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ABSTRACT

Adsorption of methane from diluted methane/nitrogen mixtures in a fixed bed reactor was
experimentally studied and modelled in this work. Three different Metal-Organic Frameworks
(MOFs), Basolite C300, F300 and A100 were considered for this purpose, the adsorption bed
being operated at 298 K, 0.1 MPa, and an inlet methane concentration of 2%. Methane adsorption
capacities decrease in the order: Basolite C300 (0.078 mmol/g) > Basolite F300 (0.040 mmol/g)
> Basolite A100 (0.028 mmol/g). In addition, a mechanistic model based on the numerical
solution of an heterogeneous one-dimensional model considering axial dispersion has been used

for modelling these adsorption results.

Proposed model provides a reasonable fitting of the experimental fixed bed results (R? > 0.9),
using internal diffusion and axial dispersion as fitting parameters. Variation of these parameters
can be explained in terms of adsorbent morphological features. Proposed model has been
successfully extended to other methane adsorption processes reported in the literature, as well as
to thermal desorption of methane from MOF-containing fixed bed reactors. The experimentally
validated model has been used to predict the effect of main operation parameters on the

performance of the MOF-based fixed beds for methane adsorption.
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1. INTRODUCTION

Coal mines release methane to the atmosphere in the preconditioning stage previous to the coal
bed exploitation, as well as during coal mining operations (coal mine methane) and also after the
shafts closure [1]. It is estimated that only in the US, coal mines liberate about 112 Tg CO- eq.
annually, of which less than 14% is recovered and used [2]. The remaining methane is vented to
the atmosphere, representing a loss of valuable energy source. More than 90% of these coal mine
methane emissions are believed to be from underground mines, of which about 70-80% is emitted
in very diluted form (typically less than 1% of methane) through the mine ventilation air, which
is known as ventilation air methane (VAM) [3]. It must be also considered that these emissions
remain even after the coal mine closure. This desorption process may continue for many years
after closure but at a rapidly declining rate and, where a mine is flooded, can resume when flooded
mine workings are dewatered [4]. As a consequence, this methane constitutes an important
hazard, thus exploitation or mitigation of methane from closed underground coal mines will

minimize potential hazards, reduce emissions and potentially create revenue [5].

The main features of the VAM emissions are their low methane concentration (0.1-1%) and high
flow rates (up to 600 m%/s), a direct upgrading of these streams being strongly hindered [6]. The
most feasible and environmentally friendly solution is to pre-concentrate methane in these
streams. The main components of the streams are nitrogen, carbon dioxide, oxygen, water and
methane [7], being needed to separate methane from the other components [8]. Nitrogen is the
main component in the mixture (~ 78%), and it is also the most similar in molecular size to
methane (3.64 and 3.80 A [9], respectively). In addition, both molecules present a null dipole

moment. These features make the separation CH4/N. the most complicated to carry out.

Fakhroleslam and Fatemi [10], compare methane purification techniques (pressure swing
adsorption, vacuum swing adsorption and temperature swing adsorption) using SAPO-34-core-
shell as adsorbent, concluding that temperature swing adsorption (TSA) reaches the best
purification efficiency. In fact, TSA is usually recommended in purification processes from lean
mixtures (< 2% of the interesting compound) [11]. Concerning the adsorbent, among different
materials tested for this separation: inorganic materials [12-15], carbonaceous adsorbents [16],
and metal-organic frameworks (MOFs) [17-20], the latter are considered the most promising
behavior in the methane separation from a diluted stream. Although several works are focused on
the adsorbent selection and the study of the adsorption equilibrium [19, 20], the study of the
adsorption dynamics is not so developed, in spite of its larger importance in the design of

adsorption-based processes.

If the adsorption of other lean gases is considered, several studies on the modelling of

breakthrough curves for CO; [21], and H.S [22] gas adsorption have been published. Several



previous works deal with the CO, adsorption from a methane stream [8], and even, Delgado et al.
[23] published data on methane adsorption from methane/nitrogen mixtures where methane
concentrations vary from 8 to 70%. Although some of these works applied mathematical models
to predict the adsorption fixed bed dynamics in terms of partial differential equations [23], with
its consequent complexity; it is still required the development of mechanistic and rigorous models
for simulating the saturation and operation of the adsorption bed in several conditions. Concerning
modelling approach for selective separation from diluted streams [24, 25], most of the works
apply Gran Canonical Monte-Carlo (GCMC) method for the simulations, which allows simulating
the adsorptive behavior of the materials at certain conditions and with different structural
variations in the adsorbents [26, 27], but they are not suitable for providing rigorous simulation

of fixed bed adsorption processes at operating conditions.

With this background, the challenge addressed in this work is focused on two underdeveloped
fields: the methane/nitrogen separation from streams with low methane concentration, as well as
the rigorous modelling of the breakthrough curves of the adsorption process. Fixed-bed
adsorption process was numerically modeled using an axially dispersed plug flow model with
non-linear isotherms based on the linear driving force (LDF) approximation. A parametric study
shows the effect of some operational parameters (particle size, inlet flow and adsorbent bed
parameters) on intrinsic parameters (axial dispersion and mass transfer resistance) and then, on
the final performance. Simulated data were validated with the experimental results of methane
adsorption present in low-concentrated currents from nitrogen in a fixed-bed operated at lab scale,
using as adsorbents three of the most used commercial MOFs (Basolite C300, F300 and A100).

2. EXPERIMENTAL SECTION

2.1. Materials

Basolite F300 [Iron 1,3,5-benzenetricarboxylate, CsHsFeOs], Basolite C300 [Copper 1,3,5-
benzenetricarboxylate, Cus(CyHs0s)-] and Basolite A100 [Aluminium terephthalate, CsHsAlOs],
all supplied by Badische Anilin- und Soda-Fabrik (BASF), were used as adsorbents without
further purification. All the gases used in this work, methane (CHa), nitrogen (N2) and helium
(He), had purity higher than 99.995% mol, and were supplied by Air Liquide. Table 1 provides a

morphological description of the three adsorbent materials.



Table 1. Morphological specifications of the materials according to the manufacturer

Parameter Basolite C300 Basolite F300  Basolite A100
Density (kg/m?®) 350 160-350 400
Pore size (A) 11/10/4 18/5.5/8.6 2 8.53
Specific surface (m?/g) 1500-2100 1300-1600 1100-1500
Particle size (um) 16 (D50) 54 32 (D50)

! Reference [28]; 2 Reference [29]; * Reference [30]; *Reference [31]

2.2. Apparatus and experimental procedure

Adsorption experiments were performed by passing gas mixtures through a column packed with
the adsorbent. This packed bed consisted of a stainless steel tube of 520 mm length and 6.4 mm
of internal diameter. Adsorbents (0.5 g) with particle sizes between 5 and 32 um were placed in
the middle of the tube and in contact with a K-type thermocouple which gave the actual
temperature values throughout the experiments. The length of the adsorbent bed is 45 mm for
Basolite C300 and F300, and 39 mm for Basolite A100, respectively. These values confirmed the
plug flow regime restrictions [32]: D/d,> 10 and L/d,> 50, being D the adsorbent bed diameter,
L the bed length and d, the particle size. Pressure drop along the fixed bed is about 0.06 MPa for
all cases. The remaining void column volume was filled with glass beads (1 mm). The flowrate
of each gas was controlled with mass flow controllers (Bronkhorst), being the total flow
50 mL/min at 0.1 MPa and 298 K.

Prior to the adsorption tests, the surface of the adsorbent is cleaned and degasified by a pure
helium flow (50 mL/min) at 373 K until no other gases were detected in the analyzer. Then,
adsorption experiments were conducted at 298 K, and the gases were mixed before entering to
the fixed bed. The effluent gases were analyzed by mass spectrometry in a previously calibrated
Pfeiffer Vacuum apparatus. On the other hand, desorption experiments were conducted at 333 K
using nitrogen as carrier gas (1 mL/min and 0.1 MPa) through the fixed-bed previously saturated
in the problem mixture. As in the adsorption stage, the outlet is analyzed by the mass

spectrometer.

In addition, concentrations of both gases (methane and nitrogen) between 0 and 5% in helium
were introduced into the fixed bed at the same conditions (298 K, 0.1 MPa) with the aim of
obtaining the methane and nitrogen adsorption isotherms. The same experience was performed at
333 K in the desorption stage for different inlet methane concentrations (0 — 5%) for saturation,

thus obtaining the desorption constants.



Breakthrough theoretical curves, and subsequent parametric variations, were obtained from a
differential equations (PDE) solver (Comsol Multiphysics® Version 5.4.) that solves the
theoretical model equations numerically. The accuracy of the predicted models was measured
comparing the R-squared method of experimental and theoretical results.

3. MATHEMATICAL MODEL

3.1. Breakthrough curve model

Fixed bed adsorption/desorption experiments were modelled using a dynamic heterogeneous one-
dimensional model. Gas and solid phases were independently considered, which allows observing
differences in the concentration of both phases. Isothermal conditions, negligible radial dispersion
and changes in fluid velocity, as well as spherical and homogeneous in size and density adsorbent
particles (bed void fraction constant) are assumed. The isothermal character is assumed
considering both the low adsorption enthalpies (~ 20 kJ/mol) [33, 34], and the high adsorbate
dilution. This dilution, and the high D/d, and L/d, ratios, allow considering the flow through the
bed as turbulent.

The differential mass balance for the adsorbate in the gas phase includes accumulation,
convection flow, axial dispersion and the interphase transfer or adsorption rate. In the solid phase,

accumulation and the interphase transfer terms are included, as summarized in Table 2.

Table 2. Terms of the model differential equations.

Accumul.  Convection Dispersion Interphase transfer ~ Reaction
Gas mass ac; U dG; 9%¢; 3 (1 —€b>%
balance ot &, 0z +De 922 Po & /Ot
Solid mass ~ aW; aq;
balance 0t at

Interphase mass transfer is considered by the dependent variable gi, which corresponds with the i
component concentration in the solid phase, and correlates this transport with an equilibrium
gradient. This last assumption is valid, because of the absence of chemical reaction in both phases

as well as the negligibility of physical transport effects on the solid phase.



Equilibrium isotherms were determined in a previous work [35]. A simple Langmuir model was
used to adjust it (Eq. 1). Qmi and Ky are the parameters of the simple Langmuir model for each
gas.

Qmi - Kii - G

In order to solve the differential equations, Danckwerts boundary conditions (Table 3) were
considered as currently proposed for fixed beds [36]. These conditions are taken for the both ends
of the fixed bed (z =0 and z = Ly).

Table 3. Boundary conditions.

Z = 0 7 = Lb
Gas mass balance (€)o- = (O) D, (66) <5C> —0
o o Vo 0z ot 0z z=L; -
ow ow
Solid mass balance (_) =0 (_) —o
0z z=0"% 0z =Ly

3.2. Physical and transport properties

Gas phase physical properties (density, viscosity, heat capacity and thermal conductivity) are
assumed to be the corresponding to the diluent (nitrogen or helium), due to the low methane
concentration (max. 5%). Solid physical properties are known or estimated from the specifications

of the manufacturer.

One of the most important transport properties is axial dispersion (De). This property is calculated
from Edwards and Richardson’s correlation (Eq. 2). This correlation is based on the Péclet
number (Pe), defined as the relation between convection and diffusion in a mass or heat transport
process, in which the particle size is the characteristic length [21]. On the other hand, Dn is the
molecular diffusion, calculated by the Fuller-Schettler-Gridding correlation (Eq. 3) [37]. The
surface velocity (Uo) is easily calculated from the inlet flow and the cross-section of the fixed bed.
The bed porosity is approximated to 0.4 according to Theuerkauf et al. [38], supposing randomly
packed bed of spheres.
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In the adsorption process, the interphase mass transport, dq; /dt = k;, - (W;.q — W), controls the

(Eq. 3)

D,, =

mass transfer step in the process and it is described in terms of crystal radius (rc), effective
diffusivity (D;) and equilibrium parameters, according to Eq. 4 [39].

1 1,-W, r,2 - W, r.2
—__r 70, P 0 4_c (Eq. 4)
kL 3ka0 15'Ep'Dp'CO 15Dl

In Eq. 4, k. considers all the mass-transfer resistances for the transport of the adsorbate from the
bulk gas phase to the adsorbent surface. The first term is related to the external fluid film
resistance, which depends linearly on the adsorbent particle radius (rp), and it is appreciable when
the adsorption rate is limited by the flow of the gas to the surface. The ks parameter is the film
mass transfer coefficient and W, is the solid phase adsorbate concentration in equilibrium with
the inlet gas-phase concentration (Co). The second term is related to the diffusion in macropores
as the controlling step, which is important when most of the pores in the adsorbent are
macropores, or when its size (more than 50 nm) limits the entrance of adsorbate molecules; D,
being the macropore diffusivity. The last term is important when the adsorption is controlled by
the diffusion in micropores, as taking place when most of the pores are microporous (up to 2 nm).
In this case, Di is the micropore diffusivity. The great crystallinity of these materials at its original
form, makes it possible to assimilate crystal and particle radius. Due to the high microporous

character of MOFs and the small size of their pores, the final equation for the mass transport is
(Eq. 5):

dqi 4Dl
- = 15 7 (Wieq —W;) (Eq. 5)
P
Where Wi is the solid-gas equilibrium concentration that can be calculated through the
adsorption isotherm of the material. Thus, there is an intraparticle resistance at micropores with a

surface diffusion mechanism.



In summary, the final equations for the model are summarized in Table 4.

Table 4. Final equations for the proposed model for fixed bed adsorption.

Accumul.  Convection Dispersion Interphase transfer
) aC; 20 4-pp-(1—¢
bGa:s mass  0C _ _MoTh +De—a el ~15. = ( z b)'Di + (Wieq —W;)
alance ot g, 0z 922 &+ dy
. : 4D
Solid mass  oW; _ +15 - — + (Wipq — W;)
balance at dp

4. RESULTS AND DISCUSSION

4.2. Fixed bed adsorption
4.2.1. Single adsorbate adsorption

Experimental breakthrough adsorption curves of 5% methane and nitrogen in helium over the
three Basolites tested in this work are shown in Fig. 1, whereas Table 5 includes the parameters
used in Comsol Multiphysics implementation to perform the theoretical simulations. The
microporous diffusivity term (D;) is used as the fit parameter to the experimental data due to its
difficult experimental calculation reported by other authors [21, 40]. Basolite C300 presents the
highest adsorption capacity for both adsorbates (Table 6) and also, more remarkable for methane,

in agreement with the CH4/N; adsorption isotherms [35].

Table 5. Parameters used in Comsol simulation to solve the differential equations for
adsorbate/helium mixtures. A multifrontal massively parallel sparse direct solver (MUMPS) has

been implemented as model solver in the program.

METHANE
Material  uo(m/s) €b De(m?s)  po(kg/m®)  dy(m) Kui (mol/kg)
C300 0.026 0.4 4.6-10° 350 16-10° 4,53
F300 0.026 0.4 4.6-10° 350 5-10° 3.40
A100 0.026 0.4 4.6-10° 400 32-10° 4.08




NITROGEN

Material ~ uo(m/s) &b De(m?s)  po(kg/m3)  dp(m) Kui (mol/kg)
C300 0.026 04 5.1-10° 350 16-10° 2.88
F300 0.026 04 5.1-10° 350 5-10° 2.64
A100 0.026 04 5.1-10° 400 32-10° 2.23

The best fitting to the model was obtained for the Basolite A100 (R?= 0.99 for both methane and
nitrogen), followed by Basolite C300 (0.96 and 0.98) and Basolite F300 (0.94 and 0.98). The
estimated values of the micropore diffusivity (Di) were 8.1-10%°, 7.2.10"° and 5.1-10** m?/s for
C300, F300 and A100, respectively in case of methane, and 8.2-10°, 7.3-10° and 4.2-10** m?/s,
respectively in case of nitrogen. These values are similar to those presented by Béarcia et al. [41]
for MOF-508b, obtained also by fitting the experimental responses, and also to the micropores
diffusion obtained experimentally from kinetic studies on Mg-MOF-74 by Bao et al. [42].
Therefore, with a single fit parameter, it is possible to obtain a good fitting to experimental results
but with some deviations in the slopes, especially for C300 and F300. Observed deviations are
due to consider the same axial dispersion coefficient for all materials, based on the low-sensitive
correlation used (Eg. 2). Thus, considering D, another fitting parameter (keeping the previous D;
values), a reduction of axial dispersion coefficients is observed for Basolite F300 and C300:
9.1-10° and 5.2-10% m?s, respectively for methane, and 2.1-10° and 9.1-10° m?/s, respectively
for nitrogen. Modifications in D, and D; parameters do not affect the total adsorption capacity of
each material, which remains constant for both simulations. The area behind the breakthrough
curve is the same for each material and gas in each case. Simulations led to higher regression
coefficients in all cases, Fig 1. Likewise, Basolite A100 keeps the same values. Axial dispersion
coefficient is higher for Basolite A100 due to the highest particle diameter, already considered in
the correlation (Eqg. 2). Therefore, the correlation seems to be more applicable for materials with

high densities and particle sizes.
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Figure 1. Breakthrough curves of Basolite C300 (A), Basolite F300 (B) and Basolite A100 (C)
(5 % of methane (orange dotted line) and nitrogen (green discontinuous line) in helium) 298 K,
0.1 MPa. Black solid lines correspond to fitting only considering D; as fitting parameter whereas
colored solid lines correspond to fit both D and D..

Experimental results show that Basolite C300 presents the maximum adsorption capacity of the
three studied materials, both for nitrogen and methane (Table 6). This fact corresponds with the
order in specific surface of the materials, which is especially important at high pressures, at which
there is usually a linear relationship between both parameters [43]. In those cases, the gas is
distributed on the surfaces in relation to the available space. In addition, Basolite C300 also
presents a high concentration of open metal sites in its structure (31.5% of copper), compared to
21.2% of iron for Basolite F300 and 12.9% of aluminium in Basolite A100, being remarkable that
the trend is the same than in the previous case [44]. This may be one of the reasons why these
materials clearly present greater adsorption capabilities than other common adsorbents, such as
carbon nanotubes [45] or zeolite 4A [14], at similar temperatures and partial pressures. In any
case, the two previous parameters cannot explain certain deviations of the theoretical behavior.

For example, Basolite A100 presents higher adsorption capacity for methane than Basolite F300,
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despite its specific surfaces are very different, as well as its metal content. This fact suggests that

mass transfer effects play a key role in the fixed bed dynamics.

Table 6. Adsorption capacity (Wie) of CH4 and N2 (5%) in He at 0.1 MPa of total pressure and
298 K.

Adsorbent Methane uptake (mmol/g) Nitrogen uptake (mmol/g)
Basolite C300 0.23 0.14
Basolite F300 0.17 0.13
Basolite A100 0.20 0.11

At this point, the resulting fitting parameter (D) is higher for nitrogen. Nitrogen presents smaller
molecular size than methane (3.65 and 3.82 A, respectively), thus it is easier to penetrate in the
structure of the adsorbent. However, for Basolite A100, the presence of methane induces the
existence of a large-pore configuration that makes D; higher for methane, promoting the
penetration [46], so it could be the reason of the higher adsorption capacity than Basolite F300. It
could also explain the highest adsorption values in case of Basolite C300 despite its smaller pore
size, but it has higher micropore volume, 0.56 cm®/g versus 0.30 and 0.35 cm®/g for F300 and
A100, respectively, which also eases the accessibility (higher Di) [35]. Finally, physical properties
could increase the diffusional effects and also the slope of the breakthrough curve. For example,
in case of Basolite A100, for the same adsorbent weight, due to its higher density, the bed length
is reduced. This fact, add to the largest particle size among the three materials, enhances the
diffusional effects [32], thus a higher curve inclination is observed. The latter concept highlights

the importance of axial dispersion (D.), as it was shown in Fig. 1.

The developed model was applied to experimental data obtained from the literature [23],
observing the goodness of the fitting, Fig. 2. Delgado et al. [23] used silicalite for the designing
of a pressure swing adsorption process. The bed length and diameter (0.163 and 0.016 m,
respectively) are close to the experimental device used in the present work. Langmuir isotherm
was also used by the authors in order to obtain equilibrium data at 0.09 MPa and 298 K for an
initial methane concentration of 14% in helium. Applying the Comsol generated model to the
experimental data of the work, the simulated breakthrough time is really similar to the
experimental data, but the slope of the curve is higher, indicating a higher simulated dispersion.
The value of Dj is 9.1-10"° m%s, higher than for methane adsorption on MOFs, which involves
the easiness to penetrate into the structure, as it could be expected from the higher pore size and

particle macroporosity. The slight deviation of the simulation respect to the slope of the
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experimental data is corrected in a second simulation, by modifying the value of D; up to

1.5-10° m¥s, which indicates a higher mass transfer rate than the considered initially.
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Figure 2. Application of the generated mathematical model to other material and process
(silicalite for methane/helium (14/86) at 0.09 MPa and 298 K [23]). This work’s model [orange
dotted line (first simulation) and red continous line (second simulation)], other author’s data (blue

discontinuous line).

Thus, developed model is suitable for a wide range of materials and conditions. In addition, the
mass transfer, and, therefore, the morphology and the structure of the materials are the most

important parameters for a suitable operation.

4.2.1. CH4/N2 adsorption

Fig. 3 shows the methane breakthrough curve for the 2% of methane/nitrogen feed, at 298 K and
0.1 MPa, showing a situation close to the VAM stream. Table 7 includes the parameters used in
Comsol Multiphysics implementation to perform the simulations. In this case, adsorption
isotherms also consider the presence of nitrogen, which is also an adsorbable gas, since the
adsorption of both gases occurs simultaneously [35], (Eqg. 2). Model fitting correlation (R?) are:
0.99, 0.91 and 0.97 for Basolite C300, F300 and A100, respectively. D;is used as the only fitting

parameter.

At these conditions, differences in the methane adsorption capacities are more marked than for
methane diluted in a noble gas: Basolite C300 (0.078 mmol/g) > Basolite F300 (0.040 mmol/g) >
Basolite A100 (0.028 mmol/g). In fact, the adsorption capacity of Basolite C300 is about 48.7%

higher than for Basolite F300 in the CH4/N, mixture, whereas only a 26.1% higher for experiences
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in inert diluent, as well as 64.1 versus 13% in Basolite A100 case. Thus, the largest Lewis acid
concentration in Basolite C300 due to the metal open sites could favor the selective methane
adsorption in presence of nitrogen, due to its higher polarizability [47].

Table 7. Parameters used in Comsol simulation to solve the differential equations for

methane/nitrogen mixtures.

METHANE

Material  vo (m/s) &b De(m?s)  po(kg/m®)  dp(m)  Kui(kg/mol)  Qmi (mol/kg)

C300 0.026 0.4 1.6-10° 350 16-10° 0.106 5.11
F300 0.026 0.4 1.6-10° 350 5-10° 0.018 7.71
A100 0.026 0.4 1.6-10° 400 32:10° 0.118 1.59
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Figure 3. Methane breakthrough curves for low-grade methane adsorption (2% of methane in
nitrogen, 50 mL/min) 298 K, 0.1 MPa. Basolite C300 (Blue filled circles), Basolite F300 (Orange
filled triangles) and Basolite A100 (Grey filled squares). Black lines symbolize the fit to the

breakthrough curve model.

The obtained D; values are: 1.2-10712, 2.10" and 5-10'? m?s, respectively for C300, F300 and
A100. Basolite A100 presents the highest axial dispersion coefficient in the methane/nitrogen

mixture. Although the large-pore configuration of this material also enhances the nitrogen
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adsorption, its preference for methane adsorption (ratio of 2.12 for pure CH4/N, adsorption at 298
K [35]) causes a substantial improvement in methane accessibility. The improved access to open
metal sites favors especially methane adsorption, since methane polarizability is higher, thus its
adsorption on acid centers [47] would increase the selectivity of the process. Similarly, Couck et
al. [48] have observed the favored adsorption of CO; in the CO,/CHj4 separation.

Concerning Basolite C300, Deniz et al. [49] have demonstrated the existence of two main
adsorption sites in the structure. However, at low pressures, only the site near to the metal centers
is active. This site allows the CH4/N; separation (ratio of 2.04 for pure CH4/N, adsorption at 298
K [35]). This adsorption ratio increases until reaching its maximum at 313 K (2.15), which points
out a chemical specificity of the open Cu site [35]. Contrary, the same authors [49] have defined

for Basolite F300 a single interaction area for all pressure range, with a CHa/N2ratio = 2.11.

4.3. Fixed bed desorption

Proposed model will be only useful if it is also able to predict the behavior of the fixed bed during
the regeneration. In order to obtain a concentrated methane stream at the outlet of the bed, a
desorption curve for Basolite C300 is shown in Fig. 4. Modelling of desorption operation after
the adsorption one, just considers the operation conditions and the adsorbate transference from
the solid to the gas phase. Desorption begins just after the low-grade methane (2%) adsorption
stage. Once the bed access valves are closed, the temperature increase begins at 10 K/min until
desorption temperature, 333 K, which is maintained for 2 hours. Then, valves are opened and
1 mL/min of nitrogen as drag gas is introduced at 0.1 MPa of total pressure. Nitrogen gas flow
was selected as low as possible in order to get a methane concentrated stream. On the other hand,
desorption temperature (333 K) was selected as a compromise between the thermal stability of
the materials and the operational costs. In addition, the optimum temperature for CO, desorption
from MOFs is about 373 K [50], so, for methane, a lower temperature could be enough due to its
slightly weaker interaction. At these operation conditions, the maximum methane concentration

obtained is 2.94% in nitrogen, so, a maximum concentration increment of 46.7% was achieved.

Simulation properties were calculated by analogy to adsorption, whereas desorption constant was
determined from in situ experiences. Simulation parameters are summarized in Table 8, obtaining
a good fit to the experimental data (R? = 0.98). It is remarkable the increase in the D; fit value
(9.1-10° m?s), in comparison to adsorption one, which could be related to the temperature
increment [51-53]. In addition, axial dispersion (D) is slightly oversized by the correlation, as

expected when working at lower flow rates.
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Figure 4. Methane desorption curve after low-grade methane adsorption (333 K, 1 mL/min of
nitrogen and 0.1 MPa). Experimental data (blue filled circles). Black line symbolizes the fit to the

desorption model generated. Crax.cha = 2.94%.

Table 8. Desorption process data to solve differential equations

METHANE
Material Vo (m/s) &b De (M?/s)  pp (kg/m?) dp (M) Kwi (mol/kg)
Basolite C300 0.00052 0.4 1.60-10° 350 16-10° 0.92

4.4. Parametric study of the effect of design parameters on the adsorption behavior

Once checked the suitability of the mathematical model to the experimental results, the effect of
varying operational parameters was studied in order to identify those parameters influencing
adsorption behavior at larger extent. This parametric study was performed for Basolite C300

material. The study is divided into the different modified parameters.

Increase in fixed bed length (1 to 8 cm), keeping porosity and density of the adsorbent, enhances
the final total methane adsorbed and, hence, the breakthrough time. The equilibrium remains
constant without variations in temperature or pressure (Fig. 5). However, the pressure drop
increases also with the bed length, reaching more than 0.1 MPa from 7 cm according to

estimations from mechanical balance. Variations in the shape of the breakthrough curve, which
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losses its typical ‘S’ shape [54], were already reported after fixed bed length changes for very

complex adsorbate molecules, far from the methane and nitrogen structures.
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Figure 5. Methane breakthrough curves for low-grade methane adsorption onto Basolite C300
(2% of methane in nitrogen) 298 K and 1 bar for different bed lengths: 1 cm (Blue), 2 cm
(Orange), 4 cm (Grey) and 8 cm (Yellow). Total pressure drops are provided near to each curve.

Black dotted line corresponds to the experimental breakthrough curve.

Variations in the inlet flow (10 to 80 mL/min) influences directly the surface velocity in the fixed
bed, and hence, the axial dispersion (Figure 6). According to Eq. 2, the smallest particle size has
a great influence on the axial dispersion value, so the variations of inlet flow are irrelevant.
Likewise, the pressure drop in the bed increases with the inlet flow, being reduced the
breakthrough time [55]. Final methane adsorption capacity does not vary since the equilibrium is
unaltered. However, if the surface velocity hinders the appropriate gas-solid contact, a controlling

step in the kinetics of the process would generate a premature breakthrough.
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Figure 6. Methane breakthrough curves for low-grade methane adsorption onto Basolite C300
(2% of methane in nitrogen) 298 K and 1 bar for different inlet flows: 10 mL/min (Blue),
20 mL/min (Orange), 40 mL/min (Grey) and 80 mL/min (Yellow). Total pressure drops are
indicated near to each curve. Black dotted line corresponds to the experimental breakthrough

curve.

Adsorbent morphological parameters, specially particle size, undoubtedly affect the pressure drop
and the adsorption yield. An increment in the particle size increases the mass transfer resistance,
thus influences the adsorption rate due to the reduction of the interphase mass transfer coefficient
(Eg. 5). In addition, particle size has a direct influence above void fraction, which is an important
parameter in the mechanical balance to the pressure drop calculations. Fig. 7 shows several
simulations for changes in particle size (10 to 40 um). Structure and internal parameters of the
adsorbents are considered the same as in previous case, but other changes are taken into account,

like bed density or bed length.
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Figure 7. Methane breakthrough curves for low-grade methane adsorption onto Basolite C300
(2% of methane in nitrogen) 298 K and 1 bar for different particle sizes: 10 um (Blue), 16 um
(Green), 25 um (Orange) and 40 um (Grey).

For the smallest particle sizes, it is observed the highest breakthrough time, since the smallest
particles have a shorter diffusion path, thus allowing the adsorbate to penetrate deeper into the
adsorbent particle more quickly [56]. On the other hand, high variations in the slopes of the curves
are associated with the effect on axial dispersion of particle size increments, in addition to lower
breakthrough times. Calculated pressure drops for each case by a mechanical balance are 0.16,
0.06, 0.02 and 0.01 MPa in increasing particle size order, respectively. This makes the pressure
drop the limiting step in particle size effect, making necessary to reach a compromise between

breakthrough time and pressure drop.

Variations in previous parameters involve intrinsic changes in the process, such as axial
dispersion and mass transfer coefficient. From Eq. 2, axial dispersion depends mainly on the
particle diameter, the surface velocity and the molecular diffusion. An increment of any of these
parameters results in axial dispersion enhancement. Likewise, the molecular diffusion increases
with the temperature and decreases with pressure. Figure 8 shows the variation of the
breakthrough curve with variations in axial dispersion (5-10° to 5-10“ m?/s), with unaltered
curves for axial dispersion values lower than 5-10° m?/s. Thus, adsorbate transport by axial
dispersion is negligible in comparison to the convective transport [57]. Axial dispersion reaches
the presented limiting value (5-10 m?%s) at 70 m/s of inlet velocity, 2 cm of particle diameter,
0.25 bar of total pressure or 1300 K of temperature, independently. All that values are unreachable

for a device of these characteristics, so axial dispersion is not a limiting parameter.
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Figure 8. Methane breakthrough curves for low-grade methane adsorption onto Basolite C300
(2% of methane in nitrogen) 298 K and 0.1 MPa for different axial dispersions: 5-10%* m?/s
(Green), 5-10° m?/s (Brown) and 5-10° m?/s (Blue).

On the other hand, the mass transfer coefficient depends mainly on the microporous diffusivity
and the particle size. Fig. 9 shows the influence on the breakthrough curve of the microporous
diffusivity (102 to 10° m?%/s). For diffusivities lower than 102 m?/s, it is lost the typical shape
due to the low intrapore diffusivity, so the more difficult penetration of the adsorbates in the
structure of the adsorbent. In general, the larger the diffusivity, the smaller the diffusion resistance
within the micropores, resulting in a steeper breakthrough curve. In addition, a higher particle
size and a lower pore size difficult the molecules crossing through the pores, and, therefore, the

interaction with open metal sites.
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5. CONCLUSIONS

Materials with well-defined structures such as Metal-Organic Frameworks are potential
candidates to be used in gas separation operations. The presence of metal active adsorption sites,
its high specific surfaces and the regular pore sizes, in addition to the existence of commercial
available types, represent a starting point for industrial-scale production and use. A mathematical
model that allows simulating a gas separation at low concentrations has been generated validating
it with the laboratory low-methane concentration adsorption experiments on three Basolites
(C300, F300 and A100). The model has achieved good adjustments both for the three Basolites
(R?=10.99, 0.91 and 0.97, respectively), and for bibliographic data. Basolite C300 presented the
best performance for recovering methane: good selectivity (CH4/N2 = 1.64) and high uptake
capacity (0.078 mmol/g), despite its low concentration (2% CH.), and even higher than some of
the most common adsorbents, such as zeolite 4A and carbon nanotubes. These conditions allow
obtaining an increment of 46.7% respect to inlet methane concentration after an adequate
desorption stage. In addition, the known structure of the materials allowed making parametric
studies about several parameters (bed length, inlet flow and particle size) and study its influence
on others (axial dispersion and mass transfer coefficient). The model allows variating a vast
number of parameters in order to study the effect on the breakthrough curve, which is of high

importance for future scale-ups.
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