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Hydrogen Ternary System
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Department of Chemical Engineering, Yonsei University, Seoul, Korea

ABSTRACT

The adsorption dynamics of a ternary hydrogen mixture (H,/CH4/CO;
59.3/30.5/10.2 vol%) in a carbon molecular sieve (CMS) bed were com-
pared experimentally and theoretically with fixed beds by using activated
carbon, zeolite 5A, and oxidized CMS. The breakthrough experiments
were performed in the range of 4—16kg[/cm2 adsorption pressure
and 4.5-9.1 LSTP (liter at standard temperature and pressure)/min
feed flow rate. In the CMS bed regenerated at high temperature
(548 K), the adsorption dynamics were similar to those in the activated
carbon bed in terms of both breakthrough curves and temperature
excursions due to the pore enlargement of the CMS regenerated at
high temperature. Therefore, the effect of kinetic separation on the
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adsorption dynamics was not observed. However, in the CMS bed
regenerated at low temperature (423 K), CH, showed a breakthrough
earlier than CO, owing to the sieving effects on the CMS, and CO
showed the wide mass transfer zone. To understand the adsorption
characteristics and the thermal effects by the heat of adsorption, a
nonisothermal dynamic model incorporating mass, energy, and momen-
tum balances was applied to the adsorption dynamics in the kinetic and
equilibrium separation beds. Moreover, the kinetic effects on the
adsorption dynamics also were studied by using a constant or variable
diffusivity model.

Key Words: Adsorption dynamics; Ternary hydrogen mixture; CMS;
Kinetic effect; Thermal effect.

INTRODUCTION

The fixed-bed adsorption process, especially pressure swing adsorption
(PSA), has been an important unit operation for purification and bulk
separation of gas mixture. In recent years, the PSA process has been commer-
cialized increasingly for air-drying, hydrogen purification, air separation, and
various other separations.'"*! One of the successful applications of the PSA
process is hydrogen recovery, because a high-purity H, product with high pro-
ductivity can be obtained from a well-designed PSA.

Separation of a gas mixture by PSA generally is accomplished by either
selective adsorption (equilibrium separation) or by differences in the diffusion
rates of different molecules into an adsorbent (kinetic separation). A third
mechanism (steric separation) derives from the molecular sieving property
of zeolite. Carbon molecular sieve (CMS) has a bidispersed pore structure
with clearly distinguishable macropores and micropores, and its micropore
size is known in the range of 3—-5 A.B) This adsorbent has the pores of mol-
ecular dimensions that provide relatively high adsorption capacity and
kinetic selectivity for various gases.*! The typical kinetic separation
process that is commercialized is air separation, which produces nitrogen
and uses CMS as an adsorbent. Recently, kinetic separation of methane/
carbon dioxide and recovery of carbon dioxide from landfill gas has been
studied.!>® In spite of such potential capacities of kinetic separation, it is
mainly because little is understood about it that there have only been few com-
mercial applications of it up to now.

The adsorption dynamics for a fixed-bed bulk component system has been
studied extensively.”’ =" In a multicomponent mixture, the breakthrough beha-
vior generally includes a roll-up or plateau phenomenon and temperature
variation in the bed. Farooq and Ruthven!'?! pointed out that roll-up can take



10: 02 25 January 2011

Downl oaded At:

Adsorption Dynamics of Hydrogen Ternary System 2953

place in an equilibrium control system as well as in a kinetically controlled
system. Moreover, it is suggested that multiple roll-ups in the equilibrium sep-
aration system could be stemmed not only from different equilibrium affinity but
also from sorption kinetics.""*! Recently, Ahn et al."*! compared the adsorption
thermal effects on the roll-up between an activated carbon bed and a zeolite 5A
bed. In the case of a CMS bed, Gupta and Farooq'"! reported that the deviation
between PSA simulation and experimental data appeared to increase with
increasing operating pressure in the air separation PSA on CMS, because diffu-
sivity has stronger dependence on surface coverage at wide pressure range.

The experimental results in the fixed bed for such useful information as
breakthrough time, adsorption dynamics, and the amount of heat release can
be used to develop a novel PSA process. In this study, the adsorption
dynamics of the CMS bed were compared with those of the other beds
packed with activated carbon and zeolite SA through breakthrough exper-
iments by using a ternary hydrogen mixture (H,/CH,4/CO). Moreover, the
change of the kinetic separation efficiency in the CMS bed was studied
by using the CMS bed regenerated at different temperature because the
change of pore size distribution, caused by regenerating the adsorbents at
different temperatures and surrounding conditions, can affect the adsorption
dynamics, especially in a kinetically controlled system. A nonisothermal
dynamic model incorporating mass, energy, and momentum balances was
applied for the experimental results by using the gPROMS modeling
tool.''®! In addition, the effect of diffusional time constants on the adsorption
dynamics was studied by using several rate models with a constant or a vari-
able diffusivity. Since temperature variation during the adsorption process is
inevitable, the adsorption dynamics and roll-up phenomenon in each bed
were investigated according to the relationship between the concentration
and the temperature profiles.

EXPERIMENTAL

The schematic diagram of an experimental apparatus is shown in Fig. 1.
The adsorption bed was made of stainless steel of 100-cm length and 3.71 cm
ID. Four resistance temperature detectors (Pt 100 ()) were installed at the
position of 10, 30, 50, and 75 cm from the feed end to probe the temperature
variation inside the bed, and two pressure transducers were located at the feed
and product ends to measure the pressure variation. The precalibrated mass
flow controller (Bronkhorst High-tech, F-201C, Ruurlo, The Netherlands)
was installed between the feed tank and the adsorption bed to control
the feed flow rate. The total amount of gas was confirmed by a wet gas
meter (Shinagawa, W-NK-1B, Tokyo, Japan). The electrical back-pressure
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Figure 1. Schematic diagram of apparatus for breakthrough experiments.

regulator (Bronkhorst High-tech, P-702C, Ruurlo, The Netherlands) between
the adsorption bed and the product tank was installed to maintain constant
adsorption pressure in the bed. Effluent stream was sampled between the
back-pressure regulator and the product tank and was analyzed by using a
mass spectrometer (Balzers, QME 200, Liechtenstein, Germany). All the
data, including concentration, temperature, pressure, and flow rate, were
saved on the computer. Details of the equipment and the operating procedures
used are described in the previous work."'”!

The hydrogen ternary mixture (H,/CH,/CO; 59.3/30.5/10.2 vol%),
which is a main composition in the coke gas, was used as feed gas and the
CMS (CMS-3A, Takeda Co., Osaka, Japan) as an adsorbent in a breakthrough
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experiment. Prior to each experiment, the CMS was regenerated for 12 hr at
423K in the vacuum condition and 548 K in the air condition. Then the bed
packed with the CMS was vacuumed at 10> Torr.

The breakthrough experiments were performed in 4.5, 6.8, and 9.1 LSTP/
min feed flow rate and 4, 10, and 16 kg/ cm? adsorption pressure. And the
adsorption bed was saturated initially with H, at the adsorption pressure.

MATHEMATICAL MODELS AND SIMULATION

To understand the dynamic behaviors of the CMS bed, the mathematical
models were developed on the basis of the following assumptions: (i) the gas
phase behaves as an ideal gas mixture, (ii) radial concentration and tempera-
ture gradients are negligible, (iii) thermal equilibrium between adsorbents and
bulk flow is assumed, (iv) the flow pattern is described by the axially dispersed
plug flow model, and (v) the pressure drop along the bed is considered by
using the Ergun’s equation. The assumption of neglecting radial gradient
was accepted widely by numerous studies, and the others are also common
assumptions in simulating the adsorption processes.'>~ 4171

The component and overall mass balance for the bulk phase in the adsorp-
tion bed are given by

c;  Auc) e 1—¢\ 0g;

—Dy & Ao 1
92 + oz ot * < € ) ot M
ouC) e og; _

il — 2

ot + 0z pz @)

where Dy is an axial dispersion coefficient calculated from the Wakao corre-
lation'"'" and second-order concentration gradient is negligible in the overall
mass balance.

Another characteristic of the adsorption process is the temperature vari-
ation caused by the heat of adsorption. In this system, the energy balance
for the gas phase also includes the heat transfer to the column wall:

*T a(uT)
_KL + (Stngpg + pBCps) + Sngpg B—Z

—pBD H)aq‘+R—};(T—Tw)=o 3)

where K; is the effective axial thermal conductivity.
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To consider heat loss through a wall and heat accumulation in the wall,
another energy balance for the wall of the adsorption bed was used:

oT,,
Py CpwAw o = 27Rgi (T — Ty,) — 27Rpoho(Tw — Taum) “4)
where A,, = m(R3, — R3)).

The boundary conditions of mass and energy balances are presented
below. The well-known Danckwarts boundary conditions were applied:

aC,' aC,'
—Dr|— = u|,—o(¢il =0~ —Cil;=0+); — =0 5
()| = et —alar ()] o
aT oT
K| — = p,C, —o(T | =o- =T ,—o+); — =0 6
(%)= nCuslea(n 10 ()| ©

where c¢;|,—o— means feed concentration for component i.
To consider the pressure drop along the bed, Ergun’s equation was intro-

duced as momentum balance.'**"!
dP
—— =auv + bpv|v| (7a)
dz
150 (1 —¢\° 175 (1—
a=n () b=gp (7b)
4RP € 2Rp F3

where v is superficial velocity.

The measurement of mixed-gas adsorption becomes more difficult as the
number of component in the mixture increases. From pure gas isotherms for
each constituent in the mixture, the adsorption equilibrium of multicomponent
was described by the following extended Langmuir—Freundlich model:

B;P"
qF = qmn—ln, (8a)
1+ Zj:l Bij
k
gm =k +kT, B=ke"T, n=ks +?6 (8b)

This correlation has been used widely for the simulation and design of
adsorbers and the cyclic gas separation processes because of its mathematical
simplicity and extensibility to multicomponents.''-*%!4!

It is well known that the sorption rate in the kinetically controlled PSA
process strongly depends on the concentration.!"*?%?*! In this study, the fol-
lowing three sorption models were applied to investigate the kinetic effect on
the adsorption dynamics: linear driving force (LDF) model with constant
diffusivity, Darken’s relation, and structural diffusion model.™
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However, there are only few theories with which one can predict multi-
component diffusivities from pure-component diffusivities, despite the
importance of description of multicomponent diffusion inside porous
material.®! Among others, the Maxwell—Stefan theory yields alternative
approaches to multi-component diffusion and is consistent with the theory
of irreversible thermodynamics.!>*~2¢!

Since the driving force for mass transport by diffusion is a chemical
potential gradient in this theory, this driving force is balanced by the friction
between the diffusing species and the pore wall. By comparing the driving
forces for diffusion given by Fick’s law and the Maxwell—Stefan equations,
the following explicit expression for [D] can be obtained.

[D] = [B]'[T] )

For the single file diffusion mechanism, the above equations simply give
the following expressions for the Fick diffusivity matrix [D]:

D 0 0 0
o= 2% % (10)

B 0 . 0

0 0 0 D

n

The thermodynamic factor I' is given by

r,;=6 o ij=1,2,....n (11

For Langmuir—Freundlich isotherm T is

1 0;
F”:;<8’7+0_v>’ ij=1,2,....n (12)

As aresult, the Fick diffusivity matrix [D] for ternary mixtures can be obtained
as follows:

D 0 0 [|(0=6—63)/n 01 /m 01 /n
0 D, 0 0 /1, (I =61 —03)/ny 0 /ny
[D] . 0 0 Dg. 93/}’13 Bg/nx (1 — 0] — 92)/!’13

(I —6;—6,—063)
(13)
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Model I: LDF Model with Constant Diffusivity

9q;
ot

KDei
2

=wi(q —q). o= (14)

In this model, with a single lumped mass transfer parameter, the effective
diffusivity, D.;, was assumed constant and was obtained from the mean value
in the range of partial pressure of each gas.'**"]

Model II: Darken Model with L-F Isotherm

Farooq et al. introduced a variable diffusivity model to a kinetically con-
trolled PSA separation process. They pointed out that the Darken equation
[Eq. (15)] with the Langmuir isotherms predicted the experimental data
better than the constant diffusivity assumption. Based on those results, the fol-
lowing variable diffusivity models [Eq. (16)] were presented as the adsorption

rate models.!'"??!
dInP;
D.; = D,; 15
€ 0, dln qi ( )
D,; .
Dej = —=[1 + B;P}" (16)
n;

which is reduced to constant diffusivity at low loading, as required.

It is noteworthy that the same resultant expression, Eq. (16), can be
derived from the Maxwell—Stefan model for the single file diffusion mechan-
ism in Eq. (13).

Model III: Structural Diffusion Model with L—F Isotherm

However, it was reported that the validity of substituting the activity of
the adsorbed molecules by the gas-phase pressure in Darken’s relation is
not clear.””! Recently, Do'*® proposed a structural diffusion model [Eq.
(17)], derived from the assumption that the gradient of the isotherm is large.
Based on those results, the following model [Eq. (18)] was proposed.

Doi
RS 17
ST (17)
1 + B;P")?
De; = Doi( kA : ) (18)

Pn,-—l
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The adsorption isotherms and LDF kinetic parameters for each pure gas
on zeolite 5A and activated carbon were obtained from the previous
work.'"" Models IT and III depict the adsorption rate as a function of the adsor-
bate concentration of a solid phase. The adsorption isotherm and kinetic par-
ameters on the CMS used in this study have been taken from independent
single-component experiments by using a volumetric method.***! Figure 2
shows the adsorption isotherms of three pure gases on the CMS with the cor-
responding regeneration conditions. The isotherm parameters and apparent
time constant at zero pressure are summarized in Tables 1 and 2.

The numerical solution of the above model is very complex and is diffi-
cult, because the equations to determine the behavior of this system are what
are called partial differential-algebraic equations (PDAESs). Furthermore, the
exponential terms of non-linear isotherms (extended Langmuir—Freundlich
model) and the variable adsorption rate with pressure often make numerical

4
Regeneration Cond.
423K 548K
(Vac.) (Air)
(1 M CH,
3 —
S @ co
= L
E O @ H, =
=3 —— LF model F
i2) A
5
o 2 A <
5 <
e
3 - <
B % %
ﬁ <
&, %
1 ) Z
Vol
2
/[ & =
[/4 &
%, 2
/e
= </
0 | | | | | | |
0 2 4 6 8 10 12 14 16

Pressure [atm]

Figure 2. Adsorption isotherms of three pure gases (CHy4, CO, and H,) at 293 K on
CMS regenerated at different temperature.
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Table 1. Parameter values of Langmuir—Freundlich model at 293 K.

Regenerated at 423 K Regenerated at 548 K
qm dm
(mmol/g) B (1/atm) n(—) (mmol/g) B (1 /atm) n(—)
CO 4.18 0.130 0.714 10.25 0.050 0.660
CH, 4.59 0.232 0.671 10.86 0.097 0.518
H, 4.48 0.013 0.990 11.35 0.006 0.104

simulation inexecutable. In this study, the gPROMS modeling tool developed
by Process Systems Enterprise Ltd. (London, UK) was used to obtain the sol-
ution of dynamic simulation from the above model. The systems of PDAEs are
solved by using a method of line methodology, which uses the discrete-spatial
dimension to reduce the PDAEs to differential-algebraic equations (DAEs).
Typically, 100 distance steps were used for normal computation. A centered
finite difference method of the second-order was applied to the spatial
partial derivatives. And thereafter, the DAEs for temporal domain were inte-
grated by using an integrator, called a DASOLYV, included in the gPROMS
library. The results of numerical simulation were stable for the range of
conditions used in this work.

The central processing unit (CPU) time for solving the above PDAEs
was less than 100 sec on a computer (PC; pentium 1.0 GHz), whereas each
experimental run was executed for 1600 sec.

RESULTS AND DISCUSSION
Comparison of Adsorption Dynamics at Various Fixed Beds
Figure 3 shows the experimental and simulated breakthrough curves
under the condition of 10 kgf/cm2 adsorption pressure and 6.8 LSTP/min

feed flow rate at four different beds. The CMS used in Fig. 3a and d was

Table 2. Apparent time constant at zero pressure, D; (sec ') at 293 K.

Model III: Structural

Model II: Darken model diffusion model with L—-F
with L—F isotherm isotherm
CO 0.0014 0.0076

CH, 0.000011 0.0000031
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Figure 3. Breakthrough curves in (a) CMS (regenerated at 548 K), (b) activated
carbon, (c) zeolite 5A, and (d) layered (CMS/zeolite 5A) bed under 10 kg;/ cm? adsorp-

tion pressure and 6.8 LSTP/min feed rate.
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regenerated at 548 K. And the layered bed was packed with CMS and zeolite
5A in a 50:50 volume ratio. In this study, hydrogen was considered not an
inert gas, but an adsorbate, although the isotherm amount of H, was much
lower than that of CH, and CO. Therefore, the equilibrium as well as
kinetic parameters of hydrogen on each CMS were taken into account in
Egs. (8) and (14). Since the H, breakthrough curve was balanced exactly
with the amount of CH, and CO as shown in Fig. 3a, it was not presented
in other figures to compare simultaneously the results of adsorption dynamics
at various beds.

It is expected that two concentration wave fronts move along the adsorption
bed with its propagation velocity in the equilibrium separation system. The vel-
ocity of each concentration wave front of CH4 and CO can be determined
mainly by feed rates, feed compositions, and adsorption capacities. Also, the
equilibrium or kinetic relationship between the adsorbed species can change
it. In the CMS bed regenerated at 548 K in Fig. 3a, the roll-up of CO is due
to different equilibrium affinity between CO and CH,4 on the CMS as shown
in Fig. 2. The overall behavior in the CMS bed resembles that of the activated
carbon bed in Fig. 3b. However, compared with the behaviors in the activated
carbon bed, the breakthrough time of each component and the interval between
breakthrough times of CO and CH,4 were shorter and the roll-up of CO in the
CMS bed became smaller and narrower. On the other hand, in case of the
zeolite SA bed in Fig. 3c, CH, was the first breakthrough component followed
by CO at short intervals. Since both wave fronts of CH, and CO proceeded
almost simultaneously, only relatively small roll-up of CH, was observed.
Figure 3d shows the breakthrough curves of a CMS/zeolite 5A layered bed.
The first breakthrough component was CO but CH, also made a breakthrough
almost simultaneously. The wave front of CO was very sharp and fast in the
CMS bed as shown in Fig. 3a and it became rather smooth and slow as it pene-
trated into the zeolite layer. The breakthrough times of both CO and CH, were
between those of CMS bed and zeolite bed.

It is very interesting that CH, in the CMS bed shows relatively smooth
wave front even though the isotherm on the CMS is favorable. However,
the wave front of CO in this bed was sharp, which was similar to that in the
activated carbon bed. In an equilibrium model, which assumes negligible
resistance to mass transfer, it is reported that high-concentration fronts propa-
gate faster than low-concentration fronts for a favorable isotherm. Thus, the
concentration front is of self-sharpening type, referred to as a compressive
wave.!?! But this model does not recognize the kinetic contribution to the for-
mation of concentration gradients within the adsorbent. Therefore, the shape
of CH, breakthrough curve became rather sagged owing to diffusional resist-
ance into micropore of the CMS. So regardless of the dominant mechanism,
the other effects should be considered.
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It is reported that the diffusion rate of CH, was much slower than that
of CO in the CMS with the average pore size of 3A due to the tetrahedral
molecular structure of CH4.[4’5] However, the beds packed with the CMS
regenerated at 548 K did not show any salient difference in the adsorption
dynamics, compared with the equilibrium separation beds such as zeolite
5A and activated carbon beds. Moreover, when Model I (LDF model with
constant diffusivity) was applied in these four experiments as an adsorption
rate model, the predicted results agree well with the experimental break-
through curves.

In this study, the variation of the adsorption dynamics by the CMS regen-
erated at the different temperature conditions was investigated because this
temperature changed the adsorption characteristics of the CMS.

Effects of Regeneration Temperature on Adsorption
Dynamics in the CMS Bed

Figure 2 also shows the adsorption isotherms on the CMS regenerated at
423 K under the vacuum condition. In terms of selectivity, both CMSs show
small difference, while the adsorption capacity of the CMS activated at
548 K was higher than that of the other CMS. Furthermore, it was found
from the BET (Brunauer, Emmett and Teller) analysis that the pore size of
the CMS activated at 548 K under the air condition was enlarged at the
average pore size of 4A and its surface area was 522.59 m? /g. At the exper-
imental condition used in the work, the mean value of diffusion constant
(D /Rf,) of CO on the CMS regenerated at 423 K was about 1.2 x 107 times
higher than that of CH,.”” However, in the case of CMS regenerated at
548 K, the ratio was less than an order of magnitude. Kinetic separation is
possible only with molecular sieve carbon, because the distribution of pore
size allows different gases to diffuse at different rates while totally avoiding
exclusion of any gases in the mixture.'” As a result, since the CMS used in
Fig. 3a and d was regenerated at 548 K under the air condition, the kinetic
effect became weak in the adsorption dynamics, while the equilibrium separ-
ation contributed much to the breakthrough curve.

The comparison of the breakthrough curves at the CMS beds regenerated
at two different temperatures is presented in Fig. 4. This figure shows the
dimensionless effluent concentration of CH, and CO under the same condition
as that in Fig. 3. And the breakthrough results in each CMS bed were com-
pared with the simulated ones with various adsorption rate models.

As can be seen in Fig. 4a, there is little contrast between simulated results
when using three different rate models in the CMS regenerated at 548 K and
the roll-up is mainly due to different equilibrium affinity between CO and
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Figure 4. Experimental and simulated breakthrough curves in each CMS bed,
regenerated at 548 and 423 K, under IOkgf/cm2 adsorption pressure and 6.8 LSTP/
min feed rate.

CH, on the CMS as mentioned above. This figure exhibits the typical roll-up
features for the conventional equilibrium operations.

However, in the CMS bed regenerated at 423 K, the breakthrough order
of the components is interchanged, caused by the kinetic effect. Moreover,
the breakthrough of a heavy component occurred almost immediately due to
the much slower uptake of CH4. Compared with Fig. 4a, the breakthrough
time of the light component, CO, was faster and the steepness of its break-
through curve was reduced more saliently. Then, the convergence time into
feed concentration was longer in Fig. 4b than in Fig. 4a. The equilibrium
adsorbed amounts of CO on the CMS regenerated at 423K are slightly
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less than those at 548 K in the range of partial pressure, as shown in Fig. 2.
These phenomena resulted from slower diffusion rate of CO on the CMS
regenerated at 423 K. It means that the contact time is too short to permit
significant uptake of a light component in the pore of the CMS. In other
words, the concentration wave front could be controlled by the control of
the pore size on CMS.

It is noteworthy that the slight roll-up of a heavy component, CHy, is
observed in Fig. 4b. This phenomenon was not seen in equilibrium CMS oper-
ation in Fig. 4a. CH,4 on the CMS showed the most favorable isotherm in the
system in Fig. 2, and its concentration in the feed was higher than CO.
However, the result in Fig. 4b implies that the CO concentration in the pore
of the CMS is higher than CH, concentration due to the faster diffusion rate
of CO than that of CH,. And, it is clear that the adsorption dynamics in this
bed totally depends on the kinetic effect.

As appeared in Fig. 4a, there is no difference among the predicted results
in three different rate models. However, Models II and III (variable diffusivity
models) predicted the experimental data much better than Model I (constant
diffusivity model) in the case of the kinetic separation bed in Fig. 4b. Since
the experiments were performed at a low pressure range in terms of partial
pressure of CO and CHy4, there was only a negligible difference between the
predicted results in the structural diffusion model (Model III) and the
Darken’s model (Model II).

The effects of adsorption pressure on breakthrough curve in each CMS
bed are presented in Figs. 5 and 6. In Fig. 5, since the difference in the adsorp-
tion capacities of CO and CH,4 on the CMS became greater with an increase in
the adsorption pressure, these two concentration wave fronts were separated
further apart and the roll-up of CO by CH,4 was increased. The adsorption
dynamics in the bed due to the change in the adsorption pressure were
similar to those in the activated carbon bed!'¥ because selective adsorption
plays a more important role in the adsorption operation than the difference
in the diffusion rates of molecules.

Figure 6 shows that in the CMS bed regenerated at 423 K, the break-
through time of CH, is increased as the adsorption pressure is increased.
The higher the pressure of each component, the faster they diffuse. It
implies that the diffusion rates of both components depend on the adsorption
pressure. However, the elongation of the CH, breakthrough time within this
pressure range in the kinetic bed was much smaller than that in the equilibrium
bed in Fig. 5. Moreover, the breakthrough curve of CO became smoother with
an increase in the adsorption pressure because the adsorption amount of a
stronger adsorbate, CH,4, was increased with pressure.

To understand the dynamic behavior clearly, bed concentration profiles at
different times are illustrated in Figs. 7 and 8. These figures show the
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Figure 5. Effect of adsorption pressure on breakthrough curves at constant 6.8
LSTP/min feed rate in the CMS bed regenerated at 548 K.

gas-phase mole fraction and dimensionless loading of each component as a
function of dimensionless bed length. Since ¢* is a function of temperature
and partial pressure, it is not constant but variable (i.e., ¢* is also a function
of both length and time). In an equilibrium control system, as shown in
Fig. 7, the concentration wave front of a light component propagates faster
than that of a heavy component. The roll-up of CO in Fig. 7b results from
the fact that light components lose their adsorption sites due to the competitive
adsorption of heavier components. Therefore, the desorbed light components
join the bulk stream and the gas-phase concentration becomes greater than that
in the feed concentration. It is notable that g also exceeds ¢* for CO in the
early region of a roll-up. Figure 7c shows that the system at that time is in
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Figure 6. Effect of adsorption pressure on breakthrough curves at constant 6.8
LSTP/min feed rate in the CMS bed regenerated at 423 K.

equilibrium, because there is no driving force of mass transfer between the gas
and the solid phases.

In a kinetically controlled system such as Fig. 4b, the small roll-up of a
heavy component (CH,4) was observed at the early stage of the breakthrough
in Fig. 8a. It is caused by the displacement of the adsorbed CH, by the newly
arrived CO through the pore. Therefore, the CO concentration in the gas phase
steeply decreased, while that in the solid phase was relatively higher than the
CH, concentration. At 400 sec in Fig. 8b, the concentration profiles of CO in
the gas and solid phases were almost similar, whereas the profiles of CH, in
both phases kept constant difference through the bed. In the case of a heavy
component, a driving force of mass transfer was kept even at 1400 sec,
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Figure 7. Bed profiles in the CMS bed, regenerated at 548 K, under IOkgf/cm2
adsorption pressure and 6.8 LSTP/min feed rate at (a) 20sec, (b) 400sec, and (c)
1400 sec. (calculated by LDF model).

which was different from Fig. 7c. Also, since the diffusion of CH, into the
CMS was very slow, its concentration on the solid phase was nearly the
same through the bed. Moreover, the CH4 concentration profile was increased
very slowly with time, which seemed to be independent of the concentration in
the gas phase.

To provide a clearer insight into the adsorption dynamics in the equili-
brium and kinetic beds, the temperature profiles inside the beds are presented
in Figs. 9 and 10. The adsorption process is intrinsically exothermic and the
heat released during the adsorption makes the breakthrough nonisothermal.
As the concentration wave fronts of CO and CH, propagate along the bed,
the heat of adsorption brings temperature rise in the equilibrium control bed
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Figure 8. Bed profiles in the CMS bed, regenerated at 423 K, under 10 kgf/cm2
adsorption pressure and 6.8 LSTP/min feed rate at (a) 20sec, (b) 400sec, and
(c) 1400 sec. (calculated by Darken—LF model).

in Fig. 9. Because the concentration wave fronts of CO and CH, are very close
at the feed end in Fig. 7a, one temperature excursion is observed near the feed
end in Fig. 9a. However, the temperature profile began to show a small inflec-
tion at around 200 sec. in Fig. 9b. Then, as concentration wave fronts of CO
and CH, propagate along the bed, the separated two temperature excursions
can be seen clearly in Figs. 9c and 9d. Since the wave velocity of CO is sig-
nificantly different from that of CH4 in Fig. 7b, temperature rose twice and
temperature excursion peaks were highly separated along the bed. The first
excursion of the temperature profile by the CO adsorption decreased slightly
because of the heat transfer and desorption of CO by the CH, concentration
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Figure 9. Temperature history at the position of (a) 10 cm, (b) 30 cm, (¢) 50 cm, and
(d) 75 cm from the feed end under 10 kg;/ cm? adsorption pressure and 6.8 LSTP/min
feed rate in the CMS bed regenerated at 548 K.

wave front. Then, the latter temperature peak was caused by the adsorption
of CH,.

As shown in Fig. 10, the temperature profiles in the kinetically controlled
bed were very different from those in the equilibrium controlled bed. The temp-
erature increase by the adsorption was less than 3 K, which was near the isother-
mal condition. Compared with the equilibrium controlled CMS bed regenerated
at 548 K, the average amount adsorbed of the heavy component is negligible, as
shown in Fig. 8. As a result, the adsorption dynamics in the kinetically
controlled CMS bed regenerated at 423 K were operated near the isothermal
condition due to the very slow diffusion of the strong adsorbate (CHy).
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Figure 10. Temperature history at the position of (a) 10 cm, (b) 30 cm, (c) 50 cm, and
(d) 75 cm from the feed end under 10kg;/ cm? adsorption pressure and 6.8 LSTP/min
feed rate in the CMS bed regenerated at 423 K.

CONCLUSION

The adsorption dynamics of a ternary hydrogen mixture in the CMS bed
were compared experimentally and theoretically with fixed beds packed with
activated carbon and zeolite SA. The variation of the adsorption dynamics by
the difference in the regeneration temperature of CMS also was investigated
because it entirely changed the adsorption characteristics. In this study the
CMS was regenerated at 423 K and 548 K.

In the CMS bed regenerated at high temperature, the kinetic effect
became weak due to the pore enlargement of the CMS for regeneration. As
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a result, separation was mainly accomplished by the equilibrium mechanism
and the breakthrough behavior showed a typical roll-up of a light component
in a multicomponent system. The overall behavior resembled that of the acti-
vated carbon bed. On the other hand, the breakthrough behavior of zeolite 5A
bed was somewhat different since both wave fronts of CO and CH,4 proceeded
almost simultaneously in the zeolite SA bed.

In the CMS bed regenerated at low temperature, the breakthrough order
of the components is interchanged and the breakthrough of a heavy com-
ponent occurred almost immediately due to a much slower uptake of
CH,. At the experimental condition used in the work, the mean value of
the diffusion constant of CO on the CMS regenerated at 423 K was about
1.2 x 10% times higher than that of CH,. Because the adsorption dynamics
totally depended on the kinetic effect, the developed rate model introducing
the Darken model and a structural diffusion model was applied in the simu-
lation. The variable diffusivity models that have the concentration dependent
rate parameter showed better prediction than that by the constant diffusivity
model.

Compared with the equilibrium controlled CMS bed regenerated at
548 K, the average adsorbed amount of the heavy component is negligible.
As a result, the adsorption dynamics in the kinetically controlled CMS bed
regenerated at 423 K were operated near the isothermal condition due to the
very slow diffusion of the heavy component. The range of temperature
variation was only about 3 K. Therefore, the CMS bed may be used for the
recovery of H, and CH, simultaneously from the ternary system.

NOMENCLATURE
Ay cross sectional area of the wall (cm2)
B equilibrium parameter for Langmuir—Freundlich model
(atm 1)
[B] matrix of inverted Maxwell-Stefan diffusivities (sec/ sz)
C; i component concentration in bulk phase (mol/ cm’)
Coo> Cpss gas, pellet, and wall heat capacity, respectively (cal/g K)
pw
[D] matrix of Fick diffusivities (cm? /sec)
D, effective diffusivity defined by solid diffusion model
(cm? /sec)
D; Maxwell—Stefan diffusivity of component i (cm? /sec)
D, diffusional time constants (cm2 /sec)
D; axial dispersion coefficient (cm? /sec)

hy heat transfer coefficient at the inner wall (cal/ cm’ K sec)
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Tatm
T, T,

ij
(I']

€, &

0

pg, pp’ PB>
Pw
w

o

0Q T ~

heat transfer coefficient at the outer wall (cal/ cm?K sec)
average heat of adsorption (cal/mol)

parameter for Langmuir—Freundlich model
proportionality parameter for LDF model (—)

axial thermal conductivity (cal/cm sec K)

bed length (cm)

equilibrium parameter for Langmuir—Freundlich model (—)
total pressure (atm)

amount adsorbed, equilibrium amount adsorbed, and
average amount adsorbed, respectively (mol/g)
equilibrium parameter for Langmuir—Freundlich model
(mol/g)

radius of pellet (cm)

inside and outside radius of the bed, respectively (cm)
time (sec)

temperature of atmosphere (K)

pellet or bed temperature and wall temperature, respectively
(K)

interstitial velocity (cm/sec)

superficial velocity (cm/sec)

axial distance in bed from the inlet (cm)

Greek Symbols

Kronecker delta (5; = 1 for i = j, 6;; = 0 for i # j)
matrix of thermodynamic factors (—)

voidage of adsorbent bed and total void fraction,
respectively (—)

fractional surface occupancy (—)

gas density, pellet density, bulk density, and bed wall
density, respectively (g/ cm’)

LDF coefficient (secfl)

viscosity (g/cm sec)

Subscripts

bed
component i
pellet

gas phase
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w

solid phase
\Y vacant site
W wall
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