar balance for an ideal gas between times 0 and t is (29)

CBðtÞ ¼ CB0 �
mS

Vc

� k�ql
� �

ð9Þ

where CB0 and CB(t) are the initial and bulk gas concentration at time t, Vc is

the entire closed microbalance cell volume, Rg is the ideal gas constant and ms

is the adsorbent mass used. The extrudate-averaged adsorbed phase concen-

tration kq̄l for an infinite cylinder is defined by

kql ¼
2

R2
p

ðRp

0

qR dR ð10Þ

where Rp is the radius of the extrudate and q is the microparticle-averaged

adsorbed phase concentration. Equation (9) is a mass balance saying that

the number of moles initially present in the microbalance cell are finally dis-

tributed in the gas phase and adsorbed by the adsorbent.

The mass balance in a volume element of the extrudate is represented by

1p

@C

@t
þ rp

@q

@t
¼

1pDp

R

@

@R
R
@C

@R

� �
ð11Þ

where 1p and rp are the porosity and density of the pellet respectively and Dp is

the pore diffusivity. The microparticle-averaged adsorbed phase concentration

q is defined by

q ¼
3

r3
m

ðrc

0

qr2 dr ð12Þ

where rm is the radius of the microparticles where micropores are located.

The initial conditions for the extrudate mass balance is

CðR;0Þ ¼ 0 ð13Þ

while the boundary conditions are

1pDp

@C

@R

����
ðt;RpÞ

¼ kf CB � Cjðt;RPÞ

� �
ð14Þ

@C

@R

����
ð0;tÞ

¼ 0 ð15Þ

where kf is the external mass transfer resistance.
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The Fickian description of diffusion in a microparticle is

@q

@t
¼

1

r2
Dm

@

@r
r2 @q

@r

� �
ð16Þ

where Dm is the micropore diffusivity. This equation has to be solved with the

following initial and boundary conditions

qðr;0Þ ¼ 0 ð17Þ

@q

@r

����
ð0;tÞ

¼ 0 ð18Þ

3

rm
Dm

@q

@r

����
r¼rm

¼ kbðq
� � qÞ

��
r¼rm

ð19Þ

where q� is the adsorbed phase concentration in equilibrium with C(t,R) and kb

is the barrier mass-transfer coefficient.

The pore diffusivity is a function of the molecular and Knudsen diffusion

described by the Bosanquet equation. In this case of pure gas measurements,

instead of the molecular diffusivity, the self-diffusivity was employed (30)

1

Dp

¼
tp

DAA

þ
tp

DK

ð20Þ

DAA ¼
4:186:10�6

M1=2
w

P2=3
c

T
1=6
c

1

CB

DK ¼ 9700rp

ffiffiffiffiffiffiffiffi
T

MW

r
ð21Þ

where tp is the tortuosity of the pellet, Mw is the molecular weight of the gas,

rp is the pore radius (cm), and Pc (atm) and Tc (K) are the critical pressure and

temperature, respectively. In Eq. (20) the first term of the right-hand side

corresponds to the self-diffusivity DAA (cm2/s) while the other term is the

Knudsen diffusion, DK (cm2/s). In Eq. (18), bulk gas concentration, CB has

to be expressed in mol/cm3.

Fixed-bed Modeling for Multicomponent Breakthrough Curves

When adsorption equilibrium and kinetic properties are determined, the

behavior of a mixture of binary mixtures of methane and nitrogen in a

fixed-bed can be predicted. For this purpose, the mass, energy, and

momentum balances were used. All the equations used for this purpose are

detailed in Table 3. This model was already validated for propane and

propylene mixtures (19, 31). To simplify the momentum mass balance, the

Ergun equation was used to account for pressure drop in the column. This
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equation was also used to consider the velocity as a variable due to bulk

adsorption. Also, a linear driving force for macropore and micropore resist-

ances (bi-LDF) was applied instead of the detailed model with macropore,

micropore, and surface barrier resistances. Note that the LDF constant for

the micropores is calculated using the micropore diffusivity and the surface

barrier resistance. The parameters used in the simulations that predict

the experimental data are summarized in Table 1, together with the data of

the equipment. The bi-LDF model was used instead of the complete model

in order to diminish the computational time, simplifying the model to be

used in future PSA simulations.

Table 3. bi-LDF model used for binary breakthrough prediction: (1) Mass balance of

component i. (2) Ergun equation; (3) Mass transfer to the solid (bi-LDF model);

(4) Energy balance in the gas phase; (5) Energy balance in the solid phase; (6) Energy

balance on the column wall; (7, 8) LDF constants

1
1c

@Ci

@t
¼ 1cDax;i

@

@z
CT

@Yi

@t

� �
�
@ uCið Þ

@z
� 1� 1cð Þ

akf

Bii þ 1
Ci � kcilð Þ

2 �
@P

@z
¼ �

150m 1� 1cð Þ
2

13
cd2

p

uþ
1:75 1� 1cð Þr

13
cdp

uj ju

3

@kcil
@t
¼ KP;i

Bii

Bii þ 1
Ci � kcilð Þ �

r p

1p

@kqil
@t

@kqil
@t
¼ Km;i q�i � kqil

� �

4

1cCT
~Cv

@Tg

@t
¼
@

@z
l
@Tg

@z

� �
� u CT

~Cp

@Tg

@z
þ 1cRgTg

@C

@t

� 1� 1cð Þahf Tg � Ts

� �
�

2 hw

Rw

Tg � Tw

� �

5

1� 1cð Þ 1p

Xn

i¼1
kcil ~Cvi þ rp

Xn

i¼1
kqil ~Cv;adsi

þ rp
~C ps

h i @Ts

@t

¼ 1� 1cð Þ1pRgTs

@kcil
@T
þ rb

Xn

i¼1
�DHið Þ

@kqil
@t
þ 1� 1cð Þahf Tg � Ts

� �

6 rw
~C pw

@Tw

@t
¼ awhw Tg � Tw

� �
� awlU Tw � T1ð Þ

7 LDF constant for macropore diffusion: KP;i ¼
15D p;i

R2
p

8 LDF constant for micropore resistance: Km;i ¼
1

1=kb;i þ
r2
m

15Dm;i
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The models used to fit the data of the uptake experiments described by

Equations (9)–(21) as well as the model used for prediction of the binary

breakthrough curves in a fixed-bed, were numerically solved in gPROMS

(PSE Enterprise, UK) using orthogonal collocation of finite elements.

Twenty finite elements with two interior collocation points were used in

each domain (micropore and macropore) in the uptake model and 40

elements were used in the axial domain in fixed-bed modeling.

ADSORPTION EQUILIBRIUM

Once the helium calibration and buoyancy corrections were performed

according to the protocol described in a previous section, the absolute

amount adsorbed per gram of adsorbent is obtained as a function of

pressure. The adsorption equilibrium isotherms of methane and nitrogen at

298, 308, and 323 K are shown in Figs. 1 and 2, respectively. In these

figures, the values obtained directly from the microbalance (corresponding

to the excess adsorbed phase) and the absolute adsorbed phase, are shown.

The correction was performed according to the explanation given in the

previous section. All isotherms were completely reversible. Methane is

more adsorbed than nitrogen, particularly at low pressures. Adsorption equili-

brium of methane was achieved only after 3 days of gas-adsorbent contact.

The isotherms were well fitted with the multisite Langmuir model (solid

lines in Figs. 1 and 2). The fitting parameters of the three gases are shown

in Table 4. The heat of adsorption also follows the order CH4 . N2.

Adsorption of these gases in carbon molecular sieves has been extensively

reported (4, 8, 16, 17, 32–38). In the different works small differences in the

loading of the adsorbents, particularly at low pressures, were observed even

for adsorbents from the same manufacturer.

Figure 1. Adsorption equilibrium of methane on Takeda CMS 3K. (a) Excess

adsorbed phase concentration determined in the Rubotherm microbalance, (b) absolute

adsorbed phase concentration. Symbols: B T ¼ 298 K; V T ¼ 308 K; † T ¼ 323 K;

solid lines–multisite Langmuir model.
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Adsorption equilibrium of methane on CMS at low temperatures was

reported in previous works (4, 8, 16, 38). In the low-pressure range, our

work is coincident with the data of Ma et. al. (8), while at pressures up to

500 kPa all works report capacities around 2.25 mol/kg (4, 8, 16, 38). The

data also agree with those obtained in CMS membranes in the 0–100 kPa

pressure range (32).

Nitrogen adsorption properties are perhaps the most available in litera-

ture. In our case, the data in the low and intermediate pressure range (up to

700 kPa) compare well with other published results (8, 13, 33, 34). At

pressures higher than 700 kPa our data are in agreement with the work of

Bae and coworkers (38) dealing with adsorption equilibrium at high

pressures. All the works mentioned here used Takeda CMS while other

works with adsorbents from other manufacturer have different loading

capacities for these gases even at high pressures (35).

KINETICS OF ADSORPTION BY BATCH UPTAKE

EXPERIMENTS

Diffusivity parameters were determined by fitting the model described by

Equations (6)–(18) to differential uptake curves at pressures lower than

Figure 2. Adsorption equilibrium of nitrogen on Takeda CMS 3K. (a) Excess

adsorbed phase concentration determined in the Rubotherm microbalance, (b) absolute

adsorbed phase concentration. Symbols: B T ¼ 298 K; V T ¼ 308 K; † T ¼ 323 K;

solid lines–multisite Langmuir model.

Table 4. Multisite Langmuir parameters for methane and nitrogen adsorption equili-

brium on CMS 3K Takeda at 298, 308 and 323 K from 0–2000 kPa

Gas

qmax,i

[mol/kg]

Ki
o

[1/kPa]

2DHi

[kJ/mol] ai [2]

CH4 11.797 2.481 � 10210 38.947 6.303

N2 10.623 6.567 � 1027 15.930 7.000
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10 kPa. Fractional uptakes of methane, nitrogen and carbon dioxide at 298,

308, and 323 K are shown in Figs. 3 and 4, respectively. Note that in the

case of methane, only experiments at one temperature (308 K) were reported.

Solid line in these figures corresponds to the fitting of the dual resistance

model, which is good in all the cases. The parameters used to fit the curves

(micropore diffusivity and the surface barrier mass transfer coefficient) are

shown in Table 5.

The barrier mass transfer has a stronger effect in the initial part of the

uptake. This effect is shown in Fig. 5 plotting the fractional uptake of

methane and nitrogen at 308 K as a function of the square root of time

(14, 17). The surface barrier in this adsorbent assumes an important role in

the molecules with larger kinetic diameter, i.e., for methane the value is

smaller than nitrogen.

The micropore diffusion of methane is very slow when compared to the

other gases. This behavior was also reported in this kind of microporous adsor-

bents (8, 16, 35, 38). The order of magnitude of Dm/rm
2 reported in all these

works is comparable to the one obtained here but in this paper we are also

including the surface barrier resistance. According to this dual-resistance

model, the parameters are in agreement to the ones recently reported for

Takeda adsorbents (17).

Diffusivity of nitrogen was also studied in literature (8, 13, 14, 16,

17, 33–35). In the case of CMS with pore mouth constriction, the surface

barrier-micropore dual resistance model successfully represented the experi-

mental data. From the uptake curves shown in this work, the dual-resistance

model described by Eqs. (6)–(18) gives values in agreement with very recent

ones reported for Takeda 3A molecular sieve carbon. In this work, the energy

of activation of the micropore diffusivity is 34.7 kJ/mol, which compares

very well with 35.2 and 32.9 kJ/mol reported by the group of prof. Farooq

Figure 3. Fractional uptake of methane on Takeda CMS 3K at 308 K.; solid lines–

dual resistance model.

Separation of Methane and Nitrogen 2733

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



for Takeda 3A CMS (17); the energy of activation of the surface barrier is

5.87 kJ/mol, somewhat smaller than their reported value (28.7 kJ/mol).

The CMS 3K Takeda presented in this work presented higher equilibrium

selectivity to methane (most adsorbed gas). Even though, as shown in Fig. 5,

methane adsorbs very slowly and there is a large kinetic difference between

the adsorption of these gases. Because of this difference in adsorption

kinetics it is expected that this can be an appropriate adsorbent for

methane–nitrogen splitting, adsorbing nitrogen and obtaining methane at

high pressures without need of recompression, diminishing dramatically the

costs of this separation when compared with cryogenic distillation.

FIXED-BED EXPERIMENTS

The final test of the adsorbent to perform the methane–nitrogen separation

(and also the independent confirmation of the adsorption equilibrium and

Figure 4. Fractional uptakes of nitrogen on Takeda CMS 3K. Symbols: B T ¼ 298 K;
V T ¼ 308 K; † T ¼ 323 K; solid lines–dual resistance model.

Table 5. Kinetic parameters of the dual-resistance model for methane and nitrogen

diffusion in CMS 3K at 298, 308, and 323 determined by batch adsorption uptake

act low pressure

Gas

Temperature

[K]

CB0

[mmol/l]

Dm/rm
2

[s21]

kb

[s21]

Km,i

[s21]

CH4 308 4.38 2.33 � 1026 1.0 � 1024 2.59 � 1025

N2 298 3.23 2.77 � 1024 6.0 � 1023 2.45 � 1023

308 2.31 4.99 � 1024 6.4 � 1023 3.45 � 1023

323 3.50 8.31 � 1024 7.2 � 1023 4.56 � 1023
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kinetic parameters determined by other techniques) is fixed-bed experiments.

We have measured single component and binary breakthrough curves of the

mixture nitrogen–methane. As explained before the adsorption kinetics was

controlled by a dual contribution of micropore resistance and surface barrier

resistance at the mouth of the micropore. In order to simplify this description

to reduce computational time for PSA simulations, model equivalence was

performed using the bi-LDF approach for bidisperse adsorbents. To confirm

the applicability of the bi-LDF model to this system, pure component break-

through curves with different molar fractions of adsorbates were performed. In

all the cases, methane and nitrogen were diluted with helium considered as

non-adsorbed gas. The LDF constants used for the simulation of all the

results were calculated according to equations presented in Table 3 and are

detailed in Table 5.

The curves using different molar fractions of methane (0.09, 0.43, 0.56

and 0.75) diluted in helium are presented in Fig. 6. The parameters used in

the simulations (solid lines in the figure) are reported in Table 1. The data

obtained for nitrogen diluted in helium (0.43, 0.53, 0.60, and 0.80) is also

presented in Fig. 7. The solid lines in these plots represent the model

described in Table 1 using the bi-LDF approach. It can be seen that using

the bi-LDF simplification (instead of the complete model using micropore

and surface barrier resistances) can describe well the single component break-

through curves diluted in helium (assumed as nonadsorbed gas), at least in the

experimental conditions and range of molar fractions covered by this study. In

other studies dealing with adsorption of these gases in CMS 3A it was reported

that the diffusivity coefficient, as well as the surface barrier resistance vary

with adsorbed phase concentration (17, 37).

Figure 5. Fractional uptakes of methane and nitrogen at 308 K as a function of the

square root of time. Symbols: B methane; O nitrogen; solid lines–dual resistance

model.
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Data obtained for binary mixtures are presented in Fig. 8. Two different

methane to nitrogen ratio were studied: 43/57 and 57/43. Temperature

profiles measured in three different points of the column (0.18, 0.43, and

0.68 m from inlet) are also shown. The solid line in the plots are the model

predictions using pure adsorption equilibrium and kinetic data (see Table 3)

and shows good agreement with experiments, confirming that the data

presented in this work can be used to model separation processes by

Figure 6. Breakthrough curves of methane (diluted in helium) in CMS 3K Takeda at

ambient temperature and 250 kPa total pressure. Methane molar fractions: B 0.09;
V 0.43; † 0.56; O 0.75; solid lines are predictions with model shown in Table 3.

Figure 7. Breakthrough curves of nitrogen (diluted in helium) in CMS 3K Takeda at

ambient temperature and 250 kPa total pressure. Methane molar fractions: B 0.43;
V 0.53; † 0.60; O 0.80; solid lines are predictions with model shown in Table 3.

S. Cavenati, C. A. Grande, and A. E. Rodrigues2736

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



adsorption. As observed with the pure gas breakthrough experiments, the data

obtained here confirms the nearly isothermal behavior of the system, with a

very small temperature increase due to release of heat of adsorption. In

Fig. 8 the simulation of the evolution of the amount adsorbed in the

particles at the length of the column is also shown. Even when the outlet con-

centration seems to remain constant it can be seen that the adsorbent is still

adsorbing methane, which is far away from the adsorption equilibrium.

Figure 8. Breakthrough curves of methane–nitrogen mixtures at 250 kPa total

pressure and ambient temperature. (a, b) molar flow exiting the column; (c, d) tempera-

ture profiles measured at 0.18, 0.43, and 0.68 m from feed inlet and (e, f) simulated

amount adsorbed evolution of particles at the end of the column. Figures a, c, and e

correspond to mixture 0.43–0.57 (methane–nitrogen) while b, d, and f —correspond

to mixture 0.57–0.43 (methane–nitrogen).
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These results showed by the binary breakthrough curves can be under-

stood defining a kinetic selectivity factor, relating the adsorbed phase

concentration and the kinetics of diffusion of each component (6):

bSEL ¼
qN2

qCH4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Km;N2

Km;CH4

s
ð22Þ

Evaluating this factor at 308 K for the methane to nitrogen ratio 57/43,

the square root gives a factor of 11.5 favorable to nitrogen adsorption. The

difference in the kinetics of adsorption of the two gases to separate is even

larger than for nitrogen purification from air (18). Despite of this difference

in diffusion constants, the ratio of amount adsorbed is 0.165 (much more

methane adsorbed than nitrogen when equilibrium is established), resulting

in an overall kinetic selectivity of 1.9.

No other binary breakthrough experiments were found in literature. Some

PSA experiments using Bergbau-Forschung CMS adsorbent also showed low

selectivity of carbon molecular sieves for methane purification from nitrogen-

contaminated streams (39). Even when the selectivity of this adsorbent is low,

it is interesting to investigate its performance in the separation of methane –

nitrogen because of unnecessary product recompression, being an interesting

economic alternative to small and medium natural gas drills or landfill gas

methane recovery.

CONCLUSIONS

Adsorption equilibrium measured in a gravimetric device for methane and

nitrogen are reported at 298, 308, and 323 K on CMS 3K Takeda at

pressures up to 2000 kPa. The data were fitted with the multisite Langmuir

model. Methane is more adsorbed than nitrogen in this adsorbent. Even

though, the diffusion of methane is very slow taking three days to achieve

one equilibrium point.

It was observed that for both gases, a surface barrier resistance at the

mouth of the micropores and the micropore resistance share the control of

the diffusion process: at 308 K, Dm/rm(CH4) ¼ 2.33 1026 s21 and

kb(CH4) ¼ 1.0 1024 s21 and Dm/rm(N2) ¼ 4.99 1024 s21 and kb(N2) ¼ 6.4

1023 s21. These values indicate a large difference in adsorption kinetics

appropriate to adsorb nitrogen and reject methane.

Single component breakthrough curves were performed at ambient temp-

erature to confirm the validity of using the bi-LDF approach instead of the

complete model (considering macropore, micropore and surface barrier resist-

ance). Binary methane–nitrogen breakthrough curves were also performed to

determine the behavior of the adsorbent for the separation of the mixture. The

difference in the kinetics of adsorption of methane and nitrogen is very large,

but the amount of nitrogen adsorbed is much smaller than methane, resulting
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in a small overall kinetic selectivity. At 308 K for the mixture 57-43 (methane

to nitrogen ratio) the kinetic selectivity was 1.9.

Even when the selectivity of this adsorbent is low, it is interesting to

investigate its performance in the separation of methane–nitrogen because

of unnecessary product recompression, being an interesting economic alter-

native for natural gas or landfill gas methane recovery. The data reported in

this work can be used for modeling adsorption based separation processes,

like Pressure Swing Adsorption, for natural or landfill methane upgrade.

NOMENCLATURE

a0 area to volume ratio (m21)

ai number of neighboring sites occupied by component i

Bi Biot number

Ci gas concentration in the fluid phase for component i (mol/m3)

kcil averaged concentration in the macropores for component i

(mol/m3)

CB bulk gas concentration (mol/m3)

CBo initial gas concentration (mol/m3)

C̃p molar constant pressure specific heat of the gas mixture

(J/mol . K)

C̃ ps constant pressure specific heat of the adsorbent (J/kg . K)

Ĉpw specific heat of the column wall (J/kg . K)

CT total gas concentration (mol/m3)

C̃v molar constant volumetric specific heat of the gas mixture,

(J/mol . K)

C̃v,ads molar constant volumetric specific heat of the gas mixture

adsorbed (J/mol . K)

dp pellet diameter (m)

Dax,i axial dispersion coefficient of component i (m2/s)

DAA self-diffusivity (m2/s)

Dm,i micropore diffusivity of component i (m2/s)

Dk,i Knudsen diffusion of component i (m2/s)

Dp,i pore diffusivity of component i (m2/s)

kb,i barrier mass transfer coefficient for component i (s21)

kf external mass transfer resistance (m/s)

Ki equilibrium constant of component i (1/kPa)

Ki
0 exponential parameter of the equilibrium constant for

component i (1/kPa)

KP,i Linear Driving Force constant for macropore diffusion of

component i (s21)

Km,i Linear Driving Force constant for micropore diffusion

(microporeþ surface barrier) of component i (s21)
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hf film heat transfer coefficient between the gas and the solid phase

(W/m2 . K)

hw film heat transfer coefficient between the gas phase and the

column wall (W/m2 . K)

mads adsorbed mass (kg)

ms mass of adsorbent connected to the microbalance (kg)

MW molecular weight of gas (g/mol)

P pressure (kPa)

Pc critical pressure (atm)

qi absolute adsorbed phase concentration of component i

(mol/kg)

qexc excess adsorbed phase concentration (mol/kg)

qmax,i maximum adsorbed phase concentration (mol/kg)

qi
� equilibrium adsorbed phase concentration (mol/kg)

qi crystal-averaged adsorbed phase concentration of component i

(mol/kg)

kqil extrudate-averaged adsorbed phase concentration of

component i (mol/kg)

r distance along microparticles radius (m)

rm radius of the microparticles (m)

rp pore radius (m)

R distance along macroparticles radius (m)

Rg ideal gas constant, 8.314 (J/mol . K)

Rp radius of extrudate (m)

Rw column internal radius (m)

T temperature (K)

Tc critical temperature (K)

Tg temperature of the gas-phase (K)

Ts solid (extrudate) temperature) (K)

Tw wall temperature (K)

T1 column surrounding temperature (K)

u superficial velocity (m/s)

U global external heat transfer coefficient (W/m2 . K)

V volume of the adsorbent and adsorbate (m3)

Vads volume of the adsorbed phase (m3)

Vs volume of adsorbent obtained by calibration with helium (m3)

Vc microbalance cell volume obtained by calibration with

helium (m3)

yi molar fraction of component i in the gas phase

Greek Letters

1c column void fraction

1p porosity of the pellet
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rb density in the bulk (kg/m3)

rG gas density (kg/m3)

rL liquid density of the gas in a reference state (kg/m3)

rp density of the pellet (kg/m3)

rw density of the wall (kg/m3)

ak kinetic separation factor

aw ratio of the internal surface area to the volume of the column

wall (m21)

awl ratio of the logarithmic mean surface area of the column shell to

the volume of the column wall (m21)

tp tortuosity of the pellet

2DHi isosteric heat of adsorption of component i (multisite Langmuir

model) (kJ/mol)

Dm microbalance signal (mg)

mg gas viscosity (Pa.s)
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18. Schröter, H.J. and Jüntgen, H. (1988) Gas separation by pressure swing adsorption

using carbon molecular sieves. In Adsorption: Science and Technology;

Rodrigues, LeVan and Tondeur, eds.; NATO ASI Series, Kluwer Academic Pub-

lishers: Netherlands.

19. Da Silva, F.A. (1999) Cyclic adsorption processes: Application to propane/
propylene separation. Ph.D. Dissertation, University of Porto, Portugal.

20. Murata, K., Miyawaki, J., and Kaneko, K. (2002) A simple determination method

of the absolute adsorbed amount for high pressure gas adsorption. Carbon, 40:

425–428.

21. Murata, K. and Kaneko, K. (2000) Nano-range interfacial layer upon high-pressure

adsorption of supercritical gases. Chem. Phys. Letters, 321: 342–348.

22. Dreisbach, F., Staudt, R., and Keller, J.U. (1999) High pressure adsorption data of

methane, nitrogen, carbon dioxide and their binary and ternary mixtures on

activated carbon. Adsorption, 5: 215–227.

23. Ustinov, E.A., Do, D.D., Herbst, A., Staudt, R., and Harting, P. (2002) Modeling of

gas adsorption equilibrium over a wide range of pressure. A thermodynamic

approach based on equation of state. J. Col. Interf. Sci., 250: 49–62.

24. Cavenati, S., Grande, C.A., and Rodrigues, A.E. (2004) Adsorption equilibrium of

methane, carbon dioxide and nitrogen on zeolite 13X at high pressures. J. Chem.

Eng. Data, 49: 1095–1101.

25. Nitta, T., Shigetomi, T., Kuro-Oka, M., and Katayama, T. (1984) An adsorption

isotherm of multi-site occupancy model for homogeneous surface. J. Chem.

Eng. Japan., 17: 39–45.

26. Farooq, S., Qinglin, H., and Karimi, I.A. (2002) Identification of transport

mechanism in adsorbent micropores from column dynamics. Ind. Eng. Chem.

Res., 41: 1098–1106.

27. Loughlin, K.F., Hassan, M.M., Fatehi, A.I., and Zahur, M. (1993) Rate and equili-

brium sorption parameters for nitrogen and methane on carbon molecular sieve.

Gas Sep. Pur., 7: 264–273.

28. Chagger, H.K., Ndaji, F.E., Sykes, M.L., and Thomas, K.M. (1995) Kinetics of

adsorption and diffusional characteristics of carbon molecular sieves. Carbon,

33 (10): 1405–1411.

S. Cavenati, C. A. Grande, and A. E. Rodrigues2742

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



29. Sircar, S. (2001) Measurement of gibbsian surface excess. AIChE J, 47:
1169–1176.

30. Bird, R.B., Stewart, W.E., and Lightfoot, E.N. (2002) Transport Phenomena. 2nd
ed.; Wiley International: Singapore.

31. Grande, C.A. and Rodrigues, A.E. (2004) Adsorption of binary mixtures of
propane–propylene in carbon molecular sieve 4A. Ind. Eng. Chem. Res., 43:
8057–8065.

32. Chen, Y.D. and Yang, R.T. (1994) Preparation of carbon molecular sieve
membrane and diffusion of binary mixtures in the membrane. Ind. Eng. Chem.
Res., 33: 3146–3153.

33. Schalles, D.G. and Danner, R.P. (1988) Adsorption of oxygen and nitrogen on
carbon molecular sieve type 3A. In: Adsorption and Ion Exchange. AIChE
Symposium Series, 84 (264): 83–88.

34. Reid, C.R. and Thomas, K.M. (1999) Adsorption of gases on a carbon molecular
sieve used for air separation: Linear adsorptives as probes for kinetic selectivity.
Langmuir, 15: 3206–3218.

35. Ackley, M.W. and Yang, R.T. (1990) Kinetic separation by pressure swing adsorp-
tion: Method of characteristics model. American Institute of Chemical Engineers
Journal, 36: 1229–1238.

36. Rutherford, S.W. and Coons, J.E. (2003) Adsorption dynamics of carbon dioxide
in molecular sieving carbon. Carbon, 41: 405–411.

37. Rutherford, S.W., Nguyen, J.E., Coons, J.E., and Do, D.D. (2003) Characterization
of carbon molecular sieves using methane and carbon dioxide as adsorptive probes.
Langmuir, 19: 8335–8342.

38. Bae, Y.S. and Lee, C.H. (2005) Sorption kinetics of eight gases on a carbon
molecular sieve at elevated pressures. Carbon, 43: 95–107.

39. Fatehi, A.I., Loughlin, K.F., and Hassan, M.M. (1995) Separation of methane–
nitrogen mixtures using a carbon molecular sieve. Gas Sep. Pur., 9: 199–204.

Separation of Methane and Nitrogen 2743

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


