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ABSTRACT: Single- and multicomponent adsorption fixed bed breakthrough
experiments of carbon dioxide (CO2), methane (CH4), and nitrogen (N2) on
commercial binder-free beads of 4A zeolite have been studied at 313, 373, and 423
K and a total pressure of up to 5 bar. The ternary experiments (CO2/CH4/N2)
show a practically complete separation of CO2 from CH4/N2 at all the temperatures
studied, with selectivity at 313 K of CO2 around 24 over CH4 and 50 over N2. The
adsorption equilibrium data measured from the breakthrough experiments were
modeled by the dual-site Langmuir isotherm, and the breakthrough results were
simulated with a fixed bed adsorption model taking into account axial dispersion,
mass-transfer resistances, and heat effects. The mathematical model predicts with a
good accuracy the systematic behavior of the single- and multicomponent
breakthrough results based on the independent parameters calculated from well-
established correlations and intracrystalline diffusivities for zeolite 4A available in
the literature. The results showed in the present work evidence that the binder-free
beads of zeolite 4A can be employed to efficiently separate CO2 from CO2/CH4/N2 mixtures by fixed bed adsorption.

1. INTRODUCTION
Adsorption studies with mixtures containing CO2, CH4, and N2
are important in several fields related to new renewable sources
of energy.1,2 Biogas is one example with a composition of CH4
(50−70 vol %), CO2 (30−40 vol %), and N2 (0−10 vol %).3,4

The presence of CO2 in biogas reduces its calorific value, impairs
its transport via pipelines, and, consequently, limits its use.
Therefore, to use biogas as a vehicle fuel or to inject it into
natural gas grids, it is important to remove (or to reduce to an
acceptable specific value) CO2. For instance, to inject biogas
into natural gas grids, the CO2 content must be lower than 3%
(mol).4

Adsorption processes to separate CO2 from the mixtures of
CO2/CH4/N2 are currently being used to upgrade biogas.5,6

Conventional zeolites such as 13X, 5A, and 4A forms are known
to have excellent properties to adsorb large amounts of CO2, and
at the same time, they have a significant selectivity (equilibrium
or kinetic) relative to CH4 and N2.

7−14 To be used as adsorbents
in industrial operations, they need to be transformed into pellets
or beads as a bulk material made from the synthesized crystalline
powder in order to avoid a high-pressure drop in cyclic
adsorption processes. Conventional zeolite molecular sieve
pellets/beads have a binder content of approximately 20%,
which is in an inert form decreasing the adsorption capacity of
the materials.7,15 To overcome this issue, the so-called binder-
free zeolite beads/pellets have been developed, where the binder
is itself transformed into zeolite matter during hydrothermal
conversion.15 These binder-free zeolite beads or pellets have
been studied systematically and have shown an increased

adsorption capacity compared to the conventional binder-
containing material.5,7,8,11,15

By far, the largest number of investigations have been devoted
to study the single-component adsorption of CO2, CH4, and N2

in zeolites and other materials.9,11−14,16−19 Concerning zeolite
4A, some of them also reported the binary interaction
adsorption between CH4/N2.

9,14,16 Ruthven and co-work-
ers12,13,20−22 among others9−11,14,23 studied the single-compo-
nent sorption kinetics of CO2, CH4, and N2 in a wide range of
size fractions of 4A zeolite crystals and commercial pellets by
gravimetric and chromatographic methods. They showed that
the ratio of intracrystalline diffusivities (Dc,i/Dc,j) is 15 for CO2

over CH4 and 20 for N2 over CH4 at 313 K.
12,13

The well-known adsorption equilibrium hierarchy (CO2 ≫
CH4 > N2) in zeolite 4A, and the increase in the adsorption
capacity of the so-called binder-free zeolite beads,11 gives rise to
an excellent sorption system to be exploited for the separation of
these key compounds by fixed bed adsorption. Accordingly, the
goal of this work is to evaluate the fixed bed adsorption dynamics
of single and ternary mixtures of CO2/CH4/N2 in this new type
of binder-free beads of 4A zeolite, which is lacking in the
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literature. For that, a series of single- and multicomponent
breakthrough experiments were performed between 313 and
423 K and a total pressure of up to 5 bar. From the data, the
adsorption equilibrium isotherms were collected. At the same
time, a fixed bed adsorption dynamic mathematical model
including the effect of (i) axial dispersion, (ii) mass-transfer
resistances, and (iii) heat effects is developed to match the
experiments and solved by the method of lines (MOL) in
MATLAB code. The mathematical model parameters were
determined independently from correlations available in the
literature for zeolite 4A. The results arising from this work will be
used in future work to study the cyclic separation of CO2/CH4/
N2 mixtures with interest for processes such as biogas upgrading
by efficiently removing CO2 from CH4/N2 using binder-free 4A
zeolite beads.

2. EXPERIMENTAL SECTION

2.1. Binder-Free 4A Zeolite. The binder-free beads of
zeolite 4A were supplied by Chemiewerk Bad Koestritz GmbH
(Germany), which consist of spherical particles with a diameter
size ranging from 1.6 to 2.5 mm made with zeolite 4A crystals
with an average size of 1 μm. The synthesis and characterization
are described in detail elsewhere.11,24 In the Supporting
Information (Table S1), a resume of the textural properties is
given.
2.2. Breakthrough Apparatus. A single- and multi-

component breakthrough apparatus has been developed to
study the fixed bed adsorption dynamics, which is presented in
Figure 1. Briefly, the apparatus consists of three main sections:

(i) a gas preparation section, (ii) an adsorption section, and (iii)
an analytical section.
In the gas preparation section, the gas mixture (CO2/CH4/

N2) and inert helium (He) are mixed to be introduced into the
system. He is used as a carrier gas and enters into the system
from two streams: lines (1) and (2). Line (1) is sent directly to
the reference side of the gas concentration detector (thermal
conductivity detector, TCD), whereas line (2) is mixed with line
(3) containing the adsorbable species. The mixture then passes
through the adsorption column, which is placed in oven 1. The
gas flow rate in line (1) is controlled by an electric pressure
controller and the lines (2) and (3) by a mass flow controller.
This apparatus is designed to perform single- or multi-

component experiments, with the VICI Valco four-way valve
(V1) being used to select the type of the experiment. In the
adsorption section, the configuration shown in Figure 1 is
selected to perform a multicomponent experiment (V1 in
position Asolid lines). The pressure in the adsorption column
is set up by a back-pressure controller, with the outlet flow being
sent to port 1 of valve V1, which leaves by port 2.When the VICI
Valco six-way valve (V2) is in position A, as shown in Figure 1,
the flowing gas enters by port 1 [line (4)], passes by the loop,
and leaves by port 2 directly to the vent through line (6). When
valve V2 changes its position to B (dashed lines), the carrier gas
exiting in the reference side of the TCD enters by port 4 and
drags the sample contained within the loop to the capillary
column in oven 2 through line (5) to analyze its composition at a
predetermined time of the multicomponent breakthrough curve
to be measured.

Figure 1. Schematic diagram of the experimental apparatus used to perform single- and multicomponent breakthrough experiments. MFC, mass flow
controller; EPC, electric pressure controller; BPC, back-pressure controller; V1, four-way valve; V2, six-way valve; CHR, chromatographic silica gel
column; and 1, 2, 3, 4, 5, 6, and 7, inside of circle, streams.
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In the analytical section, line (5) goes to the chromatographic
column (Supelco silica gel 3′′), with the effluent being detected
in the sample side of the TCD.
To perform a single-component experiment, valve V1must be

in position B (dashed lines). In this situation, the output gas of
the adsorption column enters by port 1 and leaves by port 4
(valve V1), bypassing valve V2 being directed to the sample side
of the TCD through line (7). The dimension of the adsorption
column (stainless steel) is 0.0286 m internal diameter and
0.0646 m length. For the experiments, the column contains 23.8
g (dry mass) of binder-free beads of zeolite 4A (BFK 1.6−2.5
mm), resulting in a bulk density of 590 kg m−3 in the bed. The
textural properties of the binder-free beads of zeolite 4A (BFK
1.6−2.5mm) have been reported elsewhere.11 In the Supporting
Information (Table S1), the characteristics of the adsorption
column are resumed.
The adsorbates and inert gases were supplied by Air Liquide

with the following purities: He ALPHAGAZ 2 (99.9998%), CO2

N48 (99.998%), CH4 N35 (99.95%), and nitrogen N50
(99.999%).
2.3. Experimental Procedure. Before the first run, the

adsorption column is activated for 12 h at 623 K under vacuum
and pure He flows (10 mL min−1). This activating step under
high temperature and vacuum is very important to remove the
preadsorbed components, such as water, because the zeolites are
highly hydrophilic.12,15,25 After that, the gas in line (3) is mixed
with He from line (2) to set up a partial pressure and enters the
adsorption column to start the single- or multicomponent
experiment. To perform a multicomponent experiment, valve 1
must be in position A (valve V1solid lines), and for a single-
component experiment, valve 1 must be in position B (valve
V1dashed lines). Thereafter, the experiment includes
measuring the concentration of the gas at the outlet of the bed
as a function of time by the TCD. The dynamic equilibrium
loading is obtained by integrating the molar flow profiles of the
breakthrough curves26 by the following equation:

∫ ε= − −
∞i

k
jjj

y
{
zzzq

m
F t F t V C

1
di i n

t

iexp,
ads
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0

b c i0
(1)

wheremads is the adsorbentmass, Ff,i is the feedmolar flow rate of
component i at the inlet of the bed, Fi is the molar flow rate of
component i at the outlet of the bed, t∞ is the saturation time, εb
is the bed porosity, Vc is the column adsorption volume, and C0i
is the feed gas-phase concentration at the inlet of the fixed bed.

3. THEORETICAL CALCULATIONS

3.1. Adsorption Equilibrium Model. The dual-site
Langmuir model (DSL) was used (eq 2) to predict the
adsorption equilibria. In this model, the adsorbable species are
distributed by two types of sites, each one following the
Langmuir model assumption, with different binding energies
and maximum adsorption capacity in each site27,28
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where qm1,i and qm2,i are the maximum adsorbed concentrations
of component i in each site and b1i and b2i are the adsorption
affinity constants of component i in each site. This model
deviates from the ideal Langmuir model accounting for certain
heterogeneity of adsorbent surface. It reverts to the Langmuir
model if we consider only one site.
The effect of temperature on the adsorption affinity constant,

bi, is taken into account by the integrated van’t Hoff equation

= ∞
−Δb b ei i

H RT
,

( / )i (3)

where b∞,i is the pre-exponential factor of the affinity constant at
an infinite temperature, R is the ideal gas constant, −ΔHi is the
heat of adsorption, and T is the temperature.
The heat of adsorption as a function of the amount adsorbed

is the so-called isosteric heat29 defined by

Table 1. Mathematical Model Equations for Fixed Bed Adsorption Simulation
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Considering ΔHst independent of temperature, this relation-
ship can be used to evaluate it by integrating eq 4 directly at a
fixed coverage from the experimentally measured adsorption
isotherms in a plot of ln p against 1/T30

= −
Δ

p
H

RT
ln constant st

(5)

The study of isosteric heat as a function of loading can put in
evidence materials with heterogeneous behavior.25,27 It is
commonly accepted that the isosteric heat of sorption of CO2
on zeolites A, X, and Y decreases with coverage.29 This behavior
can be predicted by the differentiation of the DSL model (eq 2),
assuming constant loading (dq = 0), and substituting the result
in the isosteric heat equation (eq 4), resulting in the following
equation:27,31
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Equation 6 can predict the increase or decrease of the isosteric
heat with loading depending on the heterogeneity of the
adsorbent. In the limit, the value can be constant if the surface is
homogeneous when the adsorption occurs in identical
homogeneous sites (Langmuir equation).
The extended DSL model isotherm to multicomponent

systems is given by the following equation:
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3.2. Mathematical Modeling of Single- and Multi-
component Fixed Bed Breakthrough Curves. The
dynamic behavior of the adsorption process can be numerically
predicted according to the mass and energy conservation laws.
We use a mathematical model that includes both the effect of
axial dispersion and mass-transfer resistances taking into
account by an overall effective rate mass-transfer coefficient,
which is an extension of the Glueckauf linear rate driving force
model (LDF).30,32 The adsorption equilibrium is described by a
thermodynamic model calibrated from the breakthrough
experimental data measured in this work.
Consequently, the mathematical model developed to simulate

the transient behavior of single and gas mixture of CO2/CH4/N2
results in a set of coupled partial and algebraic differential
equations (PDAEs) summarized in Table 1.
3.3. Numerical Solution of Model Equations. For the

solution of the model, the set of coupled PDAEs are reduced
into a system of ordinary and algebraic differential equations
(ODAEs) by applying the MOL.33 The MOL is classified as a
simple discretization or a semidiscrete method because only the
space coordinate is discretized, whereas the time is kept
continuous. The spatial coordinate was discretized by
orthogonal collocation (OC). The computation of the
collocation points was determined by the position on the spatial
coordinate using the Jacobi polynomial, PN

(α,β)(x). The
approximation of the first and second derivatives was made by
collocation matrix routines Ai,j and Bi,j, respectively. In the
Villadsen and Michelsen’s book, detailed information about the

OC method, as well as several subroutines to solve the PDE
equations, is available.34

In the present work, the collocation points were given by the
zeros of Jacobi polynomials PN(α,β)(x), with α = 0 and β = 0. The
resulting system of ODAEs was integrated using a high-order
stiff integrator, ode15s, available in the MATLAB library.35

Twenty-five collocation points appeared to give satisfactory
accuracy and stability to the solution.

4. RESULTS AND DISCUSSION
4.1. Single-Component Adsorption. The single-compo-

nent adsorption equilibrium data of CO2, CH4, and N2 were
collected at three temperatures, 313, 373, 423 K, and for partial
pressures up to 3.5 bar directly from the fixed bed breakthrough
experiments using eq 1.5,7,8,36 Helium was used as an inert gas
(to set up a broader range of partial pressures of adsorbates),
with the experimental conditions being reported in Table S4 in
the Supporting Information. Figure 2a−c shows the measured
experimental breakthrough curves (symbols) plotted in terms of
normalized molar fraction yi/yi0 as a function of moles fed per
unit mass of the adsorbent at 313 K for the three components by
the order of their decreasing affinity: (a) CO2, (b) CH4, and (c)
N2 (the data measured at 373 and 423 K are shown in the
Supporting Information, Figures S1−S3). Figure 2 clearly shows
that the moles fed to reach the breakthrough of CO2 (Figure 2a)
are muchmore than those in the case of CH4 (Figure 2b) andN2
(Figure 2c). It is also clear in each figure that as the partial
pressure increases, the moles fed to reach the breakthrough also
increase, which indicates that the data are thermodynamically
consistent. The breakthrough hierarchy order and therefore the
affinity is CO2 ≫ CH4 > N2.
From the breakthrough data shown in Figures 2a−c and S1−

S3 in the Supporting Information, the adsorption equilibrium
data were collected by applying eq 1. Figure 3a shows the
isotherms measured for CO2 (symbols) and the fitting with the
DSLmodel (lines). CO2 is strongly adsorbed especially at 313K,
with the isotherm being typically of type I (and highly
nonlinear), which also explains the sharp nature of the
breakthrough profiles of CO2 observed in Figure 2a that
practically approach a constant pattern form. Regarding the
fitting of theDSLmodel shown in Figure 3a, themodel describes
the equilibrium data with good accuracy.
Figure 3b,c shows the isotherms measured for CH4 and N2

(symbols), respectively, and the respective fitting with the
Langmuir model (lines) (only one site was used in eq 2 to fit the
data reasonably). This is so because the isotherms approach
practically a linear form in the range of partial pressures and
temperatures studied, giving rise to a much lower affinity to the
adsorbent, and consequently, the breakthrough profiles (Figure
2b,c) are less sharp than those in the case of CO2 because
dispersive forces overcome the strong effect of the highly
favorable nature of the isotherm in the shape of the
concentration profiles, as can be seen in the case of CO2
(Figures 2a and 3a).9,11,14 The amount adsorbed at 313 K and
partial pressure 3.5 bar is significantly different between the
compounds, which is around 4.48, 1.35, and 0.81 mol kgads

−1 for
CO2, CH4, and N2, respectively, which is comparable with other
values reported in the literature.11,37 As an example, the loadings
of CO2 on this new binder-free zeolite 4A are practically 26%
higher than the ones measured by Ahn et al.10 in an inert
pelletized form and 7% lower than the ones measured by Yucel
and Ruthven13 in a pure powder form. These comparisons point
out that the commercial binder-free zeolite studied in this work
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indeed increases its adsorption working capacity. Table 2
summarizes the parameters for the best fit of the DSL and
Langmuir isotherms for the adsorption of CO2, CH4, and N2 in
the binder-free zeolite 4A.
The isosteric heat of adsorption for CO2, CH4, and N2 as a

function of the amount adsorbed was also calculated from the
experimental data by applying eq 5 and numerically through eq
6.27 Figure 4 shows the experimental and numerical isosteric
heat as a function of coverage for CO2, CH4, andN2, where it can
be seen that the DSL model predicts the experimental
observation of the slight decrease of the net isosteric heat of
CO2 as a function of coverage. This behavior has already been
observed for CO2 in zeolites A, X, and Y and can be explained by
the charge density in such zeolites that interact with the strong
quadrupole moment of the CO2 molecule, giving rise to a
heterogeneous surface.29 For the Langmuir model and assuming
that the maximum adsorbed concentration is temperature-

independent, the isosteric heat (lines) must be constant, as can
be seen in Figure 4 for CH4 and N2.

4.2. Multicomponent Adsorption of CO2/CH4/N2
Mixtures. The breakthrough experiments for CO2/CH4/N2
mixtures were performed according to the procedure described
in Section 2. Figure 5a−c shows the experimental breakthrough

Figure 2. Experimental (symbols) and numerical (lines) breakthrough
curves of CO2 (a), CH4 (b), andN2 (c) on binder-free 4A zeolite at 313
K.

Figure 3. Adsorption equilibrium isotherms of CO2 (a), CH4 (b), and
N2 (c) in binder-free 4A zeolite. Solid lines represent the isotherm
model predictions and symbols the experimental data.

Table 2. Adsorption Equilibrium Model Parameters for
Sorption of CO2, CH4, and N2 on Binder-Free 4A Zeolite

Qm (mol kg−1) b (bar−1)a (ΔHi) (kJ mol−1)

species qm1 qm2 b1 b2 (ΔHi)1 (ΔHi)2

CO2 1.97 2.68 2.44 88.3 −35.6 −38.7
CH4 3.39 0.19 −18.0
N2 3.47 0.09 −16.2

aThe reference temperature used is 313.15 K.
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curves (symbols) for the temperatures 313 (a), 373 (b), and 423
K (c), respectively, plotted in terms of normalizedmolar fraction
yi/yi0 against time for a total pressure of 5 bar. Table S5
(Supporting Information) summarizes the experimental con-
ditions for the ternary mixture. As shown in Figure 5, CO2 is the
most adsorbed component, and CH4 and N2 breakthrough
practically together just at the beginning of the experiments.
This effect is observed at all the temperatures studied, being an
excellent result where CO2 is practically completely separated
from CH4/N2.
4.3. Modeling of Single- and Multicomponent Break-

through Curves. Mathematical modeling provides a robust
tool for the design of adsorption separation units to study the
best operating conditions, as well as to test the thermodynamic
and kinetic parameters, for later use in the design of cyclic
adsorption processes. Therefore, the single- and multicompo-
nent breakthrough curves were matched with the mathematical
model described in Section 3.2 (Table 1) taking into account (i)
contributions of axial dispersion, (ii) mass-transfer resistances
through a linear driving force (LDF) rate model, and (iii) heat
effects in the bed. Because both axial dispersion and mass-
transfer resistances cause zone spreading,38 a careful analysis
should be made to calculate the proper parameters of the model.
Before the simulations, and as a first approach, the relative

importance of the individual axial dispersion and mass-transfer
resistances can be evaluated from the method of moments for a
linear system by an overall effective rate coefficient k′ (eq 14),30
which includes both the effects of axial dispersion and mass-
transfer resistances for a biporous adsorbent such as the binder-
free 4A zeolite.30 This relationship is a generalization of the
Glueckauf approximation by comparison of the moments for the
simple linear rate plug flow model and the general diffusion
model with axial dispersion, being an easier way to evaluate the
dominant mass-transfer mechanism in the system.30
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where k′ is the overall effective rate coefficient (s−1), K is the
dimensionless Henry’s law equilibrium constant (-), Dax is the
axial dispersion (m2 s−1), vi is the interstitial velocity (m s−1), εb
is the bed porosity (-), Rp is the particle radius (m), εp is the
particle porosity (-),Dp is the effective macropore diffusivity (m2

s−1), rc is the crystal radius (m), and Dc is the intracrystalline
diffusivity (m2 s−1).
Moreover, for the mathematical model presented in Section

3.2, the last three terms of eq 14 represent the LDF overall rate
coefficient, (KLDF), as follows:
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Malek and Farooq39 further generalize eq 15 for nonlinear
systems by setting the adsorption equilibrium parameter K
(dimensionless Henry’s law coefficient of the isotherm or slope
of the isotherm outside the validity of Henry’s law) equal to the
ratio between the adsorbed phase concentration in equilibrium
with the feed concentration,K = ρpq0f/C0f, for an initial clean bed
as a simplification to estimate KLDF for studies in nonlinear
systems.

Figure 4. Experimental (symbols) and predicted (lines) isosteric heat
of sorption of CO2, CH4, and N2 against fractional loading. The
experimental values were calculated by applying eq 5 and numerical
values through eq 6.

Figure 5. Experimental (symbols) and numerical (lines) breakthrough
curves for the ternary mixture of CO2/CH4/N2 on binder-free zeolite
4A at 313 (a), 373 (b), and 423 K (c) and 5 bar pressure.
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For the evaluation of each term of eq 14, the parameters Dax,
kf, and Dp were estimated from correlations reported in the
literature (see the Supporting Information, Table S2).11−13,30

For the intracrystalline diffusivity, we use the values reported by
Yucel and Ruthven,12,13 which are shown in Table S3 of the
Supporting Information. These values were calculated from
uptake rate experiments in a wide size fraction of pure zeolite 4A
crystals (7.3−34 μm).
Table 3 summarizes the corresponding values of each term

shown in eq 14 for the single-component experiments
performed at 313 K. At 373 and 423 K, the values are shown
in the Supporting Information (Table S6).
As can be seen in Table 3 for the single-component

experiments, the first term of the rhs of eq 14, which quantifies
the effect of axial mass dispersion in the bed, is much higher than
all the other terms. For instance, in the case of CO2 and N2, the
axial dispersion term is at least 100 times higher than the film,
macropore, and micropore time constants. This difference is
smaller in the case of CH4, with the axial dispersion term being at

least 20 times higher. The same behavior is observed at 373 and
423 K (Table S6). This is also valid for the multicomponent
experiments as can be seen in Table 4. Accordingly, Tables 3, 4,
and S6 clearly show that zone spreading in the fixed bed
adsorption system under study is influenced only by the axial
mass dispersion. This is demonstrated, in the Supporting
Information, with a parametric study using the mathematical
model (Table 1) to see the effect of changing the model
parameters [axial dispersion (Dax) or overall mass-transfer
coefficient (KLDF)] in the computed concentration profiles of
CO2, CH4, and N2. As expected, Figures S4−S6 in the
Supporting Information clearly show that the concentration
profile is sensitive to the axial mass dispersion (Dax) because of
the small changes in its value, causing significant changes in the
concentration−response profile, whereas this effect is not seen
when the value of the overall mass-transfer coefficient (KLDF)
changes. It is well known that both dispersion and mass transfer
cause zone spreading, and sometimes it is difficult to evaluate
which mechanism is the dominant one.30,38,40 Tables 3, 4, and

Table 3. Calculated Values of Each Term of the rhs of eq 14 and lhs of eq 15 for the Single-Component Experimental Runs
Performed with CO2, CH4, and N2 in Binder-Free Zeolite 4A at 313 Ka

run
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c
b (s)

K
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LDF
c (s)

CO2

1.1 1.84 3.10 × 10−3 9.63 × 10−3 2.17 × 10−5 1.27 × 10−2

1.2 1.83 3.06 × 10−3 9.63 × 10−3 1.27 × 10−2

1.3 5.61 9.17 × 10−3 2.11 × 10−2 3.02 × 10−2

1.4 9.25 1.52 × 10−2 3.25 × 10−2 4.77 × 10−2

CH4

1.1 2.06 2.68 × 10−3 7.28 × 10−3 1.22 × 10−1 1.32 × 10−1

1.2 2.04 2.66 × 10−3 7.28 × 10−3 1.32 × 10−1

1.3 6.29 7.98 × 10−3 1.71 × 10−2 1.47 × 10−1

1.4 10.22 1.32 × 10−2 2.69 × 10−2 1.63 × 10−1

N2

1.1 2.15 2.60 × 10−3 7.88 × 10−3 1.28 × 10−2 2.33 × 10−2

1.2 2.16 2.57 × 10−3 7.88 × 10−3 2.33 × 10−2

1.3 6.49 7.72 × 10−3 1.74 × 10−2 3.79 × 10−2

1.4 10.92 1.28 × 10−2 2.69 × 10−2 5.25 × 10−2

aAt 373 and 423 K, the values are reported in the Supporting Information (Table S6). bThe correlations used to estimate the parameters in this
table are found in the Supporting Information (Table S2). cThe value of this term is the sum of the three mass-transfer terms according to eq 15.

Table 4. Calculated Values of Each Term of the rhs of eq 14 and lhs of eq 15 for the Multicomponent Ternary Experimental Runs
CO2/CH4/N2 on Binder-Free Zeolite 4A

run T (K) specie
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K
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M1 313 CO2 1.98 1.45 × 10−2 6.26 × 10−2 2.17 × 10−5 7.71 × 10−2

CH4 2.23 1.26 × 10−2 5.24 × 10−2 1.22 × 10−1 1.87 × 10−1

N2 2.21 1.22 × 10−2 5.40 × 10−2 1.28 × 10−2 7.90 × 10−2

M2 373 CO2 2.50 1.10 × 10−2 4.66 × 10−2 4.79 × 10−5 5.77 × 10−2

CH4 2.86 9.55 × 10−3 3.87 × 10−2 7.09 × 10−2 1.19 × 10−1

N2 2.78 9.31 × 10−3 4.05 × 10−2 6.83 × 10−3 5.67 × 10−2

M3 423 CO2 2.78 9.02 × 10−3 3.84 × 10−2 7.65 × 10−5 4.74 × 10−2

CH4 3.18 7.86 × 10−3 3.18 × 10−2 4.97 × 10−2 8.94 × 10−2

N2 3.08 7.64 × 10−3 3.37 × 10−2 4.55 × 10−3 4.59 × 10−2

aThe correlations used to estimate the parameters in this table are found in the Supporting Information (Table S2). bThe value of this term is the
sum of the three mass-transfer terms according to eq 15.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.0c01911
Ind. Eng. Chem. Res. 2020, 59, 13724−13734

13730

http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01911/suppl_file/ie0c01911_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c01911?ref=pdf


S6 and Figures S4−S6 prove that for the present system, the axial
dispersion mechanism dominates the zone spreading in the bed.
Accordingly, all the simulations of the single- and multi-

component experiments were conducted by using parameters
for the axial dispersion and overall mass-transfer coefficientKLDF

taken from correlations and intracrystalline diffusivities reported
in the literature with the values shown in Tables 5, 6, and S7. The
lines represented in Figures 2a−c, 5a−c, and S1−S3 in the
Supporting Information show the simulated results for all the
single- and multicomponent runs, where we can see a reasonable
agreement with the experimental data.
Also regarding the values reported in Table 3, it should be

noted that to decrease the effect of axial dispersion in zone
spreading, the interstitial velocity needed to be 30 times higher,
which is a value impossible to set up in our experimental system
(and probably many others). The previous observations can also
explain some discrepancies between the reported kinetic data
(intracrystalline diffusivities) for CO2/CH4/N2 measured in
zeolite 4A and other materials by neglecting the important effect
of axial dispersion in the measurement of mass-transfer
resistances in fixed bed adsorption studies (pulse or frontal
chromatography).11−13

Figure 5 also shows that the binder-free 4A zeolite is an
excellent adsorbent to separate CO2 from a ternary mixture
CO2/CH4/N2. The separation efficiency of the binder-free
zeolite 4A beads was evaluated in terms of the equilibrium
sorption selectivity defined by Si,j = (qi/yi)/(qj/yj), where q is the
loading of the adsorbed component and y is the molar fraction of
the component in the gas phase. The equilibrium selectivity was
calculated from the equilibrium data reported in Table 2. The
selectivities at 313 K and 5 bar are SCO2/CH4

= 24, SCO2/N2
= 50,

and SCH4/N2
= 2, where the values are similar to other values

reported in the literature.9,41−44

5. CONCLUSIONS

In this work, single- and multicomponent studies of CO2, CH4,
and N2 adsorption on binder-free beads of 4A zeolite have been
investigated through a series of fixed bed breakthrough
adsorption experiments at 313, 373, and 423 K and a total
pressure of up to 5 bar. The calculated amounts adsorbed at 313
K and partial pressure 3.5 bar are around 4.48, 1.35, and 0.81mol
kgads

−1 for CO2, CH4, and N2, respectively. The CH4 and N2

adsorption isotherms were fitted with the Langmuir isotherm
andCO2with theDSL isotherm. The experimental isosteric heat
of CO2 decreases slightly with loading, with this effect being
predicted with the DSL model. The multicomponent break-
through data show practically a complete separation between
CO2 and CH4/N2. The simulated data show that the dynamics
of the fixed bed adsorption system studied in this work are
dominated by zone spreading because of axial dispersion with no
contribution from mass-transfer resistances. In general, the
mathematical model shown in this work predicts the single- and
multicomponent experiments of CO2, CH4, and N2 on binder-
free zeolite 4A beads with good accuracy, with all parameters
calculated independently from the correlations and intracrystal-
line diffusivities taken from the literature, being a valuable tool
for the design of cyclic adsorption processes (pressure swing
adsorption, thermal swing adsorption, or electric swing
adsorption). Finally, the present work shows that the
commercial binder-free beads of zeolite 4A act as an efficient
separator of CO2 from CH4/N2 with selectivity around 24 over
CH4 and 50 over N2, being a good alternative to be used in

Table 5. Calculated Model Parameters for the Simulation of Single-Component Breakthrough Experiments at 313 Ka

run KLDF
b (s−1) Dax

b (m2 s−1) Kax
b(W m−1 K−1) Cpg

b (J mol−1 K−1) hp
b (W m−2 K−1) hw (W m−2 K−1)

CO2

1.1 78.5 1.76 × 10−4 0.31 2.78 167 29.3
1.2 78.7 1.77 × 10−4 0.18 1.39 92 29.9
1.3 33.1 5.84 × 10−5 0.18 1.37 90 44.5
1.4 21 1.47 × 10−5 0.15 1.02 52 58

CH4

1.1 7.56 1.85 × 10−4 0.24 4.24 175 29.6
1.2 7.56 1.86 × 10−4 0.20 3.04 109 24.0
1.3 6.78 6.14 × 10−5 0.20 3.10 113 27.8
1.4 6.15 3.72 × 10−5 0.17 2.56 74 27.9

N2

1.1 42.9 1.86 × 10−4 0.25 4.13 181 23.6
1.2 43.0 1.86 × 10−4 0.20 2.75 117 26.2
1.3 26.4 6.20 × 10−5 0.20 1.78 110 52.4
1.4 19.1 3.71 × 10−5 0.16 1.27 67 57.8

aAt 373 and 423 K, the parameters are given in the Supporting Information (Table S7). bThe correlations used to estimate the parameters in this
table are found in the Supporting Information (Table S2).

Table 6. Calculated Model Parameters for the Simulation of Ternary Breakthrough Experiments

KLDF
a (s−1) Dax

a (m2 s−1)

run CO2 CH4 N2 CO2 CH4 N2 Kax
a (W m−1 K−1) Cpg

a (J mol−1 K−1) hp
a (W m−2 K−1) hw (W m−2 K−1)

M1 13.0 5.3 12.7 1.50 × 10−5 1.72 × 10−5 1.70 × 10−5 0.20 1.02 50 123
M2 17.3 8.4 17.7 3.29 × 10−6 2.29 × 10−5 2.23 × 10−5 0.22 1.09 57 108
M3 21.1 11.2 21.8 3.97 × 10−6 1.85 × 10−5 1.78 × 10−5 0.22 1.16 63 102

aThe correlations used to estimate the parameters in this table are found in the Supporting Information (Table S2).
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industrial operations for the removal of CO2 fromCO2/CH4/N2
mixtures (e.g., biogas upgrading).
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(CIMO), Instituto Politećnico de Braganca̧, Campus de Santa
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■ NOMENCLATURE

ap specific area of the pellet (m−1)
ac specific area of the column (m−1)
bi adsorption equilibrium constant of component i (bar−1)
b∞,i frequency factor of component i (bar−1)
C total gas concentration (mol m−3)
Cf feed gas concentration (mol m−3)
Cpg heat capacity of gas (J mol−1 K−1)
Cps heat capacity of solid (J g−1 K−1)
db beads diameter (m)
dc column diameter (m)
Dax axial mass dispersion coefficient (m2 s−1)
Dm molecular diffusivity (m2 s−1)
Dp effective macropore diffusivity (m2 s−1)
Dk Knudsen diffusivity (m2 s−1)
Dc intracrystalline diffusivity (m2 s−1)
F total molar flux (mol m−2 s−1)
hp film heat-transfer coefficient (W m−2 K−1)
hw wall heat-transfer coefficient (W m−2 K−1)
KLDF linear driving force coefficient (s−1)
Kax effective axial bed thermal conductivity (W m−1 K−1)
K dimensionless Henry’s law equilibrium constant (-)
k′ overall effective rate coefficient (s−1)
kf film mass-transfer coefficient (m s−1)
L length of column (m)
Mi molecular mass of component i (kg kmol−1)
mads mass of adsorbent (kg)
pi partial pressure of component i (bar)
P total pressure of column (bar)
Pem Peclet number (-)
qi adsorbed phase concentration of component i (mol kg−1)
q̅i average adsorbed phase concentration of component i

(mol kg−1)
q* equilibrium adsorbed concentration of component (mol

kg−1)
qm maximum adsorbed phase concentration (mol kg−1)
rc crystal radius (m)
Rp particle radius (m)
R universal gas constant (J mol−1 K−1)
Sij selectivity of component i over j (-)
t time (s)
T temperature in bulk gas phase (K)
Ts temperature in solid phase (K)
Tw column wall temperature (K)
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vi interstitial velocity (m s−1)
yi molar fraction of component i (-)
z axial coordinate in bed (m)

■ GREEK LETTERS

ΔHi heat adsorption of species i (J mol−1)
ΔHst isosteric heat adsorption (J mol−1)
εb bed porosity
εp particle porosity
ρp apparent density (kg m−3)
ρs solid density (kg m−3)
θ =q/qm
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