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THERMAL EFFECTS ON THE
BREAKTHROUGH CURVE OF A
HYDROGEN TERNARY SYSTEM AT A
FIXED BED

Hyungwoong Ahn, Choonsup Chun, Myungkyu Park,
Ik-Sung Ahn and Chang-Ha Lee*

Department of Chemical Engineering,
Yonsei University Shinchon-dong, Seodaemun-gu,
Seoul, 120-749, Korea

ABSTRACT

The thermal effect on the breakthrough curve of a hydrogen
ternary mixture (H,/CH4/CO; 60:30:10 vol%) was investigated ex-
perimentally and theoretically at a fixed bed in the range of 4 to 16
kgs/cm? adsorption pressure and 4.5-9.1 LSTP/min feed flow rate.
To understand the adsorption dynamics and the thermal effect by
the heat of adsorption, a non-isothermal dynamic model incorpo-
rating mass, energy, and momentum balances was used and was
compared with isothermal and adiabatic models. The adsorption
thermal effects on adsorption dynamics were compared between
an activated carbon bed and a zeolite SA bed. In the activated car-
bon bed, the roll-up of CO by CH, and the separation of mass
transfer zones between CO and CH4 occurred and the H, break-
through curve showed a stepwise decrease and tailing. However, a

*Corresponding author. Fax: +82-2-312-6401; E-mail: leech@yonsei.ac.kr
2121

Copyright © 2001 by Marcel Dekker, Inc. www.dekker.com



10: 45 25 January 2011

Downl oaded At:

ORDER g REPRINTS

2122 AHN ET AL.

small roll-up of CH, and a wide breakthrough of CO in the exper-
imental range was shown in the zeolite bed without the separation
of two temperature wave fronts. The breakthrough time was elon-
gated by an increase in adsorption pressure and by a decrease in
feed flow rate in each adsorbent bed, but the extent of elongation
was different due to the difference between the affinities of CO and
CH, to each adsorbent. Also, in the activated carbon bed, the ex-
tent of roll-up became wider with a decrease in feed flow rate and
became steeper with an increase in adsorption pressure. Depending
on the thermal condition in each bed, concentration and tempera-
ture profiles showed different behavior.

Key Words: Adsorption dynamics; Hydrogen ternary mixture;
Roll-up phenomenon; Breakthrough curve; Temperature excursion

INTRODUCTION

Fixed-bed adsorption process has been an important unit operation for
purification and bulk separation of gas mixture. In recent years, it has increasingly
been applied to a large-scale separation process. One of the successful applica-
tions of a pressure swing adsorption (PSA) process is hydrogen recovery because
a high-purity H, product with high productivity can be obtained from a well-de-
signed PSA.

Recently, various PSA processes with layered beds or with two groups of a
single-adsorbent bed have been studied extensively (1-6). The key step to devel-
oping an optimum PSA process lies in the design and operation of the adsorption
step. Therefore, given quite a few experimental results of adsorption breakthrough
by which the adsorption step in the PSA process could be predictable, such useful
information as breakthrough time, adsorption dynamics and the amount of heat re-
lease can be used to develop a novel PSA process. Also, on the condition that the
theoretical models of the adsorption breakthrough can predict its experimental re-
sults well, it can be used to investigate the breakthrough dynamics in a bed and
predict PSA performance without any specific experiment.

After the study by Sircar and Kumar (7,8) on the constant pattern adiabatic
adsorption from bulk single-component and binary gas mixtures, the adsorption
dynamics for a fixed-bed bulk component system has been studied extensively
(9-12). In a multi-component mixture, the breakthrough behavior generally in-
cludes a roll-up or plateau phenomenon and temperature variation in the bed. Since
a roll-up phenomenon reflects competitive adsorption caused by different equilib-
rium affinity of each component for an adsorbent, the complexity peculiar to a spe-
cific adsorbate—adsorbent system can be expected (12). Some researchers pointed

Copyright © Marcel Dekker, Inc. All rights reserved.
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out that roll-up can take place in an equilibrium control system as well as in a ki-
netically controlled system (13). Recently, Park and coworkers (11) reported that
multiple roll-ups in the equilibrium separation system could be stemmed not only
from different equilibrium affinity but also from sorption kinetics.

In this study, the adsorption dynamics of ternary hydrogen mixture
(H,/CH4/CO; 60.4:28.1:11.5 vol%) in activated carbon and zeolite SA beds were
investigated through breakthrough experiments. The experimental results and dy-
namics in the bed were analyzed by using a non-isothermal dynamic model
incorporating mass, energy, and momentum balances. Although the temperature
increase inside a bed is undesirable, temperature variation during the adsorption
process is inevitable. Therefore, the adsorption dynamics and roll-up phenomenon
in each bed were investigated according to the relationship between the concen-
tration and temperature profiles. These experimental results were also compared
with the simulated results in the isothermal and adiabatic conditions.

EXPERIMENTAL STUDIES

The ternary hydrogen mixture (H,/CH4/CO; 60.4:28.1:11.5 vol%) was used
as feed gas. Activated carbon (6—16 mesh, Calgon Co.) and zeolite 5A (4-8 mesh,
W.R. Grace Co.) were used in a breakthrough experiment. Before the experiment,
the activated carbon and the zeolite SA were regenerated for more than 12 h at 323
and 593 K, respectively. The characteristics of adsorbents are shown in Table 1.

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. To
measure the temperature inside the bed, four RTDs were installed at the position
of 10, 30, 50, and 75 cm from the feed end. The pre-calibrated mass flow con-
troller (F-201C, Bronkhorst High-Tech) was installed between a feed tank and an
adsorption bed to control the feed flow rate. The total amount of gas was con-
firmed by a wet gas meter (W-NK-1B, Shinagawa). The electrical back-pressure
regulator between the adsorption bed and the product tank was installed to main-

Table 1. Characteristics of Adsorbents

Type Activated Carbon Zeolite5A
Granular Sphere
Pellet size [mesh] 6-16 4-8
Pellet density [g/cm3] 0.85 1.16
Bulk density [g/cm?] 0.482 0.746
Bed porosity [—] 0.433 0.357
Total void fraction [—] 0.78 0.77
Heat capacity [cal/g-K] 0.25 0.22
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Figure 1. Schematic diagram of apparatus for breakthrough experiments.

tain 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 (QME 200, Balzers). All the data including concentration,
temperature, pressure, and flow rate were saved on the computer.

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

MATHEMATICAL MODEL

To understand the adsorption dynamics, a non-isothermal dynamic model
was applied with the following assumptions : 1) The flow pattern can be described
by an axially dispersed plug flow model. 2) The ideal gas law can be applied. 3)
The solid and gas phases reach a thermal equilibrium instantaneously. 4) Axial
conduction in the column wall can be neglected. 5) Radial concentration and
temperature gradients in the adsorption bed are negligible. 6) Second order con-
centration gradient is negligible in the overall mass balance. These assumptions
have been widely accepted by numerous studies in the adsorption process
(5,11,13,14).

Copyright © Marcel Dekker, Inc. All rights reserved.
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The component mass balance with axial dispersion term was used to calcu-
late concentration in the gas bulk phase.

%c;  duc)  dc — &\ 0g;
_DL_C2+E+_C+pp<u>_q: (1)
0z 0z at & ot
where Dy is axial dispersion coefficient calculated by following a Wakao Eq. (15).
D
L= 20 405
2uRp  Re Sc

The overall mass balance was used to calculate interstitial velocity (1) by
the following equation.

+
Jat dz &

9Cc | 0wC) 1 - & 9qi
2 le 3 iy @)

Assuming instant thermal equilibrium between fluid and particles, the
energy balance in the gas and solid phases was given by
2

9°T
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where K is the effective axial thermal conductivity (16).

In this study, the heat loss through a column wall cannot be neglected be-
cause the ratio of column length to diameter is large. Therefore, the energy bal-
ance in the column wall was used as follows.

aT,,
prprw ot = 2mRp;h; (T — T,)) — 2wRph (T, — Tasm) (4a)

To calculate the pressure drop along the bed, Ergun’s equation was used
a7.

_4ap _
i + bpvlvl (5a)
150 (1 —&)* (I—8) ,
- % =1. :
“TurRp & b= 175 2Ry (5)

where v is superficial velocity.

In this study, the following loading ratio correlation (LRC) and a linear driv-
ing force (LDF) model were used for the adsorption equilibrium and sorption rate,
respectively (5,12).
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And the well-known Danckwerts’ boundary conditions were applied to solve the
equations.
Gci Bc,-
- DL( > = u(cil=0~ — Cilz=0*); ( ) =0 (8a)
9z /1z=0 9z /|z=1
K <3T> (cp)gu()! TI ) (8T> 0 (8b)
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where ¢; | .—o means feed concentration for component i.

In the present study, a three-point backward finite difference method was
applied for temporal derivative. And a second-order central difference and a sec-
ond-order backward difference were used to approximate second-order and first-
order spatial derivatives, respectively (17). The resultant finite difference equation
came to have tridiagonal matrix in the left hand, and it can be solved rapidly by a
tridiagonal matrix method. The same input parameters were used in the previous
work (12,18).

RESULTS AND DISCUSSION

Effect of Non-isothermality on Breakthrough Curves in an
Activated Carbon Bed

Figures 2 to 5 show the results of the breakthrough experiment and simula-
tion of hydrogen mixture in the activated carbon bed under 10 kgi/cm? adsorption
pressure, 6.8 LSTP/min feed flow rate and 289.1 K. As shown in these figures, the
experimental results agreed well with the simulated results.

In Fig. 2, the roll-up of CO breakthrough curve was due to a great difference
in the equilibrium affinity of CO and CH, for the activated carbon (12). In the CO
plateau, the CO concentration increased slightly with time. Then, it began to de-
crease with a small tail at the beginning of the breakthrough of CH,. In case of H,,
the breakthrough curve dropped dramatically at the early breakthrough of CO and
then decreased smoothly at the plateau of CO roll-up until the breakthrough of
CH, occurred. The H, breakthrough curve showed tailing as the concentrations of

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 2. Experimental and simulated concentration breakthrough curves under 10
kg/cm? adsorption pressure and 6.8 LSTP/min feed flow rate (adsorption bed was initially
saturated with H, at 10 kg/cm? and 289.1 K) in the activated carbon bed.

CO and CH, approached the feed compositions. Also, Fig. 2 shows the corre-
sponding simulated breakthrough curves under the isothermal and adiabatic con-
ditions. While the isothermal breakthrough curve was elongated around 140 s
from the non-adiabatic and non-isothermal one, the breakthrough of CO in the adi-
abatic condition took place around 70 s earlier than the non-adiabatic and
non-isothermal one. It implied that the experimental breakthrough time in this
study was more similar to the adiabatic condition than the isothermal condition
due to the difficulty in the heat transfer of the generated heat of adsorption. How-
ever, the extent of roll-up in the non-adiabatic and non-isothermal condition was
more similar to the isothermal result than to the adiabatic result, whereas the shape
of the plateau was different from the isothermal and adiabatic results.

In the isothermal condition, the adsorption amount of CO and CH,4 was rel-
atively large due to a constant low bed-temperature. In the roll-up of CO, the
adsorbed amount of CO in the isothermal condition was larger than those in other
conditions because of the increased CO concentration and low bed-temperature. It
is expected that this phenomenon in the isothermal condition will lead to a simi-
lar extent of CO roll-up in the non-isothermal and non-adiabatic condition. On the

MaRcEL DEKKER, INC.
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Figure 3. Temperature history at the position of (a) 10, (b) 30, (c) 50, and (d) 75 cm from
the feed end under 10 kgg/cm? adsorption pressure and 6.8 LSTP/min feed flow rate in the
activated carbon bed.

contrary, the extent of roll-up of CO in the adiabatic condition was larger than that
in the isothermal condition due to a decrease in adsorption capacity with temper-
ature rise.

Meanwhile, in the non-isothermal and non-adiabatic condition, the desorp-
tion amount of CO by CH,4 adsorption was similar to that in the adiabatic condi-
tion due to a temperature increase. However, the adsorption of CO in the range of
its roll-up was greater than that in the adiabatic condition because of the temper-
ature decrease with the heat transfer to the outside of the bed. Therefore, the
roll-up behavior of CO was broader than those in both adiabatic and isothermal
conditions, and the plateau in the CO roll-up showed an increasing slope that was
different from other conditions. Their detailed results will be explained with con-
centration and temperature profiles inside the bed later.

As the concentration wave fronts of CO and CH, propagated along the bed,
the heat of adsorption brought the temperature rise in the bed. Temperature histo-

Copyright © Marcel Dekker, Inc. All rights reserved.
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ries at 10, 30, 50, and 75cm from the feed end are presented in Fig. 3. In Fig. 3(a),
temperature at the feed end decreased rapidly after the steep temperature excur-
sion. The experimental temperature decreased more rapidly than the predicted one
because of the heat loss at the flange of the adsorption bed and a small pressure
shock at the feed end. This discrepancy has already been pointed out by a few
researchers who asserted that the heat loss through the column inlet and outlet
sections could have a strong effect on temperature predictions (11,19). However,
experimental results agreed well with the predicted results in other locations. In
Fig. 3(b), temperature history shows small inflection at around 150 s, which is dif-
ferent than Fig. 3(a). Since the CO and CH,4 wave fronts were close to each other
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Figure 4. Concentration and temperature profiles in the gas phase at (a) 100, (b) 300, and
(c) 500 s under 10 kg¢/cm? adsorption pressure and 6.8 LSTP/min feed flow rate in the ac-
tivated carbon bed.
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Figure 5. Dimensionless loadings in the solid phase and temperature history at the prod-
uct end under 10 kgg/cm? adsorption pressure and 6.8 LSTP/min feed flow rate in the acti-
vated carbon bed under (a) nonisothermal and nonadiabatic, (b) isothermal, and (c) adia-

batic conditions.
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at that location, the heat generation by the adsorption of CO and CH,4 took place
almost simultaneously. However, the two temperature excursion peaks can be
clearly seen in Fig. 3, (c) and (d). The first temperature peak was caused by the ad-
sorption of CO and the latter by the adsorption of CH,. The concentration wave
fronts of CO and CH,4 got more and more separated due to different wave veloci-
ties of CO and CHy4 as they propagated along the bed. Therefore, the separated
thermal wave fronts by the separated concentration wave fronts and heat transfer
to the outside of the adsorption bed led to two temperature excursions in the tem-
perature profile.

To show a clearer insight of this phenomenon, concentration and tempera-
ture profiles and dimensionless loadings are presented in Figs. 4 and 5, respec-
tively. In Fig. 4(a), as the concentration wave fronts of CO and CH, propagated
along the bed, heat loss of H, desorption and heat generations of CO and CH,
adsorption occurred simultaneously at the beginning of the breakthrough. How-
ever, the net heat change caused the temperature to increase because of large heat
generations of adsorption of CO and CH,4. At that location, the concentration wave
fronts of CO and CH,4 at 100 s were close as mentioned in Fig. 3. However, as
clearly seen in Fig. 4, (b) and (c), the two concentration wave fronts of CO and
CH, in the gas phase were separated along the bed. Also, the difference between
the propagation velocities of CO and that of CH, became greater with time. The
well-known roll-up phenomenon in Fig. 4 results from the fact that weakly ad-
sorbed components lose their adsorption sites due to the competitive adsorption of
more strongly adsorbed components that follow the preceding wave fronts of
weakly adsorbed components (2). Therefore, the desorbed CO joins the bulk
stream and the CO concentration in the bulk stream becomes greater than that in
the feed concentration. After the sharp CO wave front passed away, the bed tem-
perature decreased due to the heat transfer to the outside of the bed. However, it
increased again as the following CH4 wave front propagated along the bed. As a
result, the overall temperature profile and H, concentration wave front showed a
stepwise form over the bed and the ravine between two temperature peaks became
deeper with time as shown in Fig. 3.

Figure 5(a) shows the relationship between dimensionless loadings in the
solid phase and time as well as that between temperature and time at the product
end under the non-adiabatic and non-isothermal condition. After the H, loading
showed a steep decrease in front of the mass transfer zone (MTZ) of CO, the in-
flection of H, loading occurred at the plateau of CO roll-up. Also, before the
breakthrough of CHy, the roll-up of CO occurred. Because of heat transfer to the
outside of the bed and the increased CO concentration in the CO roll-up, it made
a favorable condition for CO adsorption. Therefore, Fig. 4(c) shows that the ad-
sorption of CO occurred in the plateau of roll-up but its loading amount decreased
smoothly along the bed due to the temperature rise by its heat of adsorption. Then,
it led a slope of the plateau in the CO roll-up in this system in Fig. 2, and the CO
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loading showed an increasing trend with time at the CO plateau in Fig. 5(a). As
the CH4 wave front approached the product end, the H, loading decreased steeply
again, and the bed temperature increased up to around 305 K. As a result, CO was
desorbed steeply and the loading amount of CO became minimum near the sec-
ond temperature peak. Then, the loadings of CO and CH,4 gradually approached
the equilibrium loadings at the feed temperature as the temperature in the bed de-
creased again by heat transfer. This smooth increase in loading caused the tailing
of H, breakthrough curve in Fig. 2.

However, under the isothermal condition in Fig. 5(b), the shape of CO roll-
up was different from that in Fig. 5(a). Since there is no adsorption thermal effect,
the CO loading at its plateau remained constant and the CO and CH, loadings
remained constant after finishing the breakthrough of CH,. Also, because there
could not be any heat transfer through the wall in the adiabatic condition, the step-
wise temperature profile by both breakthrough curves can be seen in Fig. 5(c).
Therefore, the CO loading and temperature excursion kept constant at the CO
plateau until the breakthrough of CH, occurred. Also, even after the breakthrough
of CHy, the loadings of all components were smaller than those in Fig. 5, (a) and
(b), until the bed temperature returned to the feed temperature. In case of the adi-
abatic condition, the bed temperature was cooled by a feed gas flow because of no
heat transfer outside the bed. Hence, the decreasing rate of temperature depended
on the heat capacity of the mixture gas (Cp,) and the density of mixture gas (pg).
In this case, the exit temperature began to decrease near 5000 s and returned to the
feed temperature at 7000 s due to the heat transfer by feed gas flow.

Effect of Non-Isothermality on Breakthrough Curves in a Zeolite
5A Bed

The adsorption equilibrium capacity of CH4 on zeolite SA was slightly
larger than that of CO but the difference between the adsorption equilibrium ca-
pacities of CH4 and CO on zeolite SA is much smaller than that on the activated
carbon (12). Therefore, contrary to the behavior in the activated carbon bed, CH,4
with higher partial pressure was the first breakthrough component followed by CO
at short intervals in the zeolite SA bed as shown in Fig. 6. Since both wave fronts
of CH,4 and CO in the zeolite bed proceeded almost simultaneously, there was a
small roll-up of CH,4 and wide breakthrough of CO. Also, the small inflection of
H; breakthrough curve stemmed from the roll-up of CH,.

Due to the variation of adsorption capacity by temperature, it took 75 s longer
for the breakthrough of CH,4 to occur under the isothermal condition than under the
non-isothermal and non-adiabatic condition. The breakthrough of CH,4 under the
adiabatic condition occurred 35 s earlier than that under the non-isothermal and non-
adiabatic condition. The changes in the adsorption capacity of CO and CH, with

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 6. Experimental and simulated concentration breakthrough curves under 10
kgg/cm? adsorption pressure and 6.8 LSTP/min feed flow rate (adsorption bed was initially
saturated with H, at 10 kgf/cm2 and 289.1 K) in the zeolite 5A bed.

temperature in the zeolite bed were very small compared with that in the activated
carbon bed. Therefore, the breakthrough time difference in the zeolite bed under the
three different conditions was less than that in the activated carbon bed. Also, in Fig.
6, the breakthrough curve in the non-isothermal and non-adiabatic condition showed
a smaller roll-up of CHy, than that in the adiabatic condition because the heat trans-
fer through the wall made a favorable condition for the adsorption of CH,. However,
the roll-up of CH, in the isothermal condition was similar to that in the adiabatic
condition because of the high temperature dependency of the adsorption affinity in
the zeolite SA bed, which is different than Fig. 2 in the activated carbon bed.

Similar adsorption dynamics can be seen at the temperature history of a
zeolite SA bed in Fig. 7. There was hardly an inflection or two temperature ex-
cursion peaks in a zeolite SA bed unlike that in the activated carbon bed. The max-
imum temperature at each position was higher than that in the activated carbon.
This was because MTZs of CH,4 and CO propagated along the bed simultaneously
with similar velocity.

Concentration and temperature profiles and dimensionless loadings in a ze-
olite SA bed are presented in Figs. 8 and 9, respectively. In Fig. 8, the concentra-
tion wave fronts of CH4 and CO proceeded almost simultaneously, contrary to

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 45 25 January 2011

Downl oaded At:

ORDER i REPRINTS

2134 AHNET AL.

315 (a) O Temp. (Expt.)
310 —— Temp. (Pred.)
305
300

295
315 [-(b)

310 -
305 -
300

295
315

310
305
300

295
315

310
305
300
295

(¢}
©0000ccEEEEEs

Temperature [K] Temperature [K] Temperature [K] Temperature [K]

0 200 400 600 800 1000 1200 1400 1600
Time [s]

Figure 7. Temperature history at the position of (a) 10, (b) 30, (c) 50, and (d) 75 cm from
the feed end under 10 kg/cm? adsorption pressure and 6.8 LSTP/min feed flow rate in the
zeolite 5A bed.

those of the activated carbon bed. In addition, the small roll-up of CH, was ob-
served by the wide CO concentration wave front. Therefore, the plateau of tem-
perature profile showed a smooth increase without any inflection or variation, and
H, concentration wave front propagated without any stepwise change. Also, the
concentration wave fronts of CH4 and CO propagated faster in the zeolite 5A bed
than in the activated carbon bed.

In Fig. 9(a), before finishing the temperature increase by the adsorption of
CH,, the loading of CO began and a small roll-up of CH,4 occurred. Moreover,
there was no double peak in temperature history. Then, the loading of CH, in the
solid phase near the temperature peak (400 s) was slightly decreased by the heat
of adsorption and CO loading. The loading of CO began to increase smoothly at
the maximum loading of CH, and the peak of temperature excursion. After the
crossover of the loading of CH, to CO, the loading of CO was slightly increased
again by a decrease in temperature. As a result, the tailing of H, in the zeolite SA
bed was shorter than that in the activated carbon bed.
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However, under the isothermal condition in Fig. 9(b), the roll-up of CH, and
breakthrough of CO in the solid phase were steeper than those in Fig. 9(a) because
there was no thermal effect by adsorption. Also, the CH, loading in the range of
the CH,4 roll-up was greater in the isothermal condition than that in non-isother-
mal and non-adiabatic condition due to a low temperature in the bed. Under the
adiabatic condition in Fig. 9(c), the CH,4 loading at the CH, roll-up was as small
as that in the non-isothermal and non-adiabatic conditions because of a drastic
temperature rise. As a result, the roll-up of CO in the adiabatic condition was sim-
ilar to that in the isothermal condition in Fig. 6. After the breakthrough of CO, the
bed temperature decreased very slowly due to the same reason as that for the ac-
tivated carbon bed in Fig. 5. However, CO in the zeolite bed approached unity
faster than CH, unlike the behavior on the activated carbon bed in Fig. 5, because
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c (Y - e CO @ Texpt| °
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Figure 8. Concentration and temperature profiles in the gas phase at (a) 100, (b) 300, and
(c) 500 s under 10 kg¢/cm? adsorption pressure and 6.8 LSTP/min feed flow rate in the ze-
olite 5A bed.
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Figure 9. Dimensionless loadings in the solid phase and temperature history at the prod-
uct end under 10 kgy/cm? adsorption pressure and 6.8 LSTP/min feed flow rate in the zeo-
lite 5SA bed under (a) nonisothermal and nonadiabatic, (b) isothermal, and (c) adiabatic con-

ditions.
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the dependency of adsorption capacity of each component upon temperature was
different according to the adsorbent.

Effect of Adsorption Pressure and Feed Rate on the Activated

Carbon and Zeolite SA Beds

The effects of feed flow rate and adsorption pressure on breakthrough
curves in the activated carbon bed are presented in Figs. 10 and 11, respectively.
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Figure 10. (a) Effect of feed flow rate on H, breakthrough curves at constant 10 kgf/cm2
adsorption pressure and (b) corresponding temperature profiles in the activated carbon bed.
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Figure 11. (a) Effect of adsorption pressure on H, breakthrough curves at constant 6.8
LSTP/min feed flow rate and (b) corresponding temperature profiles in the activated car-
bon bed.
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As shown in Fig. 10(a), the inflection and tailing of H, breakthrough curve be-
came prominent as the feed flow rate was decreased. As the feed flow rate became
lower, the contact time of each component became longer. Since the interaction
between the adsorbate and the adsorbent in the bed increased in proportion to the
contact time, the concentration wave fronts of CO and CH,4 became further apart.
Therefore, the plateau of CO became wide as shown in Fig. 4. Figure 10(b) shows
the corresponding temperature excursion at the position of 75 cm from the feed
end. Since, at 9 LSTP/min, concentration wave fronts of CO and CH, became
close with an increase in feed flow rate, the heat generation by the adsorption of
CO and CHy4 took place at short intervals. Therefore, the maximum increase in
temperature at higher flow rate was greater than that at lower flow rate.

In Fig. 11, since the difference in the adsorption capacity of CO and CH,4 on
the activated carbon increased with an increase in the adsorption pressure, two
concentration wave fronts were separated further apart and the roll-up of CO by
CH, was increased. Therefore, the ravine between the two temperature peaks got
deeper due to more heat transfer through the wall in Fig. 11(b). As shown in Fig.
11(a), the inflection point of H, breakthrough curve was lowered, and the extent
of inflection became slightly steeper with an increase in the adsorption pressure
due to further separation of both concentration wave fronts and an increase in the
CO roll-up.

Another interesting feature in Figs. 10 and 11 is the breakthrough time. In
Fig. 10, breakthrough time was not decreased linearly as feed flow rate was
increased linearly. This implies that at least a certain amount of contact time is
required due to the mass transfer resistance in the adsorbent. Therefore, the in-
crease in contact time made the system adsorb the feed gas sufficiently and led to
low velocity in MTZ. Also, the breakthrough time was not elongated linearly with
a linear increase in the adsorption pressure in Fig. 11. This implies that adsorption
equilibrium approaches a limiting equilibrium amount. Since MTZ velocity was a
function of interstitial velocity, bed voidage and equilibrium adsorption gradient,
MTZ velocity and breakthrough time were not changed linearly despite a linear
change in flow rate or adsorption pressure.

Figures 12 and 13 show the effects of feed flow rate and adsorption pres-
sure on breakthrough curves in a zeolite bed, respectively. Since the break-
throughs of both CH4 and CO occurred almost simultaneously as mentioned in
Fig. 6, there was no inflection in the H, breakthrough curves and only one peak
in the temperature excursion. Also the H, breakthrough curves dropped very
steeply due to a sharp CH, wave front as shown in Fig. 9. Similar to the acti-
vated carbon bed, breakthrough time did not vary linearly despite a linear
change in feed flow rate and adsorption pressure. Also, the elongation by the
feed flow rate and adsorption pressure in the zeolite 5A bed was smaller than
that in the activated carbon bed.
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Figure 12. (a) Effect of feed flow rate on H, breakthrough curves at constant 10 kgf/cm2
adsorption pressure and (b) corresponding temperature profiles in the zeolite SA bed.
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Figure 13. (a) Effect of adsorption pressure on H, breakthrough curves at constant 6.8
LSTP/min feed flow rate and (b) corresponding temperature profiles in the zeolite SA bed.

CONCLUSIONS

The adsorption dynamics and thermal effects on breakthrough curves in the
activated carbon bed and zeolite SA bed were compared by using hydrogen
ternary mixture (H,/CH4/CO; 60.4:28.1:11.5 vol%) as feed gas in the range of
4-16 kgg/cm? adsorption pressure and 4.5-9.1 LSTP/min feed flow rate. The roll-
up of CO and separation of mass transfer zones between CO and CH,4 led to a step-
wise breakthrough curve of H; in the activated carbon bed. The plateau of the CO
roll-up in the non-isothermal and non-adiabatic conditions showed some slope
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that was different from those in the isothermal and adiabatic conditions. Since
these results came from two temperature excursions with a deep ravine, the tem-
perature in the bed affected each concentration profile of CO and CH,. As a result,
the inflection of H, breakthrough curve became prominent as the flow rate de-
creased. Since the wide separation of CO and CH4 wave fronts made the ravine of
two temperature peaks go deeper, the tailing of H, increased with a decrease in
feed flow rate. Also, the inflection point of H, breakthrough curve was lowered,
and the extent of inflection became slightly steeper with an increase in the ad-
sorption pressure. However, since both wave fronts of CH, and CO in the zeolite
bed proceeded almost simultaneously, there was a small roll-up of CH4 and a wide
breakthrough of CO. Also, the small inflection of H, breakthrough curve occurred
at the roll-up of CH,4 without the separation of temperature excursion. The extent
of CH4 roll-up in the non-isothermal and non-adiabatic condition was smaller than
that in both isothermal and adiabatic conditions because of heat transfer effects.
Also, the effect of feed flow rate and adsorption pressure on the breakthrough be-
havior in the zeolite SA bed was less significant than that in the activated carbon
bed.

In summary, the roll-up behavior depended on the affinity difference be-
tween CO and CH,4 in an adsorbent as well as on the bed temperature profile. Each
of concentration wave fronts could be controlled by using a combined bed with
various adsorbents because each concentration wave front propagated with its
own wave front velocity in each adsorbent by different adsorption equilibrium and
heat of adsorption.

NOMENCLATURE

cross-sectional area (m?)

Langmuir-Freudlich isotherm parameter (1/atm)
heat capacity (J/kg/K)

diffusivity (cm?/s)

axial dispersion coefficient (m?%/s)

heat transfer coefficient (J/m?/s/K)

effective axial thermal conductivity (J/m/s/K)

bed length (cm)

Langmuir-Freudlich isotherm parameter

pressure (kgg/cm?)

volume-averaged adsorbed phase concentration (mol/kg)
equilibrium adsorbed-phase concentration (mol/kg)
Langmuir-Freundlich isotherm parameter (mol/g)
average isosteric heat of adsorption (J/mol)

radius (m)
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Re Reynolds number, p,v(2R;,)/W

Sc Schmidt number, ./ p, / D
t time (s)
T solid-phase and gas-phase temperature (K)
Tatm ambient temperature (K)
u interstitial velocity (m/s)
v superficial velocity (m/s)
z axial position in an adsorption bed (m)
Greek Symbols
€ bed voidage
& total void fraction
p density (cm¥/g)
v viscosity (cm/g/s)
v superficial velocity (cm/s)
) LDF coefficient (1/s)
Subscripts
B bed
i component i, inner
p pellet
g gas phase
o outer
s solid phase
w wall
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