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Pressure Effects in Adsorbers and Adsorptive
Reactors

MARK E. BYRNE and PHILLIP C. WANKAT*
SCHOOL OF CHEMICAL ENGINEERING

PURDUE UNIVERSITY

WEST LAFAYETTE, INDIANA 47907-1283, USA

ABSTRACT

Large transients and oscillations in pressure and flow rate were predicted by an adi-
abatic equilibrium-staged model when a concentrated strongly adsorbed propane feed
was loaded onto zeolite 5A adsorbent initially presaturated with a nonadsorbed com-
ponent. Oscillations were directly linked to the concentration front of the adsorbable
component. When compared to published isothermal results, the adiabatic model pro-
duced transients of decreased magnitude in pressure and flow rate, and oscillations
were damped. For the adiabatic case, initial breakthrough occurred at slightly earlier
times. A parametric study confirmed that a strong finite sink for the adsorbable com-
ponent and a highly concentrated amount of adsorbable component must be present
for oscillations to occur within a staged model. Previous experimental work showed
oscillations for columns connected in series with each column behaving as a stage.
Adsorbate heat capacity, assumed to be a saturated liquid phase, was shown to be an
important energy balance parameter storing approximately 12% of adsorption and
compression energy. This term should be included in nonisothermal dynamic models.
Kinetic energy and compression effects were determined to be negligible compared
to other energy terms. The model was extended to study adiabatic adsorptive reactors.
For the reverse water-gas shift reaction, enhanced conversion was confirmed. Pres-
sure transients and oscillations did not occur with strong adsorption since a low con-
centration of adsorbable species was produced. When the feed contained large
amounts of adsorbable component, water, oscillations in pressure and flow rate oc-
curred which produced oscillations in product concentrations and reaction rates. This
simulation represents unusual conditions for this reaction, but certainly feasible oper-
ating conditions for other reactions. Increasing the reaction equilibrium rate constant,
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which represented new reaction conditions, resulted in a very high conversion with a
high purity nonadsorbable product. Enhanced conversion and separation at equivalent
energy consumption was confirmed for adsorptive reaction under some but not all
conditions.

Key Words. Pressure swing adsorption (PSA); Heat effects; Adsorptive
pressure swing reactor (APSR); Pressure swing reactor (PSR); Pressure ef-
fects; Adiabatic adsorption; Simulation; Staged model; Adsorptive reaction;
Water gas shift reaction

PRESSURE EFFECTS IN ADSORPTION PROCESSES

Since changes in pressure provide the basis for separation in pressure swing
adsorption (PSA) processes, pressure effects should be expected to be impor-
tant in dynamic modeling of these processes. Fluctuations in pressure can be
attributed to three areas: pressurization and depressurization, frictional pres-
sure drop through the adsorption bed, and adsorption-caused pressure tran-
sients.

Early models of pressurization and depressurization assumed a frozen solid
phase (no adsorption or desorption), which assumed that the gas phase
changed with pressure according to the chosen gas law equation (24, 26). Es-
sentially, the pressurization and blowdown steps were instantaneous with a
square wave step change in column pressure. Since the pressure changes are
not instantaneous, pressure–time history equations (27), linear or exponential
approximations (27), and instantaneous pressure changes followed by mass
transfer at the new constant pressure (9, 27) have been used and provided more
realistic solutions.

In most conventional PSA systems, which use large particle diameters and
short bed lengths, the frictional pressure drop can be neglected (9). Others in-
clude either Darcy’s law (Blake–Kozeny equation) or the Ergun equation to
account for frictional pressure drop. Many studies provide experimental (6,
16) and theoretical (9, 16, 29) evidence for the importance of including fric-
tional pressure drop effects in the modeling of certain PSA processes. Signif-
icant pressure gradients also occur in rapid PSA (RPSA) (1, 27) which is a
cyclic gas adsorption process with short cycle times, small particles, and high
gas velocities.

Recently, significant adsorption-caused pressure transients were observed
by Arumugam and Wankat (5) and Arumugam et al. (3) when a concentrated,
strongly adsorbed component was introduced into a column initially presatu-
rated with a weakly adsorbed component. Experiments with columns-in-series
exhibited oscillations in pressure and flow rate, which were in qualitative
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agreement with an isothermal staged simulation model and partial differential
equation simulation model. These findings indicate the need to include vari-
able pressure equations for cases in which a concentrated component is
strongly adsorbed. The first goal of this work was to model these systems for
adiabatic operation, since most large-scale adsorption processes fall into this
regime.

PRESSURE EFFECTS IN ADSORPTIVE REACTORS

The second goal of this work was to develop a novel adiabatic adsorptive
pressure swing reactor (APSR) staged model to predict the effects of tran-
sients in pressure and temperature on reaction rates, equilibrium, and product
concentrations. If significant transients occur, these effects would also need to
be included in the design of concentrated adsorptive reactors.

The chromatographic reactor is one of the earliest examples of coupling
separation by adsorption with chemical reaction (e.g., Ref. 23). Later exam-
ples include pressure swing reactors (PSR) (1, 13, 17) and rapid PSA (RPSR)
reactors (2, 18, 31), moving bed processes (11), and simulated moving bed
processes (30). The coupling of reaction and adsorption compared to conven-
tional catalytic reactors may: 1) increase conversions and/or improve selec-
tivities; 2) save energy with lower process operating temperatures; and 3) de-
crease expenses by reducing catalyst deactivation and intensifying the
process.

Most of the theoretical models (1, 17, 18, 22, 31, 32) for the PSR or RPSR
configurations concentrate on simple case models to reduce the number of
operating parameters and decrease solution complexity. The most common
limiting assumptions in these models are isothermal operating conditions,
negligible axial pressure gradients, and negligible mass transfer resistances.
Also, many experimental (14, 31) and theoretical studies (1, 17) introduce
feed streams consisting of dilute reactants in inert gas to maintain isother-
mal conditions and to reduce pressure gradients dramatically. Commercial
realization would be operated under more concentrated and nonideal condi-
tions.

Theoretical studies, which included axial pressure drop (2, 22), used pure
reactant feed instead of a dilute composition. Axial pressure gradients are also
expected to be significant in RPSR processes. Pressure gradients might also
play an important role in concentrated adsorptive reactors if adsorption of one
or more components is strong. Transients in pressure will not only influence
adsorption kinetics and separation capacity but will directly influence reaction
rates and product concentrations. Arumugam and Wankat (4) theoretically
showed that adsorption-induced pressure gradients and flow rate changes can
modify reaction rates and product concentrations in an isothermal gas-phase
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adsorptive reactor. This work confirmed the need to include pressure effects
in adsorptive reactor modeling when adsorption is strong irrespective of the
net change in total moles by reaction (pressure influence on reaction).

Experimental results have confirmed the advantages of PSR systems (8, 13,
31). Recently, the water-gas shift reaction has been of interest (8, 14). Carvill et
al. (8) introduced a pure equimolar feed gas of reactants and experimentally con-
firmed a sorption-enhanced reaction process using a bench-scale apparatus. The
reaction considered was the endothermic reverse water-gas shift reaction:

CO2(g) � H2(g) ←→ CO(g) � H2O(g) (1)

The water was adsorbed, driving the reaction to completion. They succeeded
in producing an equivalent carbon dioxide to carbon monoxide conversion with
99�% product purity operating at less than half the normal PFR temperature.
The comparison, with catalyst only, was 22% purity operating at the same pres-
sure and temperature as the PSR. They operated at near isothermal conditions
by transferring the heats of reaction and adsorption through the reactor walls.

Han and Harrison (13) reported on an adsorptive water-gas shift reaction to
produce almost pure hydrogen at equivalent conversions of carbon monoxide.
Process savings included replacing an expensive shift catalyst with a rela-
tively inexpensive dolomite sorbent, reducing the amount of excess steam sent
to the reactor, and eliminating separation equipment as well as heat exchang-
ers between catalyst beds.

MATHEMATICAL MODEL

Staged Model: Columns-in-Series

Figure 1 is a simple schematic of the staged model. The staged model ap-
proximates a single adsorption column where stages are mathematical arti-
facts. However, the staged model also translates to adsorption columns in se-
ries where, in effect, each column is a stage. Columns-in-series have been
shown to oscillate experimentally (3), and this configuration is common (e.g.,
simulated moving beds). The cells-in-series numerical discretization method
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FIG. 1 Schematic for stages-in-series model.
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allows the partial differential equations inherent in modeling column dynam-
ics to be reduced to ordinary differential equations. This numerical approach
is equivalent to finite-difference methods (33) and provides adequate comput-
ing efficiency. The coupled ordinary differential equations were solved using
a dynamic simulation package, SPEEDUP (Aspen Technology, Inc.) (7).

The following assumptions were made in model development: well stirred
stages with constant void fraction; negligible radial gradients in temperature,
velocity, and concentration; Langmuir adsorption isotherms with Arrhenius
temperature dependence; ideal gas behavior; local equilibrium with no mass
transfer resistances; instantaneous local thermal equilibrium between fluid
and adsorbent; negligible thermal diffusion and pressure diffusion; no viscous
heating effects; compressible laminar flow in inlet, outlet, and connecting
tubes; no reaction or adsorption in inlet, outlet, and connecting tubes; no en-
ergy transfer through column walls; no energy storage in column walls; and
mixture properties assumed to be the summation of mole fraction times the
pure component properties.

The material balances for the accumulation of total moles in the gas phase in
stage j (nTj) and the moles of component i in stage j in the gas phase (nij) are

�
dn

d
T

t
, j

� � Nconnect, j � Nconnect, j�1 � �pVj (1 � �e)(1 � �p)

� ∑
i�A,B,C,D,I ��

d
d
q
t
i,j
�� � ∑

i�A,B,C,D,I
	i,j Rj

(2)

�
d
d
n
t
i, j
� � yi, j�1Nconnect, j � yi, jNconnect, j �1 � �pVj

� (1 � �e)(1 � �p)��
d
d
q
t
i, j
�� � 	i,jRj

(3)

The gas-phase reverse water-gas shift reaction is equilibrium controlled. It
is an equimolar, endothermic reaction that is not thermodynamically favored
at temperatures below 800°C (8). The rate of the reverse water-gas shift reac-
tion in stage j is

Rj � (�e � (1 � �e)�p)Vj�pk rj ��
K
1
pj
� yCO2, j yH2, j � yH2O, j yCO, j� (4)

The water-gas shift reaction equilibrium constant and reverse rate constant
(12) are
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krj � (0.86 � 0.14Pj) exp �1.22 � �
18

T
5
j

5
�� and Kpj � exp ��4.72 � �

48
T
0
j

0
��
(5)
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where

Kpj � k r j /kfj (6)

The equilibrium constant is the inverse of the normal form since the WGSR is
usually written (12) as

H2O � CO ←→ H2 � CO2

The reaction constants assume a low temperature shift catalyst with a cop-
per active agent and no deactivation, poisoning, or sintering. It was also as-
sumed that adsorption and reaction take place independently on the adsorbent
surface. The heat of reaction must also be evaluated at Tref.

The ideal gas law takes the form

Pj � and yi, jPj ��
[�a �

n
(1

i, j

�

RgT
�

j

e)�p]Vj
� (7)

With the assumption of compressible laminar flow, the flow rate is (28)

Nconnect, j � (8)

where P(0) � Pin and P(Nstages�1) � Pout.
The constant C is introduced to account for flow resistances due to valves,

elbows, and so forth. The connecting tubes are hypothetical constructs which
have no volume and provide a convenient alternative to account for axial pres-
sure drop within the staged model. No heat transfer, energy storage, viscous
heating, or reaction occurs in the connecting tubes.

The amount of component i adsorbed in stage j is given by the Langmuir
isotherm,

qi, j � (9)

The isotherm parameters are assumed to have an Arrhenius temperature de-
pendence.

�b
b

0

i,

,

j

i
� � exp ��
H

R

ˆ
a

g

ds,i
� ��

T
1
0
� � �

T
1

j
��� Ki,j � qmax,ibi, j (10)

Ki,jyi, jPj
���
1 � ∑

i�A,B,C,D,l

bi, jyi, jPj

C�D4
connect, j (P2( j � 1) � P2( j ))

����
256 RgT�connect, jLconnect,i

nT, jRgTj
���
[�e � (1 � �e)�p]Vj
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The energy balance for stage j is

�
d
d
t
� [(�e � (1 � �e)�p)ĤjnT, j � (1 � �e)(1 � �p)

� Ĥsolid, j�pVj � (1 � �e)(1 � �p)Vj�pqjĤads, j]

� Nj�1Ĥj�1 � NjĤj � 
ĤrxnRj � KEin � KEout (11)

The first term on the left-hand side of Eq. (11) is the accumulation of energy
in the gas inside and outside the porous adsorbent. The second term is the ac-
cumulation of energy in the solid within a given stage. The third term is the
accumulation of energy in the adsorbate phase.

Differentiating the first term (accumulation of energy in the gas inside and
outside the pores) on the left-hand side gives

�
d
d
t
� [(�e � (1 � �e)�p) ĤjnT, j] � (�e � (1 � �e)�p)

� �Cpf, jnT, j �
d
d
T
t
j

� � Ĥj �
dn

dt
T, j
�� (12)

where Cpf, j (� dĤj /dTj) is the heat capacity of the fluid (gas) phase. The heat
capacity of the ideal gas mixture is the weighted average of pure component
heat capacities. A polynomial correlation was used for the pure component
heat capacities (25):

Cpf, j � B � 2CTj � 3DTj
2 � 4ET j

3 � 5FT j
4 (13)

The solid and adsorbed phase heat capacities are assumed to have no tem-
perature dependence. The general molar enthalpy for the gas, solid, and ad-
sorbed phases were assumed to be of the form:

Ĥj � �Tj

Tref

Cp dT (14)

The constant of integration is evaluated at T � Tref.

Ĥsolid � 0, Ĥads � 
Ĥads, and Ĥgas,stagej � Ĥj � 0 at T � Tref

(15)

Therefore, the enthalpy of the solid phase is given by

Ĥsolidj � �Tj

Tref

Cpsolid dT (16)

where the heat capacity of the solid, CP solid, is a constant independent of tem-
perature and pressure.
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These conditions also require the enthalpy of the adsorbed phase to be

Ĥads � �Tj

Tref

Cpads dT � Cpads (Tj � Tref) � 
Ĥads (17)

where 
Ĥads is the isosteric heat of adsorption at Tref. Most models ignore this
contribution of the adsorbate phase. A few other papers have included the ad-
sorbate heat capacity and assumed it to have the properties of a saturated liq-
uid (20, 21). In this modeling effort, Cpads was numerically the same as the liq-
uid heat capacity.

Differentiating the second term (accumulation of energy in the solid phase)
on the left side gives

�
d
d
t
� [(1 � �e)(1 � �p) Ĥsolid, j�pVj] � (1 � �e)(1 � �p)�pVjCpsolid �

d
d
T
t
j

� (18)

Differentiating the third term (accumulation of energy in the adsorbate) gives

�
d
d
t
� [(1 � �e)(1 � �p)Vj �pqjĤads, j] � (1 � �e)(1 � �p) Vj�p

� ��
d
d
q
t
j

� (Cpads (Tj � Tref) � 
Ĥads) � qjCpads �
d
d
T
t
j

�� (19)

The heat of mixing is assumed to be zero, which is generally a reasonable
assumption for gases. For an ideal gas, enthalpy is independent of pressure.

RESULTS

Adsorption: Adiabetic and Isothermal Case Comparison

The simulations modeled an experiment where a column filled with helium
at atmospheric pressure is first completely pressurized with helium to a pres-
sure of 3.7228 atm (40 psig) and at t � 20 seconds the flow is switched to
propane. Results of the adiabatic and isothermal simulations for three stages-
in-series are presented in Figs. 2–6. Table 1 lists simulation parameters. The
simulation code was slightly modified to achieve isothermal conditions,
which matched previous simulation results (3, 5) and qualitatively matched
previous experimental results (3). Parametric studies were performed within
widely bounded ranges to analyze variable trends even though, in some cases,
certain values cannot be achieved with existing technology.

Pressure and Flow Rate Transients

The occurrence of oscillations is linked to the movement of the propane
concentration front. A brief description of events is presented here; a full de-
scription is presented elsewhere (3, 5, 7). Figures 2 and 3 show oscillations in
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FIG. 2 Three stages-in-series model: Isothermal and adiabatic case comparison—Pressure.

FIG. 3 Three stages-in-series model: Isothermal and adiabatic case comparison—Flow rate.
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pressure and flow rate comparing the isothermal and adiabatic conditions.
When flow is switched from helium to propane at t � 20 seconds, the amount
of propane entering stage 1 is not sufficient to compensate for the propane ad-
sorbed and the total flow out of stage 1. The stage pressure decreases and
drops well below the value expected due to purely frictional losses; frictional
losses are evident after pressurization (before the propane switch) and after
adsorbent saturation. Due to the constant pressure source and since flow rate
is proportional to the difference in stage pressure and source pressure, the in-
let flow rate to stage 1 (Fig. 3) increases because of the increased pressure
drop. Stages 2 and 3 pressures decrease since the flow rate out of stage 1 de-
creases. When the adsorbent in stage 1 saturates, stage pressure increases and
inlet flow rate decreases. The process then repeats for each stage, with one os-
cillation occurring per stage. Results from simulations for five and 25 stages-
in-series (7) confirm as many pressure minima and flow maxima as stages.
However, the amplitudes decrease and smooth out as stages increase to ap-
proximate a single column. In this regard, oscillations are an artifact of using
a staged model to approximate a single column. However, columns-in-series
will oscillate (3) with each column acting as a stage. Therefore, these results
will be applicable to any staged system.

In comparison to the isothermal case, the pressure and flow rate oscillations
of the adiabatic case are broader with decreased amplitude. The pressure min-
ima and flow rate maxima occur at slightly earlier times. Also, total bed satu-
ration is reached at longer times for the adiabatic case. In effect, an additional
degree of freedom (temperature not constant) constrains the nature of the re-
sponse for the adiabatic case. Parametric analysis revealed that pressure and
flow transients are a direct consequence of strong adsorption affinity and that
oscillations are a result of stages-in-series with a finite adsorption capacity. A
single CSTR model (5), which solves a set of similar equations, provided ev-
idence that the oscillations were unlikely to be produced by numerical insta-
bility. Experimental evidence also supports this conclusion (3).

Axial pressure and concentration profiles for both cases are presented in
Figs. 4 and 5, respectively. Note the discontinuity in the pressure curves at the
location of the propane concentration front. For the adiabatic case (Fig. 6), the
temperature waves travel slightly ahead of the concentration wave.

Heat Effects

There are three sinks for the energy released by the heat of adsorption: the
storage of energy in the adsorbent pellet, the storage of energy in the adsorbed
phase (assumed to have the same properties as a liquid), and the storage of en-
ergy within the gas inside and outside the pores of the adsorbent. Due to adi-
abatic conditions, the heat of adsorption and compression energy (parametric
evaluation revealed compression energy was insignificant compared to ad-
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FIG. 4 Twenty-five stages-in-series model: Axial pressure profile.
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sorption energy) cannot be transferred to the environment into or through
stage walls and must be transferred away by the exiting gas.

The heat released by adsorption will raise the temperature within a given
stage (Fig. 6). Temperatures of all stages quickly increase and reach higher

336 BYRNE AND WANKAT

FIG. 5 Twenty-five stages-in-series model: Axial propane concentration profile.
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maximums with increasing stage numbers since each stage receives a higher
inlet temperature. The combined decrease in pressure from the decrease in the
number of gas-phase moles and the increase in temperature from the heat of
adsorption decreases propane adsorption. Hence, propane breakthrough oc-
curs earlier for the adiabatic system (Fig. 5). This was verified by analyzing
adsorbent loading curves and gas-phase propane curves.

Significant heat effects can decrease the separation efficiency. Temperature
changes affect the equilibrium capacity of the adsorbent, the shape of the ad-
sorption isotherm, and adsorption kinetics. The magnitude of the temperature
swing depends upon the heat of adsorption, the input concentrations of ad-
sorbable components, cycle time, and the heat transfer characteristics of the
column and adsorbent. It is generally accepted that heat effects are detrimen-
tal to PSA processes (10, 26, 27, 33) and that adiabatic operation produces the
worst performance unless the energy can be used for other purposes, such as
regeneration (20, 26, 27).

The main accumulation of energy is within the solid phase (approximately
88%). The energy in the gas phase is negligible compared to the other energy
balance terms. Energy is released by the heat of adsorption, which is slightly
reduced by the addition of an adsorbate heat capacity (assumed to be saturated
liquid heat capacity). This component accumulates approximately 12% of the
total energy released. Ignoring this contribution results in approximately 15 K

PRESSURE EFFECTS IN ADSORBERS AND ADSORPTIVE REACTORS 337

FIG. 6 Twenty-five stages-in-series adiabatic model: Axial temperature profile.
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338 BYRNE AND WANKAT

FIG. 7 Three stages-in-series adiabatic model: Adsorbate heat capacity and loading capacity
evaluation for 100% propane feed—(a) Maximum pressure difference, (b) Maximum tempera-
ture difference, (c) Breakthrough time. Base case/value parameter denotes normal value used in

adiabatic base case.
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overestimation of maximum temperature increase (Fig. 7; compare 
Tmax for
the base case to the value with Cpads � 0). Although, since the magnitude of
this term depends upon the molar amount of adsorbed component, the effect
increases as adsorption occurs. Therefore, this synergistic effect increases this
heat sink contribution and is dependent upon adsorption capacity and ad-
sorbed phase heat capacity.

Most papers ignore the contribution of the adsorbed phase heat capacity in
the energy balance, and papers (15, 21) that have included it have differed in
the nature of the adsorbed phase. Liu and Ritter (20) theoretically analyzed pe-
riodic heat effects in PSA and have noted that the inclusion of an adsorbed
phase heat capacity (assumed to be saturated liquid) in the model energy bal-
ance significantly affected process performance. Of course, when the column
approached an isothermal condition by increasing heat transfer to the sur-
roundings, the effects of this term decreased and were no longer noticeable.

Figure 7 shows the combined effects of adsorbent loading capacity and ad-
sorbate heat capacity. For larger values of the heat capacity, isothermal con-
ditions are approached for all cases of loading capacity. For small values, the
maximum temperature increases as loading capacity increases. As adsorbent
loading capacity is increased, the heat capacity contribution of the adsorbate
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FIG. 7 Continued
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will be greater. As more adsorbate is present on the adsorbent, the more en-
ergy it can take away as a heat sink. The pressure transients become larger as
the adsorbent heat capacity and loading capacity (qmax) increase.

The calculations of kinetic energy and enthalpy in and out of each stage
proved that the kinetic energy is a small proportion (less than 1%) of the en-
ergy in and out of a given stage. Thus, it is a good assumption to neglect ki-
netic energy contributions with the most influential limiting case presented
here, a strongly adsorbed component that produces significant transients in
pressure and flow rate.

When the inlet flow rate was held constant, pressure and flow rate transients
were of greater magnitude, but the oscillations were reduced. Since the inlet
flow rate and the outlet pressure were held constant, the stage pressures
reached lower minima.

Inert adsorbent studies produced no pressure or flow transients and con-
firmed adsorption caused the observed behavior. It also confirmed relatively
insignificant heat of compression energy compared to adsorption energy.

Increasing the concentration of presaturant adsorbable component or de-
creasing the adsorbable component in the feed reduced the adsorbent loading
rate, leading to decreased transients and oscillatory behavior. Temperature
swings were also reduced. Parametric analysis for the propane/helium system
revealed that 80% propane was the lowest feed concentration that produced
significant transient/oscillatory behavior (approximately 0.2 atm pressure
transient).

As the adsorbent and adsorbate heat capacities were increased, isothermal
operation was approached; the outlet temperature maxima decreased, pressure
minima decreased (amplitude increase), and breakthrough time increased.

Increasing adsorbent capacity qmax resulted in higher temperature swings
and larger pressure transients (larger than isothermal case). However, large
factors greater than an order of magnitude produced an overall pressure de-
pression which replaced oscillations. Thus, as the finite capacity restriction on
the sink was removed, oscillations were no longer present. The effects of
changing both adsorbent heat capacity and loading capacity for a pure propane
feed are presented in Fig. 8. By increasing the adsorbent heat capacity, more
loading (hence separation) can be reached for equivalent temperature fluctua-
tions. For a larger heat capacity, pressure transients are increased for a given
loading capacity.

Adsorption and Reaction: Water-Gas Shift Reaction

A column filled with helium at atmospheric pressure is first completely
pressurized with helium to a pressure of 4.74 atm (55 psig) and at t � 20 sec-
onds the flow is switched to an equimolar feed mixture of reactants, 50% car-
bon dioxide and 50% hydrogen (adiabatic WGSR base case simulation).
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FIG. 8 Three stages-in-series adiabatic model: Adsorbent heat capacity and loading capacity
evaluation for 100% propane feed—(a) Maximum pressure difference, (b) Maximum tempera-
ture difference, (c) Breakthrough time. Base case/value parameter denotes normal value used in

adiabatic base case.
(continued)
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Even though a large sink for water (the adsorbable component) existed, the
adsorbable component was not concentrated enough to significantly affect the
pressure behavior (the maximum mole fraction water can reach is 0.5) and no
transient period existed. For a three-stage simulation, stages 1, 2, and 3 tem-
peratures reached maximums of 558, 580, and 590 K, respectively, which
were qualitatively similar to adsorption only results. Since the heat of adsorp-
tion was larger than the heat needed for reaction, the temperature in stage 1
quickly increased as the equimolar feed entered the stage. Stages 2 and 3
reached higher maximum temperatures than stage 1 because each received a
higher temperature gas from the previous stage. A parametric analysis re-
vealed that for endothermic reactions, temperature swings were minimized as
the ratio of heat of adsorption/heat of reaction approached unity.

The stage 1 net rate of formation reached a maximum and then decreased
since water began to be consumed by the backward reaction, as well as still
being adsorbed. Stage 1 reached a higher net rate maximum than stages 2 and
3 due to the larger amounts of carbon dioxide and hydrogen present in the gas
phase. As more water was present in the gas phase, the backreaction had a
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greater effect until steady-state. When the adsorbent was saturated, both tem-
perature and net rate of formation followed the same trend. As the adsorbent
saturated, the mole fraction of water increased. This caused carbon dioxide
and hydrogen outlet concentrations to increase and the outlet concentration of
carbon monoxide to decrease due to the backreaction until steady-state was
reached. The water mole fraction showed a maximum, then decreased due to
backreaction.

For similar reaction conditions with no adsorption, all stage temperatures
decrease as expected due to the endothermic nature of the reaction. As ex-
pected, steady-state results matched the reaction with the adsorption case
(when adsorbent is saturated). This was also confirmed by rate of formation
curves.

The reaction/adsorption maximum rates of formation are also much higher
than the reaction alone case. Reaction with no adsorption produced a maxi-
mum outlet concentration of 5 mol/m3 of carbon monoxide. The reaction/ad-
sorption base case produced a maximum of 20 mol/m3 of carbon monoxide
(steady-state reduces concentration to 5 mol/m3). Equivalent conversions (20
mol/m3) with reaction only (no adsorption) were produced by operating at a
significantly elevated temperature of 850 K. Thus, enhanced conversion at
equivalent energy consumption or equivalent conversion with energy savings
is confirmed for APSR.

In order to study transient pressure effects, a 90% water/10% carbon diox-
ide feed was introduced into stage 1 of a three-stage system. Pressure oscilla-
tions (Fig. 9a) occurred with these feed conditions (unusual for this reaction
but not for other reactions), and the nature of the transients and oscillations are
qualitatively similar to adsorption only results. Since the reaction is exother-
mic in this direction, the maximum temperature (Fig. 9b) reached by each
stage is greater than the equimolar feed WGSR results. This is expected with
the superposition of the heats of adsorption and reaction. Rate of formation
curves confirmed a high net rate of reaction in stage 1, which is always in the
backward direction. However, the net rate of reaction within stages 2 and 3
goes in the opposite direction. This is due to the adsorption and reaction sinks
for water. There is also a very high rate of adsorption at early times since wa-
ter is present in the feed. When breakthrough occurs from stage 1 at approxi-
mately t � 80 seconds (Fig. 9c), the net maximum rate of formation of water
decreases. With water present, the reaction can proceed in the opposite direc-
tion. The peaks in net rate of formation correspond to the gas-phase mole frac-
tion of the adsorbable component in the feed, water. Therefore, oscillations in
reaction rates are a direct consequence of a highly concentrated, strongly ad-
sorbed component in the feed. The outlet concentrations (Fig. 10) show slight
oscillations in product concentrations and reactant, carbon monoxide. As the
adsorbent is saturated, outlet water concentration rises slightly and carbon
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FIG. 9 Three stages-in-series WGSR adiabatic model: 90% H2O/10% CO feed—(a) Pressure,
(b) Temperature, (c) Water breakthrough curves.
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FIG. 9 Continued

FIG. 10 Three stages-in-series WGSR adiabatic model: 90% H2O/10% CO feed—Outlet con-
centration.
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dioxide and hydrogen concentrations are relatively constant since water is re-
acting (very small backreaction) to form carbon dioxide and hydrogen.

A feed of 50% water/50% carbon monoxide did not produce significant
transients or oscillations in pressure or flow rate. No significantly noticeable
oscillations occurred in outlet concentrations or in net reaction rates.

As a check, pure water (adsorption only) was fed to the system. Oscillations
in pressure were very similar to previous propane adsorption results. The tem-
perature maxima and pressure transients were larger due to stronger adsorp-
tion of water and a higher energy of adsorption released.

For three stages, the equilibrium rate constant was arbitrarily increased by
a factor of 1000. All other parameters were kept the same as the adiabatic
WGSR base case. Slight transients in pressure occurred, but there were no no-
ticeable oscillations. At these conditions it was possible to produce approxi-
mately 103 mol/m3 of CO. Between approximately t � 100 to 600 seconds it
was also possible to produce an essentially pure product CO. The outlet con-
centration results are shown in Fig. 11.

Theoretical reactions with a small net decrease or net increase in the num-
ber of moles were also simulated with the stages-in-series model (7). En-
hanced conversion was confirmed when a strong adsorption sink was present,
and oscillations in product concentrations and reaction rates occurred which

346 BYRNE AND WANKAT

FIG. 11 Three stages-in-series WGSR adiabatic model: Increase in equilibrium reaction con-
stant � 1000—Outlet concentration.
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enhanced or hindered product formation, depending on the volume change by
reaction. If both equilibrium reaction rate constant (net formation of ad-
sorbable component) and adsorption capacity are sufficiently large, oscilla-
tions will occur. If the exothermic heat of reaction is relatively large, adsorp-
tion capacity will be compromised and adsorption-caused effects will not
occur. It was confirmed that the APSR increased conversion with all reactions
considered, but they are better suited for endothermic reactions with an in-
crease in the number of moles.

CONCLUSIONS

Adsorption without Reaction

Large transients and oscillations in pressure and flow were confirmed to ex-
ist when a concentrated strongly adsorbed feed was loaded onto a staged col-
umn initially presaturated with a nonadsorbed component. Oscillations were
directly linked to the concentration front of the adsorbable component. When
compared to isothermal results, an adiabatic model produced transients of de-
creased magnitude in pressure and flow rate, and oscillations were broader
with decreased amplitude. Pressure oscillation minima, flow rate oscillation
maxima, and initial breakthrough occurred at slightly earlier times, and
steady-state was reached at slightly longer times for the adiabatic case. The
most limiting assumption in model development was neglecting mass and heat
transfer resistances by assuming equilibrium stages. More importantly, how-
ever, the assumption of constant column pressure during feed steps was shown
not to be valid when dealing with a concentrated strongly adsorbing system.

Results of a parametric study confirmed that a strong finite sink for the ad-
sorbable component and a highly concentrated amount of the adsorbable com-
ponent must be present for oscillations to occur in a staged model. The nature
of the transients is also dependent upon the amount and rate of energy pro-
duced and taken away, and operation can be altered with different energy stor-
age parameters. In particular, adsorbate heat capacity was shown to be an im-
portant energy balance parameter that should be included in nonisothermal
models. Correct parameter estimation and evaluation in models of these pro-
cesses is very important in adequately describing behavior.

Adsorption with Reaction

For endothermic reactions with no net change in the number of moles, con-
version and separation can be enhanced within an adsorptive reactor. For the
adiabatic reverse WGSR, pressure transients and oscillations did not occur
with strong adsorption since a low concentration of adsorbable species was
produced. However, when the feed was switched to unusual feed conditions
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with a large amount of adsorbable component, oscillations in pressure and
flow rate occurred which produced oscillations in product concentrations and
rates of formation. The oscillations are a direct result of strong adsorption of
a highly concentrated component within a staged model. Increasing the equi-
librium rate constant resulted in a very high conversion with a period of ap-
proximately pure nonadsorbable product.

NOMENCLATURE

A gas-phase heat capacity polynomial equation coefficient
(J/mol)

B gas-phase heat capacity polynomial equation coefficient
(J/(mol�K))

b equilibrium parameter in Langmuir isotherm expression
(atm�1)

b0 equilibrium parameter at temperature T0 in Langmuir isotherm
expression (atm�1)

C 1. constant in Eq. (8) to account for flow resistances
2. heat capacity polynomial equation constant (J/(mol�K2))

Cpads adsorbate phase heat capacity (J/(mol adsorbate�K))
Cpf gas-phase heat capacity (J/(mol�K))
Cpsolid solid adsorbent heat capacity (J/(kg adsorbent�K))
D 1. tube diameter (m)

2. heat capacity equation constant (J/(mol�K3))
E heat capacity polynomial equation constant (J/(mol�K4))
F heat capacity polynomial equation constant (J/(mol�K5))
Ĥ molar enthalpy of gas phase (J/(mol�K))
Ĥads molar enthalpy of adsorbate phase (J/(mol adsorbate))
Ĥsolid enthalpy of adsorbent particle (J/(kg adsorbent))
Ĥrxn molar enthalpy of reaction (J/mol)

Ĥads molar isosteric heat of adsorption (J/(mol adsorbate))

Ĥrxn molar heat of reaction (J/mol)
K parameter in Langmuir isotherm expression (mol/(kg�atm))
Kp reaction equilibrium constant; WGSR (no units)
kf forward reaction rate constant; WGSR (mol/(kg�s))
kr reverse reaction rate constant; WGSR (mol/(kg�s))
KE kinetic energy (J/s)
L tube length (m)
MW molecular weight (kg/gmol)
n moles in gas phase (mol)
Nin, Nout molar flow rate in inlet and outlet tubes (mol/s)
Nconnect molar flow rate in connecting tubes (mol/s)
P pressure (atm)
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q adsorbent loading (mol/(kg adsorbent))
Rg gas constant ((m3�atm)/(mol�K))
R rate of reaction (mol/s)
T temperature (K)
t time (s)
V volume of stage (m3)
y mole fraction in gas phase

Greek Letters

�p adsorbent particle density (kg/m3)
	 stoichiometric coefficient
� viscosity of gas phase (atm�s)
�e interstitial void fraction
�p intraparticle void fraction

 change

Subscripts

1 refers to stage number 1
A 1. helium in adsorption studies

2. carbon dioxide in water-gas shift reaction
ads refers to adsorbate characteristics
B hydrogen in water-gas shift reaction
C 1. propane in adsorption studies

2. water in the water-gas shift reaction
connect refers to connecting tubes in stages-in-series model
D carbon monoxide in water-gas shift reaction
I inert component (helium)
i refers to component A, B, C, D, or I
in inlet
j refers to stage number
j�1, j�1 refers to stage preceding stage j, and after stage j
max refers to maximum loading (adsorbent maximum capacity)
mix mixing
Nstages total number of stages
Nstages�1 outlet of last stage
0 refers to reference state
out outlet
p refers to adsorbent particle characteristics
ref refers to reference state
rxn refers to reaction characteristics
solid refers to solid (adsorbent) characteristics
T refers to total
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