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Abstract Pure and binary adsorption equilibrium data of
ethylene and ethane on zeolite SA were collected with a vol-
umetric method for the temperature range 283 K to 323 K
and pressure up to 950 kPa. The applicability of the binary
adsorption prediction by the vacancy solution theory (VST)
was investigated. Further individual adsorption and selectiv-
ity were obtained by VST prediction. According to the ex-
perimental results, zeolite SA has a high adsorption capacity
and selectivity for ethylene in the ethylene/ethane system.
VST predicts that ethylene selectivity increases with pres-
sure; it also shows that the amount of ethylene separated by
zeolite 5A increases as the temperature decreases at a spec-
ified pressure.
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List of symbols

AAD Absolute average deviation

o; Partial molar surface area of i (m?/mol)

b; Henry’s Law Constant of i (molkg~! kPa™!)

P Pressure of pure gas in equilibrium with its
adsorbed phase (kPa)

p Total pressure of mixture in equilibrium with its
adsorbed Phase (kPa)

aq;, Total number of moles of mixture in surface
phase (mol/kg)

g~ Maximum number of moles of i in surface
phase (mol/kg)
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Chemical Engineering Department, Persian Gulf University,
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am’° Maximum total number of moles of mixture in
surface phase (mol/kg)

AH Isosteric heat of adsorption (kJ/mol)

R Universal gas constant (J mol ' K1)

S Selectivity

T Temperature of adsorption system (K)

Xi Mole fraction of i in vacancy-free adsorbed
phase

Xy Mole fraction of i in adsorbed phase vacancy

Y Mole fraction of i in vacancy-free vapor phase

Greek letters

78 Activity coefficient of i in adsorbed phase
vacancy solution

0 Surface coverage

Ajj, Aj;  Aadsorbated—adsorbated interaction parameters
from Wilson Eq. (7)

Ay, Ayi  Adsorbate—vacancy interaction parameters

b4 Spreading pressure (J/m?)

Subscripts

exp Experimental

cal Calculated

i,j, K Component

m Mixture

N Number of components

NPTS Number of point

s Surface phase

v Vacancy

00 Value at maximum adsorption limit

1 Introduction

Olefins, such as propylene and ethylene, are the largest com-
modity in petrochemical industries used to produce plastics,
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rubbers and films; but these productions require high purity
olefins. Ethylene is usually obtained by steam cracking and
thermal decomposition of ethane. These products are mix-
tures of ethylene (main component), un-cracked ethane and
other hydrocarbons. Therefore, ethylene separation from the
other hydrocarbons, especially ethane, is necessary. The
pressure of gas mixture is about 2000 kPa and temperature
of 298 K and ethylene mole fraction in gas phase is nearly
about 0.5-0.6. Currently, this process is done by cryogenic
distillation; but due to the small difference in ethylene and
ethane volatility, it needs high pressure units. The relative
volatility of the current system is 1.4 to 1.6 at temperature
range of 224 to 295 K and a total pressure of 1 to 24.3 bar.
Consequently, if traditional distillation is used, more than
70 theoretical plates are needed when polymer-grade ethy-
lene is required. This is an energy consuming process that
costs more than 70 % of overall ethylene purification pro-
cess cost (Anson et al. 2008). The adsorption process seems
to be the most attractive alternative because of the matu-
rity of the technology, the development of adsorbent manu-
facturing, low cost and low energy consumption (but highly
efficient) gas separation systems. However, adsorption equi-
librium data are necessary information for designing a sep-
aration process on the basis of adsorption. With the pre-
sentation of new industrial adsorbents, it seems to be in-
dispensable to find out their properties for separation sys-
tems. Commercial zeolites have been found to be extremely
efficient for olefin/paraffin separations (Triebe et al. 1996;
Grande et al. 2002; Mofarahi et al. 2005). Several groups
have applied synthetic commercial zeolites to the separation
of ethylene/ethane. Bezus et al. (1972) measured the pure
adsorption of ethane and ethylene on zeolite X and Y types;
Danner and Choi (1978) studied pure and binary adsorption
isotherms of ethylene/ethane on zeolite 13X; Nakahara et al.
(1984) investigated ethylene/ethane and ethylene/propylene
adsorption on MSC-5; Choudhary and Mayadevi (1993)
measured methane, ethane, ethylene and carbon dioxide
isotherms on Na-ZSM-5, Silicate and AIPOs; Al-Baghli and
Loughlin (2005, 2006) studied the adsorption behavior of
pure and multicomponent ethylene, ethane and methane on
ETS-10; Anson et al. (2008) measured ethylene and ethane
adsorption isotherms on modified ETS-10 with different
cations; Anson et al. (2010) studied ethylene/ethane sepa-
ration on small-pored titanosilicate molecular sieves; Perez
and Armenta (2010) measured adsorption kinetics and equi-
libria of carbon dioxide, ethylene and ethane on zeolite 4A
and Meng Shi et al. (2010, 2011) investigated mixture ethy-
lene/ethane separation on Na-ETS-10. However, none of
these processes has confirmed to be a practical alternative
to the old processes such as cryogenic distillation.

Zeolite 5A is commonly used for gas separation by size
exclusion. The size cage of calcium zeolite SA has an inter-
nal volume of 776 A, formed by a cubic lattice of sodalite
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cages. The free aperture of the pore is 4.2 A, allowing for
the passage of molecules with a kinetic diameter of less than
4.9 A.

A lots of authors used VST to describe olefins/paraffins
adsorption data (Sang and Danner 1982; Bal 1984; Pereira
et al. 1998; Cermakova et al. 2008). In this work, the data
of pure component adsorption were studied according to va-
cancy solution theory and binary adsorption data were pre-
dicted by VST models.

In this study, a volumetric adsorption apparatus, which
was designed and tested in the Persian Gulf University (Mo-
farahi and Seyyedi 2009), was used to study ethylene/ethane
separation behavior on zeolite SA adsorbent (manufac-
tured by Zeochem Company). The adsorption equilibrium
isotherms were measured for pure ethylene, ethane and their
binary mixture (20 %, 50 %, and 80 %) of ethylene at tem-
perature of 283, 303 and 323 K and pressure of 0 to 950 kPa.
The total amount of adsorbed ethylene and ethane mixture
was directly measured in the experiments, and the individ-
ual adsorbed amount of each component was predicted by
thermodynamic modeling. Model constants of VST are de-
termined by pure adsorption isotherms and then applied to
predict adsorption of mixtures. One can obtain individual
adsorption amounts of components in the mixture as well
as ethylene selectivity using the model prediction. Then, the
influence of temperature, pressure, and composition in gas
phase on selectivity will be discussed. Furthermore, the isos-
teric heats of adsorption of ethylene and ethane over zeolite
5A were estimated and compared. Also, the thermodynamic
consistency tests between pure and binary gas adsorption
systems were discussed.

2 Theory

To quantify single-component adsorption equilibria, va-
cancy solution theory is considered in this work. An isotherm
model based on VST is capable to describe real phase behav-
ior (Suwanayuen and Danner 1980a; Suwanayuen and Dan-
ner 1980b). In this model the adsorbed and the gas phases
are treated as two vacancy solutions. All interactions be-
tween adsorbate—vacancy caused by nonidealities of the ad-
sorbed phase are accounted by activity coefficients.

By using Wilson equation for expressing non ideality of
adsorbed phase; the general form of the model for adsorp-
tion of pure component is given:

o[£ )

bi 1-06 Ajy + (1 — Ao
Avi(1—Ay)0 (1 - Aj)0 ] 0
1—(1—=Au)0  Ajp+(1—A4,)0

where subscript i refers to the adsorbate and v refers to the
vacancy. P is the equilibrium pressure, qis "% is the limiting
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adsorption amount, b; is Henry’s constant, 6 is the fractional
coverage, A;, and A,; are the Wilson parameters. Thus, the
vacancy solution theory has four parameters: qis X bi, Ajy,
Ay; which can be obtained by nonlinear regression of mea-
sured isotherm data.

For the mixture adsorption, the equilibrium relation be-
tween the ideal gas phase and its non ideal adsorbed phase
can be expressed by:

g% A; Ta;
¢ o 7 v 1
yiP =yxiq, q;vn,oo by exp(Ay; — 1)6XP(RT>,
i=1,2,...,N )
with:
N
gy = xiql-s’oo, i=1,2,...,N 3)
i=1
Ta qs,oo _ q:v,oo
— =1+ "—"—In(yx}), i=12,...,N
RT q;,
“)
N
X=1-Y xi=1-0, i=12...N )
i=l1
S
w="m 0, i=1.2,....N (6)
Im

where P is the total pressure of mixture in adsorption sys-
tem, ¢g,, is the total moles of gas mixture adsorbed per unit
weight of adsorbent, g;;*° is the maximum moles of com-
ponent i adsorbed per unit weight of adsorbent, y; the mole
fraction of i in the gas phase and x; is the mole fraction
of i in the adsorbed phase. b;, Ay, Ay and g;"™ are ob-
tained from the measured pure component isotherm data re-
gression. As was mentioned, the non ideality of adsorbed
phase (activity coefficient) is expressed by Wilson equation

(Prausnitz 1969):

Iy 1 Y Y xi Aik
n)/k =1—1In Z_X]Akj —Z 2:1\77/1 ,
)

=1 i=1 b2 j=1%j
i=1,2,...,N+1 @)

Then, for a binary system, three activity coefficients
should be obtained (two for components and one for va-
cancy). A;; values must always be considered equal to unity.
A;j and Aj; indicate the adsorbate-adsorbate interactions.
And finally, the value of 1 indicates that the differences
of interactions are not important. Simultaneous solution of
Egs. (2)—(7) together with the stipulations that > x; = 1 and
> yi =1 gives the desired mixture predictions.

Pure component parameters for VST are determined
by a nonlinear regression using the Least-squares Method.
The nonlinear Least-square programs were solved, using
Levenberg-Marquardt algorithms. A computational program
written in Matlab (Constantinides and Mostoufi 1999) was

used to determine the adsorption parameters of each adsorp-
tion isotherm by minimizing the following objective func-
tion:

100 NPTS | cal _ qiexp|

|qi
NPTS Z q.eXp ®)
i i

AAD% =

The percentage of absolute average deviation (AAD) was
also used to compare binary prediction results with the ex-
perimental data.

Where ql.cal and qie *P are the calculated and experimental
amounts of adsorbed components respectively, and NPTS is
the number of experimental points.

The case of adsorption separation can be determined

from the selectivity (S) defined by:

Xethylene [ Xethane

yethylene/yethane

©))

Sethylene/ ethane =

where Xethylene> Xethanes Yethylene and Yemane are the mole
fractions of ethylene and ethane in adsorbed phase and gas
phase at equilibrium, respectively. With the higher selec-
tivity values, better separations are achieved. In this arti-
cle, ethylene/ethane selectivity and adsorbed phase compo-
sition were estimated by thermodynamic predictions. For
this purpose, the VST model was applied to the prediction of
adsorbed phase composition and influence of temperature,
pressure, and ethylene gas composition on ethylene/ethane
separation was investigated.

3 Materials and experimental method
Materials Zeolite 5SA was supplied from Zeochem Com-
pany (Switzerland). Table 1 shows the properties of this ad-
sorbent. The gases that have been used in this work and
their purities are He (99.99 %), CoHy4 (99.9 %) and C,Hg
(99.95 %). They have been supplied from the Technical Gas
Services (U.A.E).

Apparatus  The volumetric method used to collect the pure
adsorption data has been extended to measure total amount
adsorbed of the binary mixture.

The volumetric apparatus used for obtaining the exper-
imental isotherms has been described elsewhere (Mofarahi

Table 1 Characteristics of zeolite 5SA adsorbent (manufactured by
Zeochem Company)

Adsorbent Zeolite SA
Form Sphere
Average particle diameter (mm) 3

Particle density (gcm ™) 1.16
Average heat capacity (cal g~! K1) 0.22

BET surface area (m? g_l) 457-600
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and Seyyedi 2009). It consists of an adsorption cell, a load-
ing cell, a circulation pump and a volumetric system to in-
troduce and measure the gases admitted in the circuit. The
loading and adsorption cell, circulation pump and all con-
nections are all made up of stainless steel. The total amount
of gas introduced into the system is measured by appro-
priate pressure, temperature, and volume. The temperature
uncertainty of the thermocouple is £0.1 K. the pressure
uncertainty of the pressure transmitter is £0.05 kPa. The
temperature and pressure were recorded at constant inter-
vals with a recorder (Logoscreen 50, Jumo). During mea-
surement, the adsorption cell was immersed in a water bath
(MC 12, Julabo Tech.) where the temperature was main-
tained at +0.02 K via a refrigeration circulator. The vol-
umes of the adsorption cell, loading cell, and dead volumes
were measured using helium gas. A vacuum pump was used
to remove gaseous impurities from the system. The vac-
uum pomp was vacuumbrand RE6 model with maximum
flow rate of 5.7-6.8 m*/hr and 0.05 mbar vacuum level. The
first regeneration of the adsorbent was in an oven overnight
(300 °C for 6 h) under a vacuum of less than 0.05 mbar.
Prior to each test, to eliminate trace impurities, the adsor-
bent was again heated in situ at 280 °C with helium purg-
ing under 250 mbar. Subsequently, the temperature was de-
creased to the desired value and then the sample allowed
to stabilize for at least 2 h before starting the measure-
ments.

Procedure At first, the system was totally evacuated.
When the cell was stabilized, the total amount of gas in-
troduced into the system was measured by appropriate pres-
sure, temperature, and volume. After reaching equilibrium
the common pressure and temperature were recorded. The
adsorption equilibrium state was considered to be reached
when the temperatures and the pressures per cell were con-
stant. In other words, at equilibrium state, pressure and tem-
perature of loading cell and reference cell became constant
after an hour of pressurizing and change of pressure and
temperature is not more than 0.05 kPa and 0.1 K, respec-
tively. Temperatures and pressures before and after the ad-
sorption equilibrium state were recorded. The experiment
was conducted, on a continuous basis, at pressures up to
950 kPa. During the experiments a circulation pump was
used for gas mixing and circulating. The amount of ad-
sorbed gas was calculated, from the temperature and pres-
sure, before and after the adsorption equilibrium state using
a mass balance. This balance was derived from the gener-
alized equation of state before and after adsorption equilib-
rium. Those measurements are cited elsewhere (Mofarahi
and Seyyedi 2009). The measurements were repeated sev-
eral times for each isotherm in order to verify the data accu-
racy.
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4 Result and discussion

Pure adsorption isotherm Adsorption isotherms of pure
ethylene and ethane measured at three temperatures (283,
303 and 323 K) are presented in Tables 2 and 3, respec-
tively. The adsorption isotherm data were well correlated
by the VST model. The correlated parameters and error of
analysis are given in Tables 4 and 5. The results in Ta-
bles 4 and 5 illustrate good capability of the VST model
to describe the pure ethylene and ethane isotherms. Cor-
relation results of modeling show that the obtained aver-
age error (AAD %) is less than 7 % for pure ethylene and

Table 2 Pure adsorption isotherm data for ethylene on zeolite SA

323K 303K 283 K
e P P P e P
mol/kg kPa mol/kg kPa mol/kg kPa
0.820 5.1 1.056 6.3 1.474 4.9
1.332 13.4 1.675 18 2.159 18.4
1.640 23.2 1.941 324 2.394 37.6
1.880 40.1 2.187 452 2.510 51.7
2.053 60.6 2.257 55.1 2.642 72.6
2.135 78.2 2.314 65 2.722 83.6
2.192 93.3 2.385 76.9 2.788 95.3
2.306 134.6 2.416 85.2 2.892 132.1
2.457 244.5 2.448 96.3 3.038 258.1
2.551 447.4 2.538 131.8 3.098 445.1
2.569 596.6 2.728 245.5 3.115 647.9
2.572 786.4 2.809 442.1 3.118 793.8
2.576 950.3 2.816 640.2 3.120 950.7

2.817 794.1

2.819 949.2

Table 3 Pure adsorption isotherm data for ethane on zeolite SA

323K 303K 283 K

qexp P qexp P qexp P
mol/kg kPa mol/kg kPa mol/kg kPa

0.454 12.2 0.509 8.6 0.669 8.16
0.707 21.9 0.946 20.9 1.247 17.3
0.898 30.6 1.206 29.1 1.626 26.2
1.125 49.4 1.462 49.2 1.810 48.6
1.286 71.2 1.611 71.1 1.921 67.9
1.402 92.2 1.721 92.3 1.993 85.8
1.569 145.0 1.846 145.4 2.106 135.2
1.793 293.4 2.014 291.1 2.240 276.9
1.951 490.7 2.121 491.4 2.324 479.0
1.993 692.6 2.180 692.2 2.370 681.6
2.013 845.1 2.201 844.5 2373 832.6
2.025 947.6 2223 944.2 2.377 929.6
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Table 4 Regression results for

pure ethylene adsorption on Y%AAD Ay Ajy b; (mol kg*l kPa—1) qf’oo (mol kgfl) Temperature (K)
zeolite SA
6.42 0.0102 4.112 0.7181 3.12 283
3.52 0.0082 3.409 0.3300 2.82 303
2.61 0.0133 3.530 0.2844 2.58 323
Table S Regression results for ) ) S o )
pure ethane adsorption on Y%AAD Ay Ajy b; (molkg™" kPa™") q;" (molkg™") Temperature (K)
zeolite SA
10.45 0.5412 1.847 0.1742 243 283
6.85 0.4286 2.686 0.1191 2.35 303
3.96 0.3291 2.152 0.0516 2.12 323
35 25
3 4
2 ,
2.5 1
_ — 1.5 1
g 2] g
g & Exp data at 283K g
T 1.5 1 A Exp data at 303K = 1-
O Exp data at 323K ¢ Exp data at 283K
1 ——VST model A Exp data at 303K
o Exp data at 323K
0.5 —— VST model
0.5 -
0 \ \ 0 ‘ -
1 10 100 1000 1 10 100 1000

P(kPa)

Fig. 1 Measured and correlated adsorption isotherms of ethylene on
zeolite 5A at 283, 303 and 323 K

less than 11 % for pure ethane. A comparison of the ex-
perimental data with the correlation results for pure ethy-
lene and ethane adsorption isotherms is illustrated in Figs. 1
and 2, respectively. As can be observed, some deviations be-
tween experimental data and correlation results are seen es-
pecially in high pressures. These figures show that the equi-
librium loading on zeolite SA on ethylene is higher than
ethane at all temperatures. In particular, this difference is
much higher at low temperatures. Also, the curve for ethy-
lene is more rectangular shaped than the curve for ethane,
indicating a stronger interaction between ethylene and zeo-
lite 5A than between ethane and zeolite 5A. Corresponding
to the Brunauer classification of isotherms, ethane and ethy-
lene isotherms closely resemble to type I isotherms. Phys-
ical monolayer adsorption of the type I isotherms occurs
in microporous materials where the saturation limit corre-
sponds to complete filling of the micropores. In other words,
pore sizes of zeolite particles are not much larger than the
molecular diameter of the adsorbate (the kinetic diameter of

P(kPa)

Fig. 2 Measured and correlated adsorption isotherms of ethane on ze-
olite 5SA at 283, 303 and 323 K

ethylene and ethane is 4.163 & 4.443 A, respectively) (Yang
1986). This shows that the adsorbate-adsorbent interactions
are more significant than adsorbate-adsorbate interactions.
The ethylene and ethane adsorption capacity of zeolite SA
reveal most of its swing capacity in the pressure region of
1 to 250 kPa. At this point, the comparison of different ad-
sorbents can be discussed. Zeolite SA has more adsorption
swing capacity for ethylene than the other interesting ad-
sorbents such as ETS-10 (Al-Baghli and Loughlin 2005;
Shi et al. 2010) and ETS-4 (Anson et al. 2010) with dif-
ferent cation structures. The adsorption swing capacity of
zeolite 5A for ethylene was more similar to adsorbents such
as zeolite 4A (Perez and Armenta 2010) and 13X (Danner
and Choi 1978). It is also important to mention that high
capacity for the desired component is an important asset in
olefin/paraffin separations by PSA processes.

Heat of adsorption The adsorption isotherms of ethylene
and ethane on zeolite 5SA obtained at three temperatures
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were employed in evaluating the adsorption enthalpy. For
this purpose, the Clausius-Clapeyron equation was applied
to the isotherm data at the three temperatures. The isosteric
heat of adsorption (A H) was estimated by means of the lin-
ear dependency of In(P) on 1/T at constant loading. The
dependency of the heat of adsorption on adsorption coverage
of ethylene and ethane is shown in Fig. 3. The isosteric heat
of adsorption of ethylene and ethane increased gradually and
then dramatically with the increasing degree of coverage. In-
creasing heat of adsorption of ethylene and ethane with cov-
erage could point to that the intermolecular attraction forces

45

3
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©
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2
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2 -~
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- — — Ethane
5 4
0
0 0.5 1 1.5 2 25 3

Loading(mol/kg)

Fig. 3 Heat of adsorption of ethylene and ethane on zeolite 5A as a
function of adsorbent loading

take over. The isosteric heats of adsorption as a function
of loading cross each other at loading = 1.6 mole/kg with
AH = —21 kl/mole for each, The observed crossing point
is in agreement with a previous report (Nam et al. 2005).
The heat of adsorption of ethylene is higher than that of
ethane, especially at a low degree of surface coverage. This
can be attributed to the interaction of 7-bond ethylene with
the cationic sites of the zeolite. The same result has been
seen for ethylene and ethane adsorption enthalpy over an-
other type of zeolite 5A by Nam et al. (2005).

Mixture gas adsorption The adsorption separation ability
of zeolite SA was estimated, using an indirect method. In
this approach, the total amount of adsorbed mixture was
measured according to the procedure and the individual ad-
sorption of components was obtained from thermodynamic
prediction. The total amount of each adsorbed ethylene mix-
ture (20 %, 50 % and 80 %) on zeolite SA at each tempera-
ture (283, 303, and 323) K and the average errors of model
predictions for different mixtures are presented in Tables 6,
7 and 8, respectively. It can be seen from Tables that the
VST model provides similar predictions with acceptable ac-
curacy for every binary mixture, and the maximum AAD %
in the predictions is less than 7 %. Also, mole fractions of
ethylene in adsorbed phase, predicted by the VST model, are
given in Tables 6, 7 and 8 for every binary mixture at speci-
fied temperature. The model utilizes the parameters reported
in Tables 4 and 5. Plots of the measured data of binary mix-
ture and predicted by VST model at temperatures 283, 303
and 323 K are shown in Figs. 4, 5 and 6, respectively. The
comparisons between measured data of binary mixtures and
errors of the VST model at each temperature are shown in

Table 6 Total amount of binary adsorption isotherm of ethylene/ethane mixture on zeolite SA at 283 K

20 % ethylene 50 % ethylene 80 % ethylene
P qr q< X ec;%*lene P g q<" X eCtZ_IVZene P qr q< X ec;%'lene
kPa mol/kg mol/kg kPa mol/kg mol/kg kPa mol/kg mol/kg
7.5 0.722 1.013 0.432 6.0 0.839 1.092 0.742 5.0 0.884 1.131 0.918
11.7 1.313 1.275 0.435 11.4 1.482 1.483 0.742 10.1 1.554 1.560 0.917
21.8 1.684 1.639 0.441 21.9 1.830 1.863 0.744 22.3 1.921 2.013 0.916
40.6 1.955 1.958 0.451 39.2 2.103 2.156 0.748 41.2 2.223 2.310 0916
60.4 2.079 2.129 0.459 60.9 2.270 2.343 0.754 60.4 2.399 2.468 0918
91.7 2.239 2.280 0.469 89.3 2.399 2.481 0.760 90.9 2.558 2.614 0.919
130.4 2.349 2.387 0.479 130.4 2.515 2.597 0.768 131.3 2.670 2.728 0.922
241.1 2.453 2.533 0.500 242.2 2.634 2.746 0.783 242.6 2.829 2.880 0.928
439.4 2.528 2.639 0.524 440.9 2.717 2.851 0.800 393.8 2.882 2.968 0.934
594.8 2.555 2.681 0.537 589.2 2.766 2.890 0.809 592.9 2.938 3.020 0.940
789.6 2.582 2.715 0.549 796.7 2.788 2.923 0.819 792.4 2.954 3.044 0.945
943.1 2.603 2.734 0.557 945.6 2.807 2.939 0.824 943.7 2.960 3.056 0.947
%AAD 6.21 5.62 4.46
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Table 7 Total amount of binary adsorption isotherm of ethylene/ethane mixture on zeolite SA at 303 K

20 % ethylene 50 % ethylene 80 % ethylene
AR e Y s SR V-
kPa mol/kg mol/kg kPa mol/kg mol/kg kPa mol/kg mol/kg
9.2 0.587 0.776 0.342 8.8 0.722 0.882 0.668 6.6 0.746 1.009 0.890
15.7 1.044 1.045 0.349 14.1 1.122 1.139 0.673 12.1 1.302 1.360 0.881
24.75 1.289 1.285 0.358 23.5 1.472 1.427 0.679 22.1 1.718 1.706 0.885
422 1.533 1.556 0.369 42.0 1.732 1.740 0.689 41.7 1.943 2.035 0.890
63.2 1.731 1.744 0.380 62.2 1.901 1.931 0.697 61.2 2.087 2.209 0.893
90.8 1.885 1.895 0.391 88.9 2.124 2.086 0.705 89.2 2.288 2.360 0.897
132.3 2.034 2.033 0.403 131.7 2.235 2.236 0.715 131.0 2414 2.495 0.902
246 2217 2219 0.425 236.7 2.387 2417 0.732 243.8 2.538 2.663 0.910
442.5 2.284 2.350 0.448 448.3 2472 2.556 0.754 437.3 2.642 2.750 0.920
638.2 2.303 2413 0.463 592.8 2.517 2.600 0.764 594.4 2.672 2771 0.924
794.1 2319 2.444 0.472 797.8 2.538 2.636 0.774 793.3 2.692 2.782 0.928
946.9 2.333 2.466 0.480 944.6 2.550 2.653 0.780 945.9 2.704 2.787 0.931
%AAD 451 3.87 6.38

Table 8 Total amount of binary adsorption isotherm of ethylene/ethane mixture on zeolite SA at 323 K

20 % ethylene 50 % ethylene

80 % ethylene

A L L R S S i
kPa mol/kg mol/kg kPa mol/kg mol/kg kPa mol/kg mol/kg
7.4 0.375 0.445 0.472 7.6 0.508 0.612 0.778 54 0.450 0.588 0.933
17.7 0.800 0.811 0.472 16.3 0.940 0.976 0.777 13.1 1.108 1.011 0.932
25.4 1.010 0.994 0.473 24.2 1.211 1.186 0.777 24.2 1.458 1.337 0.932
42.1 1.268 1.259 0.475 42.5 1.485 1.481 0.777 42.2 1.697 1.621 0.932
60.8 1.409 1.447 0.477 61.1 1.637 1.660 0.778 61.4 1.858 1.797 0.932
90.4 1.557 1.635 0.480 91.6 1.786 1.842 0.780 91.5 1.986 1.966 0.932
140.4 1.740 1.819 0.485 130.6 1.919 1.983 0.782 131.1 2.116 2.102 0.933
242.6 1.896 2.004 0.496 241.5 2.111 2.185 0.789 242.5 2.278 2.297 0.935
437.2 2.060 2.150 0.512 443.6 2.256 2.330 0.800 442.6 2.415 2.438 0.939
640.8 2.134 2.218 0.524 595.1 2.300 2.380 0.807 643.5 2.447 2.494 0.943
796.6 2.159 2.249 0.532 791.4 2.338 2.417 0.815 798.5 2.460 2.515 0.945
921.7 2.168 2.268 0.538 935.5 2.347 2.434 0.819 940.6 2.468 2.526 0.947
%AAD 4.78 431 5.44

these figures. as can be seen from Figs. 4, 5 and 6, the param-
eters that have been obtained from the correlation of the pure
adsorption data, appropriately predict the binary adsorption
equilibrium data.

Predicted ethylene/ethene selectivity Figure 7 presents the
ethylene/ethane predicted selectivity at 283 K and pressures
of 100, 400, and 800 kPa in terms of ethylene gas compo-
sition. As can be observed, decreasing the ethylene mole
fraction in the gas phase increases the ethylene selectivity
and the selectivity is higher at elevated pressures. Figure 8

provides another view of ethylene/ethane predicted selec-
tivity at 303 K and three different ethylene gas composi-
tions (0.1, 0.5, and 0.9) as a function of pressure. These
effects demonstrate that the first set of adsorbent sites is
less selective to ethylene over ethane. In addition, selectiv-
ity increases with pressure. This trend has been experimen-
tally verified by Al-Baghli and Loughlin (2006). It seems
quadrupole interactions play an important role at high pres-
sures because of the great difference in ethylene (0.48 A%)
and ethane (0.27 A3%) quadrupole moment. Therefore ad-
sorption capacity and selectivity of ethylene is higher than
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Fig. 4 Comparison of VST isotherm predictions with experimental
results for different ethylene/ethane mixture (80 %, 50 % and 20 %
ethylene) at 283 K
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Fig. 5 Comparison of VST isotherm predictions with experimental
results for different ethylene/ethane mixture (80 %, 50 % and 20 %
ethylene) at 303 K

ethane. The x—y diagram, commonly used to display bi-
nary adsorption behavior, is shown in Fig. 9. This figure il-
lustrates the predicted adsorbed phase versus ethylene gas
phase composition at 400 kPa and three temperatures (283,
303, and 323 K). This Figure not only shows an ideal form
of ethylene /ethane binary gas adsorption; but also com-
pares binary gas adsorption behavior at various tempera-
tures. As is obvious from Fig. 9, ethylene separation by ad-
sorption at low temperatures is higher than at high tempera-
tures.
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Fig. 6 Comparison of VST isotherm predictions with experimental
results for different ethylene/ethane mixture (80 %, 50 % and 20 %
ethylene) at 323 K
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Fig. 7 Predicted ethylene/ethane selectivity at 283 K as a function of
gas composition. Total pressure: 800, 400 and 100 kPa

Thermodynamic consistency test  As discussed by Talu and
coworkers (1996, 1998), to increase the confidence in the ac-
curacy of measurements, we performed the suggested ther-
modynamic consistency test. It consists of the integration
of the spreading pressure over a closed path. Because of
state property of spreading pressure, this integration must
be equal to zero. For pure and binary systems, the spread-
ing pressure integrands as functions of P plotted, and the
areas under these curves among 0-900 kPa were calculated.
The integral thermodynamic consistency test between pure
and binary equilibrium adsorption data is shown in Table 9.
As can be seen from Table 9 all values differ from zero due
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Fig. 9 Predicted adsorbed phase versus gas phase composition at
400 kPa. Temperatures: 283 K; 303 K; 323 K

to the accuracy of data. These differences verifies the qual-
ity of data. The error of data was obtained as mentioned by
Tezel and Li (2008). The most errors in binary data are for
0.8 ethylene compositions in gas phase at different temper-
atures. However, as mentioned by Talu (1998), relative de-
viations of more than 50 % are quite common in published
data.

5 Conclusion

Experimental isotherms on zeolite SA for pure ethylene,
ethane, and several ethylene/ethane mixtures were measured

Table 9 Integrations for thermodynamic consistency test at different
temperatures

Material Integrals Error% (mol/kg)

283 K 303K 323K
Pure ethylene 11.74 10.97 9.22
Pure ethane 5.75 4.89 4.25
20 % ethylene 6.70  10.59 5.83  4.28 4.83 2.89
50 % ethylene 7.27  17.61 6.51 6.61 5.58 1093
80 % ethylene 7.75 2270 697 1276  6.06 17.98

by a volumetric method over a wide range of pressures and
temperatures. An excellent fit has been obtained using the
VST model for pure adsorption data. The correlated pure
component parameters were appropriately applied to pre-
dict binary adsorption data. The binary adsorption errors ob-
tained from the predictions are less than 7 % in all cases. The
isosteric heat of adsorption was estimated by the Clausius-
Clapeyron equation and pure component data. The adsorp-
tion selectivity was predicted using pure component adsorp-
tion isotherm data and the VST model. At a fixed pressure
and temperature, prediction results show that ethylene se-
lectivity increases when the ethylene composition of the gas
phase decreases. It also indicated that selectivity increases
with pressure. Furthermore, prediction results show that the
lower the temperature at a specified pressure, the greater the
ethylene separation by zeolite 5A. Given its high adsorption
capacity and reasonable selectivity for ethylene in compar-
isons with other remarkable adsorbents, zeolite SA can be
used for ethylene/ethane separation by adsorption technol-
ogy especially in pressure swing adsorption processes. Fi-
nally, a thermodynamic consistency test was performed for
binary data adsorption accuracy and shows adequate accu-
racy of the data.
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