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Abstract. The performance of a pressure swing adsorption (PSA) process for production of high purity hydrogen
from a binary methane-hydrogen mixture is simulated using a detailed, adiabatic PSA model. An activated carbon
is used for selective adsorption of methane over hydrogen. The effects of various independent process variables
(feed gas pressure and composition, purge gas pressure and quantity, configuration of process steps) on the key
dependent process variables (hydrogen recovery at high purity, hydrogen production capacity) are evaluated. It is
demonstrated that many different combinations of PSA process steps, their operating conditions, and the feed gas
conditions can be chosen to produce an identical product gas with different hydrogen recovery and productivity.
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Introduction An acceptable model must simultaneously solve the
equations describing the mass, the heat, and the mo-
Separation of bulk gas mixtures by Pressure Swing Ad- mentum balances in the adsorption columns for each
sorption (PSA) processes has become a common indus-step of the cyclic process and integrate them over many
trial practice in the areas of air fractionation, gas dry- cycles of operation in order to generate the steady state
ing, and hydrogen production (Sircar, 1996). Numerous performance. The key input variables for these models
PSA process concepts have been patented during thanclude (a) the multicomponent adsorption equilibria,
last thirty years and several of them have been commer-heats, and kinetics for the system of interest covering
cialized. Besides high separation efficiency and favor- the entire range of conditions (pressuPe tempera-
able economics provided by some of these processesture T, and gas phase mole fractions of comporient
the key reason for such a phenomenal growth in the y;) experienced by the adsorber during a cycle, (b) the
development of this technology is the design flexibility relevant physical properties of the gases and the adsor-
of these processes. Many combinations of the cyclic bents, (c) the fluid dynamic and heat transfer character-
adsorption, desorption, and complementary steps andistics inside the adsorber, (d) the feed gas conditions,
their operating conditions in conjunction with a vari- and (e) the sequence of PSA cycle steps, their durations,
ety of adsorbents (often multiple types used in the same and operating conditions. The key dependent variables
process) can be utilized to obtain the desired separationinclude (a) the product gas purity, pressure, and recov-
goals. ery, (b) the adsorbent inventory needed for producing
Pilot plant performance data are generally needed unit amount of the product, and (c) the specific energy
for ultimate design and optimization of these PSA pro- needed for the separation.
cesses. However, realistic process simulation models It should be emphasized here that the effects of the
can be used for screening process concepts and adsoradsorbent non-isothermality and the column pressure
bent materials, as well as for first pass process design.drops on the PSA process steps are critical for obtain-
ing realistic process designs (Hartzog and Sircar, 1995).

*Author to whom correspondence should be addressed. Ignoring them can result in a very optimistic process
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performance. Several detailed PSA process models,Table 1 Equilibrium and kinetic properties of the adsorbent.

which incorporate these important effects and which

are used for industrial designs, have been published in

the literature (Hartzog et al., 1992; Gemmingen, 1993).

Kinetic LDF

Langmuir equilibrium parameters parameters

0 1 0 3 1

The purpose of the present work is to simulate the €25 M (moleskg) b @tm™) g7 (kealimole) ki (sec™)
performance of a PSA process for production of high ¢, 3.24 4.32x 104 3.984 1.3
purity hydrogen from a binary methane-hydrogen feed y, 324 0.87x 10-% 3011 325

gas mixture using an adiabatic, non-isobaric model, and
to evaluate the effects of feed gas conditions, product
purity, and process cycle designs on the separation. 'tequilibrium constant for adsorption of pure gaghich
will be demonstrated that the separation performance j5 g, exponential function F. b is a constant angP
of the PSA process is the result of a complex and often ig the isosteric heat of adsorption of pure gaich is
non-intuitive interaction between the input variables independent of adsorbate loading dhdn s the satu-
and the process cycle. ration adsorption capacity for both gases. Table 1 gives
these model parameters. The selectiviydf adsorp-
tion of CH, over H, (S = bep,/bh,) is a function of
T only. The value oSat 30°C is 25.0 and it decreases
with increasingT becauseg,, > q,.

The mixed gas Langmuir adsorption isotherm is
given by

Characteristics of the Adsorption System

We chose the BPL activated carbon (Calgon Corp.) for
selective adsorption of GHrom H,. Figure 1 shows
a set of adsorption isotherms for these pure gases on
the carbon at several temperatures over a large pressure mh Py;
range. These data (circles) were experimentally mea- N = ——rrc—
. . ) . 1+ Z b Py
sured in our laboratory using a conventional volumetric
adsorption apparatus (Golden and Sircar, 1994). The yheren: is the equilibrium adsorption capacity of com-
isotherms can be described very well over the entire ponenti from a gas mixture (mole fractiog) at P
ranges of pressurd) and temp.eratureT() of Fhe_data andT. It was assumed that the GHH, binary adsorp-
by the homogeneous Langmuir model (solid lines): o isotherms can be calculated by Eq. (2) using the
parameters of Table 1 because our previous experience
showed that C&N, and CQ-CHy binary mixture data
onthe BPL carbon can be described by the mixed Lang-
muir model (Sircar and Kumar, 1986).

Previous analysis of column dynamic data on the
BPL carbon for adsorption of C4He, N,-He, and
CO»-He binary gas mixtures showed that the local ad-
sorption kinetics for these systems can be adequately
described by the Linear Driving Force (LDF) model
(Sircar and Kumar, 1986):

() =x=nd

wherek; is the effective mass transfer coefficient for ad-
sorption of componeit n; is the instantaneous loading
of that component on the carbon at tilngnd distance
z in the column.n® is the corresponding equilibrium
loading of componeritin the carbon at andt where
the instantaneous gas phase conditions are givéh by
T, andy;.

Table 1 gives the value okcy, on the carbon
(Sircar and Kumar, 1986). We assumed that hydrogen

i=12 @)

o mh P
: 1+bP

o
; bi=bi°exp[R—'T} 1)

wheren{ is the specific equilibrium adsorption ca-
pacity of pure gas at P andT. by; is the Langmuirian

Pure Gas Adsorption Isotherms on BPL Carbon
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Figure 1  Pure gas adsorption isotherms for £&hd H on BPL
activated carbon.



Table 2 Physical properties of gases and adsorbent.

Adsorbent
Bulk density= 0.481 g/cm
Chemical density= 2.107 g/cm
Total column void fraction= 0.77
Interparticle void fraction= 0.38
Particle diameter= 3.18 mm
Adsorbent heat capacity 0.22 cal/g/K
Column diametet= 1.83 m
Column length= 6.10 m

Gas
Molar density= Ideal gas

Molar heat capacity= Cy + CoT + C3T?2
+C4T23 cal/molefK (T =°K)

CHg Ho
Cy 4.75 6.95
Cz 1.20x 102 —0.046x 1072
C3 0.303x 107 0.096x 10°°
Cs —263x10° —0.208x 10°°

Molar viscosity= C; + C,T kg/m/sec T = °K)

CHgy Ho
C: 175x10°® 291x 10°%
C, 314x10°8 2.00x 1078

adsorption isinstantaneous,( = 32.5sec!). We also
assumed thd¢'s are independent of andT . Thesek;
values are relatively large-(1.0 seconds') which sug-
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whereQ is the molar gas flow rate in the columnzat
andt (based on empty column cross-sectional area).
is the interparticle void fraction in the colurmdy, is the
adsorbent particle diameter.andpg are, respectively,
the gas phase viscosity and densitg andt.

Characteristics of the PSA Process

The base PSA process design for this study consisted
of the following seven cyclic steps:

(a) Adsorption The feed gas mixture at pressupé

(b)

(©

(d)

gest that the ad(de)sorption process for these systems

will primarily be dominated by the adsorption equilib-
ria and the absolute values of these kinetic variables

may not be critical (Hartzog and Sircar, 1995).

Table 2 lists the relevant physical properties of the

and temperatur&" was passed through the carbon
column and a stream of purelat pressure-P"

was withdrawn through the product end. A part
of this gas was used for final repressurization of
a companion column (step g) and the balance was
withdrawn as the B product gas. This step was
continued until the Cladsorption front reached
about the middle of the column.

Cocurrent Pressure EqualizatioiThe column
was then cocurrently depressurized fréfto P'.

The effluent gas through the product end consisted
of pure H, which was used to partially pressurize
another column undergoing step (f).

Cocurrent DepressurizationThe column was
then cocurrently depressurized frd?hto P". The
hydrogen effluent gas through the product end was
used to purge another column undergoing step (e).
Countercurrent Depressurizatiormthe column
was then depressurized froRl' to PP counter-
currently in order to remove a part of the adsorbed
and void gas Chlfrom the column. The effluent
gas was wasted.

(e) Countercurrent PurgeThe column was then

adsorbent and the gas phase used in the simulation.
It was assumed that the gas and the adsorbed phases

reached instantaneous thermal equilibrium and the ad-
sorbent columns were adiabatic throughout the PSA
cycle. It was also assumed that there was no radial gra-
dients and there was no axial dispersions of heat or

mass in the column.

Itwas further assumed that the following differential
form of the Ergun equation described the local transient

pressure drops in the columnzaandt for all steps of
the PSA cycle:

1.75Q%(1 — &)
Pg(dp) (8)3

212
_(g) _ 150401 -8) @
t

pg(dp)?(8)3

(f)

(¢)]

purged at the lowest pressure level of the cycle
(PP) countercurrently using a stream of hydrogen
from another column undergoing step (c) in order
to further remove Chlfrom the column. The efflu-
ent gas was wasted.

Countercurrent Pressure Equalizatioffhe col-
umn pressure was raised froR? to P' by coun-
tercurrently introducing the effluent gas from step
(b) of a companion column.

Pressurization with ProductFinally, the column
pressure was raised froR! to PF by countercur-
rently introducing a part of the Hproduct gas be-
ing produced by another column undergoing step
(a). The column was now ready for a new cycle
from step (a).



182  Waldron and Sircar

Process Flowsheet for Base PSA Cycle
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Figure 2 Schematic flow diagram for the base seven-step PSA process.

Figure 2 shows a schematic flow diagram for the above- recovery by the process. Thus, instead of using one in-
described PSA process and Table 3(a) gives the timeternal pressure equalization (1PE) step (b, f), one may
schedule for the steps. Four parallel adsorbers aredesign cycles with two (2PE) or three (3PE) pressure
needed to operate the cycle with continuous feed flow equalization steps in order to improve the tdcovery
and product gas withdrawal. The only other hardware by the process. Table 3(b) and (c) show the cycle steps
required by the process are gas headers and switchand time schedules for these cases. For the 2PE case,
valves. We assumed that each adsorber was 1.83 meterthe adsorber is cocurrently depressurized three times.
in diameter and 6.10 meters long, and the total cycle The H, effluents from the first and the third segments
time for the process was 16.0 minutes. are used for pressure equalization with two other com-
The CH, was adsorbed from the feed gas in step (a). panion columns, while the effluent gas from the middle
It was desorbed and removed from the column in steps segment is used for the,Hburge step in another col-
(d) and (e). The complementary step (b) is added to umn. This option can be operated using four parallel
recover and internally recycle a part of the void and adsorbers as shown by Table 3(b). For the 3PE case, the
co-adsorbed Hthat is present in the column at the end adsorber is cocurrently depressurized in four segments.
of step (a). The complementary step (c) also recovers The effluent gases from the first, second, and fourth seg-
a part of the void and co-adsorbed Hnd uses it as  ments are used for internal pressure equalization with
H, purge gas during desorption. These steps increasethree other companion adsorbers. The effluent gas from
the H, recovery by the process at the cost of increased the third segment is used to purge another column. It
adsorbent inventory. Thedpurge and pressurization is necessary to have five parallel columns in order to
steps (e, f, g), push back the gnpurities from the accommodate all the steps of the 3PE case as shown by
product end of the column so that a pure ptoduct Table 3(c). It also requires additional valves and pip-
stream can be obtained during the subsequent adsorping. The column is countercurrently depressurized to
tion step. PP at the end of the cocurrent depressurization steps in
A partofthe void gas bl the co-adsorbedias well all cases, purged with 4kt PP, and then repressurized
as the purge gas:His lost with the effluent waste gases  with H, to PF in a sequence of pressure equalization
produced during steps (d) and (e). This lowers the H and product pressurization steps.
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Table 3 Cyclic steps and various options of times for the PSA progess.

(a) One Pressure Equalization Case

Cycle Times (sec) 240 iof e 150 %0 180 HE 210
Bed A Adsorption PE II Idle I CCD CoCD Purge Pres |/Pres with Product
Bed B Pres I/Pres with Product Adsorption Pel] Idle cch CoCD Purge
Bed C CoCD Purge Pres |/Pres with Product Adsorption PE || Idle CCD
Bed D PE(] Idle CCD CoCD | Purge Pres |/Pres with Product Adsorption
(b) Two Pressure Equalization Case
Cycle Times (sec) 240 fa0f s0 | 130 R 130 fa0jaof 210
Pres
Bed A Adsorption pel] ldle cCo PENY  CoCD Purge i Pres lI/Pres with Product
Pres
Bed B Pres li/Pres with Product Adsorption pei] Ide ccD peil] CoCD Purge t
Pres
Bed C CoCD Purge | Pres |//Pres with Product Adsarption rel] Idle CCD PE Il
Pres
Bed D Pe(} Idle CCD pen] CoCD Purge t Pres Il/Pres with Product Adsorption
(c) Three Pressure Equalization Case
Cycle Times (sec) 192 faofaoi 102 fa0i e 102 fs0is0iasi 132 HENE: 162
Pres Pres )
Bed A Adsorption PEI|PE N CCD PEN| CoCD Purge 1 {ldle] Idle Pres |1I/Pres with Product
Presgs| Pres
Bed B Pres (li/Pres with Product Adsorption PEI|PE I cCch PEN] CoCD Purge | Jldle] |dle
Pres Pres
Bed C Idle] « idle Pres [li/Pres with Product Adsorption PEIfPEN CCD PE ] CoCD Purge 1
Pres Pres
Bed D CoCD Purge 1 Jidle| » Idle Pres Ill/Pres with Product Adsorption 3 Ll CCb PE I
Pres Pres
Bed E PEI{PEIl CCD PEN} CoCD Purge + fidle} n Idle EQ1/Prod Repress Adsorption

aCCD - Cocurrent Depressurization; CoCD — Countercurrent Depressurization; PE — Cocurrent Pressure Equalization; Pres — Pressurization.

The CH, impurity is not allowed to break through It may be seen from Table 3(a)—(c) that the adsorbers
the product end of the column until at the end of the last idled during certain periods of the total cycle. There
cocurrent depressurization steps. Thus, each additionalwere no introduction or withdrawal of gas from the
pressure equalization step increases the adsorbent inadsorber during these idle periods. The cycle times for
ventory per unit amount of puresHproduct. the individual steps were chosen in such a way that the

It was assumed in this study that the feed gas was total cycle time was the same for each case and at least
available at pressureé” and the final desorption pres- one adsorber was always undergoing step (a) of the
sure PP) was slightly above atmospheric. Thus, noad- process so that the feed gas introduction and hydrogen
ditional energy was needed to carry out the separation. product withdrawal were continuous.
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Characteristics of Process Simulation Model of 14.61 atm PF) and a temperature of 30 (TF).
The countercurrent fHpurge step was carried out at
The column mass and heat balance equations used in~1.34 atm (PP). The quantity of the kHpurge gas at the
the model are (Sircar and Rao, 1999): column inlet [P, actual cubic meters (pressuzePP
and temperature TF) per cubic meter of carbon col-

Componenti balance umn per cycle] during a cycle was controlled by manip-

51 5{Qy} ulating the rate of the cocurrent depressurization step of
(—) =— [—} i=12 (5) the companion column which was producing the purge
st/ 6z i gas. The H product gas purity was 99.999% in all
Mi = ppi +epgyi 1 =1,2 (6) cases except otherwise mentioned. The separation per-
formance of the process was estimated in terms of the
Heat balance H; productivity [H, normal cubic meters (pressu€el
atm and temperature 21°C) per cubic meter of carbon
Cspb<ﬂ> - [i{ch(T _ To)}] column per cycle] and the %Hecovery R, moles of
&t /, 8z t H, produced per mole of ffeed per cycle< 100]. The

sni SP preferred performance objective was to increase both
+ pb Z <¥>z + 8<E>z (7) H andR while maintaining the product gas purity.

where py, Cs, and e are, respectively, the adsorbent
bulk density, the adsorbent heat capacity, and the total
void fraction in the columnn;, T, andCy are, respec-
tively, the loadings of componentthe adsorbent and
gas temperature, and the molar heat capacity of the
gas phase at a distanzén the column at time. The
corresponding gas phase is characterize® by, and

Effect of PSA Cycle Design

We conducted a series of simulation runs for the process
options 1PE, 2PE, and 3PE using different plirge
gas quantities®). Feed gas quantities-| actual cu-

bic meters (pressute PF and temperature TF) per
cubic meter of carbon per cycle] were adjusted to
Yi- meet the desired product purity. The model generated

£ Thf néometrjtum Zala7nce fot; the_ colltumn IS g:lvenl by d the composition-quantity profiles for the effluent gases
g. (4). Equations (4)—(7) can be simultaneously solve from the countercurrent depressurization and the coun-

with Eqs: (1)_(3) and the appropriate initial and bqund— tercurrent H purge steps. They were integrated to ob-
ary conditions for each step of the PSA cycle to estimate tain the amount of hilost by the process per cycle

the overall separation performance of the process. Consequently, the Frecovery by the process was es-
A proprietary software package called SIMPAC timated

(Sm;ulﬁ}or fort_PIag!?fed Bte_dl Adsotr_pnon Cyclg_) wats_ Figure 3 shows typical CHdesorption characteris-
used. The partial difterential equations were diSCreti- ;.o by the process. It was generated for a 1PE cycle

cized in space using the finite volume method, and the using aP/F value of~1.0. The abscissa for Fig. 3

(rjesugilf?g sys_tel-m of tlme dependelnt,dexplrl]cﬁ f'rkSt Oré represents the fractiorf § of the total gas leaving the
er differential equations was solved with backwar column during steps (d) or (e). It may be seen from

?Aﬁere?tce optlonkfor stiff thStems' l:/_lore ldeltan_stl?bout Fig. 3 thatygH4 increases as the desorption process by
IS software package and s operationa’ a|gontnmcan ¢, yiercyrrent pressure reduction continues yfd

tsn_a founfgeglgevahberet(SH&;tzogl et aI];, 1992;_Hartzog and decreases as the desorption process by hydrogen purge
|r.caé, bef )- (;u d tc¥c eso operr]aéoré)were IrlgM continues. The figure also gives the average column
quired vetore a steacy state was reached. Ln an pressures during these two steps. The fraction of H

RfSZ/g%O&Ir:nLc;gISIS%O WorkStal‘t'?n W'tlh a no;nlgalgatl?gs loss during the pressure reduction step is 38.6% of the
Ot £o. » Ohe complete cycle needed abou total H, loss for this case.

CPU seconds. Figure 4 summarizes the net results of these runs
which show the hydrogen productivitid() and the re-
Results of Parametric Study covery (R) as functions ofP/F for all three different
process cycle options. The general trend is that bbth
For our base case analysis, we assumed thatthe feed gaand R are relatively low wherP/F is low. They both
mixture contained 20% CH+ 80% H, at a pressure  increase with increasing/F, go through maximum
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Column Desorption Profiles Table4 Hydrogen losses during countercurrent depressurization
and purg@.
1.0
D = Counter Current Desorption H> loss in countercurrent Hoss in
03 P = Purge L 372 Process cycle depressurization purge effluent
RS ’ " H, in feed H in feed
4 9] - 304 E 1 Equalization 0.058 0.092
(i)
= " ® 2 Equalizations 0.024 0.117
O O
>° 041 - 236 2 3 Equalizations 0.010 0.118
P £
021 - 168 & All absolute quantities are in moles of gas/kg of adsorbent/cycle.
P BN S
"""""""""""""""""" P 3
0 ' ' ' ' 1.0 ing the number of pressure equalization steps. The H
0 0.2 0.4 0.6 0.3 10 L . .
Fraction of Effluent — productivity, on the other hand, drastically decreases in

the order 1PE 2PE> 3PE. The maximum values of
Figure 3 Example of eﬁluent ggs composition—quantity profiles H, recoveries for these three cases are, respectively,
for countercurrent depressurization and hydrogen purge steps of the85.0%’ 86.5%, and 87.5%. The values for these
base PSA process. maximum H recovery levels are, respectively, 24.7,
] ) 22.1,and 17.7. Thus, a 2.5 point additionalrelcovery
Effect of Various Cycle Designs (%) can be obtained over 1PE case by using the 3PE
278 cycle at the cost 0f~40% more adsorbent inventory
(a) 1PE (a) for the same K production rate. The optimum values
(b) 2PE ) .
(6) 3PE of P/F for the highestR values for all three cases
1864 o) lie between 1.1-1.3. The 3PE case also requires addi-
tional hardware to accommodate five adsorbers in the
process.
Table 4 shows the amounts of, Hbst during the
countercurrent depressurization anglpdirge steps of
the PSA process using the 1PE, 2PE, and 3PE options
) ‘ 6% when the H recoveries are at their maximum values.
0 10 20 The amount of fractional floss during the counter-
PIF > current depressurization step decreases as the number
Figure 4 PSA process performance using one-, two-, and three of interngl pressure equa_lization steps are increased.
internal pressure equalization steps. The fractional H loss during the countercurrent,H
purge step does not significantly change between these

values, and then decreaseRgF is further increased. ~ Process options.

At lower P/F ratios, a relatively larger fraction of ad-

sorbed CH is desorbed per unit amount o Hurge Effect of Feed Gas Pressure

used in the process. Thus, both thegroductivity and

recovery increase with increasiRy F. AthigherP/F Figure 5 shows the performance of the PSA process

ratios, the amount of desorbed ¢per unitamount of  with a one (1PE) or three (3PE) pressure equalization

purge gas used decreases, which reduces boththe H steps, estimated using different feed gas pressures. The

productivity and recovery values. The variationRfs P/F ratio was maintained at a constant value~df0

much less pronounced than that fér It may be inter- for these runs. In both cases, thgptoductivity mono-

esting to note that the maximum &f and R profiles tonically increased as the feed gas pressure is increased

do not occur at the same value®f F. Thus, both ad- but the H recovery went through a maximum value.

vantages cannot be achieved at the same time. HigherThe higher feed gas pressure results in higher void and

H, recovery may, however, be economically more at- co-adsorbed Kin the column at the start of the step

tractive than higher Hproductivity. (d) which is then lost during countercurrent desorp-
The data of Fig. 4 also shows that for any given value tion, causing a larger reduction inpHecovery by the

of P/F, higher H recovery can be achieved by increas- process.

F 100%
c) - 90%

9.34 /’—R
{b) i (a) L 80%

- 70%

H,, Productivity, nm/m® of BPL —

H, Recovery —
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Effect of Feed Gas Pressure Effect of Purge Gas Pressure
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Figure 5. PSA process performance using different feed gas pres-

sures and pressure equalizations steps. Figure 6 Effectof hydrogen purge gas pressure on the performance

of the PSA process.

Figure 5, however, shows some very interesting re-
sults. Both the H recovery and the productivity are
comparable between the 1PE and 3PE cases when th
feed gas pressure is relatively low{~7.80 atm).
Thus, there is no incentive to use the 3PE cycle in that
pressure range. The,Hecovery, on the other hand,
is much higher for the 3PE option than the 1PE case
in the higher feed pressure range. Thus, the 3PE cas
is much superior in that region. The maximum in the
H, recovery-pressure profiles occurs at a much lower
feed pressure value for the 1PE case than for the 3PE

case. a 14% reduction in Kl productivity and a 2.5 points

Figure 5 also shows that the,Hecovery is higher : : hal
for the 3PE case than the 1PE case but the corre:spond—decrealse In birecovery occurred during such a large

ing H ductivity is | The t ¢ ¢ upgrade in the Bproduct purity. This is a typical ad-
INg Mz productivity 1S Tower. 1he two extra cocurren vantage offered by most PSA processes which cannot
pressure equalization steps in the 3PE case decreas

the subsequent Hoss in the countercurrent depres- Be met by many other separation technologies.

surization step which increases thgddcovery by the

process. On the other hand, these steps require moreEffect of Feed Gas Composition

adsorbent volume to contain the ¢Hnpurities from

breaking through which reduces the productivity. Several simulation runs were also made using different
feed gas compositions (60—-90%)rand the base PSA

Effect of H Product Purity

%he base PSA process (1PE case) can be operated to
produce lower purity Kby allowing some of the Cid
impurity to break through during the last cocurrent de-
pressurization step. Table 5 shows theandR values

for several levels of Cllimpurities in the product gas.
®rhe H, productivity and recovery increased as the H
purity in the product gas was reduced. Alternatively,
the table shows that the penalty for increasing the prod-
uct H, purity from 99.0-99.999% was not large. Only

Effect of Purge Gas Pressure o
Table 5 Performance of the PSA process for producing impure

. . . hyd duct.
The purge gas pressurR) is a key variable in the yerogen prodie

PSA process because the purge waste gas is often pipedProduct i Hz productivity  H, recovery

for combustion. Figure 6 shows the performance of the PUty (mole %) #) (n/ft?) (R) (%) P/F
base PSA process with one pressure equalization step gg.999 24.21 84.8 1.01
and using different purge gas pressures. Bdtland 99.990 25.03 85.5 0.98

R drastically decreased as the purge gaspkessure 99.900 26.16 86.3 0.94
was increased. Lower purge gas pressure was obviously 99.000 27 62 87.4 0.93
beneficial. : ' : '




Effect of Feed Gas Composition

o
N
N

{a) 10% CH,
{b) 20% CH,
1 (c) 30% CH,
{d) 40% CH,

N
N
o0

-
o0
id

o - 100%
/—l_\(a— 90%
«nﬂ/ %L  80%
(€ oy o F' @ | 70%
60%

H,, Productivity, nm/m?* of BPL —

<

H, Recovery —

0 1I.0
PIF -

20

Figure 7. PSA process performance using different feed gas com-
positions.
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process optimization, but it also creates opportunities
for developing new PSA process concepts.

Summary

Separation of binary methane-hydrogen gas mixture
by a PSA process using one or more internal pressure
equalization steps was numerically evaluated. An acti-
vated carbon, which selectively adsorbed methane over
hydrogen was used as the adsorbent. An adiabatic, non-
isobaric PSA model called SIMPAC was employed for
the process simulations. The effects of different pro-
cessdesigns, the feed gas pressure and composition, the
product B purity, and the hydrogen purge gas pressure
on the process performance were evaluated. Hydrogen
recovery and hydrogen productivity per unit amount of

process with a single pressure equalization step. Thethe adsorbent were treated as the dependent variables.

H, product purities were again maintained at 99.999%

for these cases. Figure 7 shows the results which plot

H andR values as functions &®/F for feed gas mole
fractions @,ﬁz) of 60%, 70%, 80%, and 90%JThe
general characteristics of these curves are similar to
those shown by Fig. 4. Again the maximum values of
H andR for any given value ojl,ﬁ2 did not occur at the
same value oP/F.

A very interesting result was that the maximum val-
ues of K recovery changed only between 82.5-85.5%
when y,'jz was changed from 60-90%. The higher the
feed gas H mole fraction, the higher was the maxi-
mum value of the Hrecovery. On the other hand, the
corresponding change in the maximum values ef H
productivity was very large. The maximum,Hbro-
ductivity values were, respectively, 32.1, 24.5, 17.6,
and 12.8 foryf, values of 90%, 80%, 70%, and 60%.
Thus, higher H concentration in the feed gas does not
appreciably increase the potentia} kFecovery but it
significantly increases theshproductivity (reduces ad-
sorbentinventory). As in the case of Fig. 4, the effect of
varying P/F on H, recovery is much less pronounced
than that on H productivity.

This parametric study demonstrates the flexibility in  (e)

the design and operation of a PSA process for,-CH
H, separation. Various combinations of process steps,
operating conditions, and feed gas conditions can be
used to produce the same product purity with different
H, recovery and productivity. Some of the results of

(d)

The key conclusions reached from this study are:

(a) High purity H product (99.999 mole%) can be pro-
duced at feed gas pressure from a feed gas mixture
containing 60—90 mole% H
Both the H recovery and productivity exhibit max-
imum values as functions of the actual purge to
feed gas volumes per cycle. However, the locations
of these two maximum properties do not coincide.
Thus, one cannot take advantage of both features.
The H recovery can be increased by increasing
the number of internal pressure equalization steps
(PE) in the PSA cycle at the cost of a significant
reduction in the H productivity.
The H productivity of the PSA process mono-
tonically increases when the feed gas pressure is
increased but the Hrecovery-feed gas pressure
profile goes through a maximum value at high pres-
sures. There is minimal incentive to use the 2PE
or 3PE case over the 1PE case when the feed gas
pressure is relatively lowRF~7.80 atm). The hy-
drogen recovery is much higher for the 3PE case
at higher feed gas pressures.
Increasing the hydrogen purge gas pressure dras-
tically decreases both the hydrogen recovery and
the productivity.
(f) The H, product purity can be upgraded from 99.0%
t0 99.999 mole% with a relatively small penalty in
hydrogen recovery and productivity.

(b)

(©)

this study are not obvious. They are caused by complex (g) The maximum hydrogen recovery is a relatively

interactions between the adsorptive properties of the

system and the process design. This may complicate the

weak function of the feed gas composition (60-90
mole% H range) but the Bproductivity increases
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