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Breakthrough curves of single, binary, ternary, and quaternary mixtures of hexane
(C6) isomers n-hexane (nHEX), 3-methylpentane (3MP), 2,3-dimethylbutane (23DMB),
and 2,2-dimethylbutane (22DMB) were performed in commercial pellets of zeolite
BETA (BEA structure), covering the temperature range between 423 and 523 K and
partial pressures up to 30 kPa. From these data, single and multicomponent adsorp-
tion equilibrium isotherms were collected. A tri-site Langmuir model (TSL) was devel-
oped to interpret the equilibrium data based on considerations about zeolite structure,
and a dynamic adsorption model was tested predicting with a good accuracy the
behavior of multicomponent fixed-bed experiments. At the partial pressures studied, the
sorption hierarchy in the zeolite BETA is nHEX [[[ 3MP [ 23DMB [[ 22DMB.
BEA structure demonstrates a significant selectivity between C6 isomers, especially at
low coverage, giving a good perspective regarding their separation by adsorption
processes. � 2007 American Institute of Chemical Engineers AIChE J, 53: 1970–1981, 2007
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Introduction

Along the last decades, the refining industry has attempted
to enhance the octane quality of the gasoline fulfilling the
environmental standards imposed. This continuous effort
began in 1970, when Shell started the first hydroisomeriza-
tion reactor, the Hysomer, whose function is to convert the
low RON linear paraffins into high RON branched ones by
catalytic reaction at a temperature range between 500 and
550 K. However, this reaction is incomplete and a large
fraction of linear molecules remain in the output isomerate.
To overcome this problem, Universal Oil Products (UOP)
coupled to this reactor an adsorption unit, named IsoSiv,
packed with zeolite 5A. This unit removes the normal paraf-

fins from the output of the catalytic reactor, and recycles
this stream for complete conversion in the Hysomer. The
resulting cluster is known as the Total Isomerization Process
(TIP) and the octane enhancement results in an isomerate
having an octane of about 90 RON. However, the data from
UOP reveal that 30% of the typical composition of the iso-
merate from the actual TIP consists of low RON mono-
branched C6 isomers.1

Nowadays, the phase-out of the MTBE in several parts of
the United States stresses the need for alternative solutions
that can improve the quality of the gasoline without addi-
tives. Our idea consists in optimizing the actual TIP incorpo-
rating a second adsorption unit packed with a proper adsorb-
ent, with the goal of removing the low RON monobranched
C6 isomers from the output of the TIP, and recycling it to
the catalytic reactor. With this extra unit, and considering the
data from UOP, it is possible to obtain a highest octane iso-
merate having about 96 RON.
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The study of the separation of monobranched and
dibranched C6 isomers mixtures is essential for octane num-
ber enhancement in a cyclic adsorption process. From an en-
gineering point of view, it is of great importance that selec-
tivity is high at low coverage, since if that occurs the addi-
tional costs in the desorption stage (clean-up of the bed) are
minimized. Cleaning-up a strongly saturated adsorbent in a
fixed bed is energetically more demanding and consequently
more expensive. For instance, in a Configurational-Bias
Monte Carlo (CBMC) simulation study, Schenk et al.2 found
that the sorption selectivity of an equimolar mixture of
22DMB/3MP in MFI zeolite structure at 362 K only
increases significantly for a coverage greater than 4 mole-
cules per unit cell (corresponding approximately to 6 g/100
gads), which seems to be a very high charge. In an experi-
mental study, Jolimaitre et al.3 show that the separation
between 22DMB and 2MP is possible in silicalite, being the
separation based in kinetic considerations regarding the slow
diffusion of 22DMB in the zeolite structure. In this study,
the capability is checked of zeolite BETA to separate low
RON monobranched C6 isomers from a mixture containing
high RON dibranched C6 isomers. Furthermore, we intend to
carry out this separation at low coverage (lower than 6 g/100
gads) and in a temperature range similar to the operational
conditions of the TIP.

Zeolite BETA is a large pore size adsorbent of great im-
portance in catalytic processes of the refining industry; how-
ever, its functionality as adsorbent in separation processes is
scarcely explored.4 It is reported that in zeolite BETA struc-
ture, there are two types of mutually intersecting channels
with different pore aperture dimensions similar to the kinetic
diameter of the C6 isomers. This characteristic can be advan-
tageous to carry out the separation exploiting the conforma-
tion of the molecules. Some studies of equilibrium of adsorp-
tion on zeolite BETA suggest a relatively good selectivity
for separating C6 isomers. Huddersman and Klimczyk5 indi-
cates that zeolite BETA in cation form (H,Ba) is an effective
separating media for branched C6 isomers, superior to silica-
lite. Moreover, in previous studies of sorption of C6 isomers
in zeolite BETA, Bárcia et al.6,7 noticed that in the low par-
tial pressure range (or low loading), the amount adsorbed of
nHEX and 3MP is higher than that of 22DMB and 23DMB;
besides, it was demonstrated that zeolite BETA exhibits a
significant degree of selectivity for a binary equimolar mix-
ture of 22DMB/3MP giving a good perspective regarding the
development of a cyclic separation process, for the separation
of mono and dibranched isomers.

The goal of this work is to study the simultaneous sorption
of C6 isomers. We start by giving an overview of the experi-
mental procedure, and we present an expanded tri-site Lang-
muir model (TSL) for the interpretation of the sorption of C6

isomers in BEA structure. The pure component experimental
data are fitted with this model; and then the model is
extended to predict the binary, ternary, and quaternary mix-
ture sorption data and results compared with the experimen-
tal ones. On the basis of the sorption equilibrium and selec-
tivity data, we have discussed the sorption events at molecu-
lar level. Multicomponent breakthrough experiments are
presented and a dynamic mathematical model is used to sim-
ulate the fixed-bed experiments using the experimental equi-
librium sorption data. Tips regarding the best operating con-

ditions for separating hexane isomers in zeolite BETA are
addressed.

Experimental

Characterization of the adsorbent and C6 isomers

The pellets used in this work were 1/16 in. cylindrical extru-
dates of zeolite BETA (Si/Al 5 150), provided by SUD-
CHEMIE AG with an average length of 5 mm. In Table 1, mer-
cury porosimetry results of the pellets performed by LAB-
GRAN at the University of Coimbra (Portugal) are reported.

Figure 1 shows that the zeolite BETA structure consists of
a three-dimensional channel system composed by straight
and zigzag channels with the same 12-membered rings aper-
ture, 0.66 3 0.67 nm. However, because of the arrangement
of the zigzag channel, the resulting free aperture of this type
of channels is 0.56 3 0.56 nm. It is also clear from the fig-
ure that both types of channels are mutually intersecting, cre-
ating an open space that can be favorable to the adsorption
of the bulkier molecules.

An approximate three-dimensional structure of C6 isomers
is also shown in Figure 1. It can be seen that the structure of
nHEX is linear, 3MP has one methyl branch, 23DMB and
22DMB two methyl branches with 22DMB having the sub-
stitution of the hydrogen by the methyl groups in the same
carbon atom. The kinetic diameter of the molecules is also
indicated, since it plays an important role in the sorption
events conditioning the access of the bulkier molecules to
the zig-zag channels of the zeolite BETA. According to the
values of the kinetic diameters of the C6 isomers and the
channels aperture of zeolite BETA, the bulkier 22DMB and
23DMB can only access in principle the straight channels,
while 3MP and nHEX can access both type of channels.
Moreover, it is also possible to see from Figure 1 that the
increase of the branching degree implies also the decrease of
the length of the molecules.

All hydrocarbons used in this work were of analytical
grade supplied by Sigma-Aldrich.

Table 1. Physical Properties of Zeolite BETA Crystals and
Mercury Porosimetry Data of Pellets

Physical properties of crystals
Structure type H-BEA 150
Si/Al ratio, mol/mol 150
Particle dimensions, lma 0.25–0.40
Oxygen’s in window 12
Crystal type Tetragonal
Channel size, nm h100i 0.66 3 0.67(**)b$c

[100] 0.56 3 0.56(*)

Mercury porosimetry data of pellets
SBET, m

2/g 447.8
Intrusion volume, cm3/g

(�2–30,000 psia)d 0.14
Apparent density, qa (g/cm

3) 1.18
Solid density, qs (g/cm

3)
(30,000 psia) 1.42

Porosity, ep 0.17

aDetermined by SEM.
bThe number of asterisk indicated whether the channel system is one- or two-
dimensional.
cInterconnecting channel systems are separated by a double arrow ($).
dThe mercury porosimetry was performed by LABGRAN with a Poresizer
9320 of Micrometrics, which operate at pressures among 0.5 and 30,000
psia.
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Experimental setup

The experimental data was obtained in an apparatus devel-
oped for the measurement of single and multicomponent
breakthrough curves consisting of three main sections. The
preparation section includes a syringe pump used to intro-
duce the adsorbable species in the carrier gas followed by a
heating chamber where this stream is completely vaporized.
The adsorption section consists of a 4.6 mm i.d. stainless
steel column with 100 mm in length entirely filled with zeo-
lite BETA pellets placed in a ventilated chromatographic
oven, as well as a heated collector with 10 loops to collect
samples at the outlet of the column. The third part is an ana-
lytical section composed by a chromatographic column and a
flame ionization detector (FID). Complete information about
the experimental setup is reported elsewhere.6,7

Experimental procedure

Single and multicomponent adsorption equilibrium iso-
therms were obtained from breakthrough experiments. The
adsorption column packed with pellets of zeolite BETA was
operated by introducing continuously a C6 isomers mixture
with known composition in a helium stream at a fixed total

pressure. Figure 2 shows a schematic representation of the pro-
cedure used to measure multicomponent breakthrough curves.
It consists in measuring continuously the concentration profile
at the outlet of the packed bed to collect samples during the
most important part of the breakthrough curve. When the satu-
ration is reached, the composition of each sample loop is eval-
uated by chromatography in a proper separate column.

Modeling adsorption equilibrium

Pure Component Isotherms. For the development of an
adsorption process, it is important to obtain a good analytical

Figure 1. 3-D view of zeolite BETA framework and C6

isomers with their kinetic diameter and oc-
tane number.

It is also shown a schematic representation of the sorption sites
and the hypothetical location of hexane isomers in the zeolite
BETA structure. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2. Experimental procedure used for the determi-
nation of the multicomponent sorption equi-
librium (e.g., ternary mixture experiment).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 2. Dynamic Mathematical Model Equations for
Fixed-Bed Adsorption

Fixed-Bed
Adsorption Equations

Mass balance to
sorbate species ebDL

@2ci
@z2 ¼ @ðuciÞ

@z þ eb
@ci
@t þ ð1� ebÞqa @qi

@t (7)
Overall mass

balance C @u
@z þ eb @C

@t þ
PN

i¼1ð1� ebÞqa @qi
@t ¼ 0 (8)

Mass transfer rate qa
@qi
@t ¼ kðqi � qiÞ (9)

Axial dispersion13

(Langer et al.,
1978)

1
Pe ¼ DL

uL ¼ c Dm

uL þ dp

LPe01 1þbcDmudp

8: 9; being,

c 5 0.45 1 0.55 eb, Pe
0
? 5 670�dp

and b 5 10

(10)
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description of the experimental sorption data. For instance,
Krishna et al.8,9 used the dual-site Langmuir (DSL) model
isotherm to describe the pure component isotherms of several
alkanes in zeolite MFI. The DSL model distinguishes two
categories of sorption sites in the adsorbent (one at the chan-
nels and the other at the intersections) each one following a

Langmuir adsorption behavior. The adsorption isotherm is

qðp; TÞ ¼ qSm
bSðTÞp

1þ bSðTÞpþ qZm
bZðTÞp

1þ bZðTÞp (1)

where q is the amount adsorbed, p is the pressure of sorbate,
b and qm are the adsorption affinity constant and the satura-
tion loading in each type of sites, respectively. Here, the
superscripts S and Z indicate whether the sites are in straight
or zig-zag channel, respectively.

For zeolite BETA, this isotherm seems equally interesting

since there are two different types of channels that can give

different kinds of active sites for sorption.6,7 However, an

extended multicomponent DSL model does not fit well the

ternary and quaternary multicomponent data shown through

this work. Also, the ideal adsorbed solution (IAS) theory

with the DSL model was used to predict, but without suc-

cess, the multicomponent sorption equilibrium data. To cor-

relate all the experimental data of sorption equilibrium of the

C6 isomers on zeolite BETA, it was assumed that the open

space at the channels intersection of zeolite BETA can also

represent a different category of active sites (see Figure 1).

Thus, the Langmuir model is expanded to describe the sorp-

tion behavior in three different categories of active sites

resulting in a TSL model isotherm, i.e., a linear superposition

of three Langmuir isotherms reflecting the heterogeneity of

the adsorbent. The resulting isotherm is

qðp; TÞ ¼ qSm
bSðTÞp

1þ bSðTÞpþ qZm
bZðTÞp

1þ bZðTÞpþ qIm
bIðTÞp

1þ bIðTÞp
(2)

Here, the superscripts S, Z, and I indicate whether the
adsorption sites are in a straight or zig-zag channel or in an
intersection, respectively. It is shown at the bottom of Fig-
ure 1, a simplified schematic representation of the hypotheti-
cal localization of different types of sorption sites and the
preferential location of each C6 isomers molecules in the

Figure 3. Pure component adsorption equilibrium iso-
therm of (a) 22DMB, (b) 23DMB, (c) 3MP, and
(d) nHEX on pellets of zeolite BETA at 423,
473, and 523 K.

The continuous lines represent the fitting with the TSL
model. The experimental conditions for the breakthrough
experiments are specified in previous articles.6,7

Table 3. TSL Model Parameters and Deviations Between Model and Experiments

Parameter Unit 22DMB 23DMB 3MP nHEX

qIm (g/100 gads) 1.15 1.33 3.49 0.96
bI0 (kPa21) 3.21 3 100 6.83 3 1021 4.98 3 1023 4.63 3 1023

bI (423 K) (kPa21) 0.8330 5.4494 0.2873 9.8761
bI (473 K) (kPa21) 0.1075 0.4894 0.0209 0.4913
bI (523 K) (kPa21) 0.0205 0.0697 0.0025 0.0434
2DHI (kJ/mol) 68.13 80.18 87.14 99.84
qSm (g/100gads) 6.85 6.67 2.83 4.55
bS0 (kPa21) 1.23 3 100 8.61 3 1021 1.97 3 100 4.98 3 1021

bS (423 K) (kPa21) 0.1696 0.1888 0.3913 0.2412
bS (473 K) (kPa21) 0.0234 0.0248 0.0519 0.0291
bS (523 K) (kPa21) 0.0047 0.0048 0.0101 0.0053
2DHS (kJ/mol) 65.91 67.54 67.19 70.33
qZm (g/100gads) – – 1.68 2.48
bZ0 (kPa21) – – 2.95 3 1021 1.72 3 100

bZ (423 K) (kPa21) – – 8.7198 9.2124
bZ (473 K) (kPa21) – – 0.6819 0.8628
bZ (523 K) (kPa21) – – 0.0868 0.1271
2DHZ (kJ/mol) – – 84.79 78.79
Dq (g/100 gads) 0.12 0.17 0.10 0.11

I, Intersection; S, Straight channel; Z, Zig-zag channel.
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structure. Due to the conformation of the molecules, it was
assumed that nHEX and 3MP can adsorb into all type of
sites, instead of the bulkier dibranched molecules that cannot
access to the zig-zag channels. According to this assumption,
the isotherm equation describing the adsorption equilibrium
of 22DMB and 23DMB should not include the term related
to the zig-zag channels sites (Z).

Adsorption affinity constant, b, is assumed to vary with
temperature in sites I, S, and Z, according to the following
equation:

b ¼ b0e
ð�DH

RT Þ (3)

where b0 is the frequency factor of the affinity constant, (2DH)
is the heat of sorption, R is the universal gas constant, and T is
the temperature.

The parameters of the TSL isotherm for the four pure C6

isomers gases on zeolite BETA are determined numerically
using an optimization procedure. There are 30 parameters to
be determined for the four pure gas adsorption isotherms.
However, it is assumed that the total saturation loading (i.e.,
a sum of the maximum loadings on the three sites) is con-
stant for all isomers; consequently, this restriction eliminates
some degrees of freedom from the numerical procedure.

The mean absolute deviations, Dq, between the predicted,
q, and the experimental, qexp, values are calculated with

Dq ¼ 1

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i¼1

ðqexp;i � qiÞ2
vuut (4)

being N the total number of measurements.
Multicomponent Adsorption Isotherms. Using the param-

eters given by the single component adsorption equilibrium
fitting, the mixture sorption data can be predicted by an
extended TSL isotherm model. Accordingly, the amount
adsorbed of component i, qi, in a mixture is given by

qiðp; TÞ ¼ qSm;i
bSi ðTÞpi

1þ Rn
k¼1b

S
kðTÞpk

þ qZm;i
bZi ðTÞpi

1þ Rn
k¼1b

Z
k ðTÞpk

þ qIm;i
bIiðTÞpi

1þ Rn
k¼1b

I
kðTÞpk

(5)

where n is the number of C6 isomers in the mixture.

Numerical modeling of breakthrough experiments

The dynamic mathematical model equations used to simu-
late the multicomponent breakthrough curves are summarized
in Table 2. This linear driving force (LDF) model has been
used in previous studies7,10 to simulate breakthrough curves
with success. The numerical solution of the model was
obtained by orthogonal collocation.11 The collocation points
were given by the zeros of Jacobi polynomials PN

(a,b)(x),
with a 5 b 5 0. The resulting system was solved using a
fifth order Runge-Kutta code (ODE’s) in conjunction with
Gauss elimination (Algebraic equations). Sixteen collocation
points appeared to give satisfactory accuracy for all calcula-
tions performed.

Results and Discussion

Adsorption equilibrium

Pure Component Isotherms. The first step in the charac-
terization of an adsorbent for a specific separation process is
the measurement of the adsorption equilibrium of pure com-
ponents. Pure component isotherms were determined from
breakthrough experiments performed with single components
diluted in helium used as the inert carrier gas. The experi-
ments were performed at temperatures of 423, 473, and 523 K
and partial pressures between 0.3 and 30 kPa. Complete infor-
mation of the experimental fixed-bed runs performed, includ-
ing the hydrocarbon studied, partial pressure, temperature,
flowrate, mass of adsorbent used in the column, and the amount
adsorbed for each run by the integration of the molar flow rate
histories, is detailed elsewhere in the literature.7

Figure 4. Binary adsorption equilibrium isotherm for an
equimolar mixture of (a) 22DMB/3MP and (b)
23DMB/3MP at (1) T 5 423 K, (2) T 5 473 K,
and (3) T 5 523 K.

The continuous lines represent the fitting of the TSL model.
The experimental conditions for the breakthrough experi-
ments are specified in Table 4 and the isotherm model pa-
rameters in Table 3.
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Figure 3 shows the adsorption equilibrium isotherms
plotted in terms of the loading in g/100 gads (wt %) as a
function of the partial pressure. The equilibrium data show
that nHEX is the component more strongly adsorbed fol-
lowed by 3MP, 23DMB, and 22DMB, respectively. The
amount adsorbed is considerably higher at low partial pres-

sures for nHEX and 3MP, but as the partial pressure
increases the difference relatively to dibranched molecules
decreases.

The schematic diagram at the bottom of Figure 1 allows
us to discuss these results in terms of the structure of zeolite
BETA. There are two types of channels with different free

Table 4. Experimental Conditions for Equimolar Binary, Ternary, and Quaternary Breakthrough Curves and Amount
Adsorbed of Each C6 Isomers in the Mixture; Mean Absolute Deviations Between Predicted (Extended TSL) and Measured

Mixture Adsorption Equilibria on Zeolite BETA

Run
Temp.
(K)

He Flow
Rate, /He

(mL/min)

C6 flowrate, /C6 (lmol/min)
Mass

of Ads.,
W (mg)

Total
Isomers

Press., pisom
(kPa)

Amount Adsorbed, q (g/100 gads)

22DMB 23DMB 3MP nHEX 22DMB 23DMB 3MP nHEX

b1_1 423 21.1 2.5 – 2.6 – 900 0.6 0.583 – 1.620 –
b1_2 5.7 5.4 – 5.5 – 900 4.4 1.702 – 3.518 –
b1_3 4.9 9.4 – 9.6 – 900 8.4 2.209 – 3.962 –
b1_4 1.7 5.8 – 5.9 – 900 14.0 2.384 – 4.057 –
b1_5 473 32.2 4.4 – 4.5 – 900 0.6 0.114 – 0.346 –
b1_6 10.2 5.4 – 5.5 – 900 2.0 0.317 – 0.904 —
b1_7 5.7 9.4 – 9.6 – 900 4.4 0.617 – 1.517 –
b1_8 4.9 6.9 – 7.1 – 900 8.4 0.946 – 2.243 –
b1_9 2.2 4.4 – 4.5 – 900 13.1 1.122 – 2.514 –
b1_10 523 10.2 1.3 – 1.3 – 900 0.6 0.033 – 0.103 –
b1_11 2.2 5.4 – 5.5 – 900 10.5 0.339 – 0.803 –
b1_12 1.3 4.6 – 4.8 – 900 14.6 0.469 – 1.062 –
b2_1 423 32.2 – 3.8 3.9 – 900 0.6 – 1.107 1.571 –
b2_2 5.7 – 5.5 5.5 – 900 4.4 – 2.352 2.916 –
b2_3 4.9 – 9.6 9.6 – 900 8.5 – 2.756 3.172 –
b2_4 2.2 – 7.0 7.1 – 900 13.2 – 2.988 3.313 –
b2_5 473 32.2 – 3.8 3.9 – 900 0.6 – 0.233 0.351 –
b2_6 5.7 – 5.5 5.5 – 900 4.4 – 0.975 1.358 –
b2_7 4.9 – 9.6 9.6 – 900 8.5 – 1.430 1.877 –
b2_8 2.2 – 7.0 7.1 – 900 13.2 – 1.743 2.148 –
b2_9 523 22.1 – 2.6 2.6 – 900 0.5 – 0.027 0.058 –
b2_10 9.7 – 7.7 7.7 – 900 3.6 – 0.191 0.273 –
b2_11 4.5 – 16.0 16.1 – 900 14.4 – 0.653 0.859 –
t_1 423 14.0 1.9 1.9 1.9 – 800 1.0 0.620 1.110 1.450 –
t_2 10.0 5.0 5.1 5.1 – 800 3.5 1.030 1.810 2.280 –
t_3 5.1 6.3 6.4 6.4 – 800 8.2 1.350 2.110 2.560 –
t_4 4.5 12.6 12.8 12.8 – 900 16.6 1.517 2.346 2.829 –
t_5 473 14.0 1.9 1.9 1.9 – 800 1.0 0.117 0.223 0.325 –
t_6 10.0 5.0 5.1 5.1 – 800 3.5 0.351 0.635 0.880 –
t_7 5.2 5.6 5.8 5.8 – 800 7.3 0.603 1.048 1.360 –
t_8 4.5 12.6 12.8 12.8 – 900 16.7 0.867 1.381 1.787 –
t_9 523 14.0 1.9 1.9 1.9 – 800 1.0 0.020 0.050 0.080 –
t_10 10.0 5.0 5.1 5.1 – 800 3.5 0.080 0.140 0.220 –
t_11 5.0 5.6 5.8 5.8 – 800 7.5 0.150 0.270 0.400 –
t_12 4.5 12.6 12.8 12.8 – 900 16.6 0.279 0.481 0.679 –
q_1 423 14.0 1.4 1.4 1.4 1.4 900 1.0 0.380 0.673 1.046 1.754
q_2 3.3 1.6 1.6 1.6 1.6 900 4.3 0.660 1.095 1.434 2.332
q_3 3.3 3.5 3.5 3.5 3.5 900 9.1 0.837 1.304 1.627 2.563
q_4 2.2 4.7 4.8 4.8 4.8 900 17.1 0.926 1.433 1.733 2.643
q_5 473 22.2 2.2 2.2 2.3 2.2 900 0.9 0.047 0.128 0.205 0.517
q_6 3.3 1.6 1.6 1.6 1.6 900 4.4 0.208 0.467 0.609 1.240
q_7 3.3 3.5 3.5 3.5 3.5 900 8.9 0.355 0.708 0.895 1.622
q_8 5.4 11.0 11.2 11.2 11.2 900 16.3 0.505 0.863 1.097 2.059
q_9 523 14.0 1.4 1.4 1.4 1.4 900 1.0 0.005 0.013 0.033 0.130
q_10 3.3 1.6 1.6 1.6 1.6 900 4.4 0.058 0.135 0.191 0.453
q_11 10.2 9.4 9.6 9.6 9.6 900 8.1 0.117 0.240 0.329 0.720
q_12 4.5 9.4 9.6 9.6 9.6 900 16.7 0.191 0.382 0.502 1.043

Binary Mixture Ternary Mixture Quaternary Mixture

22DMB 1 3MP 23DMB 1 3MP 22DMB 1 23DMB 1 3MP 4-Isomers

Dq (g/100 gads) 0.09 0.03 0.08 0.04

b, Binary experiments; t, Ternary experiments; q, Quaternary experiments.
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aperture: the 0.66 3 0.67 nm straight channels; and the 0.56
3 0.56-nm zig-zag channels. At low partial pressure, the
lower loading of 22DMB and 23DMB in zeolite BETA can
be explained by the fact that they cannot access the zig-zag
channels, since these channels are too narrow for them. On
the other hand, the length of 23DMB and 22DMB is lower
than for nHEX and 3MP (see Figure 1) and this fact implies
that when the partial pressure increases, the number of
dibranched molecules that can be accommodated into the
straight channels increases relatively to 3MP and nHEX.
Consequently, at high partial pressures, the loading of
22DMB and 23DMB tends to approach the loading of nHEX
and 3MP.6,7 This change of behavior is known as the length
entropy effect.2,8,9,12

As previously discussed, we assume that the existence of a
slight open space (see Figure 1) at the intersection between
straight and zig-zag channels can lead to a different class of
active sites, when compared with the ones present along the
straight and zig-zag channels. To take into account the rela-
tive importance of these possible three distinct types of
active sites to the overall sorption events, it was developed
the TSL model described in the theoretical section, which is
suitable to fit the multicomponent isotherms to be shown later.

The fitted pure component isotherms with the TSL model
are the lines in Figure 3. TSL model parameters obtained
from an optimization procedure, as well as the mean absolute
deviations between experimental data and predicted values
are shown in Table 3. The total saturation loading (i.e., a
sum of the maximum loadings on the three sites) was
assumed to be constant and equal to 8 g/100 gads for all iso-
mers. It is clear from Figure 3 that the TSL model is reason-
able in predicting isotherm sorption behavior of pure C6 iso-
mers, for the temperatures and partial pressures studied.

Binary Adsorption Isotherms. Figures 4a1–a3 show the
binary adsorption isotherms for an equimolar mixture of
22DMB/3MP and Figures 4b1–b3 for an equimolar mixture
of 23DMB/3MP. The experiments were performed at 423,
473, and 523 K and partial pressure up to 7 kPa. The experi-
mental conditions for binary experiments, as well as the
amount adsorbed, are given in Table 4.

For the mixture 22DMB/3MP, Figures 4a1–a3 show that there
are significant differences between the amount adsorbed of the
two components being 3MP the more adsorbed one. Relatively
to the equimolar mixture of 23DMB/3MP, Figures 4b1–b3 dem-
onstrate that the difference between the amounts adsorbed is
smaller than for the previous case. We also note that the
extended TSL model prediction represented by the lines in Fig-
ure 4 gives a proper description of the binary adsorption data.

Ternary Adsorption Isotherms. Figures 5a–c show ternary
sorption isotherms of equimolar mixtures of 22DMB/
23DMB/3MP at 423, 473, and 523 K, and partial pressures
up to 6 kPa. The experimental conditions for the ternary
experiments are given in Table 4. This C6 isomer mixture
consists in two high RON dibranched molecules, 22DMB
and 23DMB, and the 3MP low RON monobranched one. In
all the ternary experiments performed, Figure 5 shows that
3MP is the more adsorbed molecule followed by 23DMB
and 22DMB, respectively.

The ternary adsorption equilibrium was also fitted with the
TSL model from the single-component isotherms. The TSL
fitting is represented by the lines in Figure 5 and in all cases

it gives a good description of the ternary adsorption data for
the equimolar mixture 22DMB/23DMB/3MP.

Quaternary Adsorption Isotherms. We also performed
breakthrough experiments with equimolar mixtures of
22DMB/23DMB/3MP/nHEX at 423, 473, and 523 K, and
partial pressures up to 6 kPa to determine mixture sorption
isotherms. The results are shown in Figures 6a–c. In Table 4,
we report the experimental conditions. In this case, we intro-
duce in the feed to the column the linear isomer nHEX,
which is also the lower RON molecule. We see from Figure
6 that the amount adsorbed of nHEX is practically the double
relatively to 3MP. In terms of component loadings, the sorp-

Figure 5. Ternary adsorption equilibrium isotherm for
an equimolar mixture of 22DMB/23DMB/3MP
on pellets of zeolite BETA.

The continuous lines represent the fitting with the TSL
model. The experimental conditions for the breakthrough
experiments are specified in Table 4 and the isotherm
model parameters in Table 3.

1976 DOI 10.1002/aic Published on behalf of the AIChE August 2007 Vol. 53, No. 8 AIChE Journal



tion hierarchy is nHEX [[[ 3MP [ 23DMB [[ 22DMB.
This can be explained by the fact that the adsorption sites for
dibranched molecules are limited to the straight channels and
the intersections, while 3MP and nHEX can adsorb in all
type of sites of the zeolite BETA, which include zig-zag
channels.

For a quantification of the ratio between the amounts
adsorbed, the sorption selectivity, S, can be calculated, and
for the case of an equimolar mixture, it is simply:

S ¼ q1
q2

(6)

where q1 is the adsorbed concentration of the more retained

species molecule and q2 is for the less one adsorbed compo-

nent. The sorption selectivities are shown in Figures 7a1–a3

as a function of the total isomers pressure and in Figures

7b1–b3 as a function of total mixture loading for quaternary

mixtures. From Figures 7a1–b3, we can conclude that at all

temperatures studied the selectivity between low RON and

high RON molecules decreases as the total isomers pressure

and mixture loading increases. However, the values of selec-

tivity are much higher between nHEX/22DMB and nHEX/
23DMB relatively to the ones between 3MP/22DMB and

3MP/23DMB. An important conclusion that can be retained

from these results is that to work with an acceptable selectiv-

ity for the separation of these isomers we should operate

preferably at high temperature (523 K) if the total pressure

Figure 6. Quaternary adsorption equilibrium isotherm
for an equimolar quaternary mixture of
22DMB/23DMB/3MP/nHEX on pellets of zeo-
lite BETA.

The continuous lines represent the fitting with the TSL
model. The experimental conditions are specified in Table
4 and the isotherm model parameters in Table 3.

Figure 7. Effect of temperature in the sorption selectiv-
ity for an equimolar quaternary mixture of
22DMB/3MP and 23DMB/3MP as a function
of (a) total isomers pressure and (b) mixture
loading.

The continuous lines represent the fitting with the TSL
model.
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of the paraffins in the feed range from 5 to 15 kPa. The expla-

nation is that at these conditions the loading of the zeolite

structure is not too high (lower than 1.5 g/100 gads) as can be

seen in Figure 7b3. When the mixture loading increases for

values higher than 4 g/100 gads the selectivity decreases

significantly (see Figures 7b1,b2). We also note that the

extended TSL model prediction represented by the lines in

Figure 7 gives a proper description of the selectivity adsorp-

tion data.

Breakthrough curves

Influence of Temperature on Binary Breakthrough Curves
of C6 Isomers. In practice, we wish to separate the hexane
isomers in a fixed bed by a proper technique. To give an
overview of the typical multicomponent breakthrough curves
obtained, and also to calibrate a mathematical model to be
used in cyclic separation, we show the influence of tempera-
ture in a few multicomponent breakthrough curves at a fixed

total isomers pressure.

Figure 8. Effect of temperature on binary breakthrough curves for equimolar mixtures of (a) 22DMB–3MP and (b)
23DMB-3MP at (1) T 5 423 K, (2) T 5 473 K, and (3) T 5 523 K at a total isomers pressure around 13 kPa.

The experimental conditions are shown in Table 4 and the model parameters in Table 5. Lines represent the dynamic mathematical model simu-
lation and points are experimental data. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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In Figure 8, the influence of temperature on breakthrough

curves of binary equimolar mixtures: (a1–a3) for 22DMB/

3MP and (b1–b3) for 23DMB/3MP are shown for the case

where the total isomers pressure in the mixture is around

14 kPa. We plot the breakthrough curves in terms of normal-

ized concentrations of sorbate c/c0, as a function of time.
The experimental conditions are listed in Table 4.

We can see in Figure 8 that for both type of mixtures, the

breakthrough time decreases considerably as the temperature

increases. Interesting to note is the fact that at 423 K and for

the mixture 22DMB/3MP, the component 3MP appears at

the outlet of the column at a time of ; 55 min compared to

a time value of 40 min for 22DMB. This time difference is

reasonable for a separation in a fixed bed. At 523 K, the be-

ginning of breakthrough curve for 3MP decreases to 15 min,

which compares to a time of 3 min for 22DMB. Accord-

ingly, the breakthrough time difference between 423 and

523 K and for partial pressures around 14 kPa is practically

the same. These results allow us to conclude that the selec-

tivity observed between these isomers can lead to the devel-

opment of a separation process by adsorption. We note again

that for this system, as the partial pressure increases the mix-

ture loading increases and the selectivity decreases. However,

the range of partial pressures to achieve a relevant separation

degree is higher at high temperatures.
For the mixture 23DMB/3MP, the separation degree is

much smaller as can be seen in Figures 8b1–b3.
The prediction of breakthrough curves with the LDF-based

mathematical model (see Table 2), coupled with the extended

TSL isotherm model, can be seen by the lines in Figure 8.

The model parameters are shown in Table 5, where the val-

ues of k can be considered as lumped parameters. It can be

concluded from Figure 8 that this simple model does a sur-

prisingly very good job, and we believe that this is due to

the proper description of TSL model to account for the

effects of heterogeneity of sites in the adsorbent, and conse-

quently be able to predict with good accuracy the single and

multicomponent isotherms.

Figure 8 also shows some dispersion in the shape of break-
through curves and this is due to a combined effect of iso-
therm type, mass transfer resistance, and axial dispersion.
Generally, type I isotherms give rise to steep breakthrough

curves; however, this effect is not so pronounced here since
breakthrough curves are performed at low partial pressure.

Influence of Temperature on Ternary Breakthrough Curves
of C6 Isomers. Figure 9 shows the influence of temperature
in breakthrough curves for a ternary equimolar mixture of
22DMB/23DMB/3MP at a total isomers pressure around
17 kPa.

In this case, the simultaneous presence of the three iso-

mers reduces the difference in breakthrough time especially

between 22DMB and 3MP. For instance, the breakthrough

time for 3MP at 523 K is around 4 min compared to 1 min

for 22DMB. However, these values are still acceptable for a

separation. A direct comparison of these experiments with

the ones shown in Figure 8 is not possible since the level of

occupancy of the zeolite is not the same. Another interesting

feature for this system is the high overshoot seen at 423 K,

which practically doubles the initial concentration of 22DMB

at the inlet of the column. This overshot is an evidence of

the strong interactions occurring in the zeolite due to a con-

siderable amount of mass in the zeolite, which is in the order

of 7 g/100 gads (see Figure 5). This high amount adsorbed in

zeolite structure does not favor the separation.
From Figure 9, we conclude once more that the mathemat-

ical model is suitable for the prediction of the breakthrough
curves, including the overshoots.

Influence of Temperature on Quaternary Breakthrough
Curves of C6 Isomers. Figures 10a–c show the effect of

temperature in experimental quaternary breakthrough curves
for the equimolar mixtures of nHEX/3MP/23DMB/22DMB
in zeolite BETA at mixture total isomers pressure around
9 kPa.

In this set of experiments, we can see that nHEX is clearly
the more strongly adsorbed component, which explains the
difference in the amount adsorbed of nHEX relatively to the
other components, already observed in the quaternary adsorp-
tion equilibrium isotherms already shown in Figure 6. It
should also be noticed that the presence of nHEX in the mix-
ture does not affect significantly the sorption selectivity
between the mono and dibranched molecules. The mixture
loading for these experiments range from ;7 g/100 gads at
423 K to 1.5 g/100 gads at 523 K. One interesting note is that
at 523 K the component 22DMB practically does not adsorb
in the column, and this can be exploited in a separation.

Table 5. Dynamic Model Parameters for the Simulation of Multicomponent Breakthrough Curves

Run
Temp.,

K

Mass Transfer
Coefficient, k (s21)

DL 31025,
m2/s22DMB 23DMB 3MP nHEX

b1_2 423 0.026 – 0.007 – 4.3
b1_7 473 0.150 – 0.038 – 5.3
b1_11 523 0.300 – 0.100 – 6.2
b2_2 423 – 0.030 0.030 – 4.3
b2_6 473 – 0.040 0.040 – 5.3
b2_11 523 – 0.100 0.100 – 6.2
t_4 423 0.022 0.013 0.006 – 4.4
t_8 473 0.100 0.060 0.015 – 5.3
t_12 523 0.200 0.140 0.120 – 6.2
q_3 423 0.014 0.006 0.003 0.021 4.4
q_7 473 0.055 0.014 0.008 0.055 5.3
q_12 523 0.100 0.060 0.060 0.100 6.3

b, Binary experiments; t, Ternary experiments; q, Quaternary experiments.
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The agreement between experimental data and the mathe-
matical model is reasonably good, and this is remarkably
taken into consideration that we are using a simple LDF
model in a simulation of a very nonlinear multicomponent
system of four adsorbable species competing with each other,
in a complex zeolite structure.

Conclusions

We have presented a detailed study of sorption of hexane
isomers on zeolite BETA, which includes breakthrough
curves of binary, ternary, and quaternary mixtures. These
experiments lead to the measurement of single and mixture
sorption isotherms, and the determination of selectivities.

Figure 9. Effect of temperature on ternary break-
through curves for equimolar mixtures of
22DMB-23DMB-3MP at (a) 423 K, (b) 473 K,
and (c) 523 K at a total isomers pressure
around 16 kPa.

The experimental conditions are shown in Table 4 and the
model parameters in Table 5. Lines represent the dynamic
mathematical model simulation and points are experimen-
tal data. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 10. Effect of temperature on quaternary break-
through curves for equimolar mixtures of
22DMB-23DMB-3MP-nHEX at (a) 423 K, (b)
473 K, and (c) 523 K at a total isomers pres-
sure around 9 kPa.

The experimental conditions are shown in Table 4 and the
model parameters in Table 5. Lines represent the dynamic
mathematical model simulation and points are experimen-
tal data. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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To model sorption isotherms taking into account the com-
plex zeolite BETA structure and consequent heterogeneity of
sorption sites probably due to different types of channels, it
was developed an expanded TSL isotherm model taken into
account three different types of sites in the structure. The pa-
rameters of the model were obtained from the fitting of the
single component isotherms of the four hexane isomers stud-
ied. Thereafter, the TSL model was extended for the predic-
tion of mixture sorption of hexane isomers and the results
compared with the experiments. A good agreement was
obtained between the predictions of the TSL model and the
experimental results.

Having in mind the separation of the hexane isomers in a
fixed bed, a simple LDF mathematical model coupled with
the TSL model isotherm was tested in its capability for the
simulation of the experimental breakthrough curves. The
agreement between the dynamic and experimental data is
good, which opens a good perspective regarding future work.

In terms of the experimental data obtained, we conclude
that the separation of hexane isomers in zeolite BETA is pos-
sible, regarding that we work at low mixture loadings, and
this can be achieved at high temperatures (e.g., 523 K), if we
work at lower temperatures, for instance, 423 K, the total
mixture pressure should not be high.

The results arising from this study can open a window to
solve the separation problem between monobranched and
dibranched C6 isomers. These data are now being used in the
development of a cyclic process by an appropriate technology.
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Notation

b 5 affinity constant (kPa21)
b0 5 frequency factor of the affinity constant (kPa21)
c0 5 molar gas concentration at the inlet of the fixed bed (mol/m3)
ci 5 molar concentration of sorbate species i in the bulk gas phase

(mol/m3)
ci 5 average concentration of sorbate species i in the macropores

(mol/m3)
C 5 total molar gas concentration in bulk gas phase (mol/m3)
dk 5 kinetic diameter of the molecule (nm)
DL 5 axial dispersion coefficient in fixed bed (m2/s)
Dm 5 molecular diffusivity (m2/s)
DH 5 adsorption enthalpy (J/mol)
k 5 mass transfer coefficient (s21)
L 5 fixed bed length (m)
n 5 number of hexane isomers in the mixture (2)
N 5 number of experimental data points (2)
p 5 partial pressure (kPa)

pisom 5 total isomers pressure (kPa)
Pe 5 particle Peclet number (2)

q 5 adsorbed concentration of sorbate in the adsorbent particle
(mol/kg)

q 5 average adsorbed concentration of sorbate in adsorbent particle
(mol/kg)

qm 5 saturation loading capacity of sorbate in the adsorbent (mol/kg)
qmix 5 total loading concentration of mixture in the adsorbent (mol/kg)

R 5 gas constant (J/mol/Kg)
S 5 sorption selectivity (2)
t 5 time (s)
T 5 temperature (K)
u 5 superficial velocity in packed bed (m/s)
z 5 distance coordinate along fixed bed (m)

Greek letters

qa 5 apparent density (kg/m3)
eb 5 fixed bed porosity (2)
ep 5 particle porosity (2)

Superscripts

I 5 adsorption site located at the intersection between the channels
S 5 adsorption site located at the straight channels
Z 5 adsorption site located at the zig-zag channels
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