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Abstract Pure-component adsorption equilibrium and

kinetics of ethylene (C2H4) and ethane (C2H6) on natural

mordenite (ZNT) from Tamaulipas, Mexico, and on cation-

exchanged mordenite samples (1.5 K-ZNT and 1.8 K-

ZNT) were measured at 0, 20, 60, and 100 �C using a glass

high-vacuum volumetric system. The measured data were

analyzed using the Dual Langmuir model. All of the

samples showed selectivity toward ethylene. The adsorbed

amounts of ethane and ethylene on the 1.5 K-ZNT and

1.8 K-ZNT samples were lower than those on ZNT; this

result can be due to a decrease in micropore volume

because of the presence of the K? cations in the cation-

exchanged samples. It was established that the adsorptive

separation of these gases on ZNT can be effected most

efficiently at 100 �C, whereas the use of 1.8 K-ZNT could

be recommended at ambient temperature.

Keywords Mordenite � Ethane � Ethylene � Adsorption

equilibrium � Adsorption kinetics

1 Introduction

Olefin/paraffin separations are among the most important

processes in the chemical and petrochemical industries.

The production of plastics, rubber, films, and other chem-

icals requires the use of high-purity ethylene ([99.9 %).

Ethylene is produced by cracking of ethane. This process

produces an ethane/ethylene mixture that has to be sepa-

rated to produce high-purity ethylene. Cryogenic distilla-

tion remains the dominant technology for ethane/ethylene

separation due to the similarity in their molecular proper-

ties, which leads, for example, to a very low relative

volatility of ethylene/ethane (1.5) (Ruthven 1989). Unfor-

tunately, cryogenic distillation has high levels of energy

consumption and high equipment costs associated with it.

In a typical ethylene-producing plant, cracking equipment

represents approximately 25 % of the total cost, while the

remainder of the cost is due to the compression, heating,

dehydration, recovery, and refrigeration equipment (Anson

et al. 2008).

Alternative methods have been considered for the

replacement of cryogenic distillation by more economical

processes. Some of the new separation techniques being

explored include extractive distillation, chemical and

physical adsorption, and resin-based membrane separation

(Fuertes and Menendez 2002; Eldridge 1993). Selective

adsorption is based on the specific interaction between the

olefin and chemically modified adsorbents. However,

adsorbents based on kinetic or steric effects for the sepa-

rations of a single olefin from its corresponding paraffin

could be used (Yang 1986).

Microporous adsorbents, such as activated carbon,

activated alumina, silica gel, and zeolites, can be used to

adsorb organic gases. Commonly, transition metal ions

(copper or silver) are incorporated into these materials

when these are used for olefin/paraffin separation, resulting

in the preferential adsorption of the olefin (Yang and Ki-

kkinides 1995; Blas et al. 1998a; Basaldella et al. 2006;

Grande et al. 2004; Jiang et al. 2006; Grande and Rodri-

gues 2004; Giannakopoulos and Nikolakis 2004).

This selective adsorption is due to the strong interaction

between the unsaturated bond in the olefin and the metal
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ion in the surface, forming a p-complexation. The idea of

exploiting p-complexation dates from the studies made on

specific interactions of alkenes with solid cuprous halides

reported by Gilliland et al. (1939, 1941). Preferential

sorption of the alkene via the formation of p-complexes has

been shown to result from charge donor–acceptor interac-

tions between the appropriate atomic and molecular orbi-

tals. Charge donation takes place from the p molecular

orbitals of the alkene to the empty atomic orbitals of the

transition metal, while back-donation of charge occurs

from the d-type atomic orbitals of the metal to the empty

antibonding orbitals of the alkene. On the other hand, p-

complexation is weaker than the usual ligand coordination

and the chemically unchanged alkene molecule may be

easily desorbed by increasing the temperature or decreas-

ing the pressure in the system. For adsorptive separation,

porous solids possessing high specific areas have been used

as substrates and novel cation–substrate combinations have

been developed and tested. These include Ag salts on

anion-exchange resins (Gilliland et al. 1941; Hirai et al.

1985a), Ag-exchanged resins (Hirai et al. 1985b; Wu et al.

1997), monolayer CuCl/c-Al2O3 (Yang and Kikkinides

1995), monolayer CuCl on pillared clays (Cheng and Yang

1995; Choudary et al. 2002), monolayer AgNO3/SiO2

(Rege et al. 1998), c-Al2O3, SiO2, and MCM-41 impreg-

nated by incipient wetness with AgNO3 (Padin and Yang

2000), carbon nanotubes (Albesa et al. 2011), faujasite

zeolites (Van Miltenburg et al. 2006), commercial zeolites

(such as zeolites 4A, 5A, and 13X) (Da Silva and Rodri-

gues 1999; Grande et al. 2001; Brandani et al. 1995; Berlier

et al. 1995; Grande et al. 2006, 2010; Silva and Rodrigues

2001; Da Silva and Rodrigues 2001; Padin et al. 2000),

activated carbon (Choi et al. 2003; Costa et al. 1989;

Olivier et al. 1996), carbon molecular sieves (Nakahara and

Wakai 1987; Grande and Rodrigues 2004; Rege et al.

1998), and Ag(I)- or Cu(I)-doped adsorbents (Rege et al.

1998; Blas et al. 1998b; Park et al. 2004; Iucolano et al.

2008; Basaldella et al. 2005; Aguilar-Armenta and Patiño-

Iglesias 2002). On other hand, the molecular sieving

mechanism relies on the exclusion of one component based

on size criteria (Chudasama et al. 2005; Lee et al. 2001;

Tang et al. 2009). Therefore, because of the small differ-

ence between the molecular diameters of C2H4 and C2H6

(4.163 and 4.443 Å, respectively), there is need for the

development of new molecular sieve adsorbents for ethane/

ethylene separation (Sircar and Myers 2003).

An evolution in pore size control for crystalline

molecular sieves began with the discovery of Engelhard

Titanosilicate-4 (ETS-4) (Kuznicki 1990). The crystal lat-

tice of ETS-4 systematically contracts upon dehydration at

elevated temperatures. These structural changes can be

used to control the lattice dimensions and the channel

apertures of ETS-4 to ‘‘tune’’ the effective size of the

pores. This phenomenon, known as the molecular gate

effect, has achieved commercial success in natural gas

purification. For example, Sr-ETS-4 (CTS) adsorbents have

been applied to difficult size-based separations including

N2/CH4 (3.64, 3.76 Å, respectively) on an industrial scale.

However, the contraction process irreversibly damages the

ETS-4 framework, causing defects in the crystal lattice and

reducing the pore volume and the capacity of the adsor-

bent. Therefore, only certain cation-exchanged adsorbents

based on ETS-4 are stable under thermal activation and this

limits the usage of molecular gate technology (Lin et al.

2008). Anson et al. have determined that ETS-4 and RPZ

materials exchanged with Zn or Ca/H are excellent can-

didates for the commercial adsorptive separation of ethyl-

ene and ethane, due to the molecular sieve character of

these adsorbents, and that the contact time between the

adsorbent and the ethylene/ethane gas mixture determines

the separation thereof (Anson et al. 2010). Among many of

the commercial adsorbents, 13X and 4A zeolites have been

widely studied and have been proven to be effective

adsorbents in vacuum swing adsorption (VSA) processes to

obtain high-purity products (Grande et al. 2010; Grande

and Rodrigues 2005; Sá Gomes et al. 2009). Da Silva and

Rodrigues investigated single-component adsorption iso-

therms and mass-transfer kinetics of propylene and propane

on commercial 13X and 4A zeolites at temperatures

between 273 and 473 K. It was found that 13X zeolites

show higher adsorption capacity and lower mass-transfer

resistance than 4A zeolites, while 4A zeolites show at least

one order of magnitude higher selectivity for propylene

over propane than 13X zeolites (Da Silva and Rodrigues

1999). Padin et al. reported that commercial 4A zeolite

partially modified with Li? cations (NaLiA zeolite) has a

faster uptake rate of propane than commercial 4A zeolite.

In the same work, they also reported that an alumino-

phosphate (AlPO4-14) is capable of separating propane and

propylene by a kinetic effect (Padin et al. 2000). Rege et al.

also reported that a kinetically controlled olefin/paraffin

separation can be accomplished on zeolite 4A and molec-

ular-sieve carbon, as well as on p-complexation adsorbents

(Rege et al. 1998). Li et al. showed that the uptake rate of

propene and propane in a serie of zeolitic imidazolate

frameworks (ZIFs) can be controlled by the linker size. On

ZIF-8, the slightly smaller propene shows a diffusion

coefficient which is about 125 times higher than that of

propane (at 30 �C) (Li et al. 2009). Wang and Nicholson

et al. conducted a grand canonical Monte Carlo (GCMC)

simulation to predict the adsorption behavior of ethane and

ethylene on Cu3(BTC)2 (Wang et al. 2008). Lamia et al.

demonstrated the feasibility of separation of propane/pro-

pylene on a commercial Cu3(BTC)2 adsorbent using both
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experimental measurements and molecular simulations (Sá

Gomes et al. 2009). Yoon et al. also explored the adsorp-

tive separation of propylene and propane on Cu3(BTC)2

that was synthesized using a microwave heating method

(Yoon et al. 2010). Recently, novel types of adsorbents

called metal–organic frameworks (MOFs) have also been

examined for olefin/paraffin separation.

The objective of this work was to measure the pure-

component adsorption equilibrium isotherms of ethane

(C2H6) and ethylene (C2H4) on natural mordenite (ZNT)

from Tamaulipas, Mexico, and on potassium-cation-

exchanged mordenite samples (1.5 K-ZNT and 1.8 K-

ZNT), at different temperatures and using a conventional

high-vacuum volumetric system. In addition to the study of

the adsorption equilibria, the corresponding adsorption

kinetics was also measured in order to evaluate the influence

of the cation exchange of natural mordenite on the adsorption

kinetics of these hydrocarbons. On the basis of the results

obtained, we assess the possible use of the adsorbents con-

sidered here in the separation of ethylene/ethane mixtures.

2 Experimental

Gas adsorption equilibrium isotherms and gas kinetic

uptake were measured at different temperatures in a con-

ventional high-vacuum volumetric device, which is totally

made of Pyrex glass and equipped with grease-free valves.

High vacuum (\10-4 Torr) was achieved using a turbo

molecular pump (TSH 062, Balzers), and pressures were

registered with two types of pressure transducers (Balzers)

of different ranges: TPR 017 (10-4–5 Torr) and APR 011

(1–1000 Torr). Before the equilibrium and adsorption

kinetics measurements, all the samples (fraction

0.38–0.54 mm) were first activated in situ by keeping

them, for 12 h, in an oven at 300 �C and at a residual

pressure of less than 10-2 Torr. After this sample dehy-

dration, the temperature was decreased to the desired point

and the sample was allowed to stabilize at this temperature

for at least 1.5 h before the beginning of the measurements.

The measurement temperatures (0, 20, and 60 �C) were

controlled by a Haake L water ultrathermostat with a pre-

cision of ±0.15 �C, and the temperature of 100 �C was

controlled by an oven (Lindberg) with a precision of

±0.2 �C. The adsorbed amount (mmol g-1) of the gases

was referred to 1 g of dehydrated adsorbent. The weight

loss of the adsorbents was previously evaluated by heating

the samples up to 300 �C at atmospheric pressure in a

conventional oven. The amount of water desorbed was

11.91, 10.97 and 10.76 % on ZNT, 1.5 K-ZNT, and 1.8 K-

ZNT, respectively. Both ethylene and ethane were pro-

vided by INFRA (CP grade) with a minimum purity of

99.0 % and were used without further purification.

2.1 Adsorption kinetics measurement

The adsorption of ethylene and ethane as functions of time

were obtained on the basis of the difference between the

initial amount of gas introduced into the cell and the

amount of gas remaining in the dead space of the cell at

any given time ti between t = 0 and t = teq (where teq is

the time needed to reach equilibrium). During the kinetic

measurements, the decrease of pressure in the system was

measured automatically with a custom acquisition data

card, which allows simultaneous monitoring and recording

of time and pressure. Pressure was recorded five times per

second in the period 0–3 min, once per second in the

period 3–13 min, and once every 10 s in the period from

13 min to teq. In all experiments, the initial pressure was

433 Torr.

2.2 Ion exchange

The chemical modification of the ZNT sample was per-

formed as follows: before the cation-exchange treatment,

the ZNT sample was washed with distilled water to elim-

inate soluble impurities and then dried at room tempera-

ture. A 1 g amount (fraction 0.30–0.40 mm) of dry

adsorbent was placed in a glass ion-exchange column of

1.4 cm diameter and 12 cm length and held at 60 �C. Then,

200 mL of an aqueous solution of KCl (0.5 M) were per-

colated through the sample. This cation-exchange proce-

dure was carried out at 65 �C for 1.0 to 2.0 h and, after

that, the sample was dried at room temperature.

3 Results and discussion

3.1 Characterization of the samples

The chemical compositions of the samples are shown in

Table 1 and were obtained using an atomic absorption

spectrophotometer (Perkin Elmer AAnalyst 100). The

amount of K2O was 0.49, 1.50 and 1.8 % for the ZNT,

1.5 K-ZNT and 1.8 K-ZNT samples, respectively. These

data show that Na? and Ca2? were partially replaced by

K? (Table 1).

Table 1 Chemical composition (oxide %) of the samples

Sample CaO K2O Na2O

ZNT 1.75 0.49 1.63

K1.5-ZNT 0.11 1.50 0.41

K1.8-ZNT 0.24 1.80 0.71
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3.2 Equilibrium adsorption

(a) ZNT Figures 1 and 2 show the equilibrium adsorp-

tion isotherms of pure C2H6 and C2H4 on ZNT at 0,

20, 60, and 100 �C. These figures show that the

amount adsorbed increases continuously with pres-

sure, and decreases with increasing temperature.

Considering that mordenite (ZNT) adsorbs mole-

cules with a critical diameter (r) not exceeding

3.9 Å (Breck 1974) and that r (C2H6) = 3.72 Å and

r (C2H4) = 3.44 Å, it is obvious that the adsorption

of ethane and ethylene on this adsorbent is not lim-

ited by the steric factor, i.e., C2H6 and C2H4

molecules freely penetrate the entrance windows

towards the micropores.

All the isotherms in Figs. 1 and 2 are of type I and were

fitted using the dual Langmuir (DL) equation,

a ¼ am1

K1P

1þ K1P
þ am2

K2P

1þ K2P
; ð1Þ

with a correlation coefficient R2 C 0.999. This equation

takes into account the interactions between adsorbed mol-

ecules and two energetic adsorption sites (sites 1 and 2). In

this equation, a is the amount adsorbed in equilibrium at

pressure P, am1 and am2 are the maximum adsorbed

amounts, and K1 and K2, the adsorption equilibrium con-

stants, for adsorption sites 1 and 2, respectively. The fitting

of experimental data with this equation was done using a

computational program written in Matlab (Do 1998), and

the optimal values obtained for the parameters are given in

Table 2.

The total saturation capacity (aD) (Mathias et al. 1996)

is

aD ¼ am1 þ am2 ð2Þ

As shown in Table 2, the values of the DL constants K1

and K2 for C2H4 are larger than those for C2H6 and this

indicates the stronger interaction of C2H4 with ZNT

because of the contribution of p-bonds to the interaction

total energy. As expected, an increase in the temperature

led to a decrease in the adsorbed amounts of C2H4 and

C2H6.

To fit the equilibrium isotherm for ethane on ZNT at

100 �C, a negative value of -0.351 mmol g-1, which is

physically unacceptable, was obtained for am2. However,

the total saturation capacity aD, i.e., the maximum
Fig. 1 Adsorption isotherms (empty symbols) and Dual Langmuir fit

(solid line) for C2H6 on ZNT at different temperatures

Fig. 2 Adsorption isotherms (full symbols) and Dual Langmuir fit

(solid line) for C2H4 on ZNT at different temperatures

Table 2 Dual-Langmuir Equilibrium Constants for ethane and eth-

ylene on ZNT

Temperature (�C)

0 20 60 100

C2H4

am1 (mmol g-1) 0.704 0.660 0.417 0.216

K1 (torr) 1.392 0.685 0.282 0.095

am2 (mmol g-1) 0.592 0.583 0.620 0.492

K2 (torr) 0.028 0.025 0.011 0.011

C2H6

am1 (mmol g-1) 0.332 0.380 0.196 0.499

K1 (torr) 0.181 0.096 0.034 0.007

am2 (mmol g-1) 0.478 0.301 0.257 -0.351

K2 (torr) 0.012 0.008 0.011 0.004

�DHC2H4
: 21:41 kJ mol�1; �DHC2H6

: 23:33 kJ mol�1
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adsorbed amount of C2H6 at 100 �C, is positive and equal

to 0.148 mmol g-1.

For the purpose of comparison, Fig. 3 shows, together

with the Dual Langmuir fit of the equilibrium isotherm for

C2H6 at 100 �C, another fitting curve found using the

Langmuir model (L). Although a good coefficient of

determination R2 = 0.9937 for the Langmuir plots (P/a vs

P) of the C2H6 adsorption isotherms was obtained, a good

description of the adsorption equilibrium data was

observed mainly at low pressures, with deviations at high

pressure because one or various assumptions made in this

ideal theory are not fulfilled. The values of the Langmuir

constant and the maximum adsorbed amount were

0.012 Torr-1 and 0.20 mmol g-1, respectively. Therefore,

the data in Table 2 show that the dual Langmuir equation

was found to fit better the C2H6 adsorption isotherms with a

correlation coefficient R2 C 0.999.

(b) 1.5 K-ZNT The equilibrium isotherms for both gases

on 1.5 K-ZNT at different temperatures are of type

I and were fitted using the Dual Langmuir model, as

in the case of the ZNT sample (Figs. 4 and 5). From

these figures, it can be seen that the adsorbed

amounts of both hydrocarbons on the 1.5 K-ZNT

sample are lower than those on the ZNT sample

(Figs. 1 and 2). The values of the DL constants are

also lower than those obtained for the ZNT case

(Table 3). The lowering of the adsorption capacity

and adsorbate–adsorbent interactions for 1.5 K-ZNT

as compared with ZNT could be due to the decrease

in micropore accessibility and basicity of mordenite

with a larger content of K? cations (Table 4). The

objective of introducing larger cations, such as K?

(1.33 Å), into the crystal structure of the ZNT

sample was to reduce the diffusion rate of C2H6

without affecting the diffusion rate of C2H4. This,

however, is a difficult goal to attain because of the

very small difference between the molecular diam-

eters of C2H4 and C2H6 (3.44 and 3.72 Å,

respectively).

(c) 1.8 K-ZNT Further insight into the interactions

between C2H4 or C2H6 and the cation-exchanged

adsorbents may be obtained by examining the

adsorption equilibrium isotherms for both hydrocar-

bons on the 1.8 K-ZNT sample (Figs. 6 and 7). Our

results show that there are additional reductions in

the adsorbed amounts of C2H4 and C2H6 which are

Fig. 3 Adsorption isotherms (empty symbols), Dual Langmuir fit

(solid line), and Langmuir fit (dashed line) for C2H6 on ZNT at

100 �C

Fig. 4 Adsorption isotherms (empty symbols) and Dual Langmuir fit

(solid line) for C2H6 on 1.5 K-ZNT at different temperatures

Fig. 5 Adsorption isotherms (full symbols) and Dual Langmuir fit

(solid line) for C2H4 on 1.5 K-ZNT at different temperatures
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more important in the lowest temperature isotherms.

These results can be due to the further reduction in

available pore volume by the replacement of the

small cations Na? and Ca2? by the larger K? cations

(Table 4). Obviously, the reduction in pore volume

due to the presence of the K? cations had more

influence on the decrease in the adsorption of ethane,

which is the largest molecule.

The experimental isotherms are of type I and were fitted

using the Dual Langmuir model with equilibrium constants

K1 and K2 which have lower values (Table 5) than those for

the 1.5 K-ZNT and ZNT cases. However, adsorbate-

adsorbent interactions are stronger for C2H4, as in the

1.5 K-ZNT and ZNT cases. This could be ascribed to the

specific interactions of the ethylene molecules with the

cationic adsorption centers via the p orbitals of this olefin.

Indeed, the ion-induced dipole interaction, a consequence

of the polarization of p-bond electrons by the cations, is the

main specific interaction between a cation in the lattice and

a C2H4 molecule.

These adsorption isotherms were fitted well using the

Langmuir model, and for low coverage the experimental

points were described by the Henry equation. The

Table 3 Dual-Langmuir equilibrium constants for ethane and eth-

ylene on 1.5 K-ZNT

Temperature (�C)

0 20 60 100

C2H4

am1 (mmol g-1) 0.580 0.397 0.193 0.006

K1 (torr) 0.299 0.251 0.110 0.089

am2 (mmol g-1) 0.588 0.645 0.563 0.416

K2 (torr) 0.017 0.019 0.014 0.015

C2H6

am1 (mmol g-1) 0.183 0.331 0.194 0.100

K1 (torr) 0.166 0.054 0.018 0.011

am2 (mmol g-1) 0.323 0.179 0.176 0.099

K2 (torr) 0.016 0.008 0.018 0.011

�DHC2H4
: 10:34 kJ mol�1; �DHC2H6

: 16:68 kJ mol�1

Table 4 Cation properties

ri ionic radius,

e electronegativity

Cation ri (Å) e (eV)

K? 1.33 0.82

Na? 0.95 0.93

Ca2? 0.99 1.00

Fig. 6 Adsorption isotherms (empty symbols) and Dual Langmuir fit

(solid line) for C2H6 on 1.8 K-ZNT at different temperatures

Fig. 7 Adsorption isotherms (full symbols) and Dual Langmuir fit

(solid line) for C2H4 on 1.8 K-ZNT at different temperatures

Table 5 Dual-Langmuir equilibrium constants for ethane and eth-

ylene on 1.8 K-ZNT

Temperature (�C)

0 20 60 100

C2H4

am1 (mmol g-1) 0.473 0.559 0.137 0.025

K1 (torr) 0.291 0.088 0.073 0.067

am2 (mmol g-1) 0.660 0.472 0.626 0.373

K2 (torr) 0.020 0.010 0.013 0.011

C2H6

am1 (mmol g-1) 0.105 0.310 0.106 0.075

K1 (torr) 0.194 0.045 0.026 0.012

am2 (mmol g-1) 0.343 0.124 0.234 0.071

K2 (torr) 0.016 0.006 0.011 0.012

�DHC2H4
: 10:06 kJ mol�1; �DHC2H6

: 16:31 kJ mol�1
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difference in enthalpy between adsorbed and gaseous

phases of the sorbate (-DH) was evaluated using the van’t

Hoff equation.

d ln Ki

dT
¼ DH

RT2
i

ð3Þ

where Ki is the equilibrium constant in the Langmuir or the

Henry equation, R the universal gas constant and Ti the

absolute temperature. The values of the equilibrium con-

stants and of the enthalpy of adsorption are given in

Tables 2, 3, and 5. Note that the values of the enthalpy of

absorption for C2H6 are higher than those for C2H4 for all

the samples. The enthalpy of adsorption (-DH) for the

adsorption of ethylene were 21.41, 10.34, and 10.06

(kJ mol-1) on ZNT, 1.5 K-ZNT, and 1.8 K-ZNT, whereas

for ethane they were 23.33, 16.68, and 16.31 (kJ mol-1) on

ZNT, ZNT-K1.5, and ZNT-K1.8, respectively.

3.3 Separation of a binary ethylene/ethane mixture

By comparing the adsorption isotherm data for C2H4 and

C2H6 at different temperatures, as shown in Figs. 1, 2, 3, 4,

5, and 6, it is clear that on all three zeolites the adsorption

of C2H4 is markedly greater than that of C2H6. As men-

tioned above, it is probable that this result is due to the

specific interaction between the p-bonds of the C2H4

molecule and the electric field created by the cations

present in the structure of the zeolites. The values of the

DL equilibrium constants indicate that C2H4 is always

more strongly adsorbed than C2H6 on the three zeolites

(Tables 2, 3 and 5). On this basis, it can be assumed that if

C2H4–C2H6 mixtures are put into contact with our three

different adsorbents, C2H4 would be adsorbed preferen-

tially, leading to an enrichment in C2H6 of the gas phase. In

Fig. 8, we present the equilibrium compositions of the gas

and adsorbed phases for ethane-ethylene mixtures at

100 �C and 100 Torr as predicted by the Ideal Adsorbed

Solution Theory (IAST). IAST has been used to predict the

adsorption of binary mixtures from the experimental pure

gas isotherms (Myers and Prausnitz 1965). It has been

reported that IAST can accurately predict gas mixture

adsorption in many zeolites (Babarao et al. 2007).

Although other theories exist for such predictions, IAST

continues to serve as the benchmark for the prediction of

adsorption for mixed-gas adsorption from single compo-

nent isotherms (Murthi and Snurr 2004). In order to per-

form the integrations required by IAST, the single

component isotherms should be fitted by a proper model.

There is no restriction on the choice of the model to fit the

adsorption isotherm, but data over the pressure range under

study should be fitted very precisely.

Adsorption isotherms predicted by IAST for equimolar

mixtures of C2H6/C2H4 in ZNT, 1.5 K-ZNT and 1.8 K-ZNT

at 100 �C and 100 Torr are shown in Fig. 8. For all samples,

C2H4 is preferentially adsorbed over C2H6 because of

stronger interactions between C2H4 and the samples.

All three equilibrium curves are situated above the

diagonal. According to the values of their relative separa-

tion efficiency, the three samples can be ordered as fol-

lows: 1.5 K-ZNT \ 1.8 K-ZNT \ ZNT.

3.4 Adsorption kinetics

Adsorbate uptake curves a = f(t) for the two test gases

were measured from t = 0 up until equilibrium was

reached (t!1, a ¼ cons tan te).

The kinetic uptakes of C2H6 and C2H4 on ZNT, at 0,

20, 60, and 100 �C, and for long gas-adsorbent contact

times (t C 5000 s), are shown in Figs. 9 and 10, respec-

tively. As can be seen from these figures, the adsorption

uptakes for ethane and ethylene increased with increasing

temperature.

To better examine the influence of temperature on the

adsorption rates of these hydrocarbons, the fractional pore

filling a/a?, where a and a? are the amounts adsorbed at a

given time t and at equilibrium, respectively, was analyzed

as a function of time. The results show that the adsorption

rate increases with temperature, that is, the activated dif-

fusion of the C2H6 and C2H4 molecules through the zeolite

channels is the rate-controlling process in the adsorption of

these gases over the temperature range from 0 to 100 �C.

The times t1ð0:5Þ=ðsÞ and t2ð0:5Þ=ðsÞ, corresponding to one-

half of the fractional uptake (a/a? = 0.5) at T1 = 0 �C and

T2 = 100 �C, respectively, were 21.6 and 9.8 for C2H4 and

443.2, 62.9 for C2H6. To estimate the adsorption activation

energy Ea of the gases, an equation proposed by Timofeev

Fig. 8 Gas and adsorbed-phase equilibrium compositions predicted

by the Ideal Adsorbed Solution Theory for ethane–ethylene mixtures

at 100 �C and 100 Torr
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and Erashko (1961) was used. This equation is the

following:

Ea ¼
RT1T2

T1 � T2

ln
t2ð0:5Þ
t1ð0:5Þ

ð4Þ

The activation energies obtained for ethylene and ethane

are 6.7 and 16.5 kJ mol-1, respectively. The faster self-

diffusion of ethylene can be rationalized by the smaller size

of the methylene groups compared to that of the methyl

groups. A smaller size means less hindering for crossing

the windows of a cavity and hence a smaller apparent

activation energy for ethylene is observed (Chmelik et al.

2012). Dewitt et al. have found slightly smaller activation

energy values on microporous silica: EaðC2H4Þ ¼
12:5� 2ð Þ kJ mol-1 and EaðC2H6Þ ¼ 11:5� 3ð Þ kJ mol-1

(Dewitt et al. 2005); and Romero et al. have found

EaðC2H4Þ ¼ 13:8� 1ð Þ kJ mol-1 and EaðC2H6Þ ¼
14:6� 0:2ð Þ kJ mol-1 on a 4A (CECA) commercial zeolite

sample (Romero-Pérez and Aguilar-Armenta 2010).

The adsorption kinetic behavior at 0, 20, 60, and 100 �C

on the 1.5 K-ZNT sample for both gases are presented in

Figs. 11 and 12. These results show (Fig. 11) that the

ethylene adsorption uptake increases with temperature

between 0 and 100 �C.

The adsorption uptake of C2H6 increases with temper-

ature, between 0 and 60 �C, and decreases, between 60 and

100 �C (Fig. 12). These results show that the activated

adsorptions are predominant for both hydrocarbons over

one temperature range (0–60 �C) and that the predominant

mechanisms are different over another temperature range

(60–100 �C). The fact that the activated adsorption

Fig. 9 Uptake rates of C2H4 on ZNT at different temperatures

Fig. 10 Uptake rates of C2H6 on ZNT at different temperatures

Fig. 11 Uptake rates of C2H4 on 1.5 K-ZNT at different

temperatures

Fig. 12 Uptake rates of C2H6 on 1.5 K-ZNT at different

temperatures
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predominates at higher temperatures for C2H4 (up to

100 �C) than those for C2H6 (up to 60 �C) could be due to

electrostatic contributions (via p-complexation) in the case

of the C2H4 molecules.

The fractional uptakes a/a? = f(t) for C2H4 and C2H6 at

different temperatures reveal a great difference in the

adsorption kinetic behavior of these gases on the ZNT and

1.5 K-ZNT samples. The adsorbed amounts of both C2H4

and C2H6 on ZNT, in the range from t = 0 to t = teq

(equilibrium) at different temperatures, were greater than

those on 1.5 K-ZNT. The activation energies on 1.5 K-

ZNT were 13.4 and 15 kJ mol-1 for ethylene and ethane,

respectively. These results show that the diffusion of C2H4

rises faster than that of C2H6 as the temperature increases.

Taking into account that the molecular diameter of ethane

is about 3.72 Å, while the ethylene diameter is around

3.44 Å, we believe that these results could be due to the

lower micropore participation in the C2H6 adsorption

process.

The results shown in Figs. 13 and 14 reveal an increase

in adsorption uptake when the temperature goes from 0 to

100 �C for C2H4 and C2H6. These results show that the

activated adsorptions predominate.

Unlike for ZNT and 1.5 K-ZNT, the activation energies

were 16.20 and 11 kJ mol-1 for C2H4 and C2H6, respec-

tively. This could be due to the reduction of pore volume

by the presence of the K? cations that greatly influences

the adsorption of the ethylene molecule.

To explore the diffusion rate difference between C2H4

and C2H6, the kinetic adsorption characteristics were

measured on ZNT at the same time as the adsorption

equilibrium data were collected by a previously described

method. As plotted in Figs. 9, 10, 11, 12, 13, and 14, both

C2H4 and C2H6 diffuse faster at higher temperature. To

better understand the kinetic behavior, the following

micropore diffusion model was used to fit the fractional

adsorption uptake curves and to extract the diffusion time

constant (D, cm2 s-1).

During the initial period of adsorption into a constant

volume, the fractional uptake can be found from the fol-

lowing equation (Barrer 1971):

R ¼ at � a0

a1 � a0

¼ 2Sext

V

1þ K

K

� �
Dt

p

� �1=2

ð5Þ

where K ¼ a0ð Þg � ða1 � a0Þ
h i.

a1 is the ratio of the

adsorbate in the gas phase to that in the adsorbed phase at

equilibrium; at, a0 and a? are the amounts of gas adsorbed

at times t, t = 0, and t = ? (equilibrium), respectively (in

our experiments a0 = 0); Sext and V are the specific

Fig. 13 Uptake rates of C2H4 on 1.8 K-ZNT at different

temperatures

Fig. 14 Uptake rates of C2H6 on 1.8 K-ZNT at different

temperatures

Table 6 Summary of diffusion time constants and diffusion activa-

tion energies of C2H4 and C2H6 on the three mordenite samples

considered in this work

Sample Temperature

(�C)

D 9 105 (cm2 s-1) Ea (kJ mol-1)

Ethylene Ethane Ethylene Ethane

ZNT 0 1.29 0.08 6.7 16.5

20 2.21 0.15

60 3.33 0.38

100 3.91 0.70

1.5 K-ZNT 0 0.38 0.15 13.4 15.0

20 0.85 0.26

60 1.69 0.50

100 2.40 0.44

1.8 K-ZNT 0 0.23 0.11 16.2 11.0

20 0.42 0.17

60 0.92 0.27

100 0.74 0.31
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external surface area of the particles (cm2 g-1) and the

volume of the crystals (cm3 g-1), respectively; (a0)g is the

amount of gas initially available for adsorption; D is the

diffusion coefficient (cm2 s-1). This model assumes that

the mass transfer resistance for gas adsorption is dominated

by intracrystalline diffusion, that the adsorbent crystals can

be regarded as approximately spherical objects, and that on

occasions the kinetic diameter of the gas molecules is

comparable with aperture sizes. The values of the diffusion

coefficients at different temperatures were found by fitting

the experimental data to Eq. (5).

Table 6 summarizes the diffusion time constants and

diffusion activation energies of C2H4 and C2H6 on samples

at different temperatures. The diffusion constants of C2H4

and C2H6 are not the lower order, indicating that a kinetic-

based separation is difficult to achieve on samples.

4 Conclusions

Natural mordenite (ZNT) showed a high adsorption

capacity for both ethane and ethylene but certain selectivity

toward ethylene, because of specific interactions of the

ethylene molecules with cationic adsorption centers via the

p orbitals of this olefin.

We introduced K? cations in the ZNT sample to

improve the selectivity toward C2H4 but these cations led

to sharp decreases in the adsorption capacity for both

hydrocarbons, a fact that can be ascribed to a decrease in

micropore volume because of the replacement of the Na?

and Ca2? cations with cations of larger diameter (K?).

Ethylene/ethane separation would occur more efficiently at

low temperatures (\20 �C) on 1.5 K-ZNT and 1.8 K-ZNT

samples, whereas, at high temperatures, on ZNT.

The adsorption rates of C2H4 and C2H6 for low

t increases with increasing temperature, which means that

activated diffusion is the rate-controlling process. The

activation energies Ea (kJ mol-1) for the adsorption of

ethylene were 6.7, 13.4 and 16.2 on ZNT, 1.5 K-ZNT and

1.8 K-ZNT, whereas for ethane they were 16.5, 15 and 11

on ZNT, ZNT-K1.5 and ZNT-K1.8, respectively.
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