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The novelty of this manuscript is the study of purification of hydrogen from a mix-
ture of H2/CO2/CH4/CO/N2 saturated in water vapor. Simulations results of fixed bed
behavior and of an eight steps PSA process are presented using an activated carbon
as adsorbent. Several operating conditions were considered, namely different feed flow
rates, humid/dry feed and adiabatic/nonadiabatic operation. Simulation with single
column PSA showed that a 99.9979% purity hydrogen stream could be obtained with a
recovery of 71.3% and a productivity of 63.9 molH2

/kgads/day. The simulation of a four
columns PSA predicted a decrease in H2 purity to 99.8193% for the same operating
conditions, due to the impurities present in the recycled stream of the continuous mul-
ticolumn process. To increase the hydrogen purity above 99.99%, the feed time was
decreased 25%. Thus, the multicolumn simulation predicted a hydrogen recovery,
purity, and productivity, respectively, of 62.7%, 99.9992%, and 55.2 molH2

/kgads/day.
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Introduction

High purity hydrogen is used in many important industrial
applications, namely hydrocracking, hydrogenation of fats
and oils, methanol production, manufacture of silicon, etc. In
addition, the recent environmental concerns have prompted
developments in the fuel cell industry towards the replace-
ment of fossil-fuels by hydrogen, with which water is
released from the combustion instead of greenhouse gases.
These developments led to an increasing demand for fuel
grade hydrogen (above 99.99%) in the market with the
resulting economic motivation for advanced research in the
field of hydrogen production.

The production of hydrogen is normally done by catalytic
reforming of natural gas combined with a water gas shift

reaction step, from which a hydrogen stream containing sev-
eral impurities, namely water vapor, carbon dioxide, meth-
ane, carbon monoxide, and nitrogen, is obtained. This stream
has 70–72% of hydrogen, 15–20% of carbon dioxide, \4%
of carbon monoxide, \8% of methane and is saturated with
water.1 In addition, if the methane employed as fuel contains
nitrogen as contaminant, this gas will also be present in the
off-gas of the reformer (\4%). These impurities must be
removed in order to obtain the required high purity hydro-
gen. This separation is typically performed with a pressure
swing adsorption (PSA) unit.2,3

Numerous experimental and theoretical studies of hydro-
gen purification by PSA can be found in the literature.4–11

However, as mentioned earlier, water vapor is one of the
impurities present in the feed stream of the hydrogen purifi-
cation processes and must also be removed. This important
aspect is in general neglected. Studies that consider humid
feeds are normally restricted to air purification processes
where carbon dioxide concentration is in the ppm level,12–14
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that are not representative of hydrogen purification from
exiting steam methane reforming (SMR) off-gases. One
exception is the experimental work reported by Li et al.15 on
CO2 capture from humid flue gas streams. Thus, fundamen-
tal studies dealing with the purification of hydrogen from a
humid stream of H2/CO2/CH4/CO/N2 and the influence of
water vapor on the process performance are lacking in the
literature which is the main focus of this work.

The purpose of this work is to provide some insights into
purification of hydrogen from a mixture of H2/CO2/CH4/CO/
N2 saturated in water vapor. Simulations results both of fixed
bed behavior and of a PSA process, considering an activated
carbon bed, are presented. A PSA cycle scheme with eight
steps, including two pressure equalization steps was used.
This study supplies knowledge of the fundamental adsorption
behavior of these mixtures, which are of interest in hydrogen
storage and purification and consequently of potential hydro-
gen technology applications: hydrogenation of fats and oils,
hydrocracking, methanol production, manufacture of silicon
and, specially due to environmental concerns, the use of
hydrogen for fuel cells.

Mathematical Model

To understand the dynamic behavior of a PSA process, a
mathematical model coupling mass, momentum, and energy
balances over a packed bed with the appropriate boundary
conditions for each step of the PSA cycle is needed.

The mathematical model used in this study was obtained
considering the following assumptions: (i) ideal gas behavior
throughout the column; (ii) no mass, heat or velocity gra-
dients in the radial direction; (iii) axial dispersed plug flow;
(iv) external mass and heat transfer resistances expressed
with the film model; (v) bidispersed adsorbent particle with
macropore and micropore mass transfer resistances, both
expressed with the linear driving force (LDF) model; (vi) no
temperature gradients inside particles; (vii) the column wall
interchanges energy with the gas phase inside the column and
with the external environment: constant heat transfer coeffi-
cients and constant external environment were considered;
(viii) constant porosity along the bed, (ix) the Ergun equation
is valid locally, i.e., in the momentum balance, only the terms
of pressure drop and velocity change are considered.

With these assumptions the following material balances
over the bulk phase (1), the macropores (2) and the micro-
pores (3) are obtained.
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In these equations z is the axial position, t is the time, e is
the bed porosity, u0 is the superficial velocity, Cg,T and Cg,i

are respectively the total and component i gas phase concen-
trations, yi is the component i molar fraction, Cp;i is the av-
erage concentration of component i in the macropores, qi is
the particle averaged adsorbed concentration, q�i is the

adsorbed concentration in equilibrium with Cp;i, Dax is the

mass axial dispersion coefficient, kf is the film mass transfer
coefficient, Dp,i is the macropore diffusivity of component i,
Dc,i is the micropore diffusivity of component i, Bii is the

mass Biot number of component i Bii ¼ apkfR
2
p

epXMDp;i
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, Rp, ap,

ep, and qp, are respectively the particle radius, specific area,
porosity and density, XM and Xc are the macropore and
micropore LDF factors given by [X ¼ (ks þ 1)(ks þ 3)] where
ks is the geometrical factor (0, slab; 1, cylinder; 2, sphere).

The energy balances take into consideration the three
phases present: gas, solid, and column wall. The energy bal-
ance for the gas phase is given by:
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where Tg, Tp, and Tw are respectively gas phase, solid phase
and wall temperatures, Cv is the gas mixture molar specific
heat at constant volume, Cp is the gas mixture molar specific
heat at constant pressure, k is the heat axial dispersion
coefficient, hf is the film heat transfer coefficient between the
gas and particle, hw is the film heat transfer coefficient
between the gas and wall, Rg is the ideal gas constant and dwi
is the internal bed diameter.

The solid phase energy balance is expressed by:
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where qb is the bed density, Ĉps is the particle specific heat at
constant pressure (per mass unit), Cv,ads,i is the molar specific
heat of component i in the adsorbed phase at constant volume
and (DHads)i is the heat of adsorption of component i.

The energy balance around the column wall is represented
by:

qwĈp;w
@Tw
@t

¼ awhwðTg � TwÞ � awfUðTw � T1Þ (6)

where T1 is the ambient temperature, Ĉpw is the wall specific
heat at constant pressure (per mass unit), qw is the wall
density, aw is the ratio of the internal surface area to the
volume of the column wall and aw‘ is the ratio of the log mean
surface to the volume of column wall.

As mentioned earlier, Ergun equation (7) is considered
valid locally, i.e., in each z position the following relation
holds:

AIChE Journal September 2009 Vol. 55, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2293



Table 1. Boundary Conditions Associated with the Steps Commonly Used in PSA Operation

Co-current pressurization with feed
Inlet, z ¼ 0 z ¼ L

u0inletCinlet;i ¼ u0 Cg;i � eDaxCg;T
@yi
@z

P ¼ Pinlet

u0inletCinlet;TCpTinlet ¼ u0 Cg;TCpTg � k
@Tg
@z

@Cg;i

@z
¼ 0

u0 ¼ 0

@Tg
@z

¼ 0

Counter-current pressurization with the less adsorbed compound
z ¼ 0 Inlet, z ¼ L

@Cg;i

@z
¼ 0

u0 ¼ 0

@Tg
@z

¼ 0

u0inletCinlet;i ¼ u0 Cg;i � eDaxCg;T
@yi
@z

P ¼ Pexit

u0inletCinlet;TCpTinlet ¼ u0 Cg;TCpTg � k
@Tg
@z

Feed
Inlet, z ¼ 0 Outlet, z ¼ L

u0inletCinlet;i ¼ u0 Cg;i � eDaxCg;T
@yi
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u0inletCinlet;T ¼ u0Cg;T

u0inletCinlet;TCpTinlet ¼ u0 Cg;TCpTg � k
@Tg
@z

@Cg;i

@z
¼ 0

P ¼ Pexit

@Tg
@z

¼ 0

Counter-current blowdown
Outlet, z ¼ 0 z ¼ L

@Cg;i

@z
¼ 0

P ¼ Pexit

@Tg
@z

¼ 0

@Cg;i

@z
¼ 0

u0 ¼ 0

@Tg
@z

¼ 0

Counter-current purge with the less adsorbed compound
Outlet, z ¼ 0 Inlet, z ¼ L

@Cg;i

@z
¼ 0

P ¼ Pexit

@Tg
@z

¼ 0

u0inletCinlet;i ¼ u0 Cg;i � eDaxCg;T
@yi
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u0inletCinlet;T ¼ u0Cg;T

u0inletCinlet;TCpTinlet ¼ u0 Cg;TCpTg � k
@Tg
@z

Co-current rinse with the most adsorbed compound
Inlet, z ¼ 0 Outlet, z ¼ L

u0inletCinlet;i ¼ u0 Cg;i � eDaxCg;T
@yi
@z

u0inletCinlet;T ¼ u0 Cg;T

u0inletCinlet;TCpTinlet ¼ u0 Cg;TCpTg � k
@Tg
@z

@Cg;i

@z
¼ 0

P ¼ Pexit

@Tg
@z

¼ 0

Pressure equalization–depressurization
z ¼ 0 Outlet, z ¼ L

@Cg;i

@z
¼ 0

u0 ¼ 0

@Tg
@z

¼ 0

@Cg;i

@z
¼ 0

P ¼ Pexit

@Tg
@z

¼ 0

(Continued)
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In this equation q and l are respectively the bulk gas mix-
ture density and viscosity.

A PSA cycle is a sequence of elementary steps. To prop-
erly simulate a PSA process, the conservation equations
presented earlier should be coupled with the appropriate
boundary conditions for each step. The boundary conditions
associated with the most common steps found in a PSA pro-
cess (pressurization, feed, blowdown, purge, rinse, and pres-
sure equalization) are given in Table 1.

The adsorbent considered was an activated carbon. In par-
ticular, an activated carbon prepared by modification of a
commercial sample of activated carbon extrudates by physi-
cal activation with carbon dioxide. This adsorbent was pre-
pared within the framework of the European research project
Hy2Seps (hybrid hydrogen-carbon dioxide separation sys-
tems)16 with the purpose of enhancing its adsorption capacity
for the impurities present in the hydrogen purification proc-
esses and was denominated AC5-KS17 The adsorption iso-
therms of H2, CO2, CH4, CO, N2, and H2O on the activated
carbon were previously determined by a gravimetric method
and fitted17 with the Virial Isotherm18,19 truncated after the
second Virial term (8).

P ¼ q

KH
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2

S
Aqþ 3

2S2
Bq2

� �
(8)

In this equation, S is the adsorbent specific surface area, A
and B are the virial coefficients, and KH is the Henry con-
stant. The Henry constant is related to the temperature
through the Van’t Hoff equation:

KH ¼ K1 exp
�DH
RgT

� �
(9)

where K1 is the adsorption constant at infinite temperature
and (�DH) is the heat of adsorption at zero coverage. The
temperature dependency of the Virial coefficients are given
through the following equations:

A ¼
X1
m¼0

Am

Tm
;B ¼

X1
m¼0

Bm

Tm
(10)

The fitting parameters obtained are presented in Table 2.17

The Virial isotherm was chosen due to its flexibility to fit
data with different degrees of steepness, as is the case
encountered in this study where the isotherms of H2, CO2,
CH4, CO, and N2 are of Type I and the isotherm of H2O is
of Type V. Another advantage of the Virial isotherm is that
it allows the prediction of multicomponent adsorption
directly from the monocomponent data through analytical
expressions. The multicomponent adsorption equilibrium was
then predicted using the extension of the Virial isotherm to
multicomponent systems (11) proposed by Taqvi and
LeVan20:
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XN
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Bijkqjqk

 !
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Taqvi and LeVan20 studied and compared quantitatively
two predictive approaches (Method 1 and Method 2), the
correlative approach and the ideal adsorbed solution theory
(IAST). Since the two predictive methods give similar
results, the second method was chosen and thus the mixing
Virial coefficients were calculated by Eqs. 12 and 13

Aij ¼
Ai þ Aj

� �
2

(12)

Bijk ¼
Bi þ Bj þ Bk

� �
3

(13)

Table 1. (Continued)

Pressure equalization–pressurization
z ¼ 0 Inlet, z ¼ L

@Cg;i

@z
¼ 0

u0 ¼ 0

@Tg
@z

¼ 0

u0inletCinlet;i ¼ u0 Cg;i � eDaxCg;T
@yi
@z

u0inletCinlet;T ¼ u0Cg;T

u0inletCinlet;TCpTinlet ¼ u0 Cg;TCpTg � k
@Tg
@z

Table 2. Virial Adsorption Isotherm Fitting Parameters on Modified Activated Carbon AC5-KS

Compound
K1

[mol/(kg bar)]
�DH
(J/mol)

A0 � 10�5

(m2/mol)
A1 � 10�6

(m2K/mol)
B0 � 10�11

(m4/mol2)
B1 � 10�11

(m4K/mol2)

CO2 8.06 � 10�5 28017 0.081 45.31 0.365 92.247
H2 2.16 � 10�3 7256 �7.547 287.0 3.264 �899.4
CH4 2.18 � 10�4 23002 5.140 �84.54 �0.100 4.89 � 10�6

CO 7.29 � 10�5 23225 �2.148 140.5 �0.100 �3.23 � 10�4

N2 2.94 � 10�4 18273 2.469 �11.62 �0.100 �3.30 � 10�4

H2O 1.93 � 10�6 45928 �0.968 4.906 0.025 0.960

S ¼ 971 m2/g.
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The extension of the Virial model for a multicomponent
mixture of the five gases plus water is purely exploratory.
This is the first step to evaluate the performance of the PSA
unit. It also provides the operating conditions where it is
necessary to determine adsorption equilibrium data of the
whole system (P, T, and molar fractions) reducing signifi-
cantly the volume of experiments.

Results and Discussion

Breakthrough curve simulations

The aforementioned model was first applied for the simu-
lation of fixed-bed behavior. The feed stream considered in
the simulations was a mixture of H2, CO2, CH4, CO, and N2

saturated in water vapor at 303 K and at a total pressure of
7 bar. Several feed flow rates were assumed. The informa-
tion on the different operating conditions employed, includ-
ing the bed dimensions, is summarized in Table 3. As can
be seen from the model equations, the values of some trans-
port parameters are needed for the simulations. These were
calculated employing frequently used correlations and the
values obtained are presented in Table 4. Namely, the axial
mass and heat dispersion coefficients, as well as, the mass
transfer and heat convective coefficient were estimated using
the Wakao and Funazkri correlations.3,21,22 The internal con-
vective heat transfer coefficient between gas and the column
wall was calculated with the Wasch and Froment correla-
tion.23 Both adiabatic and nonadiabatic operations were con-
sidered. The macropore diffusivity took into account only

the molecular diffusivities which were calculated with the
Chapman-Enskog equation.24 General properties of the
gases, like density, viscosity, and molar specific heat were
obtained according to Bird et al.24 Breakthrough experiments
were used to determine the transport kinetics of pure gases
through moment analysis of the pulse response, i.e., deriva-
tive of the diluted breakthrough curve.17 The micropore dif-
fusivities were calculated based on the experimental values
of the moments together with estimated values of axial dis-
persion coefficients, molecular, and macropore diffusiv-
ities.25 The specific heat and the viscosity of the gas were
estimated at the inlet conditions and taken as constant

Table 3. Operating Conditions Used in the Breakthrough
Curve Simulations

Column length (m) 0.445
Column diameter (m) 0.0721
Temperature (K) 303
Pressure (bar) 7
Adsorbent Activated carbon AC5-KS
Mass of adsorbent (kg) 0.855
Bed porosity 0.40
Feed molar fraction
(dry basis, %)

73.3 H2; 16.6 CO2; 3.5 CH4;
2.9 CO; 3.7 N2

Feed flow rate
(SLPM, space time, s)

1.88 (160); 7.54 (40)
and 15.08 (20)

Table 4. Transport Parameters Values Used in the
Breakthrough Curve Simulations

Dp (m
2/s)* CO2: 3.38 � 10�6

H2: 5.01 � 10�6

CH4: 3.04 � 10�6

CO: 3.00 � 10�6

N2: 3.00 � 10�6

H2O: 2.95 � 10�6

Dc/r
2
c (s�1)* CO2: 3.31 � 10�2

H2: 1.58
CH4: 1.46 � 10�2

CO: 6.77 � 10�2

N2: 1.34 � 10�2

H2O: 2.00 � 10�3

kf (m/s) 5.82 � 10�3

hf (W/m2K) 98
hw (W/m2K) 62
U (W/m2K) 15 or 0 (nonadiabatic or adiabatic)

*Values at inlet conditions.

Figure 1. Molar flow rate and temperature histories at
the column outlet obtained from the simula-
tions with s 5 160 s.

The feed stream was either dry or saturated with water
(wet) and both adiabatic (thick lines) and nonadiabatic (thin
lines) conditions were considered.
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throughout the bed. The molar specific heat of the adsorbed
gas was assumed to be equal to the molar specific heat in
the gas phase.26

The mathematical model was implemented in gPROMS
environment (Process System Enterprise, London, UK) and
numerically solved using the orthogonal collocation on finite
elements method. The number of elements used was 90 with
third order polynomials (two interior collocation points).

Figure 1 shows the molar flow rate and temperature histor-
ies at the column outlet obtained from the simulations with
s ¼ 160 s. Both adiabatic and nonadiabatic conditions were
considered. For comparison purposes simulations with dry
feed instead of saturated with water were also performed.
The concentration and temperature profiles obtained along
the bed at different times are shown in Figure 2 (1) and (2)
respectively for adiabatic and non adiabatic conditions for
the simulations performed with the feed saturated with
water. In all these simulations the column was assumed to
be initially filled with helium.

From these graphics it can be seen that the presence of
the water vapor does not affect significantly the break-
through behavior of the other species. Even when the carbon
dioxide breaks through the bed, the water vapor front is still

close to the inlet of the bed. This is due to the low amount
of water fed to the column (at 303 K the saturation pressure
is 0.0416 bar which corresponds to a feed molar fraction of
only 0.6%) and also to the high adsorption capacity of the
activated carbon towards water vapor. Thus a much higher
stoichiometric time results for water which is in the case
considered equal to �772.5 h. However, the breakthrough
time of water, although still much longer than the break-
through time of the other compounds, occurs much earlier
than the stoichiometric time (63 and 125 h, respectively for
adiabatic and nonadiabatic conditions). This is due to the
shape of the adsorption isotherm, unfavorable at low partial
pressures and then favorable at the higher humidity region
(Type V), which is reflected on the breakthrough curves.
That is, the breakthrough curve is composed of two parts,
the first part is dispersive and the second is a compressive
front or shock.

Comparing the adiabatic and nonadiabatic simulations, a
temperature increase of 35 K is observed in the first case,
while in the second case the largest temperature increase due
to the adsorption of carbon dioxide is only of 15 K. The
much larger temperature increase observed for the adiabatic
operation, causes the different impurities to break through

Figure 2. Concentration and temperature profiles obtained along the bed at different times for the adiabatic (1)
and nonadiabatic (2) simulation with s 5 160 s and the feed saturated with water.
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the bed at shorter times. Also the resulting fronts in the case
of adiabatic operation are sharper than for nonadiabatic con-
ditions. However, these differences are almost negligible for
the limiting contaminant (nitrogen).

The low temperature increase due to the adsorption of
water vapor should also be pointed out. It can be seen that
the compressive front of the water is accompanied by a tem-
perature increase of 1 K in the case of the nonadiabatic
operation and by a temperature front of 4 K in the case of
adiabatic operation.

The simulations performed at different flow rates are com-
pared in Figure 3, where the molar flow rate and temperature
histories at the column outlet are shown. In these simula-
tions, the feed was assumed saturated with water, adiabatic
operation was considered and also the bed was presumed ini-
tially filled with hydrogen with the adsorbent in equilibrium.
These graphics show the shortening of the breakthrough time
as the feed flow rate increases and also the increase in dis-
persive behavior.

PSA simulations

The simulation of a PSA process will be now considered.
An eight steps cycle, as schematically represented in Figure 4
(top), was used. The duration of each step was set taking

Figure 3. Molar flow rate and temperature histories at the column outlet obtained from the simulations with
the different feed flow rates. The feed stream was saturated with water and adiabatic operation was
considered.

Figure 4. Cycle sequence used in the PSA simulations
(top); pressure evolution along the PSA cycle
at the column outlet for run 1 (bottom).
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into consideration the extension of the cycle to a four col-
umns process. This extension is shown in Figure 5. The
operating conditions as well as the transport parameters were
the same as the ones employed in the breakthrough simula-
tions (given respectively in Table 3 and Table 4). High and
low pressure values of 7 and 1 bar respectively were used.
The bed was assumed initially filled with hydrogen with the
adsorbent in equilibrium. Simulations at different feed flow
rates, for which the feed duration was adjusted, and either
under adiabatic or nonadiabatic conditions were performed.
Dry feed was also considered in one simulation. The simula-
tions performed are summarized in Table 5. The computa-
tional time required for each simulation is very long. Thus,
as a first assessment of the system behavior, simulations con-
sidering only one column, for which the inlet streams of the
purge and pressurization steps were assumed to be pure
hydrogen, were performed. Although these simulations do
not take into account the impurities present in the recycled
streams of the continuous four columns process, when
searching for the appropriate operating conditions to achieve
the required product purity, the results obtained from the sin-
gle column simulations are not far from reality in the case
of hydrogen purification. Of course the presence of even a
small amount of impurities has some effect on the process
performance which must be evaluated. For this reason some
results of simulations considering four columns with the cor-
responding recycling stream are also reported.

The process performance was evaluated by the hydrogen
purity and recovery and by the adsorbent productivity,27

defined respectively by Eqs. 14–16 and the results obtained
are also shown in Table 5.

PURITY ¼

Rtfeed
0

CH2
u0jz¼Ldt

Pn
i¼1

Rtfeed
0

Ciu0jz¼Ldt

(14)

RECOVERY

¼

Rtfeed
0

CH2
u0jz¼Ldt�

Rtfeed
0

CH2
u0jz¼Ldt�

Rtpurge
0

CH2
u0jz¼Ldt

Rtfeed
0

CH2
u0jz¼0dt

ð15Þ

PRODUCTIVITY

¼

Rtfeed
0

CH2
u0jz¼Ldt�

Rtpress
0

CH2
u0jz¼Ldt�

Rtpurge
0

CH2
u0jz¼Ldt

 !
Abed

ttotalwads

ð16Þ

The pressure evolution along one cycle at the column out-
let for run 1 is shown in Figure 4 (bottom) and the evolution
of the hydrogen purity and recovery values with the simula-
tion cycle number in Figure 6. It can be seen that even after
1052 cycles the cyclic steady state was not reached. Because
of the long simulation times and also to the fact that the val-
ues of the performance parameters do not change signifi-
cantly after around cycle number 300 (and thus an evalua-
tion of the process performance can be assessed) the other
simulations were stopped earlier.

The single column results show that the hydrogen purity
required (99.99þ%) is achieved in simulations 1–5. How-
ever, in the case of the simulation with the highest feed flow
rate (15.08 SLPM) this high purity is only obtained if a
smaller amount of feed is handled per cycle. If the feed time
is increased (run 6) to match the amount of feed handled in
runs 1–3, a reduction in the product purity is observed. Com-
paring the simulations performed with a feed flow rate of
7.54 SLPM, it can be seen that no significant difference is
encountered in the performance parameters values obtained,
that is, the use of either adiabatic or nonadiabatic conditions
and the inclusion of water in the feed streams does not affect
much the process performance. In all cases a process recov-
ery of around 71% and an adsorbent productivity of
�64 molH2

/kgads/day are obtained. However, as mentioned
earlier and also as will be seen below, when water is present
the process did not yet reach cyclic steady state and water is
still accumulating in the bed from cycle to cycle. From Ta-
ble 5 it can also be seen that the decrease on feed flow rate
to 1.88 SLPM results in a significant loss of productivity
without any notable gain in recovery (bellow 2%). On the
other hand, if the feed flow rate is increased to 15.08 SLPM,

Figure 5. Four columns arrangement with continuous
feed using the cycle sequence presented in
Figure 4.

Table 5. Conditions Used in the PSA Simulations and Hydrogen Purity and Recovery and Adsorbent Productivity Obtained

Run Phigh (bar) Plow (bar) Qfeed SLPM Qpurge SLPM tfeed (s) Conditions Cycles ran Pur H2 (%) Rec H2 (%) Prod (mol/kg/day)

1* 7 1 7.54 2.15 160 adiab. 1052 99.9979 71.3 63.9
2* 7 1 7.54 2.15 160 nonadiab. 773 99.9985 71.0 63.5
3* 7 1 7.54 2.15 160 dry/adiab. 546 99.9980 71.7 64.4
4* 7 1 15.08 4.30 60 adiab. 311 99.9985 64.3 113
5* 7 1 1.88 0.54 700 adiab. 386 99.9989 72.7 16.4
6* 7 1 15.08 4.30 80 adiab 418 99.9631 73.0 130
7† 7 1 7.54 2.15 160 adiab. 530 99.8193 71.8 64.4
8† 7 1 7.54 2.15 140 adiab. 282 99.9737 68.1 60.6
9† 7 1 7.54 2.15 120 adiab. 251 99.9992 62.7 55.2

*1 column simulation.
†4 columns simulation.
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there is an important increase in productivity, but the recov-
ery also significantly decreases to 64%.

The four columns simulations show a reduction on the
hydrogen purity obtained from 99.9979% to 99.8193% due
to ‘‘dirty’’ streams recycling (run 1 versus run 7). To achieve
the required purity, the feed duration needs to be reduced to
120 s. With this operating schedule, product purity and re-
covery, and adsorbent productivity respectively of 99.9992 %,
62.7%, and 55.2 molH2

/kgads/day are obtained.
The results obtained for the simulation ‘‘run 1’’ will now

be detailed in Figures 7–9. Namely Figure 7 and Figure 8
show respectively the gas phase concentration/adsorbed
phase concentration (for the major compounds CO2 and H2,
the limiting contaminant N2 and H2O) and gas phase/wall
temperature profiles obtained along the bed at the end of
each step for cycle 1052. In Figure 9 the evolution of the
adsorbed phase concentration (for hydrogen, carbon dioxide,
nitrogen, and water vapor) and gas phase temperature pro-
files at the end of the feed step with the cycle number can
be seen.

From all these graphics, several aspects can be pointed
out. The regeneration of the bed from the feed to the purge
step can be seen as well as the increase/decrease of tempera-
ture caused by the adsorption/desorption of the several
impurities. Temperature oscillations of over 25 K are
observed in the bed. This temperature profile affects the
water concentration profiles, both in the gas phase and in the
adsorbed phase (the adsorption equilibrium is strongly
affected by the temperature). Another result that can be seen
is that the amount of water adsorbed does not visually
change from step to step, although the gas phase concentra-
tion profiles do change. This is due to the fact that the
decrease in gas concentration is also accompanied by a
decrease in temperature that affects the relative humidity.
Actually the concentration profiles change but the relative
humidity profiles do not change significantly (see Figure 10).
The direct relation of the water adsorption equilibrium
amount to the value of the relative humidity accompanied by

the fact that large amounts of water are accumulated in the
solid justifies the unusual result obtained.

From the evolution of the different profiles, it can be
observed that the water accumulates slowly in the solid as
the cycles proceed. This increase in the amount of water
adsorbed affects the adsorption equilibrium of the other com-
pounds, which is higher at the bed inlet in the initial cycles.

Figure 7. Gas phase concentration profiles (1) and
adsorbed phase concentration profiles (2)
obtained along the bed at the end of each
step for cycle 1052 of run 1: (a) CO2, (b) H2,
(c) N2, and (d) H2O.

Figure 6. Evolution of the hydrogen purity and recovery
values with the simulation cycle number for
run 1.
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The fact that cyclic steady state has not been reached after
1052 cycles can also be seen from the progression of the
water vapor fronts. The temperature profiles have however
already stabilized. The temperature profiles are higher in the
initial cycles, pushing the impurities fronts forward in the
bed. As the bed temperature decreases, the adsorbent equilib-
rium capacity improves which allows for the impurity fronts
to move slightly back. This effect is directly connected to
the initial decrease in product purity followed by a slight
improve of process performance observed in Figure 6.

The results showed that the presence of water vapor does
not affect significantly the performance of the process due to
the small amount of water in the feed. However, this conclu-
sion is valid only during a limited time. As the cycles pro-
ceeded, water is accumulating in the bed and its presence
affects severely the adsorbent capacity to adsorb and sepa-
rate the other impurities. Thus from time to time, a more ef-
ficient regeneration procedure (for example, heating of the
bed) must be performed to remove the accumulated water
and avoid a decrease in the process performance.

Conclusions

A mixture of H2/CO2/CH4/CO/N2 saturated in water vapor
was studied to supply knowledge of the fundamental adsorp-
tion behavior of these gases for hydrogen purification. Simu-
lations results of fixed bed behavior and of an eight steps
(including two pressure equalizations) PSA process were
presented. The adsorbent considered was an activated carbon
specially prepared to enhance the adsorption capacity of the
impurities involved in the tackled process.

The fixed bed simulation results showed that the presence
of water vapor did not affect significantly the breakthrough
behavior of the other species due to the low amount of water
in the feed stream and also to the high adsorption capacity of
the activated carbon towards water vapor. It was also observed
that adiabatic operation causes the different impurities to

Figure 10. Relative humidity profiles inside the pellet
obtained along the bed at the end of each
step for cycle 1052 for run 1.

Figure 9. Evolution of the adsorbed phase concentra-
tion profiles (1) and evolution of the gas tem-
perature profiles (2) at the end of the feed
step with the cycle number for run 1: (a)
hydrogen (b) carbon dioxide; (c) nitrogen and
(d) water.

Figure 8. Temperature profiles obtained along the bed
at the end of each step for cycle 1052: (a) gas
phase and (b) wall.
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break through the bed at shorter times when comparing to the
nonadiabatic situation due to the larger temperature excursions
observed in the first case. This difference is, however, almost
negligible for the limiting contaminant (nitrogen).

In the single column PSA simulation with a feed flow rate
of 7.54 SLPM and considering adiabatic operation, a
99.9979% purity hydrogen stream was attained at the end of
the feed step for a process hydrogen recovery of 71.3% and
an adsorbent productivity of 63.9 molH2

/kgads/day. It was
observed that these process performance parameters are
almost unaffected by the use of nonadiabatic operation or
dry feed. However, it could also be seen that even after
more than 1000 cycles, the process did not reach cyclic
steady state. Water vapor was still accumulating in the bed.
Thus more efficient regenerations should be performed peri-
odically to avoid a decrease in process performance.

The single column simulations do not take into account
the small amount of impurities in the recycling streams.
When this effect is taken into consideration with the four
columns simulations, a reduction on the hydrogen purity
from 99.9979% to 99.8193% is observed. With the operating
conditions considered the feed duration should be reduced in
order to attain the required hydrogen purity. If a feed time
of 120 s is employed, a product purity, recovery and produc-
tivity, respectively of 99.9992%, 62.7%, and 55.2 molH2

/
kgads/day were obtained.
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