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Production of Hydrogen and Ammonia Synthesis Gas
by Pressure Swing Adsorption

SHIVAII SIRCAR

AIR PRODUCTS AND CHEMICALS, INC.
ALLENTOWN, PENNSYLVANIA 18195-1501

Abstract

Two new pressure swing adsorption processes for the simultaneous production
of hydrogen or ammonia synthesis gas and carbon dioxide from a reformer off-gas
feed are described. Both products are produced at high purity and recovery. Per-
formance data for these processes are reported.

INTRODUCTION

Pressure swing adsorption (PSA) has become the state-of-the-art tech-
nology for the production of ultrapure (99.99+ mol%) hydrogen from
many different crude hydrogen sources containing 40-95 mol% H, such
as steam reformer off-gas, catalytic reformer off-gas, ethylene off-gas, etc.
(1). A large variety of PSA process concepts have been patented to achieve
this goal (2). These processes selectively remove CO,, CO, N,, H,0, CH,,
C,H,, and other hydrocarbon impurities which are present in bulk or dilute
quantities in the crude H, source. The product gas is essentially pure H,
at nearly the feed gas pressure with moderate to high (65-90%) H, recovery
from the feed gas. Increasing H, recovery and reducing adsorbent inventory
are the key goals of these processes.

More recently, a PSA process was developed by Air Products and Chem-
icals which produces two pure products from a multicomponent feed gas
with high recoveries of both product components (3). For example, this
process (hereafter called Process A) can simultaneously produce a stream
of 99.999 + mol% H, with a recovery of 87.0% and a stream of 99.4 mol%
CO, with a recovery of 94.0% from a crude feed gas (reformer off-gas)
containing 20.0% CO,, 1.0% CO, 4.0% CH,, and 75.0% H, at 200-300
psig.

The purpose of this paper is to describe two new evolutionary variations
of Process A developed by Air Products and Chemicals which can further
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increase H, recovery to about 95.0% (Process B) or directly produce an
ammonia synthesis gas (Process C) from the above-described feed gas while
maintaining the high purity and recovery of the by-product CO,. These
examples will also demonstrate the flexibility and the complexity of modern
PSA processes.

PROCESS B: AN IMPROVED PSA PROCESS FOR
SIMULTANEOUS PRODUCTION OF HYDROGEN AND CARBON
DIOXIDE FROM REFORMER OFF-GAS

A multicolumn PSA system is used to achieve the goals of high purity
and recovery of both H, and CO, products from the reformer off-gas (4).
Figure 1 shows a schematic flow diagram for the process. It contains three
sets of adsorbent beds designated A, B, and C. The A beds (six in paraliel)
contain an adsorbent for selective adsorption of CO, and H,O from H,,
CO, and CH,. The B beds (three in parrallel) and the C beds (two in
parallel) contain one or more layers of adsorbents for selective removal of
CO, from CO, CH,, and H, and for selective removal of CO and CH,
from H,. Each bed of each set goes through a cyclic sequence of adsorption,

FEED GAS

©
© CARBON DIOXIDE
@ ~ r1 PRODUCT

HYDROGEN
PRODUCT

F1G. 1. Schematic flow diagram for PSA Process B.
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desorption, and other complementary steps. One A bed and one B bed
are connected in series during the adsorption step of the cycle, but then
they undergo two entirely different sequences of desorption and comple-
mentary steps. The C beds operate as a satellite of the B beds. A detailed
description of the cycle steps for this process is given below.

Cycle Steps for A Beds

(Aa) Adsorption Step. The feed gas is passed through an A bed at the
highest pressure level (P,) of the cycle. The bed has been previously
pressurized to the feed gas pressure level with a Hy-rich gas. The CO,-
depleted effluent from the A bed is passed through a B bed for removal
of the dilute impurities (CO, CH,, N,) in the feed gas along with any CO,
that has slipped through the A bed. The adsorption step is continued until
the CO, mass transfer zone (MTZ) reaches the exit end of the A bed
without substantially breaking through it.

(Ab) Carbon Dioxide Rinse Step. At the end of the adsorption step,
the connection between the A and B beds is closed and a stream of high
purity CO, is passed through the A bed in the same direction as the feed
gas flow (cocurrent) at feed gas pressure. The effluent from the bed has
a feed-gas-like composition, and it is produced at the feed gas pressure.
This gas is recycled as feed to another adsorber by mixing it with fresh
feed. The rinse step is continued until the adsorber is essentially saturated
with high purity CO,.

(Ac) Countercurrent Depressurization Step. The A bed is then de-
pressurized to the near-ambient pressure level by withdrawing gas from
the feed end (countercurrent). The effluent is a high purity CO, gas, a part
of which is compressed to P, and used as the CO, rinse gas to another
column undergoing Step (Ab), and the remainder of this gas is withdrawn
as part of the CO, product gas. A CO, compressor is needed for this step.

(Ad) Countercurrent Evacuation Step. Following Step (Ac), the bed
is evacuated through the feed end (countercurrent) to the lowest pressure
level (Pp) in the cycle by using a vacuum pump. The effluent gas is high
purity CO,, a part of which may be used to supply the CO, rinse gas in
Step (Ab) while the remainder forms a part of the CO, product gas.

(Ae) Countercurrent Pressurization Step I. After evacuation, the A
bed is again connected with a B bed then undergoing Step (Bb) below to
transfer a part of the void and desorbed gases from the B bed to the A
bed through the product end of that bed (countercurrent), thus raising the
pressure of the A bed to a level of P, (P, < P, < P,).

(Af) Countercurrent Pressurization Step ll. Finally, the A bed is
brought back to the adsorption pressure (P,) by introducing a H,-rich gas
into the bed through the product end (countercurrent). The gas is obtained
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from the effluent of a B bed undergoing the adsorption Step (Ba), and it
flows into the A bed via a B bed undergoing Step (Bg) below. The A bed
is now ready to start a new adsorption step in series with a B bed which
is also ready for that step.

Cycle Steps for B Beds

(Ba) Adsorption Step. The B bed in series with an A bed during its
adsorption Step (Aa) receives the CO,-depleted gas from the A bed at feed
gas pressure, and it removes the remaining CO, and other dilute impurities
from that gas to produce a very high purity H,-rich effluent. The bed is
pressurized to P, with a H,-rich gas prior to the start of this step. A part
of the effluent is withdrawn as the H, product gas, and the balance is used
to pressurize the B (Step Bg) and the A (Step Af) beds. The adsorption
step is continued until the leading impurity MTZ in the bed is just short
of breakthrough at the H, product end.

(Bb) Countercurrent Depressurization Step I. At the termination of
the adsorption step, the B bed is connected with an A bed undergoing
Step (Ae) above, and a portion of the void and desorbed gases are trans-
ferred through the feed end (countercurrent) of the bed to the A bed, thus
lowering the pressure of the B bed from P, to P,.

(Bc) Countercurrent Depressurization Step Il. Following Step (Bb),
the B bed is connected with another B bed undergoing Step (Bf), and
more void and desorbed gases are removed from the B bed through the
feed end (countercurrent). The B bed pressure drops from P, to P, during
this step.

(Bd) Countercurrent Depressurization Step lll. The B bed is now
depressurized from P, to a near-atmospheric pressure level by withdrawing
gas from it through the feed end (countercurrent). The effluent gas contains
a portion of the feed gas impurities along with some H, which is compressed
to a pressure level of P and fed to a C bed undergoing Step (Ca) below.

(Be) Countercurrent Purge Step. After Step (Bd) the bed is purged
at near-ambient pressure with a high purity H, stream introduced into the
bed through the H, product end (countercurrent) in order to further desorb
the impurities from the bed. The purge gas is obtained from the effluent
of a C bed undergoing Step (Ca) below. The effluent of this step is also
compressed to Pc and fed to a C bed by mixing it with the effluent of step
(Bd).

(Bf) Cocurrent Pressurization Step. Following the purge step, the
pressure in the B bed is raised from a near-ambient pressure level to P,
by connecting it with another B bed undergoing Step (Bc). The pressuri-
zation gas is introduced into the bed through the feed end (cocurrent).

(Bg) Countercurrent Pressurization Step. Finally, the B bed is
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brought back to the feed gas pressure level by introducing a high purity
H, stream through the H, product end (countercurrent) of the bed. This
gas is obtained from the effluent of another B bed undergoing the ad-
sorption Step (Ba). During this step the B bed is connected in series with
an A bed undergoing Step (Af), and both beds are simultaneously pres-
surized to P, by using a part of the high purity H, gas. The B bed is now
ready to start a new adsorption step by being placed in series with an A
bed which is also ready for that step.

Cycle Steps for C Beds

(Ca) Adsorption Step. The effluent gas from Steps (Bd) and (Bc) are
mixed and compressed to a pressure level of Pc (< P,). The gas mixture
is then passed through one of the C beds which was previously pressurized
to P, with a hydrogen-rich gas. The CO,, CO, and CH, impurities are
adsorbed and a stream of ultrapure H, is produced at pressure P at the
effluent end of the C bed. A portion of this gas is used to purge one of
the B beds then undergoing Step (Be). Another portion of this effluent is
used to purge the companion C bed undergoing Step (Cc) below. A third
portion of this gas is used to pressurize the companion C bed undergoing
Step (Cd) below.

(Cb) Countercurrent Depressurization Step. At the end of Step (Ca),
the C bed is depressurized from P to Py by withdrawing gas through the
feed end (countercurrent). The effluent gas at pressure Py < P forms a
part of the reject gas from this process.

(Cc) Countercurrent Purge Step. After depressurization, the C bed is
purged at pressure Py with a stream of essentially pure H, then being
produced by the companion C bed undergoing Step (Ca) above. The purge
gas is introduced into the C bed through the effluent end (countercurrent)
of the bed. The purge effluent gas at pressure Py is mixed with the effluent
of Step (Ch) and they form the total reject gas from the PSA Process B.

(Cd) Countercurrent Pressurization Step. After step (Cc), the C bed
is pressurized from Py to P¢ by introducing pure H, through the effluent
end (countercurrent). The pressurization gas is obtained from the effluent
of the companion C bed then undergoing Step (Ca). The C bed is now
ready to begin a new cycle starting from Step (Ca).

The compressors (P1) and (P2) in Fig. 1 are used to compress the effluent
gases from Steps (Ac) and (Bd) + (Be), respectively, while the vacuum
pump (P3) is used to evacuate the A bed (Step Ad). A surge tank (S,)
may be necessary to collect the effluents of Steps (Bd) and (Be) for mixing
the gases prior to compression and supply to the C beds as feed.

Figure 2 shows a synchronized time sequence for the steps of Process B
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FiG. 2. Column operation schedule for PSA Process B.

for an arbitrarily chosen total cycle time of 18 units. It may be seen that
each B bed goes through two complete cycles (Steps Ba—Bg) while each
A bed completes one cycle (Steps Aa—Af ). Each C bed goes through three
complete cycles (Steps Ca—Cd) for each cycle of an A bed. This design
significantly reduces the adsorbent inventory for the B and C beds.

Process Performance

The above described PSA process was tested in a multibed pilot unit by
using a feed gas composition identical (see Table 1) to that used for testing
Process A. The beds were packed with several different proprietary ad-
sorbents. The feed gas pressure was 250 psig (= P,). The A beds were
evacuated to a pressure level of 150 torr (= Pp) at the end of Step (Ad).
The B beds were depressurized to 0 psig at the end of Step (Bd ) and then
they were purged at a near-ambient pressure with pure H, produced by
the C beds (Step Be). The effluents from a B bed during Steps (Bd) and
(Be) were mixed and compressed to a pressure level of 100 psig (= P¢)
before feeding the mixture to a C bed. The C beds were depressurized to
4.5 psig (= Py) at the end of Step (Cb) and purged with pure H, at that
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pressure during Step (Cc). Thus, the effluents from C beds during Steps
(Cb) and (Cc), which constitute the reject gas from this process, were
available at a positive pressure of 4.5 psig. The H, recovery from the C
beds was about 62% of the feed H, to those beds.

A summary of the overall performance of this process is given in Table
1, which also reports the performance of Process A under comparable
conditions of operation. The amounts of gases reported in the table are
quantities per unit amount of fresh feed gas to the PSA system. It may be
seen from Table 1 that Process B provides a much higher H, recovery
(~95.0%) than Process A (~87.0%) while maintaining the H, purity
(99.999 + %) and the purity (99.4%) and recovery (94.0%) of product CO,
intact. This is a significant improvement over Process A because H, is an
expensive product. The higher H, recovery by Process B more than offsets
the extra cost of feed gas compression to C beds and the capital investment
for the C beds required by this process. On the other hand, for a given H,
production demand, the higher H, recovery of Process B significantly re-
duces the feed gas requirement to the PSA system and the sizes of the A
and B beds. It should be noted that the adsorption pressure for the C beds
(Pc) is much lower than that (P,) for the A and B beds, and the feed gas
quantity to the C beds is about 15% of that to the A beds. Thus, the cost
of compression of the feed gas to the C beds is not very high. In fact, P¢
is an optimization variable for this process which introduces a considerable
amount of flexibility to the overall operation and economics of the process.

Another major advantage of Process B over Process A is that the waste
gases produced from Process B are at a positive pressure (Py = 4.5 psig)
which can be delivered as a fuel gas to the reformer without further
compression, yet the B beds of the PSA system can be purged with H,
(Step Be) at near-ambient pressure which minimizes the H, purge require-
ment for that step. This could not be done with Process A where the H,
purge effluent from the B beds form a part of the reject gas and, therefore,
purging the B beds of Process A at ambient pressure would require
compression of the waste gases for further use. Alternatively, a larger
quantity of H, purge gas would be necessary in Process A if the purge step
were to be carried out at a positive pressure in order to avoid the compres-
sion, and that would result in a significant reduction of H, recovery.

The recovery of some H, from the reject gases of B beds by removal of
the impurities from that gas in C beds of Process B and partial use of the
recovered H; to purge the B beds at ambient pressure introduces flexibility
in the operating conditions of B beds and improves H, recovery of the
overall process. The inefficiency in the operation of the C beds due to
execution of the H, purge Step (Cc) at a superatmospheric pressure is small
because of the relatively small quantity of the feed gas to those beds and
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relatively smaller sizes of the beds. Table 1 also gives the amounts and
compositions of the reject (fuel) gases from PSA Processes A and B. The
reject gas from Process B is leaner in H, but richer in CH, than that from
Process A.

One interesting application of these processes is in the manufacture of
urea. The H, produced by these processes can be reacted with N, to form
NH; which can then be reacted with the by-product CO, from these pro-
cesses to form urea. The use of ultrapure H, can virtually eliminate the
need for an ammonia purge loop, which is often a nuisance. Clearly, the
new Process B would be a preferred candidate for this application because
of higher H, recovery.

PROCESS C: PSA PROCESS FOR SIMULTANEOUS
PRODUCTION OF AMMONIA SYNTHESIS GAS AND CARBON
DIOXIDE FROM REFORMER OFF-GAS

The second new PSA process concept (5) is designed for simultaneous
and direct production of an ammonia synthesis gas (H,/N, mixture in the
molar ratio 3:1) and pure carbon dioxide from a reformer off-gas. Earlier
PSA processes in this area could only produce an ammonia synthesis gas
from such a feed gas (6).

Figure 3 is a schematic flow sheet for the process. It uses four parallel
A beds and two parallel B beds in conjunction with a CO, compressor (P1)
and a vacuum pump (P2). The A beds are packed with an adsorbent for
selective removal of CO, and H,O from CO, CH,, N,, and H,, while the
B beds are packed with one or more layers of adsorbent for selective
removal of CO, from CO, CH,, N,, and H, and for removal of CO and
CH, from N; and H,. One A and one B bed are connected in series during
the adsorption step, and then they undergo a completely different sequence
of desorption and complementary steps as described below:

Cycle Steps for A Beds

The first five steps of the cycle for the A beds of Process C are identical
to those for Process B (Steps Aa—Ae). Then the A bed is pressurized from
P, to P, (Step Af) with N, from an external source instead of using a H,-
rich gas as in the case of Process B.

Cycle Steps for B Beds

The first two steps of the cycle for the B beds of Process C are also
identical to those of Process B (Steps Ba and Bb). However, the effluent
from the B beds during Step (Ba) of Process C is a mixture of N, and H,
rather than pure H,, which was the case for process B. The Step (Bc) of
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FiG. 3. Schematic flow diagram for PSA Process C.

Process B is eliminated, and Step (Bd) becomes the third step for Process
C. Step (Bg) of Process B is also removed, and Steps (Be) and (Bf)
become, respectively, the fourth and fifth steps for the B beds in Process
C except that N, from an external source is used as the purge gas (Step
Be) and pressurization gas (Step Bg) for the B beds instead of H, as in
the case of Process B. Thus, Process C has a smaller number of steps for
the B beds because the interactions between A and B beds (Steps Af, Bg)
and those between B and B beds (Steps Bce, Be, Bf, and Bg) of Process
B are eliminated. Consequently, Process C can be run continuously with
the use of only four A beds and only two B beds.

Figure 4 shows a synchronized operational sequence for the steps of
Process C. Again, each B bed goes through two complete cycles for each
cycle of an A bed. This helps to reduce the adsorbent inventory of B beds.

Process Performance
The key features of Process C are the final pressurization of the A beds
(Step Af) and low pressure purging (Step Be) and pressurization (Step
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Bg) of the B beds by using an external source of N,. They serve the
following purposes:

(a) A certain amount of N, is introduced into the A and B beds before
they start their adsorption steps (Aa and Ba). A part of this N, occupies
the void space in the columns at pressure P,, and the other part is
adsorbed. Since the adsorbents used in these columns have adsorp-
tion selectivities in the order H,0 > CO, > CO > CH, > N, > H, or
H,O > CO, > CH, > CO > N, > H,, the void and adsorbed N, are
displaced by the feed CO,, CO, and CH, during the adsorption step
in these beds, thus producing a mixture of N, + H, as the effluent gas
at nearly the feed gas pressure. Practically all of the N, present in the
beds at the beginning of the adsorption step is expelled from the beds
along with unadsorbed H, from the feed gas during the adsorption
step. By controlling the feed gas pressure and the sizes of A and B
beds, it is possible to adjust the molar ratio of N, and H; in the effluent
gas from the B beds to 1:3 or any other desired value [2]. Thus, an
ammonia synthesis gas can be directly produced during the adsorption
step of Process C.

(b) The use of N, as a purge gas to clean the B beds instead of H, minimizes
the H, loss from Process C. The purge step can be carried out at a
positive pressure (say 5.0 psig) so that the effluent fuel gas does not
have to be compressed for further use.

The overall performance of Process C is compared with those of Pro-
cesses A and B in Table 1. It is seen that Process C is extremely efficient.
It produces an ammonia synthesis gas with a H, recovery of about 95.0%
from the feed reformer off-gas while producing a high purity CO, by-
product with high recovery. Approximately 75.0% of the external N, used
in the process is recovered in the primary ammonia synthesis gas product.
The fuel gas produced by Process C has a lower calorific value due to the
presence of a large quantity of N, in that gas, but its total heating value
is the same as that from Process B. Process C is, therefore, an ideal can-
didate for the production of urea from a reformer off-gas.

CONCLUSIONS
The pressure swing adsorption processes described demonstrate the di-
versity and flexibility of this technology in relation to bulk gas separation.
Although fairly complex in design, they are capable of simultaneously
producing two products of desired composition from a multicomponent
feed gas containing bulk and dilute impurities. The high recoveries of the
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desired components by these processes make them extremely valuable
separations tools.
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