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Abstract In this work, the separation of carbon diox-
ide/methane mixtures by PSA using a basic resin (Amber-
lite IRA-900) has been studied. Adsorption equilibrium and
kinetics of carbon dioxide and methane on a fixed-bed of
this adsorbent have been measured, and a binary adsorp-
tion equilibrium isotherm has been obtained. The adsorbent
deactivation with the number of adsorption-desorption cy-
cles, and its regeneration, have also been analysed. A model
based on the LDF approximation has been used to describe
the experimental breakthrough curves. The applicability of
the basic resin to the separation of carbon dioxide/methane
mixtures has been studied in an experimental PSA setup us-
ing a single bed. The validity of the model used in the fixed-
bed study for simulating a PSA system has been checked by
comparing the simulated and the experimental performance
of the proposed PSA cycle.
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Abbreviations

A parameter defined in (4)

b adsorption affinity, Pa~!

B parameter defined in (4), K
by  parameter defined in (4)

c concentration, mol m—3

D diffusivity, m?>s~!

Dy axial dispersion coefficient, mZs~!
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E parameter defined in (4)

Ey stagnant contribution to axial dispersion
f empirical interaction parameter

AH adsorption enthalpy, J mol~!

ky  external mass transfer coefficient, m g1
Ky Henry’s law constant, mol kg ! Pa~!

kg lumped mass transfer coefficient, g1

N adsorption rate, molm > s~/

n parameter defined in (4)

P total pressure, Pa

)4 partial pressure, Pa

(0] volumetric flow rate, m3 s~!

q adsorbed concentration, mol kg_1

g* adsorbed concentration in equilibrium with the gas

phase, mol kg ™!

q average adsorbed concentration, mol kg™
Gmax Maximum adsorption capacity, mol kg~
R gas constant, 8.31 Jmol~! K~!

Re particle Reynolds number, upg2r,/u

rp  particle radius, m

Sc  Schmidt number, w/(pg Dyy)

1

t time, S
T temperature, K
u superficial velocity, ms™!

y mole fraction in the gas phase

Greek symbols

e bed voidage fraction
&p  particle porosity

7 gas viscosity, Pas

o density, kgm™>

T tortuosity

Subscripts and superscripts

0 initial
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F feed

g gas

H  high pressure
i ith component
L low pressure
m  molecular

1 Introduction

Methane is the most important non-CO, greenhouse gas re-
sponsible for global warming, and its warming effect is even
higher than the one of carbon dioxide. Landfill gas (LFG)
constitutes one of the main sources of methane emissions
in many countries. This gas is released from aerobic de-
composition of organic residues in municipal solid wastes.
It is a multicomponent mixture containing mainly methane
and carbon dioxide while many other gases are present at
concentrations typically below 1%. The molar fraction of
methane in LFG is between 0.45 and 0.65, balanced by car-
bon dioxide and contaminants (Cavenati et al. 2005). There-
fore, LFG can be considered as a source of natural gas. This
reason, together with the need of controlling the methane
emissions to meet Kyoto Protocol targets, makes it very in-
teresting to use this gas for energy production. For this pur-
pose, it is necessary to reduce the carbon dioxide content
of LFG. Moreover, carbon dioxide is not simply an inert,
but also can be corrosive. It must be removed from natural
gas prior to low temperature processing for NGL recovery.
Generally, pipeline specifications for natural gas require a
carbon dioxide concentration below 2—-3% (Li et al. 2005).
The technology most widely used for carbon dioxide re-
moval is amine absorption, but amine plants are complex
and costly. Another alternative is to reduce the carbon diox-
ide content using an adsorption process. Pressure swing ad-
sorption (PSA) technology has gained interest due to low en-
ergy requirements and low capital investment costs. For ex-
ample, in the capture of carbon dioxide from flue gases, the
energetic cost per ton of recovered carbon dioxide is about
is about 335 kWh for an amine absorption process, whereas
this value is about 170 kWh for a PSA process (Khoo and
Tan 2006). The main requirement for this technology to be
viable is to find an adequate adsorbent, which must be selec-
tive to one of the components of the carbon dioxide/methane
mixture, but the affinity to the selected component cannot be
too high, because in this case the regeneration of the adsor-
bent is compromised. Also, the uptake rates must be high in
order to work with short cycles and high productivity.
Because of the interest of the carbon dioxide/methane
separation, new technologies are under research, as well as
new adsorbents, to make possible a better separation. Sep-
aration by PSA can be based either on the different ad-
sorption affinity of the components (equilibrium separation),
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or on the different diffusion rates in the adsorbent (kinetic
separation) (Ruthven et al. 1994; Yang 1997). A process
for the recovery of methane from landfill gases was devel-
oped using a narrow-pore carbon molecular sieve (Schroter
and Juntgen 1989; Pilarczyk and Knoblauch 1988). Car-
bon dioxide diffuses into the adsorbent much faster than
methane, which is obtained as the raffinate product in the
effluent stream, with a product purity of 87-89%. Kapoor
and Yang (1989) have also studied the kinetic separation
of a carbon dioxide/methane mixture (50/50) using a car-
bon molecular sieve, obtaining 90% methane with a produc-
tivity of 0.05 kg methane kg adsorbent™! h~!. Gomes and
Hassan (2001) have investigated the feasibility of coalseam
methane recovery with a VSA process using a carbon mole-
cular sieve as the sorbent, obtaining a 90% methane prod-
uct from a 50/50 carbon dioxide/methane mixture. Other
process using an adsorbent kinetically selective to carbon
dioxide for carbon dioxide removal from natural gas (ETS-4
zeolite) is currently offered by Engelhard Corporation. This
process is able to treat economically a natural gas contain-
ing 38% of carbon dioxide and reduce this concentration
below 2% (Engelhard Corporation 2005). Recently, the up-
grade of methane from a carbon dioxide/methane mixture
by pressure swing adsorption using a Takeda Carbon Mole-
cular Sieve 3K has been studied experimentally by Cavenati
et al. (2005). Purity higher than 96% can be obtained from a
45/55 carbon dioxide/methane mixture.

In this work, the separation of carbon dioxide/methane
mixtures by PSA using a basic resin (Amberlite IRA-900)
has been studied. This adsorbent has been selected because
it has been reported that basic ion exchange resins are excel-
lent sorbents for carbon dioxide (Yang 2003). Moreover, the
selected resin is a macroreticular one, having an open struc-
ture which facilitates the mass transfer between the gas and
the adsorbent surface. Adsorption equilibrium and kinetics
of carbon dioxide and methane on a fixed-bed of this adsor-
bent have been measured, and a binary adsorption equilib-
rium isotherm has been obtained. The adsorbent deactiva-
tion with the number of adsorption-desorption cycles, and
its regeneration, have also been analysed. A model based on
the LDF approximation has been used to describe the exper-
imental breakthrough curves. The applicability of the basic
resin to the separation of carbon dioxide/methane mixtures
has been studied in an experimental PSA setup using a single
bed. The validity of the model used in the fixed-bed study
for simulating a PSA system has been checked by compar-
ing the simulated and the experimental performance of the
proposed PSA cycle.

2 Experimental section

All the gases used in this work had purity higher than
99.5%, supplied by Praxair. The adsorbent used was Am-
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Table 1 Properties of the adsorbent and the fixed-bed

Adsorbent
Particle radius 0.28 mm (average)
Particle density 855 kgm 3
Particle porosity 0.292
BET area 22m?g!
Fixed-bed
Bed length 0.125m
Bed weight 126 g
Bed internal diameter 0.016 m
Bed voidage fraction 0.42
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Fig. 1 Pore size distribution of Amberlite IRA-900 estimated by Hg
porosimetry

berlite IRA-900 in chloride form, supplied by Fluka. Before
use, it was washed with methanol in a Soxhlet extractor un-
til the color of the methanol in contact with the resin dis-
appeared. Afterwards, it was put in a column and contacted
with a solution of NaOH 1 M until the pH at the exit and the
inlet of the column was the same. Secondly, it was washed
with ultrapure water until the pH at the column exit was neu-
tral. Finally, it was dried overnight at 50 °C. The regenera-
tion of the resin used in the adsorption experiments was per-
formed subjecting it to the treatment with NaOH again. The
adsorbent physical properties and its pore size distribution
(estimated by nitrogen- and Hg-porosimetry) are shown in
Table 1 and Fig. 1 respectively.

The fixed-bed experiments were carried out in an exper-
imental setup described elsewhere (Delgado et al. 2006a).
This setup was modified in order to perform PSA experi-
ments, changing the configuration of the connections and
introducing four solenoid valves (Electrotraz 012C-2) con-
trolled by a computer (Fig. 2).

The low pressure in the PSA cycle was obtained with
a membrane vacuum pump (Edwards Dlab 10-8), and this
pressure was measured and controlled with vacuum con-
troller connected to the pump (Buchi B-721). The solenoid
valves could be opened or closed at specified times using
a control program (Control-CB), installed in a computer
equipped with an interface card (CIO-DIO24) connected to
the valves. The volume of the gas produced in the PSA cy-
cles was measured with a bubblemeter.

Equilibrium data at high pressures were obtained in a
volumetric installation described elsewhere (Delgado et al.
2006b).

3 Model description

The model used to describe the fixed-bed and PSA dynamics
is derived from the mass, energy and momentum balances,
including the following assumptions:

(i) The flow pattern is described with the axially dispersed
plug flow model
(i1) Local thermal equilibrium is assumed between the gas
and the adsorbent particles
(iii)) The mass transfer rate is represented by a linear driving
force (LDF) model
(iv) The gas phase behaves as an ideal gas mixture
(v) Radial concentration and temperature gradients are
negligible.

The partial differential equations and the corresponding
boundary conditions of this model have been described in a
previous work (Delgado et al. 2006a). The complete model
was solved numerically using the PDECOL program (Mad-
sen and Sincovec 1979), which uses orthogonal collocation
on finite elements technique. The adsorption equilibrium
isotherm employed is the extended Langmuir equation. This
model was selected because it reproduces the experimental
data adequately, and because it is introduced in the com-
puter program for the numerical integration easily. A term
taking into account the amount of gas retained in the adsor-
bent pores was added to this isotherm (Sircar and Kumar
1983):

Qmax,ibi Py;

1+ 302 b Py;

_ Pyi{;‘p
~ RTp,

qi ey

This term may be significant for the gases that do not ad-
sorb strongly, where ¢, represents the total internal poros-
ity (m? void/m? particle). Considering the low BET surface
area of the adsorbent (22 m?g~!), and the pore size dis-
tribution estimated by Hg porosimetry (Fig. 1), it may be
deduced that this porosity comes from meso- and macrop-
ores, whereas micropores are not detectable. Although this
equation has no fundamental basis, it allows accounting for
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Fig. 2 Scheme of the setup for the PSA experiments

the gas retained inside the pores in the mass balance in the
adsorbent particles when the LDF approximation is used (2):

0g; .
Ni=(1- e)ppﬁ = (1 — &)ppks.i(qf — 7D ®)

where N; is the rate of adsorption of each component (in
molim3peqs™!) and ks; 1s a lumped mass transfer co-
efficient considering all the resistances present in the sys-
tem. The breakthrough curves of carbon dioxide-helium and
methane-helium mixtures predicted with using (1) and (2) in
the complete model were compared with the ones obtained
considering the accumulation of gas within the adsorbent
pores with a more physically sound equation, assuming that
the gas inside the pores is in equilibrium with the adsorbed
phase in (2), and eliminating the first term in (1):

dci aqi
Ni=(1—¢) ,op+8pd—q E:(l—s)
Lg;,
dCi
x| pp+ep —| |ksilqg' —q0) 3)
(p pdqiq[> s,i\qi —4qi

where the term dc;/dgq; is deduced from the isotherm
equation. The breakthrough curves obtained with both ap-
proaches were practically identical. The first approach was
used in this work because it has the advantage that the stiff-
ness of the differential equations is lower, and the numerical
integration is thus easier.
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4 Results and discussion

4.1 Study of the decrease of the carbon dioxide adsorption
capacity with the number of adsorption-desorption
cycles

In preliminary experiments, it was observed that the car-
bon dioxide adsorption capacity of a bed of basic resin de-
creased slowly with the number of adsorption-desorption cy-
cles. Each cycle was composed of an adsorption step, where
the breakthrough curve of a carbon dioxide-helium mixture
was obtained, and the corresponding adsorption capacity
measured (as it is discussed in the following section), and
a desorption step, where the bed was evacuated for 30 min,
and purged with helium for 30 min. These decrease was es-
timated as the reduction of the Henry’s law constant for this
system, shown in Fig. 3, calculated as g /(PyF), where yr
is about 0.13. This concentration falls within the linear part
of the adsorption isotherm.

After about 16 cycles, the adsorption capacity has de-
creased about a 28%, reaching a constant value. A quite sim-
ilar behavior has been observed in the adsorption of carbon
dioxide in hydrotalcite (Yong and Rodrigues 2002), which is
also a basic adsorbent. This decrease of adsorption capacity
could be ascribed to the irreversible adsorption of a certain
portion of the carbon dioxide (Yong and Rodrigues 2002).
This portion is probably chemisorbed in the form of carbon-
ates, taking into account the basic character of the adsorbent.
The PSA experiments and the ones used for determining the
equilibrium parameters, discussed in the next sections, were
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Fig. 3 Variation of the Henry’s law constant (Ky) for the car-
bon dioxide-Amberlite IRA-900 system with the number of adsorp-
tion-desorption cycles. Full squares, adsorption data obtained five
months after the preparation of the resin in OH-form. Open squares,
data obtained just after treating the resin already used in the carbon
dioxide adsorption fixed-bed experiments with NaOH

performed when the adsorption capacity of the bed was al-
ready stabilized.

In order to recover the initial adsorption capacity, and
considering the hypothesis that the loss of capacity is due
to the formation of carbonates on the surface, the used resin
was treated again with NaOH (see Sect. 2), so as to eliminate
the chemisorbed species. The adsorbent was then subjected
again to several adsorption-desorption cycles, and the result-
ing dependence of the Henry’s law constant with the number
of cycles is shown in Fig. 3. It is observed that the adsorbent
capacity is recovered, being even higher than the initial one
of the adsorbent treated once with NaOH, and that it follows
the same trend as before with the number of cycles. The
higher capacity of the adsorbent treated twice with NaOH
is attributed to the fact that it was used in the adsorption ex-
periments just after the treatment with NaOH, whereas the
first set of experiments were performed five months after
the adsorbent was prepared, so that the resin could have suf-
fered an aging process, probably a loss of moisture and some
shrinking during this time. This aging was also observed in
other process studied in our laboratories, the epoxidation of
terpenes. When the resin was used as a catalyst in this re-
action, the initial activity was higher than the one observed
after several months.

4.2 Adsorption equilibrium of carbon dioxide and methane

The basic information required for designing an adsorp-
tion separation system are the equilibrium isotherms of the
components to be separated. The adsorption equilibrium
isotherms of carbon dioxide and methane were first obtained

in the fixed-bed setup, estimating the adsorbed concentration
as a function of the feed concentration from a mass balance
in the fixed-bed. This method has been described in a previ-
ous work (Delgado et al. 2006a). The fixed-bed parameters
are given in Table 1, and the experimental conditions and the
resulting adsorbed concentrations are shown in Table 2.

The resulting isotherms at 298 K are shown in Fig. 4a.
These data were fitted with the Langmuir model (¢ =
dmaxbp /(1 + bp)).

For methane, the experimental isotherm is linear, so only
the Henry’s law constant (g;,4xb) could be estimated. The
Arrhenius plot of the Henry’s law constant for both adsor-
bates is shown in Fig. 4b, and the estimated parameters are
given in Table 3.

Both the Henry’s law constants and the adsorption en-
thalpies of carbon dioxide and methane are significantly
lower than the ones obtained in silicalite in a previous
work (2.16-10_5 mol kg_l Pa—!,24.6 kImol~! for carbon
dioxide, and 5.34-107° molkg~! Pa~! and 18 kJ mol~! for
methane) (Delgado et al. 2006a). The lower equilibrium
constants in Amberlite IRA-900 can be attributed to the
much lower BET surface area of this adsorbent (22 versus
337 m2 g~! for silicalite). The lower adsorption enthalpy
for methane can be attributed to the much larger pore size
of the basic resin. However, despite the effect of pore size,
the lower adsorption enthalpy of carbon dioxide in Amber-
lite IRA-900 was surprising, because it was expected that
the interaction of carbon dioxide with the basic groups of
Amberlite IRA-900 was stronger than the one caused by
dispersion forces in silicalite, taking into account the acid
character of carbon dioxide. In order to verify the accuracy
of the estimated adsorption enthalpy of carbon dioxide in
this adsorbent, additional adsorption equilibrium data at dif-
ferent temperatures and higher pressures were obtained in a
volumetric installation. The results are shown in Fig. 5.

The data represented with open symbols in this figure
were calculated with the Langmuir parameters estimated
previously, confirming the validity of the data obtained in
the fixed-bed installation. The new data could be fitted very
well with the Sips model, including temperature dependent
parameters (Do 1998):

_ Y9max (bp)n

b=> ( E ) A B “)
= = €X g n= _ —
q 1+ (bp)" 0 €Xp

RT T

where by, E, A and B were the fitted parameters. In this
model, the parameter B was set equal to zero, so that the
parameter E is directly the adsorption enthalpy, since this
variable is no longer dependent on adsorbent loading in this
case. The parameter g,,4x Was set to the value correspond-
ing to the total filling of pores with liquid carbon dioxide.
The estimated values of the parameters are the following:
Gmax = 9.92 molkg™!, bg=8.277- 10712 Pa~,E =194
kJmol~!, A =0.57 and B = 0. From this results, it is clear
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Table 2 Experimental

conditions for the runs carried Run Adsorbate Py (Pa) YF Q (m’s™") T X) q (molkg™")
out with carbon dioxide-helium
and methane-helium mixtures 1 CO, 9.55-10* 0.13 4.03-1077 298 0.056
2 CO, 9.55.10% 0.16 4.19-1077 298 0.072
3 CO, 9.49-10* 0.30 4261077 298 0.105
4 CO, 9.49-10* 0.32 3.41-1077 298 0.128
5 CO, 9.55.10* 0.52 2.82.1077 298 0.174
6 CO, 9.55.10* 0.57 2.79-10~7 298 0.195
7 CO, 9.53-10* 0.33 1.85-10~7 298 0.131
8 CO, 9.48-10* 0.15 4.20-1077 308 0.049
9 CO, 9.30-10* 0.14 4.25.1077 308 0.044
10 CO, 9.48-10* 0.14 4.39-10~7 318 0.037
11 CH,4 9.53-10* 0.10 2.93.10~7 298 0.010
12 CH,4 9.49-10* 0.14 1.85-1077 298 0.016
13 CH,4 9.49-10* 0.16 2.49-1077 298 0.018
14 CH,4 9.42-10* 0.21 1.43-1077 298 0.024
15 CH,4 9.42-10* 0.23 1.40-10~7 298 0.026
16 CH,4 9.49-10* 0.30 2.28-1077 298 0.030
17 CH,4 9.49-10* 0.37 1.79-10~7 298 0.044
18 CH,4 9.53.10* 0.15 2.49-1077 298 0.017
19 CH,4 9.53.10* 0.22 1.48-1077 308 0.022
20 CH4 9.53.10% 0.22 1.56-10~7 318 0.021
0.3 -11.5
1 @ ~—~ -12.04 (b)
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Fig. 4 Adsorption equilibrium data of carbon dioxide (full squares) and methane (open squares) on Amberlite IRA-900. (a) Experimental and
fitted equilibrium isotherms at 298 K, (b) Arrhenius plot of the Henry’s law constant (gqxb)

Table 3 Adsorption equilibrium parameters of the Langmuir model

on Amberlite IRA-900

Gas  Gmaxbog k(molkg™ Pa=!)  gpax(molkg™) AH (kJmol™)

(mol kg*' Pa—!) (mol kgfl) (kI mol~1)
CO, 4.73-107° 0.73 19.0
CH; 1.22:107° - 10.2

that the adsorption enthalpy of carbon dioxide estimated
previously (19 kI mol~!) is realistic. This value is similar
to the one estimated for the adsorption of carbon dioxide
on several kinds of activated carbon, such as PCB (Calgon

Corp.) and Nuxit-AL (Valenzuela and Myers 1989), which
indicates that the interaction energy with the basic resin sur-

@ Springer

face (once the stronger adsorption sites are occupied in sev-

eral adsorption-desorption cycles, as discussed in the previ-
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Fig. 5 Adsorption equilibrium data of carbon dioxide on Amberlite
IRA-900 at high pressures obtained in a volumetric installation. Full
triangles, 279 K. Full squares, 293 K. Full circles, 308 K. The con-
tinuous lines are the fitted isotherms with the Sips model. The open
symbols were obtained with the Langmuir model, introducing the pa-
rameters estimated in the fixed-bed setup

ous section) is not enhanced by the acid character of carbon
dioxide, being of physical nature.

4.3 Modeling of the breakthrough curves with carbon
dioxide-helium and methane-helium mixtures

Adsorption kinetics is also an important aspect included in
the basic information required for designing an adsorption
system. If a fixed-bed configuration is employed, the pro-
posed kinetic model must be able to predict the evolution of
the concentration profiles inside the bed (and the tempera-
ture profiles if the temperature variations are important), and
hence the breakthrough curves of the separated components.
Firstly, the experimental breakthrough curves obtained with
carbon dioxide-helium and methane-helium mixtures were
analyzed, which are shown in Figs. 6 and 7. The model used
for this purpose, outlined in Sect. 3, is described with more
detail in a previous work (Delgado et al. 2006a), where the
separation of the same gas mixtures using silicalite as the
adsorbent were studied. This model was proposed follow-
ing the work of Da Silva and Rodrigues (2001), introducing
simplifications to reduce the computational time: a lumped
mass transfer coefficient is used instead of considering two
mass transfer resistances, and local thermal equilibrium is
considered instead of taking into account the resistance to
heat transfer between the adsorbent and the gas in the bed.
This model was also able to reproduce the curves obtained
with the Amberlite IRA-900 column, introducing the new
experimental conditions (Tables 1 and 2), and changing the
parameters of the Langmuir isotherm for each adsorbate (Ta-
ble 3), the axial dispersion coefficient and the LDF kinetic

Table 4 Experimental conditions for the runs performed with carbon
dioxide-methane mixtures

Run Py (Pa) Y Fco2 0 m’s™") T(K)
21 9.38.10* 0.19 2.20-1077 298
22 9.38.10* 0.27 1.61-1077 298
23 9.53-10* 0.32 1.23-1077 298
24 9.41-10* 0.48 1.56-1077 298
25 9.41-10* 0.46 1.60-10~7 318
26 9.45.10% 0.56 2.17-1077 298
27 9.43.10% 0.57 1.80-1077 298
28 9.42-10* 0.57 1.10-1077 298

parameters of each adsorbate. The axial dispersion coeffi-
cient was estimated with the correlation of Wakao et al.
(1978).

Dm,i
Dy i= (Eg + 0.5S8cRe) 5)
&

where Ey is the term corresponding to the stagnant contri-
bution to axial dispersion. It was found that the value of this
parameter for the Amberlite IRA-900 column was 0.13. This
value is quite similar to the one estimated from data reported
by Levenspiel (1999), 0.15, for the values of Sc and Re used
in this work (Sc &~ 1, Re ~ 0.01-0.02).

The value of the LDF parameter of each component
was estimated with the expression proposed by Farooq and
Ruthven (1990), adapted to the macroporous resin used in
this work:

[ 'pqdiF
ks,i =
k¢ Pyir

rogirt 7!
~ ] ©)

15¢pDi-ge Pyir

where r), is the particle radius, k ¢ is the external mass trans-
fer coefficient, t is the tortuosity of the macropore network.
The variables y;r and g;r are the molar fraction of com-
ponent i in the feed and the corresponding equilibrium ad-
sorbed concentration.

Figures 6 and 7 show a comparison among the theoret-
ical and the experimental breakthrough curves for carbon
dioxide and methane, respectively, where it can be observed
that the model reproduces the experimental data satisfacto-
rily for the different feed concentrations, flow rates and tem-
peratures used.

4.4 Modeling of the breakthrough curves with carbon
dioxide-methane mixtures

The validity of the model for predicting the breakthrough
curves obtained with carbon dioxide-methane mixtures was
studied. A set of breakthrough curves were obtained with
this mixture, which are shown in Fig. 8. The experimental
conditions are given in Table 4.
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Fig. 6 Breakthrough curves of COy—He mixtures in Amberlite IRA-900. Experimental conditions in Table 2. Continuous lines are obtained with
the model. (a) Squares, Run 1; circles, Run 2; triangles, Run 3; diamonds, Run 4. (b) Squares, Run 5; circles, Run 6; triangles, Run 7. (¢) Squares,

Run 8; circles, Run 9; triangles, Run 10

The experimental curves were compared with the theoret-
ical ones obtained with the model, introducing the adsorp-
tion equilibrium parameters of carbon dioxide and methane
in (1), and introducing the physical properties and transport
parameters corresponding to carbon dioxide-methane mix-
tures (Delgado et al. 2006a). For methane, it was assumed
that the parameter g4, is equal to the one of carbon diox-
ide, so that the parameter b was deduced from the value of
Gdmaxb (Table 3). The comparison is shown in Fig. 8, where
it can be observed that the model predicts the experimental
curves adequately for most of the experiments. In order to
evaluate the deviation from ideality in the adsorbed phase in
this system, interaction factors ( f;) were introduced in (1),
and their values were estimated by nonlinear regression:

Qmax,ifibi Py;
L+ 3707 fib Py,

_ Pyisp

s ©

qi
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resulting in fco2 = 0.96 and fcpy = 0.64. These values
would indicate that the carbon dioxide/methane selectivity
of the resin (gco2/qcr4) is higher than the ideal one de-
duced from the single component isotherms. However, it
was observed that the improvement in the fitting quality con-
sidering these factors was quite small, suggesting that the
ideal selectivity is more realistic for this system.

4.5 Carbon dioxide/methane separation by PSA using
Amberlite IRA-900

The applicability of Amberlite IRA-900 to the separation of
carbon dioxide/methane mixtures was studied in an exper-
imental PSA setup using a single bed (Fig. 2). The cycle
consisted of three consecutive steps: (i) pressurization with
feed, (ii) feed at high pressure, and (iii) countercurrent blow-
down. A scheme of the cycle is shown in Fig. 9.
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Fig. 7 Breakthrough curves of CH4—He mixtures in silicalite. Experimental conditions in Table 2. Continuous lines are obtained with the model.
(a) Squares, Run 11; circles, Run 12; triangles, Run 13. (b) Squares, Run 14; circles, Run 15; triangles, Run 16; diamonds, Run 17. (¢) Squares,

Run 18; circles, Run 19; triangles, Run 20

In this study, neither the effect of trace contaminants
accompanying methane in landfill gas (sulphur-containing,
aromatic, and chlorinated compounds), nor the effect of
moisture, have been considered. These compounds should
be removed prior to the proposed process if they were detri-
mental to the adsorption capacity of the basic resin. The per-
formance of the PSA was analyzed for two feed composi-
tions, 35 and 56% of carbon dioxide. The bed dimensions
and the operating conditions are given in Table 5.

These conditions were selected within the range allowed
in the experimental setup, in order to get the maximum
methane purity in the product, and the maximum produc-
tivity. The validity of the model to simulate the PSA dy-
namics was checked by comparing the experimental values
of product and extract compositions, methane recovery, and
the productivity, with the ones predicted with the model (Ta-
ble 5). The model parameters and equations for simulating

the PSA performance are the same as those used in the previ-
ous section, except for the boundary conditions for the pres-
surization and blowdown steps, which were described else-
where (Delgado et al. 2006a). The boundary conditions were
proposed following the work of Da Silva and Rodrigues
(2001). The results presented were obtained when the cy-
cle reached the steady state, that is to say, the extract and
product composition did not change in successive cycles.
The similarity between the experimental and predicted re-
sults indicate that the model is valid for designing PSA sys-
tems based on the studied adsorbent. It was also observed
that the estimated performance parameters were sensitive
to the value of the LDF parameter (k) for carbon dioxide.
As this parameter was estimated assuming that the internal
mass transfer was macropore controlled (the diffusion time
in (6) is calculated using the free molecular diffusivity for
carbon dioxide-methane mixtures), it is confirmed that this
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Product
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Fig. 9 Scheme of the studied PSA cycle. P;, and Py are low and high
pressures

assumption is valid for this system. It is observed that 97%
methane can be obtained from a feed containing a 35% of
carbon dioxide using Amberlite IRA-900, whereas this pu-
rity could not be reached from a feed with a 56% of car-
bon dioxide. According to model simulations, it would be
necessary to increase the bed length by a factor of 2.3, or
to reduce the low pressure in the cycle down to 4-10% Pa,
and the feed flow rate down to 1.5-10~7 m3s~!, to obtain
97% methane in this case. The energy consumption of the
proposed cycle has been estimated as 1.9 kWh per kg of
methane product, assuming polytropic compression in the
blowdown step (polytropic exponent = 1.4, compressor ef-
ficiency = 0.8). The productivity values obtained are lower
than the value reported in the literature for carbon molecu-
lar sieves (0.045 kgcna Kresin h 1, Kapoor and Yang 1989).
However, it must be noted that the productivity obtained
with the basic resin could be higher than this value by reduc-

@ Springer

ing the cycle time. As the diffusion constant for carbon diox-
ide in the basic resin (D/rlz, ~ 1 s~ !, estimated as ks/15,
(6)) is much higher than the one obtained for carbon molec-
ular sieves (9- 1074 s 1, Kapoor and Yang 1989), the reduc-
tion of the cycle time does not affect the cycle performance
for the basic resin negatively (which has been confirmed by
simulation). For the carbon molecular sieve, the effect of this
reduction could have a negative impact on the performance,
because the mass transfer resistance in the adsorbent is much
higher.

5 Conclusions

The adsorption of carbon dioxide and methane on Amberlite
IRA-900 in OH-form packed in a fixed bed has been stud-
ied. The following conclusions can be withdrawn from this
work:

(a) The carbon dioxide adsorption capacity of the bed ini-
tially decreased with the number of adsorption-desorption
cycles, reaching a constant value thereafter. This capacity
can be recovered by treating the resin with NaOH.

(b) The adsorption equilibrium parameters for both adsor-
bates have been obtained in the fixed-bed setup (Table 3),
once the adsorption capacity of carbon dioxide got sta-
ble with the number of adsorption-desorption cycles. The
value of the adsorption enthalpy for carbon dioxide (19
kJ mol~!) suggests that this gas is physisorbed on the ba-
sic resin. This value was very similar to the one obtained
in a volumetric installation.

(¢) A model based on the LDF approximation was able
to reproduce the breakthrough curves obtained with car-
bon dioxide-helium and methane-helium mixtures. This
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Table 5 Parameters used in the simulations of the PSA system, op-
erating conditions, and comparison between the experimental and the
predicted performance of the studied PSA cycle

Parameter

Particle radius, m 2.8.1074
Particle density, kgm~3 855
Particle tortuosity 4
Particle porosity 0.292

Particle heat capacity, Jkg™! K~! 920

Bed length, m 0.125
Bed weight, kg 0.0126
Bed voidage fraction 0.42
Bed internal diameter, m 0.016
Column wall thickness, m 2.1073
Wall heat capacity, Jkg~! K~ 500
Wall density, kgm™3 8000
Overall heat transfer coefficient, W m~2 K~! 30
Operating conditions Run 1 Run 2
YF 0.35 0.56
QrF, m3s™! 7.8-1077 1.0-107°
Py, Pa 1.1-10°  1.1-10°
Pr, Pa 1.010°  1.5.10°
tpress S 95 108
Ifeed, S 30 15
thlow» S 10 10
%CHy in product, % Exp. 97 93
Pred. 96 92
9%CO, in extract, % Exp. 48 66
Pred. 43 62
% Methane recovery Exp. 36 26
Pred. 32 22
Productivity, kgcna Kgresin h~! Exp. 0.029 0.018
Pred. 0.024 0.012

model was also valid for simulating the breakthrough
curves obtained with carbon dioxide-methane mixtures,
using the extended Langmuir model as the multicompo-
nent adsorption equilibrium isotherm.

(d) The applicability of Amberlite IRA-900 to the sepa-
ration of carbon dioxide/methane mixtures was studied
in an experimental PSA setup using a single bed. The
model employed to simulate the breakthrough curves was
also adequate to simulate the PSA performance, intro-
ducing the appropriate boundary conditions for the pres-
surization and blowdown steps. A product with a 97% of
methane was obtained experimentally from a feed con-
taining a 35% of carbon dioxide. For a feed with a 56%
of carbon dioxide, this was not possible. According to
model simulations, 97% methane could be obtained with
the same PSA configuration increasing the bed length, or

reducing the low pressure in the cycle and reducing the
feed flowrate.
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