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Abstract The knowledge about the adsorption and dif-
fusion properties (specially about diffusion) of alumino-
phosphate molecular sieves is very scarce in the literature.
These materials offer interesting properties as adsorbents
as they have a polar framework and do not contain charge-
balancing cations. In this work, the adsorption isotherms of
nitrogen, methane and carbon dioxide over an AIPOy4-11
sample synthesized in our laboratories have been measured
with a volumetric method at 25, 35, 50 and 65 °C over a
pressure range up to 110 kPa. The adsorption capacities of
each gas are determined by the strength of interaction with
the pore surface (carbon dioxide > methane > nitrogen).
The equilibrium selectivity to carbon dioxide is quite high
with respect to other adsorbents without cations due to the
polarity of the aluminophosphate framework. The adsorp-
tion Henry’s law constants and diffusion time constants of
nitrogen, methane and carbon dioxide in the synthesized
AlPO4-11 material have been measured from pulse
experiments. A pressure swing adsorption (PSA) process
for recovering methane from a carbon dioxide/methane
mixture (resembling biogas) has been designed using a
dynamic model where the measured adsorption equilibrium
and kinetic information has been incorporated. The simu-
lation results show that the proposed process could be
simpler than other PSA processes for biogas upgrading
based on cation-containing molecular sieves such as 13X
zeolite, as it can treat the biogas at atmospheric pressure,
and it requires a lower pressure ratio, to produce high
purity methane with high recovery.
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List of symbols

b Adsorption affinity (Pa™")

bo Pre exponential constant (Eq. 1) (Pafl)

c Adsorptive concentration in the gas phase
(mol m™)

C Total gas concentration (mol m~)

Cp,g Gas heat capacity at constant pressure (J mol ™'
K™

Cpys Adsorbent heat capacity (J kg_1 K™hH

Cug Gas heat capacity at constant volume (J mol™"
K™

D, Intracrystalline diffusivity (m2 sfl)

D; Axial dispersion coefficient (m? s

D, Molecular diffusivity (m*s™h

Fpuise Function defined in Eq. (13)

/- Wall to air heat transfer coefficient (W m~2 K1)

h,, Gas to wall heat transfer coefficient
(Wm 2K

K. Dimensionless Henry’s law constant

kg External mass transfer coefficient (m sfl)

Kpnacro Combined mass transfer coefficient in the

external film and the macropores (m sh

kg LDF mass transfer coefficient (s~
L Bed length (m)

l Wall thickness (m)

n Adsorbed concentration (mol kg™')

Maximal adsorbed concentration (mol kg_l)

Ninax

p Adsorptive pressure (Pa)

P Pressure (Pa)

q Adsorbed concentration (mol m73)
0 Volumetric flow rate (m> s™})
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R Gas constant (J mol ! Kil)

T, Half diffusion length in the spherulites (m)
P Coefficient of determination

Re Particle Reynolds number

R, Bed radius (m)

R, Size of the adsorbent particle (m)

Shed Bed cross-section (mz)

Sc Schmidt number

T Temperature (K)

t Time (s)

T, Wall temperature (K)

u Superficial velocity (m s™")

Vo Interstitial velocity (m s

Vb Plug-flow volume (m3)

Vr Tank volume (m®)

X Dimensionless axial coordinate

X, Dimensionless radial coordinate

z Axial coordinate (m)

—AH,,;, Adsorption enthalpy (J mol™")

Greek symbols

y Mole fraction in the gas phase

& Bed voidage fraction between adsorbent particles
Emacro  Pellet macroporosity

&p Particle porosity

A Axial heat dispersion coefficient (W m ! Kil)
u First moment of the pulse response, gas viscosity

(Pa s)
De Crystal density (kg m—>)
Pe Gas density (kg m )
Pp Particle density (kg m )
T Tortuosity

1 Introduction

The synthesis of aluminophosphate molecular sieves
(AIPOys) was first reported in 1982 (Wilson et al. 1982a, b.
These materials are formed by tetrahedrally coordinated
AlO4 and PO,, and have no need for charge-balancing
cations. A large number of silicoaluminophosphate
(SAPO,) analogs have also been synthesized. The rich
variety of pore structures, both cavities and channels, as
well as the cation sites that can be exchanged in the SAPO,
analogs, offer promising opportunities for their use as new
sorbents for separations (Yang 2003). Among them, the
AEL structure of AIPO,4-11 is particularly interesting. It
has 10-membered ring channels with pore dimensions of
0.63 x 0.39 nm (Baerlocher et al. 2001), which falls
within the size of medium-pore zeolites, such as ZSM-5.
The adsorption selectivity of AIPO,4-11 towards the orto-
isomer in a mixture of xylenes has been investigated by
Lucena et al. (2006). AlIPO4-11 and its corresponding
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substituted materials have been investigated as catalysts in
the methanol-to-olefin conversion (Zhu et al. 2000) and the
hydroisomerisation of n-paraffins (Walendziewski and
Pniak 2003). Different methods of AIPO4-11 and SAPO,-
11 synthesis have been proposed to change the size and the
extracrystalline pore size distribution of the crystals (Zhu
et al. 2001; Wang et al. 2009; Fu et al. 2011).

The knowledge about the adsorption and diffusion
properties (specially about diffusion) of aluminophosphate
molecular sieves is very scarce in the literature. Some
molecular simulation studies have been carried out using
AIPOy4-11 as adsorbent (Zhang et al. 2007; Lucena et al.
2006). However, the experimental measurement of
adsorption and diffusion properties is very important in the
design of the adsorption separation processes, and it is also
required to validate the prediction of these properties by
molecular simulation. Predescu et al. (1997) measured the
adsorption isotherms of nitrogen, methane and carbon
monoxide on several aluminophosphate molecular sieves
(AIPO4-11, AIPO4-17 and AIPO4-18), but nor the adsorp-
tion enthalpy nor the diffusion properties of these gases
were provided.

One important characteristic of aluminophosphate
molecular sieves is the absence of cations in the zeolitic
pores. When conventional cation-containing aluminosili-
cate molecular sieves are used in the separation of gaseous
mixtures containing polar molecules, a common problem
is the difficulty in the regeneration of the spent adsorbent
due to the strong interaction between the polar adsorbates
and the cations in the zeolitic pores. This problem exists in
the upgrading of biogas (mainly composed of carbon
dioxide and methane) by pressure swing adsorption (PSA)
using 13X zeolite (which contains Na cations), where high
pressure ratios are required due to the highly favorable
character of the carbon dioxide isotherm (highest pressure/
lowest pressure in the cycle = 48-80, Sircar et al. 1988;
Grande and Rodrigues 2007). Recently, Santos et al.
(2011) have proposed a new cycle configuration which can
reduce the pressure ratio of a PSA cycle for biogas
upgrading (based on 13X zeolite or a carbon molecular
sieve) to 13, but still a feed pressure of 4 bar is required,
and it is also required to increase the temperature up to
323 K, to reduce the steepness of the carbon dioxide
isotherm.

In this separation, the regeneration can be simpler using
an aluminophosphate molecular sieve as adsorbent,
because the carbon dioxide-cation interaction is absent.
Biogas is usually produced in anaerobic digestors, where
the operating pressure rarely exceeds 24 in H,Og
(1.06 bar), and can be used without compression (Wilke
et al. 2012). Separating methane with AIPO4-11 using a
feed pressure of 1 bar can be advantageous, as feed com-
pression is not required.
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The objectives of this work are the following: (1) to
measure the adsorption isotherms of nitrogen, methane and
carbon dioxide on aluminophosphate molecular sieve
AlPOy4-11 at four temperatures (25, 35, 50 and 65 °C) up to
110 kPa (2) to measure the diffusion parameters of these
gases at zero loading in this material, and (3) to evaluate
the potential performance of AIPO4-11 in the carbon
dioxide-methane separation by PSA using the adsorption
equilibrium and kinetic data measured in this work to
design this process.

2 Experimental section
2.1 Synthesis and characterization of AIPO,4-11

The synthesis of AIPO4-11 has been carried out in a 250 ml
flask using the following molar composition of the pre-
cursor gel (Wilson et al. 1982b; Lok et al. 1984):1 Al,O5:1
P,Os:1 di-n-propylamine:50 H,O. Measured amounts of
phosphoric acid (20.5 g) and water (20 g) are mixed and
stirred vigorously. To this mixture, pseudobohemite
(16.9 g) is added slowly (during 2 h), as a source of alu-
minum. The resulting mixture is kept under stirring during
1 h more. The template (di-n-propylamine) (9.1 g) is added
drop by drop to this mixture, and finally, water is added up
(47.3 g) to get the desired proportion, keeping the mixture
under stirring half an hour more. The precursor gel is put in
a Teflon reaction vessel (100 ml), and heated at 180 °C in a
microwave oven (MLS-1200 MEGA) for 15 min to induce
the crystallization. After this, the vessel is cooled and its
content is centrifuged to separate the solids, which are
washed with Milli-Q water, dried at 100 °C, and finally
calcined at 600 °C for 1 h.

The crystalline structure of the synthesized material was
confirmed by XRD (Phillips, X’PERT MPD model), and its
composition was determined by XRF (Phillips, AXIOS
model). The morphology and the size of crystals were
determined by SEM (JEOL, JSM-6400 model). The tex-
tural properties were measured by nitrogen porosimetry
(Micromeritics ASAP2020) and mercury porosimetry
(Thermo Finnigan Pascal 140 model).

2.2 Measurement of the adsorption isotherms

All the gases used in this work had purity higher than
99.5 %, supplied by Praxair. The adsorption isotherms of
nitrogen, methane and carbon dioxide on the synthesized
material have been measured in a volumetric equipment
(Micromeritics ASAP2000). The glass tube loaded with the
sample (3 g) is surrounded with a jacket connected to a
thermosttated bath to measure the isotherms at different
temperatures.

2.3 Diffusion measurements

A scheme of the experimental setup used to carry out the
diffusion measurements is shown in Fig. 1. The flow of the
selected gas (helium or nitrogen) is controlled with mass
flow controllers. The stainless-steel column (i.d. = 9 mm,
25 cm long) containing the adsorbent bed is surrounded by
two stainless-steel spiral tubes (1/8”), one of them to pre-
heat the feed gas (shown separately for simplicity in
Fig. 1), and the other (not shown) to control the bed tem-
perature with a thermostatted bath. The column and the
surrounding spiral tubes are covered by an electrical
co-axial furnace, so that the bed temperature can be con-
trolled between 25 and 600 °C. The bed temperature is
measured by two thermocouples in contact with the
adsorbent. Two glass hollow sticks reduce the dead volume
outside the bed, through which two thermocouples are
inserted. Small layers of glass wool are placed between the
three column sections (glass stick-adsorbent-glass stick).
All the connections are made of Teflon and stainless-steel
tubing (1/8”). The gas flow rate at the bed exit was mea-
sured with a bubble meter.

The experiments for the adsorption and diffusion mea-
surements were performed by injecting small amounts of
gas (0.5 ml) in a stream of carrier gas (helium or nitrogen),
passing through the bed (~1 g of adsorbent) with con-
trolled temperature. The bed properties are given in
Table 1. The value of the porosity between particles was
calculated as 1- bed density/particle density, where both
parameters were measured experimentally. The bed density
was measured in a graduated cylinder of the same diameter
as the column used in the pulse experiments, resulting in
0.625 g cm . The particle density (0.882 g cm™>) was
measured by Hg displacement, using a commercial Hg
porosimeter (Thermo Finnigan Pascal 140 model). The
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Fig. 1 Scheme of the setup for diffusion measurements
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Table 1 Bed properties in the pulse experiments

Length 0.025 m
Mass 0.995 ¢
Porosity between particles 0.29

Diameter 0.009 m

relatively low value of the bed porosity (0.29) indicates
that the adsorbent particles pack well in the bed.

The pulse responses are recorded by a mass spectrom-
eter (Balzers ThermoStar). Each pulse was repeated three
times to check the reproducibility. Pressure drop along the
bed was not detectable in the pulse experiments.

3 Results and discussion
3.1 Characterization of the synthesized AIPO4-11

Table 2 summarizes the physicochemical properties of the
synthesized material. The P/Al ratio measured experi-
mentally is close to 1, the theoretical value for alumino-
phosphate molecular sieves. Figure 2 shows the XRD
diffraction pattern of the synthesized material, which cor-
responds to the AEL structure of AIPO4-11 (Baerlocher
et al. 2001). The pore volume and the surface area mea-
sured by nitrogen porosimetry come from the micropores
in this structure. The relatively high Hg intrusion volume is
due to a significant amount of meso- and macropores in the
adsorbent, as indicated by the pore size distribution mea-
sured with this technique (Fig. 3).

Figure 4 shows SEM photographs of the synthesized
material. It is observed that the adsorbent consist of
spherulites (polycrystalline aggregates) with sizes ranging
between 2 and 7 pm approximately, which form loosely
aggregated bigger particles (floccules). The measurement
of the particle size distribution of the individual spherulites
is quite difficult, as the spherulites are aggregated. The size
of these floccules is of the order of 10-20 pwm, estimated
from the SEM images. It is important to note that the
accurate particle size distribution of the floccules is not
important for measuring the diffusion properties in the
synthesized AIPO,4-11 material, because the mass transfer
resistance in the extracrystalline porosity in the floccules is

negligible, as it is discussed later. Taking into account that
the Hg intrusion pore size distribution indicates a high
proportion of pores with diameters around 2 pm, it is
deduced that these pores mainly come from the interstices
between the spherulites. Therefore, the adsorbent particles
(floccules) have a bidisperse pore structure, including the
macropores between spherulites and the intracrystalline
porosity. The small fraction of mesoporosity in the syn-
thesized material detected by Hg porosimetry (with pore
radius <10 nm) may be due to the presence of some
extracrystalline internal porosity in the spherulites. The
presence of mesoporosity is confirmed by the hysteresis of
the N, adsorption isotherm in the synthesized material
(Fig. 3b). As the spherulites are not perfectly dense crys-
tals, but they are formed by intertwined crystallites (as it is
shown in the SEM images in Fig. 4), they can have some
internal mesoporosity in the zones where the crystallites do
not pack perfectly.

3.2 Adsorption isotherms of nitrogen, methane
and carbon dioxide on AIPOy4-11

Figure 5 presents the experimental adsorption isotherms of
nitrogen, methane and carbon dioxide on the synthesized
AlPO,4-11 material at different temperatures. The adsorp-
tion affinity follows the order: carbon dioxide > meth-
ane > nitrogen. It is observed that the molecular size
(estimated as kinetic diameter, methane, 0.38 nm > nitro-
gen, 0.36 nm > carbon dioxide, 0.33 nm) does not deter-
mine the adsorption affinity because all the molecules are
smaller than the pore openings of AIPO4-11. Carbon
dioxide adsorbs more than methane due to its higher
polarizability, resulting in a stronger interaction by dis-
persion forces, and to its permanent quadrupole moment,
which can interact with the local electric field gradient
coming from the lower electronegativity of Al atom with
respect to P atom. Methane adsorbs more than nitrogen in
spite of its lack of electric moments, because of its higher
polarizability.

The experimental data for the three gases at different
temperatures were fitted with the Langmuir model
[Eq. (1)], because it allows describing the adsorption
equilibrium of gas mixtures easily (Yang 2003), which was

Table 2 Physicochemical properties of the synthesized AIPO4-11 material

P/Al Particle Hg intrusion Particle Crystal Pore volume N, 77 K Micropore volume BET surface

(molar) density volume porosity® densityb (saturation) (Cm3 gf') (t-plot) (cm3 gfl) area (m’ gf')
(gem™) (em® g™ (gem™)

091 0.882 0.751 0.66 2.612 0.22 0.068 175

* Considering the void volume estimated by Hg porosimetry only
" Excluding the Hg intrusion volume from the particle density
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Fig. 2 XRD pattern of the as-synthesized AIPO4-11
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Fig. 3 Porosimetry results of the as-synthesized AIPO4-11. a Pore
size distribution of the as-synthesized AlIPO4-11 measured with Hg
porosimetry. b N, adsorption isotherm at 77 K

required to simulate the separation of carbon dioxide-
methane mixtures by PSA:

_AHadx
RT

nmaxbp
n =

1 +bp m

b—boexp<

where n is the adsorbed concentration (in mol kgfl), b is
the adsorption affinity, n,,,, is the maximum adsorption
capacity, b, is the pre exponential constant of the
adsorption affinity, and —~AH,; is the heat of adsorption.
The fitting results are presented in Table 3, and a
comparison between the experimental and theoretical
isotherms is shown in Fig. 5. The errors of the estimated
parameter values (Table 3) are significant due to the strong
correlation between n,,, and b, However, if these
parameters are used in the studied pressure and
temperature ranges (0-110 kPa and 25-65 °C) they result
in a satisfactory reproduction of the experimental data, as it
is shown in Fig. 5.

It is observed that the Langmuir model gives a good
description of the adsorption isotherms of nitrogen and
methane in the whole pressure range, whereas for carbon
dioxide a good fit is only obtained for pressures above
5 kPa. It is probable that the adsorbent is energetically
heterogeneous for carbon dioxide at low pressures, sug-
gesting an uneven distribution of the electric field gradient
in the pores, which can interact with the strong quadrupole
moment of carbon dioxide molecules. The estimated values
of the adsorption heats, particularly for carbon dioxide,
must be interpreted as average values in the whole studied
pressure and temperature range, which are useful for design
purposes. The adsorption heats follow the order of the
adsorption affinity discussed previously.

Assuming that the extended Langmuir equation can be
used to describe the binary adsorption isotherms in carbon
dioxide/methane mixtures, the adsorbent equilibrium
selectivity for carbon dioxide is estimated as the ratio (1,4,
b)cor/(Mpax b)chas (Yang 2003). This gives a value of 6.13
for AIPO,4-11, a rather high value in comparison with other
adsorbents that do not contain cations. For silicalite, this
parameter (estimated as the ratio of Henry’s law constants)
at 25 °C is about 5 (Dunne et al. 1996), and for activated
carbon is about 3 (Valenzuela and Myers 1989). The higher
carbon dioxide selectivity comes from the higher polarity
of the AIPO4-11 structure.

3.3 Estimation of the adsorption and diffusion
parameters from pulse experiments

The adsorption Henry’s law constants and diffusion time
constants of nitrogen, methane and carbon dioxide in the
synthesized AIPO4-11 material have been measured from
pulse experiments. Pulses of helium (considered as a non-
adsorbing gas, with nitrogen as carrier) were also obtained
to take into account the void volume in the installation in
the calculations, and to model the effect of the overall
dispersion on the experimental pulse signal. The mea-
surements were carried out with two different carrier gas
flow rates. The experimental conditions are given in
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Fig. 4 SEM photographs of the as-synthesized AIPO,4-11

Tables 4 and including the total flow of gas, and the
experimental pulse responses are presented in Fig. 6, where
the baselines have been displaced for the sake of clarity.
The pulse responses are normalized (the area below each
pulse response is 1).

By applying the method of moments (Karger and
Ruthven 1992) to the experimental pulse responses, the
value of the adsorption Henry’s law constant of the studied
adsorptive can be extracted from the first moment of the
experimental curve [Eq. (2)]:

o

U= / (normalized signal) - tdt (2)
0

where ¢ is time, starting from the moment of the pulse

injection. The dimensionless Henry’s law constant of a
predetermined gas is given by:

_ Vo S(Mgas - :uHe)

T Ll-o(i-5) .

where v, is the interstitial velocity, L is the bed length, ¢ is the
bed void fraction between particles (Table 1), and ¢, is the
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3.7mm

%11,000 Tum WD 13.7mm

particle porosity (Table 2). The value of g, is calculated
from the helium pulse with the same values of carrier flow
rate and temperature as those of the predetermined gas.

To compare K. with the Henry’s law constant deduced
from the Langmuir model (n,,,,b), it must be divided by p..
RT, where the p, is the crystal density (Table 2). Equation
(3) was employed to estimate the Henry’s law constant in
each pulse experiment, and a comparison with the value
predicted with the Langmuir model is presented in Table 4.
It is observed the Henry’s law constant measured by both
methods are in good agreement, indicating that the esti-
mated values of this parameter are reliable.

To estimate the diffusion time constant of each gas from
the experimental pulse responses, it is necessary to subtract
the effect of other mass transfer phenomena apart from the
intracrystalline diffusion. It was found that a plug flow and
tank-in-series model was adequate to describe the effect of
dispersion on the pulse response. A schematic representation
of the flow pattern assumed is presented in Fig. 7, where Q is
the carrier gas flow rate (measured at laboratory conditions),
Vpis the portion of void volume with plug flow, and V7 is the
volume of each tank where perfect mixing is considered. The
theoretical model used for simulating the pulse responses
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Fig. 5 Adsorption isotherms on AlIPOy4-11. Squares, 25 °C; circles,
35 °C; triangles, 50 °C; diamonds, 65 °C. Lines depict the Langmuir
model. a Nitrogen. b Methane. ¢ Carbon dioxide

consists of the mass balances around each element in the
system, interconnected according to the flow pattern. A good
description of the experimental helium pulses was obtained
with four tanks, two before and two after the bed. Other
model assumptions are the following:

The gas velocity is constant along the bed

The adsorbent bed is isothermal

Radial concentration gradients are negligible

The adsorption isotherm is linear for all the adsorbates
in the studied conditions

5. The external mass transfer resistance and the resistance
in macropores is described with a linear driving force
considering both resistances in series.

b=

Assumption (2) is justified because no variation of the
bed temperature was observed in the pulse experiments
(measured experimentally), and assumptions (1) and (4) are
justified because the average concentration of the adsorb-
ing gases in the bed is rather low (below 3, 2 and 1 % v/v
for nitrogen, methane and carbon dioxide, respectively,
estimated with the theoretical model), which falls within
the linear region of the adsorption isotherms (Fig. 5).
Assumptions (3) and (5) were included because they sim-
plify the model resolution.

The mass balance in the fixed bed is,

0c _Dp ¢ wpoc

6t - L2 axz —kmacro(c - Cmacro) (4)

where c is the adsorptive concentration in the gas phase, ¢ is
time, D; is the axial dispersion coefficient, L is the bed
length, x is the dimensionless axial coordinate, ¢ is the bed
porosity between particles (floccules), R, is the half
diffusion length of the floccules (taken as 15 pm), kqcr0
is the mass transfer coefficient describing the total
extracrystalline resistance, and c,.., 1S the average
concentration in the macropores. The value of k..., 1S

estimated from the following equation:
-1

1 1
kmacm - TM + E (5 )
R,

where D,, is the molecular diffusivity of the studied gas in
the carrier, 7 is the tortuosity of the macropores (taken as
3), and k;is the external mass transfer coefficient, estimated
with a literature correlation (Dwivedi and Upadhyay 1977):

u 0.765 0.365
(anes + o) ©)

b = eSc2/3 \ Re"$2

where u is the superficial velocity, Re is the particle
Reynolds number, and Sc is the Schmidt number,
calculated with the density and the viscosity of the
carrier. The axial dispersion coefficient was estimated
with an expression available in the literature for beds of
small particles (<1-2 mm) (Suzuki 1990).

D,

D, =——
L= 25

(7)

where D,, is the molecular diffusivity of the adsorptive in
the carrier gas. The interstitial velocity is calculated as:
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Table 3 Fitting results of the Langmuir model in AIPO,-11

Gas e (mol kg™!) by (Pa™") —AH;; (kJ mol™") Nyax b at 25 °C r”
(mol kg~! Pa™ )
N, 0.638 & 0.2° (1.82 £ 0.5) x 107° 16.28 & 0.6 8.33 x 1077 0.998
CH, 0.948 £ 0.07 (5.81 £0.8) x 1071° 2141404 3.13 x 107° 0.999
CO, 1.237 4 0.02 (1.55 £ 0.3) x 1071° 28.51 + 0.5 1.92 x 1073 0.999
 The 95 % confidence intervals were estimated with Origin 6.0® program
;:[‘:r?dlﬁiznf)f(gfglfegﬁfsle Injected Totil6 ﬂ03w Ealte T (K) K. /(p, R}P - Nymaxh I Di/f‘z P
experiments with methane, gas (10" m”s ) (mol kg™ Pa™") (mol kg™ Pa™") ()
nitrogen and carbqn dioxide in N, 051 208 8.8 x 107 83 % 107
AlPOy4-11, and estimated 5 5
adsorption and diffusion N, 1.03 298 9.2 x 10 8.3 x 10
parameters N, 298 9.0 x 1077 83 x 1077 0.100°  0.979
N, 0.51 308 6.3 x 1077 6.7 x 1077
N, 1.03 308 7.5 x 1077 6.7 x 1077
N, 308 6.9 x 1077 6.7 x 1077 0.110° 0.985
CH, 0.51 298 33 x 107° 3.1 x 107
CH, 1.03 298 3.6 x 1076 3.1 x 1076
CH, 298 ®35 x 1076 3.1 x 1078 0.085¢ 0.972
CH, 0.51 308 26 x 107° 24 x 107°
CH, 1.03 308 27 x 107 24 x 107°
CH, 308 %27 x 107° 24 x 107° 0.090° 0.972
CH, 0.51 323 1.9 x 107° 1.6 x 107°
CH, 1.03 323 19 x 107¢ 1.6 x 107°
CH, 323 *1.9 x 1076 1.6 x 107° 0.110° 0.965
CO, 0.51 298 2.1 x 107 1.9 x 1073
CO, 1.03 298 24 x 107 1.9 x 1073
CO, 298 223 x 107° 19 x 1073 0.030° 0.980
CO, 0.51 308 1.7 x 107° 1.3 x 107°
CO, 1.03 308 1.7 x 107° 1.3 x 1073
Co, 308 *1.7 x 1073 13 x 107° 0.043° 0.982
 Estimated with the Langmuir O, 051 323 12 %107 7.9 x 107°
parameters in Table 3 Co, 1.03 323 12 x 107° 7.9 x 107°
b Average value for each pairof ~ CO» 323 *12 x 1073 7.9 x 107° 0.050° 0.962
pulses CO, 0.51 338 73 x 107° 49 x 107°
¢ Estimated by fitting the model CO, 1.03 338 7.8 x 10°° 49 x 10°°
to each pair of pulses Co, 338 76 x 1076 49 x 10°° 0.070°  0.974
simultaneously
Vo = Q Thea (8)  where the second term in the RHS of Eq. (9) is the rate of
Sbedé Tiap adsorption in the AIPO4-11 spherulites: D /r? is the diffu-

where T,., and Ty, are the bed and laboratory
temperatures, respectively, S,.; is the bed cross-section.
The mass balance in macropores is:

acmacra 3

1—¢
= —kmacro(c - Cmacm) — UDC%

ot Rye, & r2ox|

©)
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sion time constant, x, is the dimensionless radial coordinate
in the spherulites, and ¢ is the adsorbed concentration
(in mol m73).

The following boundary conditions for Eq. (4) are

employed:
Dy, Oc
x=0 VOC_TLa:VOCT2 (10)
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Fig. 6 Pulse responses from an
AIPOy4-11 bed. Grey symbols are
the experimental signal and
black lines are the theoretical
signal from the model. Squares,
25 °C; circles, 35 °C; triangles,
50 °C, diamonds, 65 °C.

a Helium, Q = 30.7 ml min™".
b Helium, Q = 61.6 ml min~"'.
¢ Nitrogen, @ = 30.7 ml min~".
d Nitrogen, Q = 61.6 ml
min~'. e Methane,

0 = 30.7 ml min~!, f Methane,
0 = 61.6 ml min~". g Carbon
dioxide, O = 30.7 ml min™?,

h Carbon dioxide,

Q0 = 61.6 ml min~!

(a)

normalized signal (a.u.)

normalized signal (a.u.)

_—
(o]
N

normalized signal (a.u.)

N

0.35

0.30 -
0.25 |
0.20 |

0 10 20 30 40 50 60 70
t/'s

o

N

o
1

0.15 4

0.10 4

N

0.00 4

0.10
0.08 4
0.06

N

0.02

0-00- T T T
0 100 200 300 400
t/'s

(b)o.3s
0.30
0.25
0.20
0.15
0.10

normalized signal (a.u.)

0.05

0.00 |

normalized signal (a.u.)
o
o

0.10
0.05
0'00 r T T T T T T
0 10 20 30 40 50 60 70
t/'s
(f) 0-25
’5 0.20 -
8
T 0.15 A
k=
w
3 0.10 -
N
]
€ 0051 K
5]
C
0-00- T T T T
0 20 40 60 80 100
t/'s
(h) 0.10
S 0.08
c
T 0.06 A
k=2
w
g 0.04
N
]
€ 0.02
5] k
C
000- T T T
0 100 200 300 400
t/'s

@ Springer



416

Adsorption (2013) 19:407-422

I

C
€
Cmac;@
floccule &

Pulse | | L | = |
Q@Mdoﬁdo W o o Signal
lab Vr Vr Vr Vr
Tank 1 Tank 2 Tank 3 Tank 4

Fig. 7 Schematic representation of the flow pattern

Oc
ox
where cr» is the concentration in Tank 2 (Fig. 7). The mass
balance in Tank 1 is:

x=1 0 (11)

der :ﬁmlse(l) — VoShedCT1
dt Vr

(12)

where f,,,5.(f) is the function describing the evolution of
the injected gas flow during the pulse injection. It is
assumed that the pulse does not change its shape as it
crosses Vp (Fig. 7): The following pulse function was
proposed:

1 —0.05\°
Soutse(t) = mexp l— (ﬁ) ] (13)

This function describes a normalized pulse with
maximum flow of adsorptive at r = 0.05 s. The pulse is
so narrow that the function parameters have a negligible
effect on the simulated signal in the studied conditions. The
mass balances in Tanks 2, 3 and 4 are:

der _ VoSpeat(CT1 — C12) (14)
dt Vr

ders _ VoSpeat(Cx=1 — €13) (15)
dt Vr

dery _ VoSpeat(CT3 — CT4)
dt Vr

(16)

The mass balance in the spherulites is,

o¢ D.(1 0 [ ,0q
i N _= 1
o r? <x3 ox, <x’ 6x,>) (17)

The boundary conditions for this equation are

0
v=0 A_g
x; (18)
Xr = 1 q= chmacm

The initial condition is that the dependent variables are
zero. The predicted normalized signal is calculated as
follows:

N.S. = VoSbedSCm (19)

@ Springer

The model is solved numerically using the PDECOL
package (Madsen and Sincovec 1979), which uses orthogonal
collocation on finite elements (OCFE) technique for the
discretization of the axial coordinate. Hermite polynomials of
third degree were used for the discretization of the radial
coordinate in the particle (Finlayson 1980). The model is
fitted to the experimental pulse responses by minimizing
the sum of square residuals =Y (Yexp — Yealc) * where yis the
normalized signal. The proportion of variance in the
experimental data explained by the theoretical model was

estimated with the coefficient of determination, 2 = 1 —

> (yexp - ycalc)2 />0 (yexp — m)z. For the helium pulses,
the only adjustable parameter was V (Fig. 7). The value of
Vp was calculated as a function of V;, imposing that the first
moment of the theoretical and the experimental pulse
responses are the same. The required value of Vj, is then
calculated from the following equation:

Thed L (1 - 8)8,, 4VT
Vp =02 -=(1 - —0.05
D Q Tias (:uHe Vo < + A Q% §

(20)

where uy, is the first moment of the fitted helium pulse.
The theoretical pulses are displaced forward in time by the
residence time in Vp (Vp/(QTped/ Tiap)). It was checked that
the values of pg, calculated with Eq. (2) from each dis-
placed theoretical pulse and from the fitted experimental
pulse are identical for any value of V. With this method,
the value of V; was estimated independently for each
carrier gas flow rate and each temperature, resulting in
values ranging between 1 and 1.25 x 107° m?, with /?
between 0.98 and 0.99 in all the pulses. A comparison
between the theoretical and experimental helium pulse
responses is given in Fig. 6a, b.

For estimating the value of D./rZ for the adsorbing gases
(nitrogen, methane and carbon dioxide), V and Vj, are set
to the values estimated for the helium pulse with the same
carrier flow rate and temperature, and K. is calculated with
Eq. (3). Thus, D /7% is estimated independently, as it is the
only adjustable parameter for the adsorbing gases.

The model was fitted to each pair of experimental pulse
responses of adsorbing gases with different carrier gas flow
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rate and constant temperature, imposing a constant value of
D,/r2. The fitting results are given in Table 4, and a com-
parison between the experimental and theoretical pulses is
presented in Fig. 6. It is observed that the model describes
all the experimental pulses satisfactorily, with values of r*
between 0.96 and 0.98, indicating that the model is able to
explain most of the variance of the experimental pulses
(96-98 %). However, it is observed that the experimental
pulses are slightly narrower and sharper than the simulated
curves. This small deviation (a 2-4 % of unexplained
variance) probably comes from the relatively simple model
used for describing the dispersion in the experimental
installation, as this model affects the shape of all the pulses,
and the same kind of deviation is systematically observed
in all the pulses of the adsorbing gases.

All the simulated pulse responses were sensitive to the
value of D./r2, indicative of the mass transfer resistance
inside the AIPOy4-11 spherulites. A reduction of Dc/rg with
respect to the estimated values results in much broader
peaks with a long tail which is not observed in the exper-
iments. On the contrary, the simulated pulse responses
were insensitive to R, (even when it is increased 10 times).
R, is the radius of the adsorbent particles (floccules), which
determines the combined influence of the external mass
transfer resistance and the mass transfer resistance in the
meso- and macroporosity [g,, Egs. (4), (5), (9)]. On this
basis, it is deduced that the estimated values of DC/rf
describe the diffusional resistance in the spherulites. It is
important to note that the spherulites are polycrystalline
aggregates, where the internal defects could have some
effect on the intracrystalline mass transfer resistance. In the
absence of literature data about diffusion parameters of the
studied gases in AIPO4-11 with other crystalline mor-
phology, it is not possible to check this hypothesis.

The diffusion time constants for the three gases decrease
in the order nitrogen > methane > carbon dioxide. It is
deduced that the molecular size (methane > nitro-
gen > carbon dioxide) do not determine the mobility of
this gases in the AIPO,4-11 material. The diffusion time
constants increase with temperature moderately for the
three gases in the studied temperature range. The estimated
activation energy of diffusion is about 7 kJ mol™' for
nitrogen, 8 kJ mol~! for methane, and about 16 kJ mol™!
for carbon dioxide. These low values indicate that the
energy barriers for the diffusion of these adsorbates are
small. This is consistent with the fact that all these adsor-
bates have molecular sizes smaller than the pore openings
of AIPO,4-11, and that the pores do not contain cations
which could hinder the diffusion process. The diffusion
time constants increase as the adsorption energy decreases.
According to the surface diffusion theory (Yang 2003), the
mobility of an adsorbed molecule is inversely proportional
to the average residence time of the molecule in the

adsorption site. This time is proportional to exp(AE/RT),
where AE is the difference in energy between the lowest
energy in the adsorption site and the state with free
mobility. It is usually assumed that AE is a fraction (about
a half) of the adsorption enthalpy (Suzuki 1990). As the
order of adsorption enthalpies is carbon dioxide > meth-
ane > nitrogen, this theory explains the observed order of
diffusion time constants, as they should be inversely pro-
portional (approximately) to exp(0.5AH/RT).

The diffusion coefficients were estimated from the dif-
fusion time constants by assuming that the half diffusion
length (r.) is the radius of the aluminophosphate spheru-
lites (taken as 3 pum, Fig. 4). At 298 K, the following
values are obtained for nitrogen, methane and carbon
dioxide, respectively: 9, 7.6 and 2.7 x 107 m? s~'. The
measured diffusivities have been compared with values
reported in the literature for the same gases in other
molecular sieves with different pore opening: 4A zeolite
(0.38 nm), 5A zeolite (0.44 nm) and ZSM-5 (0.6 nm). The
diffusivities in AIPOy4-11 follow the dependence on pore
size expected intuitively, as they are higher than the ones
reported at 298 K in 4A zeolite: 9.5 x 10~ '* m* s~ for
nitrogen (Karger and Ruthven 1992); 5 x 107" m?s™!
for methane (Karger and Ruthven 1992); and
2.1 x 107> m? s~! for carbon dioxide (Yang 2003). They
are also lower than the ones measured in other zeolites at
298 K with larger pore openings: 1 x 107" m? s™' for
nitrogen in 5A zeolite (Karger and Ruthven 1992);
1.1 x 1079 m?s™' for methane in ZSM-5 (Ruthven
1984).

3.4 Potential performance of AIPO4-11 in biogas
upgrading by PSA

The potential performance of AIPO,4-11 in the upgrading of
biogas by PSA has been evaluated by designing this pro-
cess with a dynamic model which includes the adsorption
equilibrium and kinetic parameters measured in this work.
This model has already been employed in the separation of
methane/nitrogen mixtures by a three-bed PSA with sili-
calite in a previous work (Delgado et al. 2011). The same
PSA cycle has been used in this work because it predicted
an efficient separation of a binary methane/nitrogen mix-
ture with a similar proportion of gases as that of biogas.
The PSA cycle proposed consists of three beds passing
through twelve consecutive steps. A scheme of the cycle is
shown in Fig. 8a, and the sequence table is shown in
Fig. 8b. Feed (biogas) at the high pressure in the cycle (Pg)
is introduced in the first bed in Step I, and raffinate
(methane-rich product) is produced. In Step II, a portion of
the extract (carbon dioxide-rich product) is introduced as
feed (rinse step), and more raffinate is produced. At the
same time, the proportion of carbon dioxide in the bed is
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Fig. 8 a Scheme of the three-bed PSA cycle. P and Py are the low
and high pressures. Pgp, and Pgy are the low and high equalization
pressures (P < Pg. < Pgy < Py). F, E and RF denote feed, extract
(carbon dioxide-rich product) and raffinate (methane-rich product),

increased. In Step III, the first bed is equalized with the bed
with low intermediate pressure (co-current equalization).
At the same time, the other bed with low intermediate
pressure is depressurized counter currently down to the low
pressure (P;) where the extract is obtained at 1 bar
(blowdown). In Step IV, the first bed is equalized with the
bed previously evacuated (a second co-current equalization
step), and the other bed is pressurized with feed mixture up
to the high pressure. The rest of the steps are the same for
the other two beds.

@ Springer

respectively. b Sequence table for the three-bed cycle. F feed, R rinse,
HDE high depressurizing equalization, LDE low depressurizing
equalization, / idle, B blowdown, LPE low pressurizing equalization,
HPE high pressurizing equalization, P pressurization

The biogas is simulated as a binary carbon dioxide/
methane mixture (50/50 v/v). It is assumed that the biogas
is available at atmospheric pressure (100 kPa). One design
specification is to produce methane with purity higher than
98 %, as the maximum allowable carbon dioxide content in
natural gas is 2 % (Santos et al. 2011). Other desired
design specification is to reach a carbon dioxide concen-
tration in the extract above 93 %, the minimum purity to
liquefy the extract by compression at ambient temperature
(as estimated with AspenPlus®). This way, it can be sent to
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Table 5 Model for a PSA process for separating carbon dioxide/methane mixtures with AIPO4-11

i-n
Total mass balance ¢% = —<2—‘Z‘C + u%—f) - (1-¢)p, . 1%
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Momentum balance — 5 = 4R oI,

o J, 7 o
AE—uCep Zt Y (1-8)p, G~ AHutsi ) +eRTE~2h, (T-T,)

. or _
Energy balance in the bed &= ey (1-007,Cy

— 2R =T) = 2Rt Do (T = Towr)
PuCoul(Ri+1)” —R?]

Energy balance in the column wall %

Adsorption rate equation % = ks (nf - ﬁ,-)

Adsorption isotherm

Extended Langmuir equation including the gas in macropores n; =
Van’t Hoff equation b; = by; exp ( —AHaisi
q i = 00,i p RT
[ Ryppni
LDF mass transfer parameter of ith component ky; = L’]‘ pg,f:[f +
3kr Ty

2
R, ppnirt 2
Pyir
1Stnacro D~ 19Pe

maxj bi Pyi P,

=
14 biPy;
=1
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a sequestration process. The bed length and the feed gas
velocity have been taken from our previous work (Delgado
et al. 2011).

The dynamic model is based on the mass, energy and
momentum balances, and model equations are presented in
Table 5. Boundary and initial conditions can be found
elsewhere (Delgado and Rodrigues 2008; Delgado et al.
2011). The Peclet numbers of mass and heat dispersion are
set to 500 to approximate the usual plug flow assumption in
industrial adsorption columns, as higher values had negli-
gible effect on the performance. The extended Langmuir
equation with the parameters of the pure components has
been used to describe the adsorption isotherm of carbon
dioxide-methane mixtures. This model has been selected
because it is useful for practical design purposes (Yang
2003). The energetic heterogeneity of carbon dioxide
adsorption, indicated by the lack of fit of the Langmuir
equation at low pressures (enhancement in Fig. 5c), could
have some effect on the separation performance. At the
average temperature in the simulated process, 298 K, the
experimental Henry’s law constant is a 21 % larger than
the one derived from the Langmuir model (Table 4). The
deviation between the Langmuir model and the experi-
mental data at 298 K starts to decrease for pressures above
2.5 kPa, becoming very small at 3.3 kPa. Assuming that
two kinds of adsorption sites with different adsorption
energy are available for carbon dioxide at pressures below
2.5 kPa, and that the most energetic ones are fully occupied
at this pressure, the proportion of energetic sites with
respect to all the sites (estimated as g/q,,qx) is 0.8 %. To
consider the possible effect of the energetic heterogeneity
on the simulated performance, a correction factor has been

fpcoz) = 1.21 +

included to describe better the carbon dioxide adsorption

isotherm in the range between 0 and 3.3 kPa, so that

bCOZnew = bCOZ(;[d'f(pCOZ)- The correction factor iSZ
(1-1.21)

1+ eXp[—0.00S(pcoz — 2500)]

(21)

This factor was designed to change from 1.21 to 1 when
the pressure is less or more than 2.5 kPa, becoming prac-
tically 1 at 3.3 kPa. The extended Langmuir equation with
the parameters of the pure components (Table 3) has been
used to describe the adsorption isotherm of carbon dioxide-
methane mixtures, including the correction factor described
previously. The bed properties used in the simulation are
presented in Table 6. To simulate the properties of AIPOy-
11 pellets (not available), it has been assumed that the
volume fractions of crystals, binder and voids in the col-
umn are the same as the ones measured experimentally in
silicalite pellets in our laboratory. For pellets with 20 %
w/w of binder, the volume distribution in the column is:
voids between pellets = 40 %, crystals = 32.4 %, binder
(dense) = 3.6 %, extracrystalline voids (in pellet) =
24 %. The crystal density of AIPOy4-11 is taken from
Table 2. On this basis, the hypothetical pellet density
(Table 6) used in the calculations has been estimated
starting from the volume fractions measured experimen-
tally for silicalite pellets:

3 3 3

m:. . c1c m m
crystals column _ crystals
0304 8 ey — = 0.54 (22)
column . pellet pellet
m3 : m3 n’l3 :
0.036 degsebmder column3 —0.06 den3seb1nder (23)
Meo1umn (1 - 0‘4)mpelle[ mpellet
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Table 6 Model parameters used in the PSA design

Bed length 1m

Bed diameter 02 m

Feed and external air temperature 298 K

High pressure 100 kPa

Low pressure 20 kPa

Pellet radius 5x 107 m
Pellet macroporosity 0.4

Pellet tortuosity 3

Bed voidage between particles 0.4

Pellet density 1,645 kg m ™
Weight fraction of binder 14.4 %
CO,-CH, molecular diffusivity 1.8 x 107 m? s~
Heat and mass Peclet numbers 500

Adsorbent heat capacity 1,000 J kg™!
Gas heat capacity at constant pressure 37T kg ' K!
Gas heat capacity at constant volume 28 Tkg7! K™!
Gas viscosity 135 x 107> Pa's
Wall heat capacity 500 T kg~' K~!
Wall thickness 0.002 m

Wall density 8,000 kg m
Gas to wall heat transfer coefficient” 60 Wm™> K™!
Wall to air heat transfer coefficient” 2Wm 2K

* Taken from Da Silva and Rodrigues (2001)

® Estimated from a literature correlation for free convection in air
(Holman 2010)

pellet density =

0'O6m?jensebinder x 3895 ﬁ + 0'54m2ry5t3132611 mgl:ygs!a]s
1 msellet
k
= 16452
mpellet
(24)

The weight fraction of AIPO4-11 in the theoretical
pellets is 85.6 %, which was considered in the simulations
(the values of n,,,,; in the extended Langmuir equation
were multiplied by 0.856). It is important to note that in
this calculation it is assumed that separate spherulites of
AIPO4-11 are agglomerated to obtain the hypothetical
pellets. It is also assumed that the separate spherulites pack
in the pellets as silicalite crystals do. This, together with
the presence of dense binder, explains the higher pellet
density of the theoretical pellets with respect to the particle
density measured experimentally for real AIPO4-11
particles (floccules), where the spherulites pack more
loosely.

The mass transfer coefficients between the gas and the
adsorbent have been estimated with the expression pro-
posed by Farooq and Ruthven (1990) (Table 6), which
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includes the external resistance, the resistance in macrop-
ores, and the resistance in micropores in series. The
external mass transfer coefficient is estimated with Eq. (6),
and the inverse of the diffusion time constants (r2/D,) of
carbon dioxide and methane are taken from Table 4 at
298 K. The performance parameters (methane purity,
recovery, productivity, power consumption) for one cycle
at steady state were calculated with the following
expressions:

moles of CHy in raffinate

CH ity = 25
+ purtly moles of raffinate (25)
moles of CHy in raffinate
CH = 26

4 Tecovery moles of feed (26)
. moles of CO, in extract
Cco ty = 27
2 PUTLY moles of extract (27)
. kg of CH, inraffinate
Productivity =
roductivity (cycle time)3(kg of adsorbent in each bed)
(28)
Power consumption

=y
in (flux atinlet in blowdown)nR? (kRT"”“f ( (P—f) f - 1) ) dt

(k—1)n, Pinter
=3

kg of methane in raffinate
0

(29)

where the raffinate is the sum of the products of the feed
and rinse steps, and cycle time is 3 (duration step 1) + 3
(duration step II) + 6 (duration step III). A value of
k =13 is taken for a carbon dioxide/methane mixture
95/4 (% vIv) (AspenPlus®), and nc = 0.8 (Grande and
Rodrigues 2007).

In order to meet the design specifications, four degrees
of freedom were available in the model, namely, the low
pressure in cycle (Pp in Fig. 8), and the duration of the
feed, rinse and pressure change steps (t;, t;; and ty; in
Fig. 8). It was observed that the duration of the feed and
rinse steps had a strong effect on the product purity
requirements. An increase in the duration of the feed and
rinse steps yielded a lower methane purity in the raffinate
and higher carbon dioxide purity in the extract, as the
carbon dioxide concentration wave advances more along
the bed. A long enough rinse step was crucial to get a high
carbon dioxide concentration in the extract. The duration of
the pressure change steps had a positive effect on the
methane and carbon dioxide purities, because the mass
transfer resistance in these steps becomes less important as
this duration increases. However, this time cannot be
increased indefinitely, because the cycle productivity
decreases. After testing numerous combinations for #;, #;;
and 7, it was found that the desired specifications are
achieved with the following combination: Py = 20 kPa,
ty=4s, ty;=38s and f; =40s. The performance
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Table 7 Performance results for the proposed PSA cycle for sepa-
rating a carbon dioxide/methane mixture with AIPO,4-11 (Fig. 8)

Methane purity in raffinate [% (v/v)] 98.3
Methane recovery (%) 94.1
Carbon dioxide purity in extract (%) 94.4
Productivity (kgcps kg™ h™h) 0.006
Energy requirement (kWh kg™ ") 0.27

results obtained with this combination are shown in
Table 7. These results show that the proposed process can
be advantageous over other alternatives, as it can theoret-
ically recover methane from a carbon dioxide/methane
mixture by PSA with high purity and recovery, without
requiring feed compression, and a higher low pressure in
the cycle with respect to other alternatives (10-12 kPa,
Sircar et al. 1988; Grande and Rodrigues 2007). The pro-
ductivity is lower than the one reported in the literature
(0.006 vs. 0.088 kgcps kg™' ™', Santos et al. 2011), due
to the lower pressure ratio used in the cycle studied in this
work (5 vs. 13), but the recovery is higher (94 vs. 88 %),
and the process proposed in this work can operate with the
feed gas at 1 bar and 298 K, whereas the reported process
operates at 4 bar and 323 K. The estimated energy con-
sumption is low as compared with the energy content of the
methane product (0.27 vs. 13.7 kWh kg™ ).

4 Conclusions

Aluminophosphate molecular sieve AIPO4-11 has been
synthesized by microwave heating. The adsorption iso-
therms of nitrogen, methane and carbon dioxide on the
synthesized material up to 110 kPa have been measured
with a volumetric method. The adsorption capacities of
each gas are not determined by the molecular size, but by
the strength of interaction with the pore surface (carbon
dioxide > methane > nitrogen). The equilibrium selectiv-
ity towards carbon dioxide in carbon dioxide/methane
mixtures is quite high with respect to other adsorbents that
do not contain cations. The isotherms of nitrogen and
methane can be described very well with the Langmuir
model in the whole studied pressure and temperature range,
whereas the model deviates from the experimental data of
carbon dioxide at low pressures (below 5 kPa), suggesting
that the adsorbent is energetically heterogeneous for carbon
dioxide at low loadings. The average adsorption heats of
the three gases have been estimated with the Langmuir
model.

The adsorption Henry’s law constants and diffusion time
constants of nitrogen, methane and carbon dioxide in the
synthesized AIPO4-11 material have been measured from
pulse experiments. The adsorption Henry’s law constants

measured with this method compare very well with the
ones obtained by the volumetric method for nitrogen and
methane. For carbon dioxide, although they are of the same
order of magnitude, the deviation is higher probably due to
higher curvature of the carbon dioxide isotherm at lower
pressures. The diffusion time constants of the three gases
have been estimated by fitting the experimental pulse
responses with a theoretical model describing the diffu-
sional resistance in the synthesized material. The diffusion
time constants for the three gases decrease in the order
nitrogen > methane > carbon dioxide, indicating that the
mobility of the adsorbates in the micropores is determined
by adsorption affinity rather than by the molecular size.
The estimated diffusivities show the expected dependence
with the pore size when compared with the values reported
in the literature in molecular sieves with different pore
opening.

The feasibility of recovering methane from biogas by
PSA using AIPO4-11 as adsorbent has been evaluated with
a dynamic model including the adsorption equilibrium and
kinetic information measured in this work. The simulation
results show that the proposed process could produce
methane from carbon dioxide/methane mixtures with high
purity and recovery, treating the feed at atmospheric
pressure, with a significantly lower pressure ratio than the
PSA processes based on 13X zeolite. Although the appli-
cation of AIPO,4-11 to biogas upgrading is promising, more
experimental work using actual AIPO,4-11 pellets in a
multi-column PSA installation is required to verify the
advantages of the proposed process in a real system.
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