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Unusual Adsorber Dynamics Due to S-Shaped Equilibrium Isotherm
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Abstract—A fixed bed adsorption study has been performed to investigate the effect of S-shaped (Type V) equil-
ibrium isotherm on the breakthrough patterns. The adsorption breakthrough data of benzene vapours on dealumi-
nated zeolite Y were collected by using a lab-scale fixed bed apparatus. It was found that the adsorption system, at
influent concentrations from 100 to 5,000 ppm at 303 K, vields breakthrough curves of unusual shapes. A mathemati-
cal model was applied to predict the complex breakthrough patterns at various conditions. The experimental and mod-
elling results suggest that the unusual breakthrough curve is due to the basic shape of the equilibrium isotherm.
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INTRODUCTION

Fixed bed adsorption 18 popularly adopted for separation and
purification problems in engineering applications. The performance
of a fixed bed umt 15 often evaluated by exammung the dynamic
concentration history at the bed exit. This concentration vs. time
history is frequently referred to as a breakthrough curve. Tt is well
kmown that the adsorber dynamics depends on several factors such
as bed geometry, adsorption system, operating conditions, heat and
kinetic effects, and adsorption equilibrium relationships. Among
them, the thermodynamic equilibrium properties and the kinetic
information have been generally regarded as the most important
design factors for an adsorption process. In general, such informa-
tion should be incorporated into a mathematical model, and the
resulting numerical or analytical solution is commonly used as a
predictive tool for process design.

Tt has been realised that the shape of the equilibrium isotherm
greatly influences adsorber dynamics. Usually, experimental stud-
ies on the effects of the shape of the equilibrium isotherm on the
column dynamics have been limited to linear and favourable sys-
tems, and rarely to unfavourable systems. For more complicated
equilibrium relationships, which are distinguishable as Type TV or
V, however, very few studies were done before Parle and Knaebel
[1992]. They studied an adsorption system of water vapour and
silica gel, which exhibits Type TV isotherm, and found the equilib-
rium isotherm and heat effects can cause unusual dynamics
fixed bed adsorber, while the mass transfer effects were relatively
small.

In a previous study [Yun et al., 1998], the adsorption systems
of gaseous solvents-DAY (dealuminated zeolite Y) were found to
exhibit unusual S-shaped equilibrium isotherms. Based on the
previous results, an elementary study on adsorption dynamics of
solvents in fixed DAY beds has been carried out. The basic pur-
poses of this study are to experimentally mvestigate the break-
through pattern for an S-shaped equilibrium system under a re-
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stricted condition that thermal effects may be neglected, and to pre-
dict the dynamic behaviour by a mathematical model.

In the present study, an interesting dynamic behaviour was ob-
served in the benzene-nitrogen-DAY system. For this system, the
breakthrough patterns of the adsorber were strongly mfluenced by
the influent benzene concentration. In the case of the low benzene
concentration ranges (unfavourable region in the S-shaped iso-
therm), the effluent concentration profiles showed a typical pro-
portional pattern. On the other hand, in the relatively high con-
centration ranges (favourable region), the effluent concentration
profiles tended to produce a constant pattern. Tn addition, a very
complicated brealcthrough pattern was observed in the intermedi-
ate region (between favourable and unfavourable regions). This
paper presents the experimental and modelling results on unusual
adsorber dynamics, which are mainly due to the S-shaped iso-
therm.

EXPERIMENTAL

A laboratory scale fixed bed adsorption unit was used to study
adsorber dynamics mn an isothermal conditon. Dealuminated zeo-
lite Y, designated as DAY by Degussa AG, was used as the ad-
sorbent for the present study. The samples were crushed into 12-
14-mesh to enswre a umform particle size before ntroducing to
the adsorption column. Table 1 lists properties of packing charac-

Table 1. Properties of packing characteristics and column used

Adsorbent DAY (Degussa AG)
12-14 mesh

Effective particle diameter, cm 0.154

Particle porosity 0.350

Bed packing density, g/cm’ 0.502

Bed void fraction 0.676

Packing amount, g 13.16

Column length, cm 20.0

Column I.D., cm 1.82

Column Q.D., cm 2.20
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Fig. 1. A schematic diagram of the experimental apparatus used.

teristics and column used. Besides, the physical properties of DAY
can be found elsewhere [ Yun et al., 1998].

Fig. 1 shows a schematic diagram of the experimental appara-
tus used. The mitrogen gas line was divided mto two branches. One
is for pure nitrogen gas as a carrier, and the other is connected to
a benzene evaporator. In the method, a pert of the mtrogen gas was
fed to the evaporator to load benzene, and was mixed with the
pure nitrogen gas stream. To ensure homogeneous mixing, the
static mixer was mstalled at the mlet section of the adsorption
column. All the gas flow rates were adjusted and metered by mass
flow controllers with a readout power supply. The system tempera-
ture was controlled by refrigerating/heating water circulator and its
accuracy was £0.02 °C at 303 K. The concentration of benzene
m the feed was determuined by controllmg each mass flow control-
ler, and was identified several times by a gas chromatograph
equipped with flame ionisation detector before inlet flow to the ad-
sorption column. During the adsorption, the concentration history
at the bed exit was monitored by the gas chromatograph with an
automatic 6-port valve. After each adsorption experiment, a satu-
rated adsorption column was regenerated for the next experimental
run by admitting the pure nitrogen flow at 474K for 12 h.

FIXED BED MODEL

The system considered in this study is that of an adsorber packed
with porous adsorbent particles through which an inert carrier flows
at a steady state. The basic assumptions made for the present mod-
el are as follows:

* The system 1s 1sothermal.

+ Two fluid phase species, comprising an ideal gas mixture, are
present.

+ Only one species 18 adsorbable and this exists at a trace level.

+ The system pressure, gas flow rate, and the feed concentration
are assumed to be constants.
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* The linear driving force (LDF) approximation represents the
mass transfer resistances between fluid and the solid phases.

+ The physical properties of the fluid phase are assumed to be
those of the carrier gas.

Based on the above assumptions, a mass balance for the ad-
sorbed species m fixed bed may be written as:
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The mass balance within the solid phase may be approximated
as the fluid phase linear driving force equation.
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The boundary conditions at the bed entrance and the bed exit
are:
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And the associated initial conditions for the clean beds are:
¥z 0)=y%=0
nz 0F=n,=0 )]

In the flnd phase linear driving force model, the dnving force
is the concentration gradient between the fluid phase and the equil-
ibrium fhaid phase corresponding to the solid phase. An effective
overall mass transfer coefficient could be derwed as follows
[Huang and Fair, 1988]:
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where k;1s the film mass transfer coefficient and D, is the effective
intraparticle diffusion coefficient, which includes the pore diffusiv-
ity and the surface diffusivity.

Because of the low Reynolds number region covered m the
present study, the Petrovic and Thodos correlation is used to cal-
culate the film mass transfer coefficient k, [1968]. Therefore, the
effective diffusion coefficient is only an adjustable parameter in
this study and it can be obtained simply by the parameter estima-
tion using the experimental data.

To represent the S-shaped equilibrium relationship for benzene-
DAY system, Martinez and Basmadjian’s adsorption isotherm
[1997] that contains five adjustable parameters was used and the
parameter values can be found elsewhere [ Yun et al., 1998].

Py =M,exp(—Q/kT) 1 e) (©)
where B=n/n” and Q=% -rW0.

The system of model equations to be solved consists of the gov-
emmg equation and the mass transfer equation as well as the
equilibrium 1sotherm. Although the model equation mcluded the
axial dispersion coefficient, plug flow was approximated by assign-
mg a very large value to the Peclet number (uL/D; ). This 1s because
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the effect of axial dispersion is negligible in a small column and the
model with the second derivatives can give more stable numerncal
results. The coupled PDEs [Eqgs. (1) and (2)] were first reduced to
a set of ODEs by the method of lines technicue, and resultant
ODEs were mtegrated with respect to tune by using the subroutine
DIVPAG in IMSL.

RESULTS AND DISCUSSION

Fig. 2 shows adsorption equilibrium 1sotherm for benzene on
DAY at 303 K. The original experimental isotherm data can be
found elsewhere [Yun et al, 1998]. As seen, the adsorption iso-
therm exhibits S-shape isotherm in the low concentration range
and it could be classified as Type V according to the classification
of Brunauer et al. [1940]. As mndicated 1 Fig. 1, the adsorption
isotherm begins with a linear region, and is followed by the un-
favourable and intermediate regions, in sequence, and finally ap-
proaches to the favourable region. Such complex equuilibrium be-
haviour may be explained by several reasons such as multilayer
sorption, pore filling, and the nature of the solid surface [Park and
Knaebel, 1992].

To investigate the effect of S-shaped equilibrium isotherm on
breakthrough behaviour, several fixed bed experiments were per-
formed at various influent benzene concentrations. All experiments
were carefully conducted with the equilibrium conditions indicated
m Fig. 2 (A to F). Typical expenimental results at each condition
are shown in Fig. 3, along with the prediction results. Tt is evident
that the mfluent concentration greatly mfluences the shape of the
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Fig. 2. Adsorption equilibrium isotherm of benzene on dealumi-
nated zeolite Y (DAY) at 303 K.

brealkthrough curve. At the lowest influent concentration condition
A (C=250 ppm), the breaktftwough curve forms a constant pattern
in shape, and the experimental data are represented well by the
maodel prediction. At the unfavourable condition B (Cy=500 ppm),
a proportional breakthrough pattern 13 observed and model predic-
tion gives good agreement with the data. At the intermediate con-
ditton C (C,=780 ppm), a highly developed proportional brealk-
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Experimental and predicted breakthrough curves at various influent concentrations.
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through curve is found. Park and Knaebel [1992] reported a simi-
lar result m the system of water vapour-silica gel, which extubits
Type TV equilibrium isotherm. They described such a long-tailed
brealkthrough curve as a combination of constant and proportional
patterns. Agamn, the model predicts such behaviour very well
Thereafter the breakthrough curves show more complicated be-
haviours at the conditions D (Cy=950 ppm) and E (C,=1,350 ppm).
Park and Knaebel [1992] also found the similar results in their
system and defined such behaviour as “dual-shock wave” or “dual-
constant pattern™. For these conditions, however, the model failed
to predict the experimental data accurately. At the highest experi-
mental concentration F (C;=3,200 ppm), the breakthrough curve
is started with a proportional patterm, and the saturation seems to
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Fig. 4. Concentration profiles in the bed at various influent con-
centrations.
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occur abruptly. Obviously, the model still expresses such break-
through behaviour reasonably.

To understand these unusual breakthrough behaviours, several
calculations were performed with a bed of three times longer than
an experimental bed, while other mput variables follow those of ex-
perimental conditions. Fig. 4 shows theoretical concentration pro-
files m the bed for the previously mentioned conditions A, C, D,
and F. At condition A, the propagation profile tends to exhibit a
constant pattern along the bed at early stage; however, the profile
becomes broader slowly as the concentration front moves toward
the outlet at a steady velocity. As the influent concentration in-
creases, the profile in the bed exhibits a more significant propor-
tional pattern as shown in the result at condition C. Tn the begin-
ning, the concentration profiles show nearly exponential decay,
and then become broader very much as they propagate. At the
condition D, the concentration profile starts with initial patterns
similar to that of condition C, but soon evolves to a constant. pat-
termn (shock wave), which expands throughout the lugher concen-
tration range, instead of maintaining a proportional pattern. How-
ever, any sigmificant second constant pattern (second shock wave)
is not found. At the highest concentration condition F, the con-
centration profile initiates with the exponential decay, but a con-
stant pattern appears mmmediately and this pattern 18 herdly maimn-
tained throughout the bed. Tn the meanwhile, a proportional pattern
is also found at low concentration range and this does not dissipate
through the entire bed.

The effect of gas flow rate on the brealdthrough curve was also
examined at the mtermediate concentration condition D and the re-
sults are shown in Fig. 5. Although the model prediction accuracy
is not excellent, it could be clearly stated that the basic shape of
a breakthrough curve 1s not influenced by the bulk flow rate.

CONCLUSION AND FUTURE WORKS

Tn this study, the effects of the S-shaped equilibrium isotherm
(so-called Type V) on breakthrough curves are mvestigated experi-
mentally. Several fixed bed experiments were carefully conducted
using the lab-scale isothermal equipment. From the results, various
breakthrough patterns were observed at different mfluent concen-
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Fig. 5. Effect of bulk gas flow rate on breakthrough pattern at
the intermediate condition.
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tration conditions. A fixed bed model was used to elucidate the
causes of the unusual breakthrough patterns and to predict the ex-
perimental data. The experimental and modelling results showed
that the unusual breakthrough behaviour is mainly due to the shape
of the equilibnum 1sotherm.

As Park and Knaebel [1992] realised in a non-isothermal study,
the adsorption equilibrium properties and their performance on ad-
sorption dynamics are strongly connected with temperature effects,
and some of the effects (e.g. the heats of adsorption and desorp-
tion) may be unavoidable i an actual process. To understand the
principles of unusual adsorption dynamics, therefore, more experi-
mental and theoretical efforts are necessary.

NOMENCLATURE

- effective diffusion coefficient [em?/s]

- axial dispersion coefficient [cm®/s]

: effective mass transfer coefficient [cm/s]
- film mass transfer coefticient [cm/s)

: moles adsorbed [mmol/g]

: pressure [kPa)

. gas constant

- particle radius [em]

: temperature [K]

:time

iR~

®

-~ HE R YR

u : interstitial velocity [cm/s]

v : gas phase composition

z : axial distance coordinate

Greek Letters

o :geometric surface area of spherical pellet [1/cm]
€ : bed void fraction

P,  particle density [g/cm’]
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