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Abstract. The adsorption of water vapor on Zeolite 4A has been analyzed. Both equilibrium and kinetics are
examined. The equilibrium is measured with a static-volumetric method in a wide range of partial pressure and
temperature and is modeled by several conventional approaches and a new type isotherm model, which fitted
the obtained data best. Kinetics are determined by measuring breakthrough curves. The breakthrough curves are
matched by a detailed model based on a modified linear driving force (LDF) approximation for the mass exchange.
An analytic expression for the corresponding LDF-coefficient is designed in order to describe its dependency on
water concentration, temperature and pressure. For the practical range of operating conditions the dependency on
concentration can be described by the nonlinearity of the adsorption isotherm. The dependency on temperature
and pressure corresponds to that of molecular diffusion. The presented data and models for equilibria and kinetics
provide a basis for modeling and optimizing air-drying processes containing Zeolite 4A.
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1. Introduction

Since the invention of the “heatless dryer” (Skarstrom,
1972), there has been significant progress in the de-
sign and modeling of air drying processes based on
pressure swing adsorption (PSA). Particulary in small
scale applications such as the drying of instrument air,
PSA processes are widely used and have become the
method of choice (Ruthven, 1984). Essentially dry air
can be readily obtained with either alumina or zeolite
(4A or 5A) as the dessicant, but beaded alumina is usu-
ally selected. Since the equilibrium isotherm for water
vapor on alumina is less nonlinear, i.e. less strongly
curved than the corresponding isotherm for zeolite, the
effective working capacity in a PSA system is higher.
Moreover alumina beads show less attrition under the
rough operating conditions. However, to obtain bone
dry air (1 ppm H2O or less), layered beds should be
used, combining the high working capacity of alu-
mina or other gels with the strong hydrophilicity of
zeolites.

Due to the high complexity of the system dynam-
ics, a priori simulations with detailed computer based
models are more and more used for PSA unit design.
Usual design considerations are high productivity and
recovery as well as product purity. To ensure the de-
sired operating conditions, it is crucial that the model
used matches both equilibria and kinetics sufficiently
well. Concerning product purity, it is of high impor-
tance to fit the very low concentration range at the end
of the bed. In a layered design this is determined by
the strong nonlinearity of the adsorption equilibrium
of the water-zeolite system and its kinetics. Although
water adsorption isotherms have been measured at high
to moderate vapor concentrations, there has been little
work to explore the equilibrium and kinetic data at very
low concentrations and loadings. In addition, the few
studies available revealed significant differences in the
measured data.

In this paper we shall present measurements and
corresponding models of both equilibria and kinet-
ics of water vapor adsorption on Zeolite 4A as a
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Figure 1. Simplified process flow sheet of the automated isothermal equilibrium apparatus.

function of temperature over a wide range of water
vapor concentration.

2. Experimental Setup

2.1. Equilibrium Apparatus

For measuring the thermodynamic equilibrium be-
tween water vapor in the gas phase and water amount
adsorbed on the zeolite, an automated equilibrium ap-
paratus was developed. Figure 1 gives a simplified pro-
cess flow sheet. The principle of operation is static-
volumetric.

In order to obtain data over a wide range of partial
pressure down to the significant range of the isotherm
nonlinearity, it is indispensable to evacuate the sys-
tem to high vacuum by a sequence of a membrane
and a turbo-molecular pump. The set-up is mainly
built of standard vacuum parts ensuring infinitesimal
small leakage (<10−9 mbar l/s). The rigorous require-
ments concerning the sensors are fullfilled by using
calibrated resistance temperature sensors (Pt100, toler-
ance class A) as well as three temperature controlledqry
capacitive pressure gauges (MKS Baratron, type 127A:

10−4 − 1 mbar, type 128A: 10−2 − 100 mbar, type
122A: 10−1 − 1000 mbar —0.15% accuracy of read-
ing). Signals are conditioned with 22 bit resolution (HP
34970A multiplexer). To maintain constant tempera-
ture within the whole system, all parts are embedded
in a thermostat system, as can be seen in Fig. 2. The free
space between vacuum parts and the surrounding jack-
ets is filled with small aluminum pellets. Due to the
large time constant for attaining equilibrium and the
required amount of measurements, the entire measure-
ment system is fully automated. The LabVIEW pro-
gramming language is used to both control and monitor
the system.

After a specific temperature is set, the zeolite is
activated in situ. Therefore the sampling device can
be heated to high temperature (>500◦C) while be-
ing purged with helium under vacuum condition. The
system is then evacuated to high vacuum before a
specific amount of water from the water reservoir
is evaporated into the vapor reservoir. The adsorp-
tive is gas free permeate from reverse osmosis stored
in a water tank under helium atmosphere (Fig. 1).
Knowing the exact volumes,1 temperature and an ap-
propriate equation of state,2 the pressure difference
before and after opening the valve to the recipient
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Figure 2. Sketch of the thermostated section of the equilibrium apparatus.

with the sample, can be used to calculate the amount
adsorbed.

Under these conditions, the most important source
of errors is related to the adsorption of water vapor
on the inner surface of the stainless steel apparatus. In
order to quantify this effect the loading is measured
without any adsorbent being in the sampling device.
Figure 3 shows the result at 25◦C. It can be seen that
the absolute value of the measured loading is less than
1% of the later measured actual loading of the zeolite
at the corresponding partial pressure. In the region of
feasible operating conditions this error is even below
1 0/00. Hence, we can conclude, that in the parameter
region of interest the error caused by adsorption on the
metal surface is negligible.

2.2. Kinetic Apparatus

In order to determine coefficients for heat- and mass-
transfer, a common dynamic-column breakthrough ap-
proach is used (e.g. Malek and Farooq, 1997). Figure 4
depicts the process flow sheet of the experimental setup.
There are four subsystems that comprise the main ap-
paratus. (1) The water delivery system: to generate a
feed stream with defined moisture content, a controled
hydrogen flow is mixed with a controled flow of syn-

thetic air and then oxidized in a catalytic reactor be-
fore it is cooled down to the desired temperature. Since
hydrogen reacts completely the error of the moisture
content is in the range of the inaccuracy of the mass
flow controllers (<1%). (2) The adsorber: the adsor-
bent pellets are filled in a stainless steel tube, 80 cm in
length, 10 mm inner diameter. The heating of the jacket
allows to control the wall temperature and is used for
in situ desorption, supported by a helium purge and
a vacuum pump (190◦C, 1 mbar). The system pres-
sure is set and held constant by a control valve (MKS,
type 248A) at the adsorber outlet. Two thermocouples
(NiCrNi type K, 0.5 mm), one at the inlet and one at
the outlet, register changes in temperature. (3) Water
vapor concentration is measured with a mass spectrom-
eter (Balzers ThermoStar) which allows to monitor fast
changes in moisture over a wide range with high res-
olution. (4) Data acquisition and process control: as
before, full automation and monitoring of the system
is achieved with LabVIEW.

After the adsorbent is activated, the adsorber and
the bypass are evacuated below 1 mbar. Thereafter, the
adsorber is purged with carrier gas (synthetic air) while
being tempered to the desired adsorption temperature.
The desired adsorption pressure is set and maintained
by a pressure controller (MKS, type 250). Now, the
adsorber is closed at both ends and moist feed air flows
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Figure 3. Zero loading test at 25◦C: Symbols denote measurements defining the actual error region (surrounded by solid lines); The dot-dashed
lines mark the amount of 1% (top) of the later measured defacto loading and 1 0/00 (bottom) respectively; Right from the dashed line is the region
in which the zeolite is saturated with water.

Figure 4. Simplified process flow sheet of the breakthrough experiments.
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through the bypass until the concentration of the feed
gas, set by the two mass flow controllers, is adjusted
and the feed pressure is set to adsorption pressure. The
measurement starts when the adsorber valves open and
the bypass valves close simultaneously.

3. Results and Discussion

3.1. Equilibrium Data and Modeling

3.1.1. Measurements. Figure 5 shows the mea-
sured equilibrium data of water vapor adsorption on
a commercial Zeolite 4A provided by Grace Davi-
son Chemicals (1 mm cylindrical pellets) at four
temperatures over a range of six decades of partial
pressure.

The results displayed in linear scale (Fig. 5, top)
show that the isotherm is highly nonlinear and its
slope and the absolute loading change with tem-
perature as expected. One may conclude that the
shape of the isotherm is of type I (Brunauer et al.,
1940). Indeed, parameter fits to models of type I
(Münstermann et al., 1983) are reported. In order to
analyze the equilibrium at lower pressures, a logarith-
mic plot gives a deeper insight (Fig. 5, bottom). In this
plot the isotherm shows two turning points and thus
resembles more a type IV isotherm.

As an aside, it is worth pointing out that this be-
havior is not unexpected if we take calorimetric mea-
surements into account. Precise values of the enthalpy
of adsorption as a function of loading have been tab-
ulated by Zhdanov et al. (1981). One important re-
sult is that there is a region of very high enthalpies
(100 kJ/mol) for very small loadings, followed by a
steep decrease down to an almost constant value (be-
low 60 kJ/mol). This can be described by the following
adsorption mechanism: Assuming a completly dehy-
drated zeolite, the first water molecules adsorbing in-
teract with the relatively weakly bonded Na+ cations.
These interactions are very strong and hence the heat
of adsorption is high where the coverage is small (up
to 3 moles of water per zeolite unit cell). As adsorption
develops, the process is governed by the interaction
of adsorbate molecules with specific adsorption cen-
ters that are not mobile, introducing a region of lower
adsorption enthalpies. Thus we can conclude that the
two plateaus in calorimetric measurements, represent-
ing two different adsorption sites, correlate with the
two plateaus observed in the equilibrium data shown in
Fig. 5.

This behavior requires in situ desorption, in order
to guarantee reproducible initial conditions. Zhdanov
showed that the evacuation of Na-A zeolite at room
temperature leads to the removal of twenty of the
twenty six water molecules contained in the unit cell of
hydrated zeolite. The remaining six are only desorbed
at temperatures above 150◦C.

3.1.2. Modeling. In order to successfully model air
drying processes it is crucial to fit the equilibrium
data to an analytic expression, i.e. a proper adsorp-
tion isotherm model. The program package ADSEQ, an
object-oriented toolbox developed at our Institut, was
used to store both experimental data and conventional
or user supplied isotherm models in a database. Since
the toolbox is implemented in MATLAB, its non-linear
least squares optimizer is used to determine model pa-
rameters.

Figure 6 shows the result of a parameter fit for eigh-
teen commonly used isotherm models. The correspond-
ing model equations and nomenclature are listed in Ta-
ble 1. The graph displays the logarithm of the relative
standard deviation (STD) between model fit and experi-
mental data, i.e. the capability of the isotherm equation
to model the data in the whole region of temperature
and partial pressure. As a first result we can conclude
that none of the applied models fit the data appropri-
ately. The lowest STD obtained is about 7% (model
no. 7). However, it is important to underline that this
model (a combined Freundlich-Dubinin-Astakhov ap-
proach) has to be fitted to every temperature separately,
i.e. the parameters do not depend on temperature. Us-
ing one parameter set for all temperatures with only the
relative humidity � depending on temperature, leads
to STDs far beyond those shown in Fig. 6. The best
result with parameters with a specific temperature de-
pendency is obtained with model no. 15 (Sips3T0).
Figure 7 displays the equilibrium data and the model
fit in logarithmic scale as well as the deviation. For
larger values of partial pressure, the model fits the data
quite well. However, for very small partial pressures,
the small absolute deviation results in a large relative
STD of about 40%. This result emphasizes the relevance
of both, enough data in the area of very low concen-
tration and its representation in a log-scale to evaluate
model deviations properly.

Since conventional adsorption isotherm models
proved to be not applicable, a new isotherm model has
been considered. It has to display two turning points
(as seen in Fig. 5, bottom), a Henry region for very low



34 Gorbach, Stegmaier and Eigenberger

Figure 5. Equilibrium data of water vapor on Zeolite 4A at four different temperatures: linear (top) and logarithmic scale (bottom). The dashed
line indicates the maximum loading reported in literature (Zhdanov et al., 1981).
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Figure 6. Logarithm of relative standard deviation of several isotherm models specified in Table 1 after a least squares fit to the measured data.

Figure 7. Left: Equilibrium data (symbols) and model fit with a Sips approach (model no. 15) at different temperatures. Right: Relative
deviation between experimental data and model.

partial pressures, and a region of saturation for high
humidities to maintain physical consistency. A simple
function that fulfills these requirements is a rational
class model with both 2nd order denominator and nu-
merator as shown in Eq. (1).

X (b0..4, p j ) = b0(T ) · b1(T ) · p j + b2(T ) · p2
j

1 + b3(T ) · p j + b4(T ) · p2
j

(1)

The loading X depends on the partial pressure of wa-
ter p j as the independent variable as well as on five

temperature dependent parameters b0..4. The tempera-
ture dependence of the parameters is assumed to follow
van’t Hoff’s law:

b0(T ) = b0,0 · eb0,T ·(1−T/T0) (2)

b1..4(T ) = b1..4,0 · eb1..4,T ·(T0/T −1) (3)

For the sake of a well conditioned nonlinear least
squares regression problem the temperature is scaled
with the reference temperature T0. Figure 8 shows the
result for the least squares fit of the above model to the
measured data. It can be seen that both in linear and
log-scale the model fits the data well over the whole
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Table 1. Names and equations of applied conventional adsorption isotherm models (Fig. 6).

No. Model name Equation Parameters

1 Langmuir q = qs
bp

1+bp 2

2 LangmuirT q = qs
b(T )p

1+b(T )p 3

b(T ) = b∞ exp(bT /T )

3 Langmuir2T0 q = qs (T ) b(T )p
1+b(T )p 4

b(T ) = b0 exp(bT (T0/T − 1))

qs (T ) = qs0 exp(qsT (1 − T/T0))

4 HenryLangmuir q = K p + qs
bp

1+bp 3

5 HenryLangmuir2T q = K (T )p + qs
b(T )p

1+b(T )p 5

b(T ) = b∞ exp(bT /T )

K (T ) = K∞ exp(KT /T )

6 FreundlichV q = K�n 2

7 FreundlichDubininAstakhovV q = K�m + qs exp(−(a log(1/�))n) 5

8 DubininAstakhovV q = qs exp(−(a log(1/�))n) 3

9 DubininAstakhovVT q = qs exp(−(aT log(1/�))n) 3

10 DubininRadushkevichVT q = qs exp(−(aT log(1/�))2) 2

11 Toth q = qs
bp

(1+bpt )1/t 3

12 TothV q = qs
b�

(1+b�t )1/t 3

13 Toth3T0 q = qs (T ) b(T )p
(1+b(T )pt(T ))1/t(T ) 6

b(T ) = b0 exp(bT (T0/T − 1))

qs (T ) = qs0 exp(qsT (1 − T/T0))

t = t0 + tT (1 − T0/T )

14 Sips q = qs
(bp)n

(1+(bp)n ) 3

15 Sips3T0 q = qs (T ) (b(T )p)n (T )
(1+(b(T )p)n (T )) 6

b(T ) = b0 exp(bT (T0/T − 1))

qs (T ) = qs0 exp(qsT (1 − T/T0))

n = n0 + nT (1 − T0/T )

16 BETV q = qsc �
(1−�)(1+(c−1)�) 2

17 BETcV q = qs
(

�
1−�

+ α
2β

)
4

α = 2�(b − 1) + 2�2(b − 1)2

+ �n(Nb2 + Nh − N 2b2)

+ �N+1(2b + N 2b2 + 2Nb − 2b2

− Nb2 − 2h − 2Nh)

+ �N+2(Nh + 2h)

β = 1 + 2�(b − 1) + �2(b − 1)2

+ �N (b2 + h − 2b + Nb2) + h�N+2

+ �N+1(Nb2 + 2b − 2b2 − 2h)

18 AranovichV q = qsc �

(1−�)0.5(1+c�)
2

region of partial pressure and for all temperatures. The
corresponding parameter values are listed in Table 2.
A plot of the relative error (Fig. 9) shows the deviation
ratio for all data, i.e. the fraction of model predicted

loading and actually measured loading. With a STD

of approximately 5% (Sips3T0: 40%) and a maximum
relative deviation of 12.5% (Sips3T0: 180%) this result
is quite acceptable.
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Figure 8. Equilibrium data (symbols) and model fit with the new approach (Eq. (1)) at different temperatures in linear (right) and logarithmic
scale (left).

Table 2. Parameter values and units for the new
type isotherm model (Eq. (1)) after a least squares
fit to the measured equilibrium data (Fig. 5).

Parameter Value Unit

b0,0 1.18003 · 10−2 kg/kg

b1,0 2.03629 · 10−3 mbar−1

b2,0 1.75732 · 10−10 mbar−2

b3,0 2.24522 · 10−3 mbar−1

b4,0 1.22430 · 10−11 mbar−2

b0,T 5.0 · 10−6 –

b1,T 18.4468 –

b2,T 41.3509 –

b3,T 17.2808 –

b4,T 41.1549 –

T0 273.25 K

Figure 10 shows a comparison between a model fit
with the new approach Eq. (1) based on our measure-
ments and the equilibrium isotherms for the Linde-A
Zeolite-Water Vapor System published by Union Car-
bide (Morris, 1968; Breck et al., 1956). The Carbide
data has been widely used by researchers and design
engineers.

In the following, the equilibrium will be described
by the molar loading q instead of X where q(p j , T ) =
X (p j , T )/MH2O.

3.2. Kinetic Data and Modeling

3.2.1. Measurements. Breakthrough experiments
were carried out for three different temperatures and
two different bed pressures. The experimental appara-
tus, procedure and analysis have been discussed earlier.
Table 3 provides some relevant data on the adsorbent
used as well as other information regarding the exper-
iments (case A–D) which are needed for the following
modeling.

Figure 11 shows a typical result of the signals mea-
sured at the adsorber outlets (see Fig. 4), i.e. the tem-
perature and the molar fraction of water. It should be
noted here that the measured molar fraction before
breakthrough is not equal to zero due to a zero shift
in the mass spectrometer signal. As can be seen, the
breakthrough occurs only after 23.5 h. This is due to
the very low water concentration and the high capacity
of the Zeolite. As a consequence, any flow nonideali-
ties at the adsorber inlet can be neglected. The shape
of the concentration breakthrough curve seems almost
point-symmetric to the center of the front. This result
is not expected if one considers the high nonlinearity
of the adsorption isotherm. However, since the shape
is also influenced by the adsorption kinetics as well as
the coupling of heat- and mass-transfer, it is crucial to
analyze these phenomena thoroughly in order to un-
derstand the system response and to model the column
dynamics properly.
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Figure 9. Maximum error range: ratio between experimental data and new type model (Eq. (1)) for all measured temperatures and partial
pressures.

Figure 10. Literature data (Morris, 1968) of water vapor adsorption equilibria on Zeolite 4A at three different temperatures (symbols) in
comparison to a model fit with the new approach (Eq. (1)) based on our measurements.
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Table 3. Properties of adsorbent and other experimental information.

Column Jacketed stainless steel

Internal diameter D 0.01 m

Length 0.797 m

Adsorbent Zeolite 4A

Bed density �sch 736.5 kg/m3

Mass 0.0461 kg

Mean pore radius 1086 Å

Particle size dp 0.001 m

Specific surface area 21.9 m2/g

Gas void fraction ε 0.63

Bed void fraction εb 0.4

Specific heat capacity cA 920 J/kg K

Adsorbate j Water

Molar heat capacity c0
pj 33.78 J/mol K

Viscosity η j 1 · 10−5 Pas

Molecular weight M j 0.01802 kg/mol

Isosteric heat �Hst
j 54961 J/mol

Carrier k Synthetic air

Molar heat capacity c0
pk 29.19 J/mol K

Viscosity ηk 2 · 10−5 Pas

Molecular weight Mk 0.02896 kg/mol

Experimental range A B C D

Molar fraction of water y j, f 4594 4410 4603 4531 ppm

Volumetric feed rate 1.84 1.998 2.00 1.98 Nl/min

Pressure p 5.0 2.0 2.0 2.0 bar

Wall temperature TW 30 30 50 80 ◦C

3.2.2. Modeling. To derive information about the
heat- and mass-transfer, the profiles of the break-
through experiments are matched with computer sim-
ulations. The underlying mathematical model for
temperature T (z, t), pressure p(z, t) and water mole
fraction y j (z, t) in space z and time t is stated below.

Assuming the ideal gas law, the overall mass balance
for the gas phase is given by

ε

RT

(
∂p

∂t
− p

T

∂T

∂t

)
+ �sch

∂q

∂t
= − 1

A

∂ ṅ

∂z
. (4)

The component mass balance for water in the gaseous
phase is

ε

RT

(
y j

∂p

∂t
− y j p

T

∂T

∂t
+ p

∂y j

∂t

)
+ �sch

∂q j

∂t

= − 1

A

∂y j ṅ

∂z
. (5)

In addition, a quasi-homogeneous energy balance

(
�schcA + ε

p

RT
c0

p + �schc0
pj q j

)
∂T

∂t
− ε

∂p

∂t

−�sch�H st
j

∂q j

∂t
= 4α

D
(Tw − T ) − c0

p

A
ṅ
∂T

∂z
(6)

is used. For the heat-transfer to the wall with constant
temperature Tw, we use a constant overall heat transfer
coefficient α. The molar flow ṅ(z, t) is described by the
stationary Ergun equation.

0 = ∂p

∂z
+ f1ṅ + f2ṅ2

f1 = 150η
RT

p

(1 − ε)2

ε3d2
p A

(7)

f2 = 1.75M
RT

p

1 − ε

ε3dp A2
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Figure 11. Breakthrough curves for case A: molar fraction of water and temperature.

For the mass balance of the adsorbed amount of water
q j (z, t) a linear driving force (LDF) rate model has
been assumed.3

∂q j

∂t
= K LDF(q∗

j − q j ) (8)

The equilibrium loading q∗
j = q∗

j (p, y j , T ) is cal-
culated with the adsorption isotherm introduced in
Eq. (1). The LDF model is a widely and successfully
used lumped-parameter model for particle diffusion
and adsorption (Sircar and Hufton, 2000). In the next
section we will elaborate on the LDF coefficient K LDF.

The periphery of the adsorber is modeled with an al-
gebraic momentum balance for the valves (VDI/VDE
norm 2173). The inital and boundary conditions corre-
sponding to the partial differential equation system de-
pend on the operating conditions and are not discussed
in detail. After discretizing the spatial coordinate with
finite volumes, a system of differential and algebraic
equations (DAE) is obtained. It can be solved with ef-

ficient solvers like LIMEX (Deuflhard et al., 1987) or
DASSL (Brenan et al., 1989). Since we use an upwind
scheme on a staggered grid it is of great importance
to chose the numbers of finite volumes such that the
resulting numerical diffusion equals the theoretically
expected physical dispersion. If so, the numerical solu-
tion of the hyberbolic PDAE above equals the solution
of the corresponding parabolic PDAE with a dispersion
term (Sokolichin, 2002).

3.2.3. Parameter Estimation. The mass-transfer co-
effient K LDF and the heat-transfer coeffient α are the
two remaining unknowns which are used as adjustable
parameters in fitting the simulated breakthrough pro-
files to the experiments. In agreement with the re-
sults reported by Malek and Farooq, the tempera-
ture breakthrough curve is moderately sensitive on the
mass-transfer coefficient whereas the heat-transfer co-
efficient has no noticeable effect on the concentration
profiles4. Hence, it is recommendable to first fit the
concentration profile for K LDF with a proper estimate
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Figure 12. Left: Breakthrough curve of molar fraction of water for case A—experimental result (solid line) and simulations for different values
of K LDF (dashed, dotted, dot-dashed lines) and α = 50 W/(m2K). Right: values of K LDF needed to match the slope of the experimental profile
at the indicated molar fraction.

for α, and then fit the temperature profile for α if
necessary.

Figure 12 (left) compares the experimental result for
the breakthrough of the molar fraction of water (case A,
Fig. 11) with simulations for different values of con-
stant K LDF (α = 50 W/(m2K)). It is important to note
that the simulation results are shifted in time such that
the simulated and measured profiles are tangent to each
other at a certain water molar fraction y j . The values
of K LDF needed to match the slope of the experimen-
tal profile at this particular molar fraction are shown
in Fig. 12 (right). Now one can see that it is only pos-
sible to match the slope at a specific molar fraction
but not the whole curve. Hence we must conclude that
the mass-transfer coefficient K LDF strongly depends on
the concentration (Fig. 12, right) and thus can not be
considered constant.

Ever since Glueckauf (1955) proposed the first and
the most widely used approximation for modeling
adsorption and diffusion in adsorbent particles (LDF

model), numerous models have been developed which
describe the overall rate of adsorption. Besides its sim-
plicity, the success of this approach is due to its physical
consistency (Hartzog and Sircar, 1995; Gemmingen,
1993; Raghavan et al., 1986; Chihara and Suzuki, 1983)
and its numerical advantage compared to detailed pore
models (Sircar and Hufton, 2000). However, depend-
ing on the process and the adsorptive system the at-
tention has to be directed on required modifications
of the classical approach. Such modifications can be

necessary in order to take into account the influence
of the heat of adsorption (Mendes et al., 1994; Sircar,
1983), of the dominating transport resistance in the
pellet (Carta, 1993; Mendes et al., 1995, 1996; Taqvi
and LeVan, 1996; Rodrigues and Dias 1998; Hufton
and Sircar, 2000; Sircar and Hufton, 2000; Rouse and
Brandini, 2001; Delgado and Rodrigues 2002), of the
specific type of adsorption isotherm (Mendes et al.,
1994; Zhang and Ritter, 1997; Gadre and Ritter, 2002),
of the boundary conditions (Alpay and Scott, 1992;
Buzanowski and Yang, 1991; Carta, 1993; Nakao and
Suzuki, 1983) or the operating conditions (Raghavan
et al., 1986).

To formulate a proper LDF approach for the consid-
ered water-Zeolite system, we first put the focus back
on the work of Malek and Farooq. The individual mass-
transer resistances for a biporous, spherical adsorbent
are related to the K LDF coefficient of Eq. (8) by the
following equation:

1

K LDF
= Rp

3K f

q∗
j �p

c j
+ R2

p

15 εp Deff

q∗
j �p

c j
+ R2

c

15Dc
. (9)

For negligible mass-transfer resistance in the film and
in the micropores this reduces to

1

K LDF
= R2

p

15εp Deff

q∗
j �p

c j
. (10)

Substituting the gas void fraction in the pellet εp with
the overall gas void fraction ε, the particle density �p



42 Gorbach, Stegmaier and Eigenberger

with the bed density �sch

εp = ε − εB

1 − εB
, �p = �sch

1 − εB
, (11)

and applying the ideal gas law, Eq. (10) becomes:

1

K LDF
= R2

p�schRT

15(ε − εB)Deff

q∗
j

p j
. (12)

Hereby, Rp is the pellet radius, p j is the partial pres-
sure of water and q∗

j is the corresponding equilibrium
loading at the temperature T . The effective diffusivity
Deff is related to molecular (Dmol), Knudsen (Dk) and
surface diffusion (Ds) as follows:

1

Deff
= τp

Dmol
+ 1

Dk
τp

+ 1−εp

εp

q∗
j �p

c j

Ds
τs

(13)

Now it is obvious to see that K LDF depends on concen-
tration c j or partial pressure p j through Deff and the
ratio q∗

j (p j , T )/p j which is specified in the equilibrium
relation (Eq. (1)). In the following we will substitute
K LDF in Eq. (8) by Eq. (12) and use Deff as the fitting
parameter which depends on concentration, pressure
and temperature.

The influence of concentration can be studied in
two different ways. Either Deff is calculated from the

Figure 13. Effective diffusivity Deff for case A calculated from K LDF values of Fig. 12 (right) with Eq. (12) (stars) or from a direct fit to the
slope of the breakthrough curve (triangles).

K LDF-values of Fig. 12, right, via Eq. (12) or Deff is
used directly as the optimization parameter to fit the
breakthrough curves. Both procedures lead for case A
to almost constant Deff-values of about 6.510−7 m2/s
(Fig. 13). Hence, we can conclude that the dependency
of the mass-transfer on concentration originates mainly
from the adsorption equilibrium. This means that sur-
face diffusion plays a minor role for the mass-transfer
since it strongly depends on concentration, as shown
in Eq. (13).

Figure 14 compares the experimental result for the
breakthrough of the molar fraction of water and tem-
perature (as shown in Fig. 11) with simulations for
Deff = 6.8310−7m2/s and α = 50 W/(m2K) and con-
firms the success of the procedure used.

To study the impact of temperature and pressure on
the effective diffusivities, simulation profiles have been
fitted to experimental data for the four cases A, B, C,
D (Table 3). The results are shown in Fig. 15, (left).
As before, the effective diffusivities do not depend no-
ticeably on the molar fraction but they strongly depend
on both pressure and temperature. Figure 15, (right),
depicts this context in a logarithmic scale. If we as-
sume a linear dependency on both states in the log-
scale and connect the mean values of Deff for each
case, the resulting slope is close to −1 for the pres-
sure and close to 1.75 for the temperature. To inter-
pret this observation, let us first take a look at the
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Figure 14. Breakthrough curves of molar fraction of water (top) and temperature (bottom) for case A—experimental results (solid lines) and
simulation (dashed lines) for Deff = 6.83 10−7 m2/s and α = 50 W/(m2K).

Figure 15. Left: Effective diffusivities over molar fraction needed to match the slope of the experimental profile for case A–D. Right: Effective
mean diffusivities as a function of temperature and pressure in a log-scale. Dashed lines show the measured dependencies, solid lines indicate
the theoretical dependencies assuming molecular diffusion only (Eq. (14)).



44 Gorbach, Stegmaier and Eigenberger

molecular diffusion coefficient Dmol used in Eq. (13).
A well established correlation of Fuller, Schettler and
Giddings (VDI-Wärmeatlas, 1988) for binary mixtures
is:

Dmol = 10−3T 1.75
( M1+M2

M1 M2

)0.5
1.013

p
[( ∑

ν1
)1/3 + ( ∑

ν2
)1/3]2 . (14)

Besides of the molecular weights Mi and the diffusion
volumes νi , Dmol depends on temperature and pressure
leading to:

log(Dmol) = f (Mi , νi ) + 1.75 log(T ) − log(p). (15)

If we compare Eq. (15) with the results shown in
Fig. 15, (right), it follows that the mass-transfer into
the pellet must be primarily governed by molecular
diffusion since the slopes in the log-scale are almost
the same. Since we have now established and inter-
preted the temperature-, pressure- and (the negligible)
concentration-dependency of Deff, we may specify a
reference effective diffusivity D0

eff:

D0
eff = Deff

p

T 1.75
. (16)

Figure 16. Breakthrough curves of molar fraction of water for case A, B, C and D (Table 3): experimental results (solid lines) and simulations
(dashed lines) based on Eq. (18) with � = 0.0345.

Thus, we can write Eq. (12) in the form:

K LDF(y j , p, T ) = D0
eff

15(ε − εB)

R2
p�schR

T 0.75

p

p j

q∗
j

. (17)

Combining the invariant terms to one kinetic coefficient
� and with p j = y j p we finally obtain:

K LDF(y j , p, T ) = �
y j T 0.75

q∗
j (y j , T, p)

. (18)

For case A with Deff = 6.8310−7 m2/s the reference
effective diffusivity is D0

eff = 1.55 · 10−5 ·� becomes
3.45 · 10−2 if SI units are used.

Combining Eqs. (8) and (18), the mass balance for
the adsorbed amount of water becomes:

∂q j

∂t
= � y j T

0.75(1 − q j/q∗
j ). (19)

To evaluate the capability of Eq. (19) for describing the
adsorption kinetics properly, Fig. 16 shows the simula-
tion results in comparison with the experimental break-
through profiles for case A, B, C and D. As a final result
we can point out that the suggested approach (Eq. (19))
predicts the breakthrough curves properly. Hence, the
above equation represents a very simple but sufficient
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model for the kinetics of water vapor adsorption on
Zeolite 4A. In the feasible range of operating conditions
for air drying via pressure swing adsorption, it is thus
possible to model adsorption kinetics based on only
one constant parameter, �.

4. Concluding Remarks

In this paper we have examined the water vapor adsorp-
tion on Zeolite 4A. A volumetric high vacuum appara-
tus has been used to measure adsorption isotherms over
a wide range of partial pressure. Several conventional
isotherm models were fitted to the obtained data. Due to
their lack of fit especially in the very low pressure range,
a new type of isotherm model was presented. With
five temperature dependent parameters it is possible to
match all experiments sufficiently well. The character-
istic shape of the isotherm is explained by two different
adsorption sites of a completly dehydrated zeolite.

In order to evaluate adsorption kinetics, break-
through experiments at different temperatures and bed
pressures were performed. A mathematical model for
the process based upon a linear driving force equation
for the mass-transfer is provided. The linear driving
force coefficient K LDF is considered to change with
concentration, pressure and temperature. The strong
dependence on concentration could be described by
the nonlinearity of the adsorption isotherm. Its temper-
ature and pressure dependence proved to correspond to
that of binary molecular diffusion. As a result, a well
founded simple and accurate model for the kinetics of
water vapor adsorption on Zeolite 4A as a function of
pressure, temperature and molar fraction of water has
been established. It contains only one kinetic coeffi-
cient, which in the treated region of operating condi-
tions is a constant and can easily be determined from
one breakthrough experiment. This surprisingly sim-
ple result is considered a consequence of the fact that
for trace water adsorption from air the decisive pore
transport mechanism is molecular diffusion of water in
stagnant air.

Future work will be focused on applying the model
presented in this work to a PSA system for air drying.

Nomenclature

A Cross-section
c j Water concentration
b Parameter of adsorption isotherm
c0

p Molar heat capacity

cA Specific heat capacity of pure adsorbent
dp Pellet diameter
D Inner column diameter
Dc Micropore diffusivity
Deff Effective diffusivity
D0

eff Reference effective diffusivity
Dk Knudsen diffusivity
Dmol Molecular diffusivity
Ds Surface diffusivity
f1/2 Coefficient of the Ergun equation
�H st Isosteric heat of adsorption
K LDF Linear driving force coefficient
K f Film mass transfer coefficient
M Molecular weight
ṅ Molar flow
p Pressure
p j Partial pressure
R Universal gas constant (=8.3143 J/molK)
Rc Microparticle radius
Rp Pellet radius
t Time
T Temperature
T0 Reference temperature (=273.25 K)
TW Wall temperature
q j Adsorbent loading in mol j /kg
q∗

j Saturation loading in mol j /kg
X j Adsorbent loading in kg/kg
y j Molar fraction of water in air
z Space dimension

Greek Letters:

α Heat transfer coefficient
η Dynamic viscosity
ε Gas void fraction
εb Bed void fraction
εp Particle void fraction
�p Particle density
�sch Bed density
� Relative humidity
ν Diffusion volume
τp Particle tortuosity
τs Surface tortuosity
� Kinetic coefficient
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Notes

1. Both reproducible experiments and calculations with a 3D-CAD
tool yield identical results for the volumes.

2. Although water vapor at low pressures can be considered ideal,
we use a Redlich-Kwong-Soave real gas approach.

3. It has been shown earlier (Taqvi and Le Van, 1996; Scholl et al.,
1993) that for a trace component system the role of intraparticle
convection can be neglected.

4. A variation of α from 10 to 200 W/(m2K) in the above model did
not affect the breakthrough curve visibly.
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