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Abstract

Investigations of multiple-component isothermal adsorption dynamics are indispensable to a better understanding of the performance of auto-
mobile exhaust gas cleaning systems particularly in the stage of cold start. Dual-component adsorption isotherm equilibrium and dynamics at
323.15 K were explored experimentally in this study. A ZSMS5-coated (Si/Al = 150) monolithic hydrocarbon absorber (ADS #1) and a monolithic
light-off catalyst (CAT #1) were used as the model adsorbents. 2,2,4-Trimethylpentane (TMP) and toluene were chosen as the model gasoline
constituents. In the dual-component system of TMP and toluene, TMP emitted earlier than toluene under the typical conditions where both are
relatively comparable in the molar fractions in the gas phase. However, the reversed breakthrough occurred under the conditions where toluene

was predominant over TMP in the molar fraction in the gas phase.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recently stringent regulations for the emissions of a vehicle
cannot be met easily with conventional three-way catalysts under
certain conditions. These catalysts are usually inactive during
cold start of an engine, as they require a temperature level of at
least around 300 °C for adequate performance. Therefore, most
hydrocarbon emissions for a typical vehicle occur mainly in the
stage of cold start. To meet the emission regulations, the quantity
of incompletely converted hydrocarbons must be reduced. Emis-
sion reduction technologies such as close-coupled catalyst [1]
and hydrocarbon adsorbers [2] have been developed. A hydro-
carbon adsorber system is typically composed of a hydrocarbon
adsorber and a light-off catalyst. The absorber is capable of
capturing hydrocarbons on zeolite or other adsorbent materi-
als during cold start. As the absorbent become heated up, the
adsorbed hydrocarbons start to desorb and then convert into car-
bon dioxide and water by the heated light-off catalyst in the
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presence of molecular oxygen. Once the light-off catalyst is
heated up enough to allow the conversion of the hydrocarbons,
the liberation of the hydrocarbons to the ambient air diminishes.
A number of studies have been documented primarily on
engines and vehicle experiments [3]. It is yet difficult to
obtain thermodynamic information involving adsorption equi-
libria within a range of temperature during the span of cold start.
Components of hydrocarbons generated from an engine during
cold start are dependent greatly on the type of fuel and the per-
formance of the engine as well as start-up conditions. Whatever
the conditions, the emissions of 2,2,4-trimethylpentane (TMP)
and toluene in considerable quantities have been reported [4].
The earlier publications provided experimentally major char-
acteristics of the single-component adsorption isotherms for
TMP and toluene [5-7]. Others reported the fundamental char-
acteristics of ZSM5-coated monoliths [8] and single-component
adsorption of selected hydrocarbons for selected hydrocarbons
[9]. The information on the adsorption equilibrium and dynam-
ics of hydrocarbons in binary mixture is currently unavailable.
It is imperative that adsorption phenomena at the stage of cold
start needs to be furthered especially concerning adsorbate mix-
tures. To this end, dynamic adsorption behavior of the two model
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adsorbates in binary mixture on ZSMS5-coated monolithic adsor-
ber systems were explored in this study. ZSMS, in which the ratio
of Si and Al was 150, was employed in this work because of its
better resistance against moisture and enhanced thermal stability
relative to 100% Si-based absorbate. In addition to the presen-
tation of experimental results, a set of mathematical adsorption
models to describe both equilibrium and dynamics of the inves-
tigated systems are proposed in this research. In addition, the
effect of molecular oxygen on hydrocarbon adsorption on the
test adsorbent was also experimentally tested.

2. Experimental
2.1. Preparation of adsorbents and adsorbates

ZSM5-coated cordierite monoliths (Fig. 1), hydrocarbon
adsorber and light-off catalyst, used in this study were denoted
as ADS #1 and CAT #1, respectively. The procedures to pre-
pare ADS #1 and CAT #1 are summarized herein, and refer to
elsewhere for details [5-7,10]. ADS #1 was prepared by coating
the washcoat onto honeycomb ceramic substrates. The washcoat
consisted of y-Al,O3 (80%), ZSMS5 zeolite (20%) with a Si/Al
ratio of 150/1, and base metals (Ba, Ce, and Zr). Al-ZSM5 was
employed due to its higher resisting performance against mois-
ture (i.e., thermal stability) than that of H-ZSMS5 (100% Si). The
absorber was impregnated with precious metals (Pd/Rh=10/1)
by adding solutions of PdCl, and RhCl3-3H>0 to the slurry
of the washcoat. After metal impregnation, the substrate was
dried at 150 °C for 5 h and calcined at 600 °C for 4 h. The load-
ing amounts of the washcoat and precious metals were 140 and
4.5 g/L, respectively. CAT #1 was prepared in the same manner
but did not contain ZSM5 zeolite, and the loading amount of
precious metals was 3.5 g/L.

The physical properties of the two adsorbents are presented
in Table 1. The cell densities of the substrates were 62 cells/cm?.
The dimension of the samples was 1.9 cm in diameter and 3 cm
in length. The wall thickness of the substrates and the washcoat
thickness of the adsorbers were measured by a SEM (Phillip
505) with an EDS detector. Surface and pore volumes were
determined by an N> volumetric adsorption apparatus (ASI,
Quantachrom).

Monolith ZSM5  Washcoat

et wn B—————— 1mon

SC 211 deyvle

AccY  Spat Hagn
20.0kV 4.0 16x

Fig. 1. A cross-sectional view of ZSMS5-coated cordierite monolith.

Table 1
Physical properties for the two adsorbents used
Adsorbent ADS #1 CAT #1
Geometric surface area per 2634 2639
unit volume of monolith
(m%/m?)
Hydraulic diameter (mm) 1.062 1.064
Channel wall thickness (mm) 0.208 0.206
Channel wall density (kg/m?) 2988 2993
BET surface area (m?/g) 74 49
Void fraction of the channel 0.28 0.29
wall
Overall void fraction 0.76 0.77

TMP (Aldrich, 99.8%) and toluene (Aldrich, 99.95%) were
used as the model adsorbates without any further treatment. To
probe the impact of molecular oxygen on adsorption behav-
ior, oxygen gas of ultra high-purity (99.999%) grade was
used.

2.2. Adsorption experiments

Isothermal dynamic adsorption experiments were conducted
using the apparatus presented in the previous papers [6,7,11].
Prior to each experiment, the adsorbent samples were exposed
to air at a flow rate of 1L/min and 673.15K for 1h and
purged using N> at 1L/min and 673.15K for 1h and then
cooled down to 303.15K under N, at 1L/min. After that,
single or two hydrocarbons at a total of 1000 ppm (0.1kPa)
under N> at 0.5-2L/min was continuously supplied to each
adsorbent at 323.15K until the end of each adsorption
experiment.

2.3. Analytical methods

The concentrations of hydrocarbons at the entrance and the
exit of the reactor were monitored using FTIR (Nicolet) with a
mercury—calcium—telluride detector, which was cooled by liquid
N» inagas cell, and with 16 scans and a resolution of 2 cm~!. The
concentrations were also re-monitored by a gas chromatograph
(Hewlett-Packard HP5890 Plus) equipped with a flame ioniza-
tion detector and a capillary column (DB1). The vapor pressures
of the hydrocarbons were calculated by using the Reid equation
[11].

3. Numerical simulation

The proposed model considered a single cellular channel of
monolith adsorbent geometry, assuming a steady-state flow with
no axial dispersion. In monolith applications, the Peclet number
(Pe) is typically used.

P ulL 0
e = —
Dy
where u is interstitial velocity (m/s), Lis the length of a monolith
channel (m), Dy is axial dispersion coefficient (m/s). For auto-
mobile applications, its values fall typically within 2000-8000
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Fig. 2. Schematic diagram of a single cellular channel used in the proposed
model.

[12], which validates the assumption of no axial dispersion. The
model system was constructed based on the presence of two
phases: the adsorbates in the vapor phase and the channel wall
having washcoat and ceramic substrate layers in the solid phase.
A schematic diagram of a single cellular channel is shown in
Fig. 2.

In this study, the adsorption equilibrium relationships
were represented by an extended Langmuir—Freundlich (ELF)
isotherm because of its simplicity due to the explicit formula and
the reasonable prediction accuracy validated by some volumet-
ric adsorption experiments [13,14]. The mass transfer rate on the
surface of the channel wall was approximated by a linear driving
force expression [15]. This expression holds an assumption that
mass transfer rate of adsorption is proportional to the difference
between the equilibrium concentration and the bulk concentra-
tion of an adsorbate. The entire assumptions made in developing
an isothermal dynamic adsorption model are summarized as
follows:

The ideal gas law applies.

. The system is a multiple-component adsorption system under

an isothermal condition.

The gas velocity is constant in the cellular channel.

4. The pressure gradient and axial dispersion across the cellular
channel are negligible.

5. Radial temperature, concentrations, and velocity gradients
within the channel are negligible.

6. The mass transfer rate is represented by a linear driving force
expression.

7. The multi-component adsorption equilibrium is represented

by the extended L—F isotherm equation.

There are no reactions on the surface of the channel wall.

9. Adsorption occurs only on the channel wall.

N —

bt

*®

After applying the aforementioned assumptions for the com-
ponents and total mass balances in the gas phase, the following
set of equations is formulated to describe an isothermal adsorp-
tion system.

Mass balance for component i in the gas phase is

Wi _ o 1-&
ot 0z &p

Pew — 2
T

where y; is the molar fraction of component i in the gas phase, ¢

is the elapsed time, z is the axial distance coordinate (m), &, is

the overall void fraction, pcy is the density of the channel wall

(kg/m?), g; is the adsorbed amount of component i in the solid

phase (mol/kg), and Cr is the total concentration (mol/m?).
Mass balance for component i in the solid phase is

0
,chg = amkmCr(yi — Yis) (3)

where ay is the geometric surface area per unit volume of the

monolith (m2/m?3), ky is the mass transfer coefficient (m/s), and

Yis is the molar fraction of component i in the solid phase.
Initial conditions for 0 <z<L and t=0 are

qi=0 “

Boundary condition for z=0 and >0 is

yi =0,

Yi = Yio )
The ELF adsorption isotherm for a multi-component system is

qmibi(Pyis)"
n

L+ bi(Pyjs)”

j=1

(6)

i =

where ¢, is the adsorbed amount of component i in the solid
phase (mol/kg), b is the absorption isotherm parameter, and P is
total pressure (kPa). Subscript i refers to each hydrocarbon under
consideration (e.g., TMP and toluene for the dual-component
adsorption system in this study). The isotherm parameters of
TMP and toluene on the adsorbents are listed in Table 2. The
mass transfer coefficient of a component in the channels of a
monolith, ky1, under a laminar flow can be estimated by empirical
or theoretical methods. Among a variety of methods, a correla-
tion model proposed by Hawthorn [16] was employed in this
study because the relationship originated from monolithic light-
off catalytic reactors under the conditions typically occurring in
automobile exhaust gas cleaning systems.

Sho= MZh _ 2.976(1 +0.095ReSc£h> 7)
€
d
Re= Mo g M ®)
iz pDe

where Sh, Re, and Sc are the Sherwood, the Reynolds, and the
Schmidt numbers, respectively. d.y, is the hydraulic diameter
inside the channel (m), D, is the effective diffusivity (m3/s), p
is the gas density (kg/m?), and p is the gas viscosity (kg/m s).

InEq. (8), the effective diffusivity of a species inside the chan-
nel, D, was estimated by the following equation that considered
pore diffusion [13].

€ T\
D = %9751p (M> 9)

w



D.J. Kim et al. / Chemical Engineering Journal 137 (2008) 244-250 247

Ezztﬁuir—Freundlich isotherm parameters of each single-component adsorption system for 2,2,4-trimethylpentane (TMP) and toluene
Adsorbent TMP Toluene

Gm (mol/kg) b (kPa~1) Gm (mol/kg) b (kPa—!) n
ADS #1 1.179 0.074 0.225 1.053 0.213 0.242
CAT #1 0.552 0.229 0.581 1.691 0.097 0.353

where &y, is the void fraction of the channel wall, 7 is the tortu-
osity factor, d, is the mean pore diameter (m), T'is the adsorption
temperature (K), and M,, is the molecular weight of a species
(g/mol).

Hayes et al. [17] reported that the tortuosity factor of about
8.0 was appropriate for the monolith catalysts with washcoat
layers. Thus, this value was employed in the present study for
both adsorbents. The mean pore diameters were 15 and 18 nm for
ADS #1 and CAT #1, respectively. The values of the constants
used in the model are listed in Table 2.

To seek the numerical solutions to the proposed model equa-
tions, an orthogonal collation method was utilized [18]. The
numerical solution sets were integrated by the DVODE solver
[19].

4. Results and discussion

4.1. Single-component adsorption

The breakthrough curves of TMP and toluene on ADS #1 at
323.15 K are shown in Fig. 3. The inlet concentrations of the two
adsorbates were identical as 1000 ppm (0.1 kPa) and the other
conditions including the average gas velocity (u="7.56 cm/s) and
sample length (L =3 cm) were also equal. TMP was emitted ear-
lier than toluene under identical isothermal conditions. These
results may be due to the significant difference in adsorption
affinity on the adsorbent.

The breakthrough curves of TMP and toluene on CAT #1 at
323.15K are given in Fig. 4. The experimental conditions used

1.2
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Time (min)

Fig. 3. Single-component breakthrough curves of TMP and toluene on ADS #1
at 323.15K (L=3cm, u=7.56 cm/s).

in Fig. 4 were exactly identical to those applied in Fig. 3. The
breakthrough order of the two adsorbates was the same as that
observed in Fig. 3, implying that toluene has a greater adsorption
affinity for the adsorbents than TMP. The adsorption process is
a function of microporosities. A comparison of Figs. 2 and 3
exhibits that for the same adsorbate, ADS #1 owned the relatively
higher specific surface area and lower pore diameter than CAT
#1 (Table 1) due to the amendment of ZSMS5 zeolite retaining a
mean pore size of 0.6 nm.

The impacts of molecular oxygen on the breakthrough curves
for TMP and toluene on ADS #1 were experimentally tested.
As the results are demonstrated in Fig. 5, the curves were little
affected by the presence of molecular oxygen at its concentration
of 1.8 vol% frequently occurring in the exhaust emission gas
mixtures. This resultindicates that molecular oxygen at 1.8 vol%
barely competes for adsorption with TMP at 0.1 kPa, suggesting
that adsorption affinity of the hydrocarbon to the surface may
be much greater than that of molecular oxygen. For CAT #1,
similar results were also observed.

4.2. Dual-component adsorption

The adsorption phase diagrams of TMP and toluene on ADS
#1 at323.15 K are shown in Fig. 6. The open symbols indicate the
experimental data, whereas the solid lines indicate the predicted
results. The experimental data points were extracted directly
from those observed in the breakthrough curves. The diagonal
line indicates the ideality in a mixture system defined by Raoult’s
law that the molar fractions of the two adsorbates in the adsorbed
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Fig. 4. Single-component breakthrough curves of TMP and toluene on CAT #1
at 323.15K (L=3cm, u=7.56 cm/s).
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Fig. 5. Single-component breakthrough curves of toluene on ADS #1 at
323.15 K in the absence and the presence of O (L=3cm, u=7.56 cm/s).

phase are identical to those in the gas phase. Azeotropes occur
because of deviations from the Raoult’s law. Azeotropes are an
indicator in reversed adsorption selectivity [15]. The positive
deviations from the Raoult’s law were experimentally observed
in the region where molar fraction of toluene in the gas phase was
between 0 to around 0.76 (azeotrope). On the contrary, the neg-
ative deviation from the Raoult’s law was found when the molar
fraction of toluene vapor was greater than that of azeotrope.
The experimental results and the model simulations predicted
both positive and negative deviations from the ideality. Overall
findings suggest that this adsorbent (ADS #1) is an energetically
heterogeneous surface system due to its highly complicated mix-
ture of constituents. As a consequence, the absorbent could cause
the nonideal behavior of the adsorbates.

Many have studied nonideal behavior using theoretical mod-
els such as real adsorbed solution theory (RAST) and vacancy
solution model (VSM) [13,15]. These models were designed
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Fig. 6. Adsorbed molar fractions of TMP and toluene in equilibrium on ADS
#1 at 323.15K as a function of molar fraction in the gas phase.
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Fig. 7. Adsorbed molar fractions of TMP and toluene in equilibrium on CAT
#1 at 323.15 K as a function of molar fraction in the gas phase.

to estimate “additional” interaction parameters between two
components in order to simulate nonideal behavior in a dual-
component adsorption system. Therefore, additional parameter
fitting models (e.g., Wilson, UNIQUAC) must be incorporated
into the multi-component adsorption model. An advantageous
feature of the proposed model is that deviations form the ideality
(drawn as diagonal line in Fig. 5) was properly simulated with-
out additional fitting parameter equations that reflect nonideal
behavior.

The adsorption phase diagrams of TMP and toluene in equi-
librium on CAT #1 at 323.15K are presented in Fig. 7. With
its trend similar to that observed in Fig. 6, the location of the
azeotrope point in Fig. 7 shifted toward much higher fraction of
toluene in the gas phase (>0.86).

The experimental and the prediction results with respect
to dual-component adsorption (TMP and toluene) on ADS #1
under two different cases are exhibited in Fig. 8. In Case 1, the
molar fractions of TMP and toluene in the gas phase were iden-
tical as 0.5. In Case 2, those values were 0.1 and 0.9 for TMP
and toluene, respectively. For both cases, the total concentra-
tion of gases was 1000 ppm (0.1 kPa). In Case 1, TMP liberated
more rapidly than toluene. In Case 2, however, the breakthrough
order of the dual-component emissions was reversed. These find-
ings are consistent with the aforementioned nonideal adsorption
behavior potentially involving the surface heterogeneity of the
adsorbent as the experimental data point observed in Case 2
from Fig. 6. This surface heterogeneity resulted from a number
of different surface constituents of the test adsorbent, ADS #1:
the washcoat (loading amount = 140 g/L) of y-Al,O3 and base
metals (Ce, Zr, and Ba), the subsequent amendment of ZSM5
zeolite (Si/Al=150/1), and in turn the impregnation of precious
metals (Pd/Rh=10/1, loading amount=4.5 g/L. as PdCl, and
RhCl3-3H,0).

The experimental and the prediction results of dual-
component adsorption on CAT #1 under the conditions identical
to those employed in Fig. 8 are displayed in Fig. 9. The total con-
centration in the gas phase was set to 1000 ppm (0.1 kPa). For
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Fig. 8. Dual-component breakthrough curves for TMP and toluene on ADS #1
for Cases 1 and 2 in Fig. 6 (L=3 cm, u=7.56 cm/s).

Case 1 (corresponding to Case 1 in Fig. 7), the molar fractions
of TMP and toluene in the gas phase were identical as 0.5. In
Case 2 (corresponding to Case 2 in Fig. 7), those values were
0.05 and 0.95 for TMP and toluene, respectively. The observed
results were comparable to those observed in Fig. 8. Not surpris-
ingly, the model simulation results indicate that the breakthrough
curves of the two components started to cross over each other
under the condition where toluene was 19 times greater than that
of TMP in molar fraction in the gas phase. As expected, CAT
#1 exhibited decreased surface heterogeneity due to the absence
of ZSMS5 zeolite substrate and a lowered loading amount of
3.5 g/L as compared to the constituents of ADS #1. The proposed
surface heterogeneity could cause heterogeneity of adsorption
energy, ultimately resulting in the nonideal adsorption behavior
of the adsorbates. Comparison of the breakthrough curves on
the two adsorbent systems, ADS #1 and CAT #1, shows that the
reverse phenomena were much pronounced on ADS #1, suggest-
ing that the impregnation of ZSM5 zeolite into the honeycomb
monolith greatly enhanced its surface heterogeneity [6]. The
proposed model could predict reasonably the experimentally
observed adsorption equilibrium and dynamic behavior in dual-
component adsorption systems. In addition, this model predicted
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Fig. 9. Dual-component breakthrough curves for TMP and toluene on CAT #1
in Cases 1 and 2 in Fig. 7 (L=3 cm, u=7.56 cm/s).

nonideal behavior expressed as the occurrence of azeotrope
points.

5. Conclusions

Experimental and theoretical studies were conducted in order
to evaluate the performance of the two ZSMS5-coated adsorbents
for the dual-component adsorption of representative volatile
gasoline constituents. The experimental results demonstrated
that the adsorption affinity of TMP was lower than that of
toluene on the ZSM5-coated monoliths of honeycomb shape. For
dual-component adsorption systems, however, nonideal behav-
ior was observed under limited conditions where the molar
fraction of TMP is much greater than that of toluene in the
gas phase. In addition, the breakthrough curves of the hydro-
carbons on the adsorbents remained unaffected by the presence
of Oy at 323.15 K. The presented information provides a basis
for a better understanding of gas—solid adsorption processes
on washcoated monoliths and potential changes to adsorption
behavior in a multi-component adsorption system. By potential
extension of this dual-component gas—solid adsorption system
to a highly complicated multi-component system, the pre-
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sented results would be conducive to a design of enhanced
automobile exhaust gas cleaning systems. A further study is
underway regarding the temperature-gradient adsorption char-
acteristics of binary mixture gasoline compounds on ADS #1
and CAT #1.
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