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Institut Français du Pétrole, IFP-Lyon Process Development and

Engineering Division, Vernaison, France
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Abstract: The separation of propane-propylene mixture is the most energy consuming

operation in the petrochemical industry. Various studies have been investigated to

relieve the cryogenic distillation ordinarily used for this separation, and the adsorption

technology appeared to be a promising option. Considering the encouraging results

obtained by cyclic adsorption processes and notably by pressure swing adsorption,

the simulated moving bed (SMB) has been suggested as a new and competitive alterna-

tive. The keystone of a SMB for a gas mixture separation is the choice of an adequate

and pertinent adsorbent-desorbent couple. In this work, isobutane has been tested as a

potential desorbent over 13X zeolite. A gravimetric method has been used to measure
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the adsorption equilibrium isotherms of propylene, propane, and isobutane on 13X

zeolite pellets over a temperature range from 333 K to 393 K and pressure up to

160 kPa. Experimental adsorption equilibrium isotherms were correlated with the

Toth model. The 13X zeolite shows an intermediate loading capacity for isobutane

at low pressures. Equilibrium capacities for propylene, propane, and isobutane at

373 K and 110 kPa were 2.12, 1.61, and 1.53 mol/kg, respectively. The heats of

adsorption at zero coverage for propylene, propane, and isobutane were found to be

42.4, 36.9, 41.6 kJ/mol, respectively. Breakthrough curves of pure components were

measured at 373 K and 150 kPa with different initial conditions (adsorbent bed

saturated with nitrogen or isobutane). Experimental breakthrough curves were well-

predicted by an exhaustive mathematical model taking into account the energy

balance in the three phases (gas, solid, and wall column). Multi-component fixed

bed adsorption experiments allowed us to observe that isobutane could displace an

adsorbed propane/propylene mixture from the 13X zeolite and itself was fairly

easily displaced from the adsorbent by this same mixture. These results confirmed

the assumption that isobutane is a good desorbent for the adsorptive separation of

C3H6/C3H8 mixture by a simulated moving bed.

Keywords: Propane, propylene, isobutane, 13X zeolite, adsorption equilibrium, fixed

bed adsorption experiments, simulated moving bed

INTRODUCTION

Propylene is an important intermediate in the petrochemical industry and par-

ticularly for the production of polypropylene, acrylonitrile, isopropanol,

cumene, and oxo alcohols. Propylene is mainly produced by steam cracking

or by fluid catalytic cracking of heavy petroleum fractions and is generally

obtained in a mixture with propane. But the propane-propylene gas separation

is one of the most demanding energetic operation commercially practiced

using cryogenic distillation (1–3). Due to the very close relative volatilities

of the propane-propylene system (4), more than 150 theoretical plates are

needed to achieve polymer-grade propylene (purity of .99.5%). A number

of alternative methods have been investigated to reduce the operational

costs and cyclic adsorption processes appeared to be a promising option

(5, 6). The pressure swing adsorption (PSA) and the vacuum swing adsorption

(VSA) processes based on zeolite molecular sieves have been proposed as a

possible approach. These processes have been widely discussed in the litera-

ture (7–10) showing an interesting product recovery (87%) with a very high

purity (99%). Nevertheless, other adsorption processes seem to be suitable for

the separation of the propane-propylene mixture and particularly the simulated

moving bed.

The simulated moving bed (SMB) technology is currently receiving an

increasing interest as an alternative technique for the separation of gas

mixtures. Concisely, the SMB technology allows the continuous injection

and separation of binary mixtures. The simulated countercurrent contact

N. Lamia et al.2540
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between the solid and fluid phase maximizes the mass transfer driving force.

The SMB process is well known in large-scale petrochemical industry, where

the Sorbex technology has been applied since the 1960s in a number of

processes (11). In all of these, the continuous counter-current flow of the

fluid and of the solid adsorbent is simulated by periodically switching the

different inlets and outlets in an adsorbent column divided into a number of

fixed beds. Recently, a process similar to an SMB adsorber has been

studied by Rao et al. to separate propane-propylene mixture (12). Contrary

to the conventional SMB, this process uses pressure swing to regenerate the

solid adsorbent.

The main objective of this work is to come upon an interesting adsorbent-

desorbent couple to operate a propane-propylene separation with a SMB. In

the literature, a number of commercial sorbents have been tested to separate

C3 components, such as 5A and 4A zeolites (13, 14) or more recently new

sorbents using p-complexing agents (15). Nevertheless, to achieve our

objective zeolite 13X was chosen as a solid adsorbent for this study based

on its capacity and adequate kinetic behavior for the separation of this

system (16). As literature data at appropriate temperature are poor and incom-

plete, additional single adsorption isotherms of propylene (C3H6), propane

(C3H8), and isobutane (iC4H10) over commercial 13X zeolite have been

measured at temperatures between 333 and 393 K and pressure up to

160 kPa using a gravimetric method. Since the 13X zeolite is very difficult

to regenerate using a pressure swing due to the almost irreversible nature of

the adsorption isotherms, the choice of the desorbent is extremely

important. According to the literature (17, 18) and in conformity with the

industrial constraints, isobutane has been selected as a potential desorbent

able to readily displace the adsorbed gas mixture from the adsorbent. To

confirm this choice, fixed bed adsorption experiments were carried out at

373 K with two different initial conditions regarding the saturation of the

adsorbent bed. The first strategy was to perform single component break-

through curves with an adsorbent bed initially activated by an inert gas like

nitrogen. The second way was to saturate it originally with the chosen

desorbent, allowing us to carry out breakthrough (feed is propane or

propylene) and reverse breakthrough experiments (after complete break-

through of propane or propylene, isobutane is injected). This last strategy

has also been applied to study the adsorption and desorption of a propane-

propylene mixture over a column packed with 13X zeolite saturated by

isobutane. A patent is pending on the choice of 13X zeolite/Isobutane as an

ideal adsorbent-desorbent couple for the separation of the propane-

propylene mixture by adsorption in simulated moving bed (19). The design

of a SMB unit requires the development of a model that can describe the

dynamics of adsorption on a fixed bed, taking into account all the relevant

transport phenomena. In this work a mathematical model of a nonisothermal,

nonadiabatic fixed bed adsorber has been developed and tested with the break-

through curves obtained experimentally.

Propane, Propylene, and Isobutane on 13X Zeolite 2541
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EXPERIMENTAL SECTION

Single-adsorption Equilibrium Isotherms

Adsorption equilibrium of pure gases was performed in a magnetic suspension

microbalance (Rubotherm, Bochum, Germany) operated in a closed system

mode. The experimental installation used for the adsorption measurements

is shown in Fig. 1.

A defined amount of adsorbent extrudates (ffi10 g wet sample) is placed in

a basket suspended by a permanent magnet through an electromagnet. The

sample was submitted to a controlled temperature ramp of 2 K.min21 in

vacuum conditions until 593 K was reached. Activation of the sample was

carried out under this temperature and 1 mbar pressure during 10 h. The

adsorbent lost nearly 20% of its weight during the activation step. The pure

gas was then fed through tubing equiped with a valve, from the gas cylinder

to the magnetic balance. Pressure and temperature in the measuring cell

were measured with a Lucas Schaevitz transducer with an accuracy

+5 � 1022 kPa and an Omega thermocouple with an accuracy +0.1 K,

respectively. All measured data (mass change, pressure, and temperature)

Figure 1. Schematic diagram of the experimental installation used for the adsorption

isotherms measurements.

N. Lamia et al.2542
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were recorded by a personal computer. Adsorption equilibrium isotherms

were measured at 333, 353, 373, 393 K in the range of 0 to 160 kPa.

13X zeolite extrudates were provided by CECA (France) and Table 1

shows some of their physical properties. All gases were provided by Air

Liquide: The purity of the sorbate gases used was N24 for propylene

(.99.4%), N35 for propane (.99.95%), and N35 for isobutane (.99.95%).

The experimental adsorption equilibrium data were fitted with the Toth

Model (20):

qi ¼ qm;i
biP

1 þ ðbiPÞ
ki

� �1=ki
ð1Þ

bi ¼ bi;0exp
�DHi

<T

� �
ð2Þ

where qi is the absolute adsorbed amount of the single component i, qm,i is the

maximum loading capacity of the sorbent, bi is the affinity parameter of the

pure component i for the solid sorbent, D Hi is the isosteric heat of adsorption

at zero loading, and ki ¼ Ai þ DiT is the solid heterogeneity parameter (21).

Fixed Bed Adsorption Experiments

The experimental set-up has three main sections:

i. a feed section which allows the constitution of different studied gases

mixtures

ii. an adsorption column in a convective air furnace and

iii. an analytical section arranged around a gas chromatograph (GC).

This equipment allows to work with pure gas or with gas mixtures of three

components. The apparatus can work with pressures ranging from 0.1 to

5 bar, and temperatures between 303 and 673 K, and with feed flowrates

ranging from 0.1 to 6 SLPM (273 K and 1.01325 . 105 Pa). Gas analysis is

carried out with an on-line gas chromatograph with a FID detector and

Table 1. Physical properties of 13X zeolite (CECA)

Parameters Value Unit

Extrudate radius (Rp) 0.8 mm

Crystal radius (rc) 1.0 mm

Macropore radius (rp) 0.17 mm

Pellet density (rp) 1357 kg/m3

Pellet porosity (1p) 0.395 —

Propane, Propylene, and Isobutane on 13X Zeolite 2543

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



coupled with an automatic sampler. The apparatus is controlled and data are

recorded through a computer program interface. The column is in stainless

steel with a diameter of 2.14 1022 m and is 0.84 m long. Three K-type thermo-

couples were located at 0.17, 0.43, and 0.67 meter from the feed inlet of the

column, measuring the gas temperature at the bottom and the middle of the

column while the thermocouple placed at the top measures the wall column

temperature. Figure 2 shows the experimental set-up used for mono and multi-

component breakthrough curves. Bed characteristics are given in Table 2.

Before performing any adsorption experiment the solid was activated at

high temperature. The solid was dried in-situ, inside the column in the convec-

tive furnace of the installation. A temperature of 593 K was fixed an inert gas

(nitrogen) flow between 30 to 50 ml . min21 at laboratory scale conditions

Figure 2. Schematic diagram of the experimental set-up used for the breakthrough

experiments.

Table 2. Characteristics of the fixed bed column

Parameters Value Unit

Bed radius (Rw) 1.07 � 1022 m

Bed length (L) 0.84 m

Bed porosity (1b) 0.39 —

Bulk density (rb) 820 kg . m23

Wall density (rw) 8238 kg . m23

N. Lamia et al.2544
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were selected for a period of 18 hours. The heating of the column was

performed with a ramp of 2 K . min21, that was introduced in the furnace

temperature controller. Once the column was prepared and fixed at the

operating temperature and the controller equipment and GC were ready for

work, the adsorbent was saturated with an inert gas or with isobutane. Then,

single component breakthrough experiment was started by injecting the

adsorbate in the column with a volumetric flowrate of 1.0 SLPM at 373 K

and 150 kPa. Finally a ternary system comprising a mixture of propane and

propylene was also studied through a fixed bed adsorbent saturated with

isobutane. It should be noted, that single and multicomponent desorptions

were performed in the same way. The experimental conditions for all the

adsorption experiments carried out with propane, propylene, and isobutane

as a desorbent are listed in Table 3.

THEORETICAL SECTION

Mathematical Modeling of Fixed Bed Adsorption

The mathematical model used to describe the dynamic behavior of the fixed

bed adsorber is derived from mass and energy balances considering the

following assumptions:

1. Ideal gas law applies;

2. The total pressure is constant during the sorption process;

3. The flow pattern is described by the axial dispersed plug flow model;

4. The system is a nonisothermal and nonadiabatic column packed with 13X

zeolite;

Table 3. Experimental conditions for the runs performed for single and multi-

components

Figure

Initial bed

saturation y C3H6
y C3H8

y iC4H10
Q (SLPM) P0 (bar) T0 (K)

6a, 6b N2 1.0 0.0 0.0 1.0 1.5 373

7a, 7b N2 0.0 1.0 0.0 1.0 1.5 373

8a, 8b N2 0.0 0.0 1.0 1.0 1.5 373

10a, 10b iC4H10 1.0 0.0 0.0 1.0 1.5 373

11a, 11b C3H6 0.0 0.0 1.0 1.0 1.5 373

12a, 12b iC4H10 0.0 1.0 0.0 1.0 1.5 373

13a, 13b C3H8 0.0 0.0 1.0 1.0 1.5 373

14a, 14b iC4H10 0.75 0.25 0.0 1.0 1.5 373

15a, 15b C3H6–C3H8 0.0 0.0 1.0 1.0 1.5 373

Note: Q is the volumetric flow in SLPM at standard conditions (273.15 K, 1.01325

105 Pa).

Propane, Propylene, and Isobutane on 13X Zeolite 2545
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5. The mass transfer rate can be represented by a linear driving force (LDF)

rate expression;

6. Constant cross section area. The void fraction is uniform in the column.

Note that all the following equations are expressed in dimensionless terms and

the usual dimensionless numbers are listed in the Table 4.

Based on the above assumptions, the mass balance for each component of

the mixture and the total mass balance were written as follows, where Fi is the

dimensionless concentration in the bulk normalized by the total mole concen-

tration at the feed condition C0, f̄i is the dimensionless average concentration

in the particle pores, also normalized by C0 and gi
¼ ¼ ni

¼/qm,i is the dimen-

sionless average adsorbed concentration for i component in the pellet, ḡi
� is

adsorbed phase concentration in the crystal in equilibrium with the gas

inside the particle.

Mass Balance of Component i in the Bulk Fluid

@Fi

@u
¼

@

@z

v�

Pem

@Fi

@z

� �
� v�

@Fi

@z
� Fi

@v�

@z
� to

ð1 � 1bÞ

1b

aKm;i

ðBim;i þ 1Þ
ðFi � �f iÞ

ð3Þ

where u ¼ t/to is the dimensionless time normalized by the space time

to ¼ 1bL/vo, z ¼ z/L is the dimensionless column axial coordinate, v� is the

dimensionless superficial velocity, Pem and Bim are the mass Peclet number

and the Biot number respectively defined in Table 4, 1b is the bed porosity,

Km is the mass transfer coefficient, a is the specific surface area of the

adsorbent particle.

Overall Mass Balance

@F

@u
¼ �

@ðv�FÞ

@z
� to

ð1 � 1bÞ

1b

aKm

ðBim þ 1Þ
ðF � �f Þ ð4Þ

Table 4. Usual dimensionless numbers

Biot Bi ¼ Rp Km,i/51p Dp,i

Reynolds Re ¼ ri vs dp/m0

Schmidt Sc ¼ m0/ri Dm,i

Sherwood (23) Sh ¼ 2.0 þ 1.1Re1/6Sc1/3

Prandtl Pr ¼ Ĉpg m0/kg

Nusselt (23) Nu ¼ 2.0 þ 1.1Re1/6 Pr1/3

Peclet (mass) Pem ¼ v0
. L/1b Dzm

Peclet (heat) Peh ¼ Ci,0 C̃p v0
. L/l

Stanton (gas-solid) Stgs
v ¼ (1 2 1) a hf t0/1b Co FC̃v

Stanton (gas-wall) Stgw
v ¼ 2 hw t0/Rw 1b Co F C̃v

N. Lamia et al.2546
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It is worthwhile to note that in the definition of the dimensionless concen-

trations, the total fluid phase concentration has been used in order to obtain

0 � Fi � 1 and 0 � f̄i � 1 to enable the model to describe both adsorption

and desorption operations.

Mass Balance Inside the Pellet for Component i

@�f i

@u
¼ Np

Bim;i

ðBim;i þ 1Þ
ðFi � �f iÞ � gi

@��gi

@u
with N p;i ¼

15D p;it0

R2
p

and gi ¼
rpqm;i

1pCo

ð5Þ

where Dp,i is the pore diffusivity for the component i, rp is the pellet density,

1p is the pellet void fraction, and qm,i is the loading saturation coefficient of the

sorbent for each adsorbed component and Rp is the pellet radius.

Mass Balance Inside the Crystal for Component i

@��gi

@u
¼ Ncð�g

�
i �

��giÞ with N p;i ¼
15Dc;it0

r2
c

ð6Þ

where Dc,i is the crystal diffusivity for the component i, and rc is the crystal

radius.

Toth Multicomponent Adsorption Equilibrium Isotherm

�g�
i ¼

bi
�f iC0<T�

s T0

1 þ
PN

i¼1ðbi
�f iC0<T�

s T0Þ
k

� �1=k
ð7Þ

Heterogeneous Energy Balance

The energy balance takes into account the three phases (gas, solid, and wall

column) separately. In this way, one independent energy balance is formulated

for each phase and then coupled to each other through film energy transfer

terms.

The energy balance in the gas phase expressed below, gives the variation

of gas temperature with time in terms of dimensionless variables:

@T�
g

@u
¼

1

~CvF

@

@z

~Cpv�

Peh

@T�
g

@z

 !
� v�

~Cp

~Cv

@T�
g

@z

� �
þ
<T�

g

~CvF

@F

@u

� �

� Stv
gsðT

�
g � T�

s Þ � Stv
gwðT

�
g � T�

wÞ

ð8Þ

where C̃v is the molar specific heat at constant volume of the gas mixture, C̃p is

Propane, Propylene, and Isobutane on 13X Zeolite 2547

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



the molar specific heat at constant pressure of the gas mixture, Peh is the

thermal Peclet number, Stgs
v is the Stanton number between the bulk gas and

the pellet, and Stgw
v is the Stanton number between the bulk gas and the

column wall.

Considering a pellet as control volume, energy balance in the solid phase

can be written with dimensionless parameters as follows:

@T�
s

@u
¼ Bf T

�
s

@�f

@u
þ
Xn

i¼1

Bi

@��gi

@u
þ BgsðT

�
g � T�

s Þ ð9Þ

where Bf, Bi, and Bgs are dimensionless terms defined below:

Bf ¼
ð1 � 1Þ1p<T0C0

Bto

Bi ¼
ð�DHiÞrbqmi

Bto

Bgs ¼
ð1 � 1bÞhf aTo

B

ð10aÞ

with

B ¼
Toð1 � 1bÞ

to

1pCo

Xn

i¼1

�f i
~Cv;i þ rpqm

Xn

i¼1

��gi
~Cv;ads:i þ rpĈ ps

( )
ð10bÞ

where rb is the bulk density, DHi is the isosteric heat of adsorption of the

component i, C̃v,ads,i is the molar specific heat of the component i adsorbed

at the solid phase which is considered equal to C̃v,i, and Ĉps is the mass

specific heat of the solid. (Note that B is expressed in W/m3)

Finally, the set of energy balances is completed with the wall energy

balance that can be expressed also as function of dimensionless variables:

@T�
w

@u
¼ Bw1ðT

�
g � T�

wÞ � Bw2ðT
�
w � T1Þ ð11Þ

where

Bw1 ¼
t0awhw

rwĈ pw

and

Bw2 ¼
awlU

rwĈ pw

;

with

aw ¼
Dw

eðDw þ eÞ

N. Lamia et al.2548
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the ratio of the internal surface area to the volume of the column wall,

awl ¼
Dw

ðDw þ eÞlnððDw þ eÞ=DwÞ

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

volume of the column wall, Dw is the column inside diameter, e the

thickness of shell, hw is the heat convective coefficient between the gas and

the wall, rw and Ĉpw are the density and the specific heat of the column

shell and U is a global external heat transfer coefficient.

Variable Superficial Velocity of the Gas Mixture along the Bed

The formulation of the dimensionless velocity along the bed is derived from

the global mass balance and the energy balance in the gas phase. Substituting

eq. (8) in eq. (4) after applying the ideal gas law in each equation, it follows:

@v�

@z
¼ �

1

F

Xn

i¼1

to

ð1 � 1bÞ

1b

aKm;i

ðBim;i þ 1Þ
ðFi � �f iÞ

� Stp
gs 1 �

T�
s

T�
g

 !
� Stp

gw 1 �
T�

w

T�
g

 ! ð12Þ

It may be well worth pointing out that the Stanton numbers are expressed in

this equation with respect to the molar specific heat at constant pressure C̃p.

At time zero the inert gas is flowing at feed temperature without any

adsorbed species in the solid phase; in dimensionless terms we get:

u ¼ 0; 8z Fi ¼ �f i ¼
��gi ¼ 0 v� ¼ 1 T�

g ¼ T�
s ¼ T�

w ¼ 1:0 ð13Þ

In the case of a fixed bed column saturated with an active adsorbate as

isobutane with molar fractions yi,0, the set of initial conditions can be

replaced by:

Fi ¼ �f i ¼
��gi ¼ yi;0 ð14Þ

The Danckwerts boundary conditions at the column inlet (z ¼ 0) and

column exit (z ¼ 1) for u . 0 are:

z ¼ 0; �
1

Pem

@Fi

@z

����
6¼0

þ ðFi � Fi;0Þ ¼ 0 and

�
1

Peh

@T�
g

@z

����
6¼0

þ ðT�
g � T�

g;0Þ ¼ 0 ð15Þ

z ¼ 1;
@Fi

@z

����
6¼1

¼ 0 and
@T�

g

@z

����
6¼1

¼ 0 ð16Þ
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Methodology and Estimation of Transport Parameters used in the

Model

Molecular diffusivities are calculated with Chapman-Enskog equation and

pore diffusivities are estimated using Bosanquet relationship. Gas specific

heat, gas viscosity, and gas heat conductivities are temperature and pressure

dependent, being calculated using methods and thermodynamic data found

in Reid et al. (22)

The mass transfer coefficient Km,i ¼ (Shi
. Dm,i)/dp and the heat convec-

tive coefficient hf ¼ (Nu
. kg)/dp were followed from the correlations

proposed by Wakao and Funazkri (23), where dp is the pellet diameter, Shi

and Nu are the Sherwood and the Nusselt number for the single component

i respectively, and defined in Table 4.

The mass axial dispersion coefficient Dzm used in the mass Peclet number

was estimated from the correlation of Wakao and Funazkri (23):

Dzm ¼
Dm;i

1b

ð20 þ 0:5 Sci ReiÞ ð17Þ

In the same way, the heat axial dispersion coefficient l used in the thermal

Peclet number was estimated from an analogous correlation:

l ¼ kgð7 þ 0:5PriReiÞ ð18Þ

where Sci, Rei, and Pri are the Schimdt number, the Reynolds particle number

and Prandtl number for the component i, respectively (see Table 4)

The value of the overall heat transfert coefficient, U, and the wall specific

heat, Ĉpw, were set to 30 W/m2 . K and 500 J . kg21 . K21, respectively.

These values have been reported by Da Silva and Rodrigues (7) to describe

the heat transfer between a stainless column (similar to the one used in this

work) and the external air in a convective furnace. Regarding the heat wall

transfer coefficient, hw, this parameter was found by fitting the simulation

breakthrough curves to experimental data.

Assuming N components in the mixture, there are 3N þ 4 unknowns in

the model; the dimensionless concentration in the bulk Fi (z u), the dimension-

less average concentration in the particle pores f̄i (z, u), the dimensionless

average adsorbed concentration in the pellet ḡ̄i(z, u) for each component,

and the dimensionless superficial velocity v� (z, u). Then, we have the dimen-

sionless gas temperature Tg
� (z, u), the dimensionless solid temperature Ts

� (z,

u) and the dimensionless wall temperature Tw
�(z, u) corresponding to the

energy balance. The last equation necessary to evaluate all the unknowns, is

a stoichiometric equation:

XN

i¼1

Fi

r�i
¼ 1 with r�i ¼

ri

C0

ð19Þ

where ri
� is the dimensionless molar density of the pure ith component. In this
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study, the molar densities of propane, propylene and isobutane are equals and

closed to C0. Thus, the dimensionless concentration in the bulk of the Nth

component can be evaluated as follows:

FN ¼ r�N 1 �
XN�1

i¼1

Fi

r�i

 !
ffi 1 �

XN�1

i¼1

Fi ð20Þ

With this last equation the mathematical model is complete. It is thus consti-

tuted by a parabolic system of 3N þ 4 partial differential equations.

Finally, it should be noted that these model equations (except the equation

of velocity along the bed) have been proposed following the work of Da Silva

and Rodrigues (24). The mathematical model involves a system of partial

differential and algebraic equations (PDAEs). The axial domain was discre-

tized by using orthogonal collocation method in finite elements (OCFEM);

third order polynomials were used in the 50 finite elements. The system of

ordinary differential and algebraic equation (ODAEs) was integrated over

time using the DASOLV integrator. For all simulations a tolerance equal to

1025 was fixed.

RESULTS AND DISCUSSION

Adsorption Isotherms of Pure Components on 13X Zeolite

Pure component adsorption isotherms of propylene, propane, and isobutane on

zeolite 13X at 333, 353, 373, and 393 K are shown in Figs. 3, 4, and 5. The

Figure 3. Propylene adsorption equilibrium over 13X zeolite at different tempera-

tures. The solid line is the Toth model.

Propane, Propylene, and Isobutane on 13X Zeolite 2551
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fitting obtained with the Toth model is represented with solid lines in those

figures. The values of the fitting parameters obtained with the Toth isotherm

that was adjusted over the experimental data are reported in Table 5. It is

noted particularly that heats of adsorption at zero coverage for propylene,

propane, and isobutane are found to be 42.4, 36.9, 41.6 kJ/mol, respectively.

The experimental results of the three gases are well-correlated with this

Figure 5. Isobutane adsorption equilibrium over 13X zeolite at different tempera-

tures. The solid line is the Toth model.

Figure 4. Propane adsorption equilibrium over 13X zeolite at different temperatures.

The solid line is the Toth model.

N. Lamia et al.2552
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model. In Table 6 is listed the absolute average deviation (AAD) between

experimental data and correlated results. For all pressures and at any tempera-

tures, propylene is the most adsorbed gas. This larger capacity for propylene

with respect to propane has been observed by Da Silva and Rodrigues (26). On

the other hand it should be noticed that the isobutane adsorption equilibrium

isotherms measured in this work are in reasonable agreement with the

measurements performed at 373 K by Hyun and Danner (17). Furthermore,

regarding isobutane, it can be observed at low pressures that its loading

capacity is intermediate to propylene and propane. Another way to point out

the intermediate aspect of isobutane with respect to C3 components is to

calculate the selectivity factor as the ratio Sisobutane,C3 ¼ bisobutane/bC3. A

value around 4.5 is found for the system isobutane-propane while 0.8 is

obtained for the couple isobutane-propylene at 373 K. Considering this obser-

vation, isobutane could be used in a simulated moving bed process as a

possible desorbent. However, in order to confirm the intermediate nature of

isobutane, some breakthrough experiments are necessary to study the

dynamic behavior of propane and propylene in the presence of isobutane in

a column packed with 13X zeolite.

Fixed Bed Adsorption of Single Component over 13X Zeolite

Activated by Nitrogen

In order to describe the fixed bed dynamics of the adsorption of propane,

propylene, and their mixture with isobutane, the basic information required

is the adsorption of these pure gases over a fixed bed adsorbent activated

Table 5. Fitting parameters of the toth model

Gas qm,i (mol/kg) bi,0 (kPa21) 2DHi (kJ/mol) Ai (2) Di (K21)

Propylene 2.59 2.5 . 1027 42.4 0.658 0.0

Propane 2.20 2.5 . 1027 36.9 0.892 0.0

Isobutane 1.78 2.5 . 1027 41.6 0.848 0.0

Table 6. Absolute average deviation (AAD) between experimental data and corre-

lated results (%)

Temperature (K) Propylene Propane Isobutane

333 2.82 4.37 0.83

353 2.72 6.36 1.64

373 1.33 5.92 3.39

393 3.19 8.17 2.61

Note: AAD (%) ¼
P

jexp.-cal.j/exp. � 100/No. of exp.

Propane, Propylene, and Isobutane on 13X Zeolite 2553
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with an inert gas. The breakthrough curves obtained for each single

component were simulated with the model proposed in the previous section,

using the Toth parameters to describe the adsorption equilibrium. The

values of the physical and transport properties of each gas used for the simu-

lation are shown in Table 7. Figures 6, 7, and 8 show the exit molar flowrate

breakthrough curves of propylene, propane, and isobutane respectively, as

well as the gas and wall temperature histories at the middle and the top of

the column. It is observed that the model reproduces the experimental data sat-

isfactorily for the different pure components and the gas temperature histories

are in good agreement with the heats of adsorption determined previously.

Nevertheless, it should be noted that the thermocouple inserted at the

column top hardly measures only the shell, and the simulated wall column

temperature cannot perfectly match the experimental data.

Figure 9 shows the dimensionless adsorbed phase concentration ḡ̄ and the

equilibrium values ḡ� for isobutane. It is observed that dimensionless adsorbed

solid concentration and the respective equilibrium values are approximately

the same. Therefore, considering this simulation, it can be concluded that

the macropore resistance is higher than micropore resistance. Another way

to demonstrate that macropore mass transfer is the controlling mechanism is

to use Ruthven and Loughlin criterion (27–29), written as:

G ¼
ðDc=r2

c Þð1 þ KÞ

ðDp=R2
pÞ

ð21Þ

where K ¼ (1 2 1p)H/1v is the capacity factor and H the slope of the

Table 7. Calculated parameters used in the mathematical model for single component

breakthrough curves

Parameters C3H6 C3H8 iC4H10 Unit

Dc (25) 2.69 . 10211 1.55 . 10211 1.58 . 10211 m2 . s21

Dp 5.74 . 1026 5.45 . 1026 5.14 . 1026 m2 . s21

Dzm 10.49 . 1024 9.98 . 1024 9.73 . 1024 m2 . s21

Km 4.56 . 1022 4.39 . 1022 4.51 . 1022 m . s21

kg 3.34 . 1022 2.77 . 1022 3.11 . 1022 W . m21 . K21

l 0.46 0.38 0.51 W . m21 . K21

hf 98.8 83.5 107 W . m22 . K21

Bi 4.98 5.05 5.52 —

Re 14.77 15.51 20.47 —

Sc 0.59 0.60 0.47 —

Sh 6.65 6.81 7.22 —

Pr 0.89 0.88 0.92 —

Nu 7.33 7.64 8.54 —

Pem 122 128 131 —

Peh 356 365 382 —

N. Lamia et al.2554
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considered isotherm at the origin. Macropore diffusion is the controlling

mechanism for G . 10, while for G , 0.1 the micropore diffusivity is the

dominant mass transfer mechanism. In the case of isobutane adsorption over

13X zeolite at 373 K, we found G . 500. This result confirms the previous con-

clusion made from the simulations regarding the macropore control.

Figure 6. a) Experimental breakthrough curves of pure propylene (A) on 13X zeolite

initially activated with nitrogen; b) gas temperature histories at the middle bed (†) and

wall column temperature histories at the top bed (�) during the adsorption of propy-

lene. Solid lines are simulations obtained with the non-isothermal bidisperse model.

(Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

Figure 7. a) Experimental breakthrough curves of propane (W) on 13X zeolite

initially activated with nitrogen; b) gas temperature histories at the middle bed (†)

and wall column temperature histories at the top of the bed (�) during the adsorption

of propane. Solid lines are simulations obtained with the non-isothermal bidisperse

model. (Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

Propane, Propylene, and Isobutane on 13X Zeolite 2555
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Adsorption and Desorption of Single Component over 13X Zeolite

Saturated by Isobutane

Experimental adsorption and desorption runs were carried out in order to

confirm that isobutane can displace and be displaced by both propane and

propylene. At the same time, validation of the model is tested relative to the

experiments made in a fixed bed, before to be included in the future

simulated moving bed model.

Figure 8. a) Experimental breakthrough curves of isobutane (4) on 13X zeolite

initially activated with nitrogen; b) gas temperature histories at the middle bed (†)

and wall column temperature histories at the top of the bed (�) during the adsorption

of isobutane. Solid lines are simulations obtained with the non-isothermal bidisperse

model. (Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

Figure 9. Simulated dimensionless concentration profile of isobutane in adsorbed

phase (solid lines) and dimensionless equilibrium solid concentration (W) along the

adsorption fixed bed at different dimensionless times u.

N. Lamia et al.2556
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Propylene-Isobutane System

Before performing some breakthrough experiments with a propane-propylene

mixture, it is essential to study the dynamic behavior of pure component in

presence of isobutane. Figures 10 and 11 show breakthrough curve of

propylene during the adsorption and desorption steps respectively. On the

same figures are also represented the gas and wall temperature histories

predicted by the bidisperse control model with the respective experimental

run. It is observed in Fig. 10 that isobutane is displaced very easily by

propylene. The breakthrough curves are considerably abrupt seeing that the

adsorption isotherm of propylene is highly favorable. Moreover, a small

drop of isobutane molar flowrate can be seen at the beginning with a signifi-

cant thermal peak due to the isobutane displacement by adsorption of a species

like propylene with a higher adsorption enthalpy. Conversely, in Fig. 11 the

propylene desorption presents a typical roll-up during the isobutane adsorp-

tion with very broad and tailing breakthrough curves. A consequence of

these dispersive curves is the long time required to complete desorption. Con-

sidering the temperatures histories, a thermal well is noted because of the

smaller heat of adsorption of isobutane. It is worthwhile to note that all

these phenomena of roll over are linked up to the velocity variation along

the bed. These results can be explained with the single gas adsorption

isotherms measured and presented in the previous section. In fact, it appears

by analyzing the adsorption isotherms that propylene is much more

adsorbed than isobutane at 373 K and 150 kPa, with 2.2 and 1.55 mol/kg of

Figure 10. a) Experimental propylene (A) breakthrough curves on 13X zeolite

initially saturated with isobutane (4); b) gas temperature histories at the middle bed

(†) and wall column temperature histories at the top of the bed (�) during the adsorp-

tion of pure propylene. Solid lines are simulations obtained with the non-isothermal

bidisperse model. (Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

Propane, Propylene, and Isobutane on 13X Zeolite 2557
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adsorbed amount respectively. Thus, an empiric rule can be established

according to these experiments and a positive roll-up of the more adsorbable

species is expected when this one is displaced by a less adsorbable component.

On the other hand, a significant drop of the less adsorbable gas can be assumed

if it is displaced by a more adsorbable one. In terms of desorption time, it is

clearly shown than isobutane desorbs faster than propylene in reciprocal

bed saturation conditions.

Propane-Isobutane System

Figures 12 and 13 show the adsorption and desorption of propane through a

fixed bed adsorbent saturated and regenerated with isobutane. One can

observe that the exit molar flowrate breakthrough curves of propane adsorp-

tion is dispersive while its desorption breakthrough curve by flowing

isobutane is sharper. This observation was also expected due to the

isobutane equilibrium isotherm which is more favorable than propane in

adsorption and becomes unfavorable during its desorption by propane.

Therefore, the breakthrough time is faster in the case of isobutane adsorption

(ts � 500 sec). Regarding the temperature histories, a negligible gas and wall

column temperature variation both for propane and isobutane adsorption is

observed. The isothermicity can be explained by a compensation of the

energy released during both adsorption and desorption of the two species.

In fact the energy released per kilogram of adsorbent during the adsorption

of propane is around þ64 kJ/kg and is very closed to the energy discharged

during the desorption of isobutane 265 kJ/kg. These values are the product

Figure 11. a) Experimental propylene (A) blowdown curves on 13X zeolite by

adsorption of isobutane (4); b) gas temperature histories at the middle bed (†) and

wall column temperature histories at the top of the bed (�) during the desorption of

pure propylene. Solid lines are simulations obtained with the non-isothermal bidisperse

model. (Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

N. Lamia et al.2558
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of the heat of adsorption of propane and the loading of propane at the feed

condition and the heat of desorption of isobutane multiplied by the initial

loading of isobutane, respectively. It should also be noted that these results

are in good agreement with the previous studies regarding the linear

variation of heat of sorption with carbon number (30–32).

Figure 12. a) Experimental propane (W) breakthrough curves on 13X zeolite initially

saturated with isobutane (4); b) gas temperature histories at the middle bed (†) and

wall column temperature histories at the top of the bed (�) during the adsorption of

pure propane. Solid lines are simulations obtained with the non-isothermal bidisperse

model. (Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

Figure 13. a) Experimental propane (W) blowdown curves on 13X zeolite by adsorp-

tion of isobutane (4); b) gas temperature histories at the middle bed (†) and wall col-

umn temperature histories at the top of the bed (�) during the desorption of pure

propane. Solid lines are simulations obtained with the non-isothermal bidisperse

model. (Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

Propane, Propylene, and Isobutane on 13X Zeolite 2559
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Again, model predictions of the breakthrough curves are in close

agreement with all experimental results shown in Figs. 10 to 13 corresponding

to the different binary systems. The value of the parameter concerning heat

transfer at the wall was determined in order to match the experimental

curves, which ranges from 30 to 60 W/m2K. It is noteworthy that the

values of overall heat transfer coefficient and wall specific heat were fixed

at 30 W/m2 . K and 500 J . kg21 . K21 for all the simulated breakthrough

curves.

Adsorption and Desorption of Propane-Propylene Mixture over

13X Zeolite Saturated by Isobutane

Figures 14 and 15 show the breakthrough curves and temperature histories of a

propane (25%)/propylene (75%) mixture adsorption and desorption over a

fixed bed adsorbent saturated and regenerated with isobutane. It is distinctly

shown in Fig. 14 that isobutane is easily displaced from the zeolite with

three main plateaus and two transitions, corresponding to propane and

propylene adsorption respectively. The molar flowrate breakthrough curves

of all the components are sharp and the temperature histories present a

thermal peak due to the adsorption heat of propylene and its favorable equili-

brium isotherm. The reverse experiment presented in Fig. 15, shows disper-

sive breakthrough curves and a thermal well as a consequence of the

unfavorable propylene equilibrium isotherm for desorption. Moreover, two

Figure 14. a) Breakthrough curves of propylene/propane mixture on 13X zeolite

initially saturated with isobutane; b) gas temperature histories at the middle bed (†)

and wall column temperature histories at the top of the bed (�) during the adsorption

of the mixture. (A) Propylene, (W) Propane and (4) Isobutane. Solid lines are simu-

lations obtained with the non-isothermal bidisperse model. (feed composition: 75%

propylene 2 25% propane Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).

N. Lamia et al.2560
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distinct plateaus can be seen for propylene desorption corresponding to the

bed initial state and the feed state, respectively. It can be also observed that

the breakthrough time is more important. Nevertheless, it appears markedly

that isobutane succeeds in removing the mixture and principally propylene

from the 13X zeolite.

From these last results, it can be concluded that the mathematical model

proposed in this study provides a good representation of the experimentally

observed behavior of exit molar flowrate breakthrough curves and tempera-

tures histories.

CONCLUSION

New adsorption isotherms of propane, propylene, and isobutane over 13X zeolite

have been measured by a gravimetric method and compared to the results

reported previously in the literature. The adsorption of each pure gas on 13X

zeolite extrudates packed in a fixed bed has been studied with different initial

states regarding the activation or saturation of the adsorbent bed. Through multi-

component breakthrough experiments we observed that isobutane is able to

displace propane, propylene, and their mixture from the 13X zeolite.

Isobutane was itself fairly easily displaced from the adsorbent, so that the

zeolite could be reused in a cyclic gas separation processes as a simulated

moving bed for the separation of propane-propylene mixture. The mathematical

model based on a double LDF approximation for the mass transfer, taking into

Figure 15. a) Blowdown curves of propylene/propane mixture on 13X zeolite by

adsorption of with isobutane; b) gas temperature histories at the middle bed (†) and

wall column temperature histories at the top of the bed (�) during the desorption of

the mixture. (A) Propylene, (W) Propane and (4) Isobutane. Solid lines are simulations

obtained with the non-isothermal bidisperse model. (feed composition: 75% propylene

225% propane Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373 K).
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account a variable velocity along the fixed bed and including a heterogeneous

energy balance was able to describe quite well the breakthrough curves and

the temperature profiles obtained experimentally. This fixed bed adsorption

model represents the heart of all cyclic processes modeling and, in the

framework of this study, of the simulated moving bed model.

In the near future this detailed model, combined with the choice of

isobutane as a desorbent, will be used to study the separation region of the

propane-propylene mixture, and then to establish the optimal operating con-

ditions for a SMB unit.

NOTATION

b adsorption equilibrium constant (2)

Bi Biot number (-)

C0 total fluid phase concentration(mol/m3)

C̃p molar specific heat at pressure constant of the gas mixture

(J/mol . K)

Ĉpg specific heat per kilogram of the gas mixture (J/kg . K)

Ĉpw wall specific heat (J/kg . K)

C̃v molar specific heat at volume constant of the gas mixture

(J/mol . K)

Dc crystal diffusion coefficient (m2/s)

Dzm mass axial dispersion coefficient (m2/s)

Dm molecular diffusivity (m2/s)

Dp pore diffusivity (m2/s)

F dimensionless total fluid phase concentration (2)

Fi dimensionless concentration of i component is the bulk

phase (2)

f̄i dimensionless average concentration of i component inside

the pellet pores (2)

ḡ̄i dimensionless average adsorbed concentration for i com-

ponent in the pellet (2)

ḡi
� dimensionless adsorbed phase concentration in the crystal in

equilibrium with the gas inside the particule (2)

D Hi isosteric heat of adsorption of i component (J/mol)

hf film heat transfer coefficient between gas and solid

(W/m2 . K)

hw film heat transfer coefficient between gas and the wall

(W/m2 . K)

kg gas thermal conductivity (W/m . K)

Km mass transfer coefficient (m/s)

L length of the column (m)

M molecular weight (g/mol)

Nu Nusselt number (2)

N. Lamia et al.2562
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P gas pressure (Pa)

Peh mass Peclet number (2)

Pem thermal Peclet number (2)

Pr Prandtl number (2)

Q volumetric flow rate (SLPM)

qm maximum loading capacity of the sorbent (mol/kg)

< ideal gas constant (¼8.3143 J/mol . K)

rc crystal radius (m)

Re Reynolds number (2)

rp pore radius (m)

Rp pellet radius (m)

Sc Schmidt number (2)

Sh Sherwood number (2)

Tg gas temperature (K)

Ts solid temperature (K)

Tw wall temperature (K)

t time variable (s)

U overall heat transfer coefficient (W/m2K)

v0 superficial velocity (m/s)

Greek Letters

1b bulk porosity (2)

1p pellet porosity (2)

l heat axial dispersion coefficient (W/m . K)

h viscosity (Pa . s)

r fluid density (kg/m3)

rb bulk density (kg/m3)

rp pellet density (kg/m3)

t tortuosity (2)

u dimensionless time

Superscripts

� equilibrium; dimensionless parameter

- volumetric average

¼ double volumetric average

� per mole

^ per kilogram

Subscripts

c crystal

g gas

Propane, Propylene, and Isobutane on 13X Zeolite 2563

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



i,j species in binary system

o reference feed condition

p pellet; constant pressure

s solid

v constant volume

w wall

Abbreviations

LDF Linear driving force

ODE Ordinary differential equations

OCFEM Orthogonal collocation in finite elements method

ODAE Ordinary differential and algebraic equations

PDAE Partial differential and algebraic equations

PDE Partial differential equation

PSA Pressure swing adsorption

SMB Simulated moving bed

VSA Vacuum swing adsorption
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le-Coq, D. Procédé de Séparation du Propylène en Mélange avec du Propane par
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