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In this work, a fixed-bed adsorption apparatus was developed to carry out adsorption breakthrough curve ex-
periments at cryogenic temperatures (between 195 and 273 K) and high pressures (up to 18 bar) to screen
adsorbents for the dynamic separation of green hydrogen blended in natural gas grids. Therefore, a series of
breakthrough curve experiments of single component CH4 and Hj, and their mixtures on the benchmark binder-
free zeolite 13X were performed. The equilibrium data obtained were fitted with the virial, dual-site Langmuir,
and Langmuir isotherm models. Moreover, the equilibrium data and the isosteric heat of adsorption were
compared with the data available in the literature obtained by microcalorimetric, gravimetric, and volumetric
methods. The maximum loading obtained for CH4 and Hy at 195 K and 12 bar was 6.95 and 2.08 mol kg . The
selectivity predicted by the extended dual-site Langmuir was 17.3 for CH4 over Hy at 195 K and 12 bar,
considering a binary interaction of a mixture of CH4/H3 (80/20 vol%). Additionally, binary experiments were
performed to evaluate the dynamic separation of Hy and CH4 at the mixture ratio Ho/CH4 (20/80 % vol.), and
data was simulated by using a proper dynamic fixed-bed adsorption mathematical model. Overall, the results
pointed out that the novel apparatus provides a reliable tool to collect equilibrium and dynamic information for
screening adsorbents targeting the separation of green Hj blended into natural gas grids.

investments in its valorization. A recent forecast indicated an investment
of $500 billion through 2030 to accelerate GH deployment [5].

1. Introduction

Green hydrogen (GH) produced from renewable energy can be a key
factor in keeping global warming below 2 °C in the coming 30 years. The
term “Green Hydrogen” is due to its production being free of carbon
emissions, i.e., its production comes from water electrolysis powered by
renewable energy sources namely sources solar, wind, hydroelectricity,
or biomass. Today, almost 95 % of hydrogen production comes from
steam methane reforming and coal gasification paths which generate
annually about 830 Mt of CO, and cost approximately US$1.21-1.47
kg_1 [1-3]. To minimize the carbon release from these pathways, a
carbon capture system has been coupled into the process, however, it
increases twice the production cost [4]. From the environmental point of
view, GH is crucial to achieving a sustainable energy economy. Although
the price of GH is relatively higher than the others (US$3.50-6.00 kg 1)
[4], it is expected to decrease over the years considering the current

Hydrogen has proven attributes that make it largely regarded as a
potential cost-effective clean fuel of the future [6]. For example,
hydrogen is the element with the lowest molecular weight (2.016 u) and
with the highest known energy content of any fuel, it is sustainable and
non-toxic. Moreover, its gravimetric heat of combustion is almost three
times higher than gasoline (120 MJ/kg vs 44.5 MJ/kg) and its com-
bustion is environmentally friendly with water as the only exhaust
product at conversion to energy [7]. Additionally, hydrogen can store
surplus renewable power when the grid cannot soak it, and help to
decarbonize heavy industry and long-distance transport (shipping for
example) [2,4,8].

One of the challenges facing GH valorization is its transportation.
There are at least three ways to perform the global transport of GH,
namely, trucks, pipelines, and ships. The pipeline option is considered
the cheapest (about USD 0.1/kg per 500 km) way to transport GH even
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Nomenclature

a, Specific area of the pellet m™

a. Specific area of the column mhH

b; Adsorption equilibrium constant of component i (bar™)

beo.i Pre-exponential factor of the affinity constant at infinite
temperature of component i (bar™)

C Total gas concentration (mol'm ™)

Cr Feed gas concentration (mol'm™—2)

Cpg Heat capacity of gas (J'mol K1)

Cps Heat capacity of solid Jmol *K™1

dp Beads diameter (m)

d. Column diameter (m)

Dy Axial mass dispersion coefficient (m%s™ 1)

Dp Molecular diffusivity (m*s™)

F Total molar flux (mol'm %s™%)

hy, Film heat transfer coefficient (Wm 2K 1)

hy, Wall heat transfer coefficient (Wm™ 2K 1)

Kipr Linear Driving Force coefficient ()

Ko Effective axial bed thermal conductivity (Wm™ K1)

L Length of column (m)

M; Molecular weight of component i (kg'kmol 1)

Mygs Mass of adsorbent (kg)

Di Partial pressure of component i (bar)

Total pressure of column (bar)

q; Average adsorbed phase concentration of component i
(mol‘kg’l)

q Equilibrium adsorbed concentration of component
(mol'kg_l)

dm Maximum adsorbed phase concentration (mol'kg’l)

R Universal gas constant (Jmol 'K

t Time (s)

T Temperature in bulk gas phase (K)

T Temperature in solid phase (K)

Ty Column wall temperature (K)

Vi Interstitial velocity (ms™)

Yi Molar fraction of component i (-)

Z Axial coordinate in bed (m)

Greek Letters

AH; Heat adsorption of species i (Jmol™)
AHg; Isosteric heat adsorption (J'mol™)

£p Bed porosity

& Particle porosity

Pp Solid Density (kg'm™>)

Ps Apparent adsorbent density (kg'm™>)
Pb Bulk density (kgm3)

for short and long-distance (up to 5000 km) compared to the other types
[5]. We should note that this estimated price does not include the cost to
build new pipeline infrastructure. In this way, the co-transport of GH in
the existing natural gas (NG) networks is an interesting option and has
been proposed, to avoid infrastructure investments [9-11]. However,
one time that the GH is injected into the NG grids we need to extract it
and purify it to a high grade to be able to use pure GH and NG separately
when needed. For example, to convert GH into electricity by fuel cells,
its quality must be about 99.97 % [12]. In this view, NG/GH separation
technology needs to be developed to provide Hy and NG with sufficient
purity to be consumed.

To date, pressure swing adsorption (PSA) processes are widely used
for the purification of Hy from steam methane reforming (SMR), which
can achieve purities up to 99.9999 vol% [13-15]. Also, PSA and its
variations (Temperature/Vacuum/Electrification Swing Adsorption) are
a mature growing technology applied to biogas upgrading [16,17] and
carbon dioxide capture processes [18-20]. The conventional PSA works
very well for purifying Hy from an SMR production due to the high
concentration of Hy in the feed (>70 %) and also the operational con-
ditions (20-50 °C and 10-50 atm) provide a great driving force to adsorb
the impurities (CH4, CO,, CO, and H,S), using the commercial adsor-
bents (e.g. 5A/13X zeolites, silica, and activated carbon). However, the
allowed amount of Hy that can be injected into the NG pipelines for
distribution is limited to 10-20 % [21,22], which makes the Hy/NG
separation for the standard application of a conventional Hy PSA a
challenge. For example, in this case, the amount of CH4 can be rich up to
80 % resulting in a fast adsorbent saturation, which leads to poor re-
covery of Hp. Additionally, a higher number of adsorbents bed need to
be used to achieve Hy purity higher than 99.97 %, which results in an
overall cost increase.

In this view, to re-use PSA technologies as a solution, one would need
an adsorbent material that has a bigger CH4 capacity than the currently
available material. Thus, screening new adsorbents capable of adsorbing
large quantities of CH4 at moderate cryogenic conditions (>-42 °C)
while rejecting Hy by fixed-bed adsorption is necessary. Among the
candidate materials for this purpose are activated carbons [23], zeolites
[24], metal-organic frameworks [3], graphene oxides [25], green-
ificated molecularly imprinted polymers [26], etc. To the best of our

knowledge, few works have reported breakthrough studies at low tem-
peratures, most of them for Hy/D5 at 77 K by using a liquid Ny bath
[27-30]. Additionally, most of the adsorption equilibrium data
measured for CH4 and Hj reported in the literature at low temperatures
was obtained by gravimetric or volumetric apparatus that do not allow
the study at the same time the dynamics of sorption in single or multi-
component systems (Table S1). The apparatus developed in this work
can perform such experiments in a wide range of temperatures (77 to
273 K or above) by simply using different cooling baths either by
combining liquid Ny and dry ice with proper solvents that are stable,
reproducible, and cheap to set-up. Moreover, the apparatus that was
developed allows also the measurement of adsorption equilibrium and
dynamic information for single and also multicomponent interactions
that are missing in the literature. Thus, the present work reports the
development and validation of a novel fixed-bed adsorption apparatus to
carry out adsorption breakthrough curve experiments under cryogenic
conditions to screen new adsorbents.

To validate the novel cryogenic fixed-bed adsorption apparatus,
breakthrough curve experiments of CH4 and Hy, and their mixtures on
binder-free zeolite 13X were performed. The equilibrium data and the
isosteric heat of adsorption measured in this work were compared with
the data available in the literature obtained by microcalorimetric,
gravimetric, and volumetric methods. Additionally, a mathematical
model was implemented on a personal computer to describe the dy-
namics of the fixed bed adsorption system developed. The data collected
and the model is now being used to study the cyclic operation (PSA) for
the separation of CH4/H; under cryogenic and high-pressure conditions.

2. Experimental section
2.1. Materials

The binder-free beads of zeolite 13X (13XBFK) 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
13XBFK crystals with an average diameter of 2 ym. The synthesis and
characterization are described in detail elsewhere [31] and the textural
properties are summarized in Table S2 in the Supporting Information
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2.2. Cryogenic fixed-bed apparatus description

The cryogenic fixed-bed adsorption apparatus developed consists of
three main sections, namely: (I) gas preparation section, (II) adsorption
column, and (III) analytical gas section. A representative schematic of
the breakthrough apparatus is shown in Fig. 1.

In the gas preparation section, the partial pressure of the CH4 and Hy,
and their mixtures are set up before being introduced in the adsorption
column. Four mass flow controllers (MFC1, 2, 3, and 4 - Bronkhorst
High-Tech B.V., the Netherlands) are used to set up the flow rates of
inert gas (He), carrier gas (N3), and adsorbate gases (Hy and CHy) at the
desired level. Additionally, a back-pressure controller (BPC - Bronkhorst
High-Tech B.V., the Netherlands) is used to control the adsorption col-
umn pressure at the desired level. Thus, in Fig. 1, the mixture or a pure
adsorbate gas enters valve V1 from line 1 and goes out through line 4,
by-pass the adsorption column, flows through BPC, and is sent to vent
through line 6. Additionally, the carrier gas enters line 4 to drag out
faster the molecules that are exiting the column and to keep a constant
flow in the system which is important to avoid fluctuation in the back-
pressure controller. At the same time, an inert gas enters valve V1
from line 2, goes out through line 3, and runs to the adsorption column
to keep it cleaned. The inert gas joins to the adsorbate species and carrier
gas before entering the BPC and is sent to the vent from line 6. Helium
(MFC3) is cut before starting the experiment and the remaining helium
inside the column is displaced by the adsorbates molecules.

In the adsorption section, an adsorption column (stainless steel)
dimension of 0.0046 m internal diameter and 0.1 m length is immersed
in a Dewar flask cooling bath with a magnetic stirring to keep the
temperature homogeneous. The temperature of the cooling bath is
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determined both by the appropriate use of a solvent (acetone, acetoni-
trile, and water) as well as a cryogenic agent (dry ice, and ice). Three
temperatures are chosen to carry out the experiments that are 195, 231,
and 273 K. To set up these temperatures a mixture of acetone/dry ice
(195 K), acetonitrile/dry ice (231 K), and water/ice (273 K) is used.
These baths are generally reproducible to + 1 K if they are agitated
intermittently and if only a small excess of dry ice is used [32,33].
Additionally, the temperature can be increased up to 333 K by using the
water bath with a heater, and also the temperature can be decreased to
77 K by using liquid Ny baths. The temperature in the cooling bath is
controlled with a data-logging refrigerator thermometer (VWR),
measuring in a range of 183 to 378 K with an accuracy of + 0.2 K.

Therefore, after establishing temperature, pressure, and flow rates,
the single or multicomponent experiment is started by changing the
position of valve V1. Thus, the adsorbate species enter the adsorption
column through line 3, flow through the BPC, and go directly to the TCD
through line 5 to perform the single component experiment or go to the
sample valve V3 through line 6 to perform multi-component experi-
ments. In the case of a multi-component experiment, valve V3 is pro-
grammed to change its position at 5 s between load and inject position.
In the load position, the sample mixture (CH4/Hy) enters valve V4, flows
through the loop sample (5 pL), and goes out to the vent. In inject po-
sition, the carrier gas enters the valve V4 and drags out the sample
trapped in the loop that enters the split/splitless (SSL at 423 K) injector
to be diluted (1:100) and thereafter enter the capillary column (Molar
sieve 5A-plot: length (15 m), ID (0.53 mm), and film thickness (50 um))
before being analyzed in the TCD (at 423 K). Additionally, from the
MFC3 it is possible to input a pure flowrate of He, Hy, or CHy4, useful
when it is necessary to start an experiment with the column already
saturated with pure Hy or CHa.
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Fig. 1. Schematic diagram of the cryogenic fixed-bed apparatus. MFC mass flow controller; BPC back pressure controller; V1, V2, and V3 valves (V1: 4-way valve,
V2: 3-way valve, V3: 6-way valve); CV1, CV2, and CV3 check valves; APC advanced pneumatic control; TCD thermal conductivity detector; Capillary column (Molar

sieve 5A-plot).
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2.3. Experimental procedure

Before the first run, the adsorption column filled with 13XBFK was
activated for 12 h at 623 K under vacuum and pure He flow (10 NmL/
min) to remove any pre-adsorbed undesirable components, mainly
water, in a Thermconcept Muffle Furnace (Germany), separated from
the principal unit. After the activation, the column was sealed (by using
VCR® Metal Gasket Face Seal Fitting — Swagelok), weighed to determine
the dry adsorbent mass, and finally transferred to the principal appa-
ratus to perform the measurements. Between the runs, the column is
heated up to room temperature and cooled back to the experiment
temperature under pure He flows (20 NmL/min) to keep the column
clean for the next run.

Single component breakthrough experiments of CH4 and Hy were
performed at three temperatures (195, 231, and 273 K) and pressures up
to 18 bar. Tables S3 and S4 summarize the experimental conditions for
the single component breakthrough runs of CH4 and H; on a bed,
respectively. Additionally, blank runs (column filled with glass sphere)
at the same conditions shown in Tables S3 and S4 were performed to
consider the system dead volume.

Therefore, after discounting the dead volume, the equilibrium
loading is obtained by integrating the molar flow profiles of the break-
through curves by the following equation,

1 oo
Gexpi = (Fﬂtn - / F[dt - 8I7VCC‘0i> (1)
Mg 0

where mg is the adsorbent mass, Fy; is the feed molar flow rate of
component i at the inlet of the bed, F; is the molar flow rate of compo-
nent i at the outlet of the bed, t,, is the saturation time, ¢, is the bed
porosity, V. is the column adsorption volume, and Cy; is the feed gas-
phase concentration at the inlet of the fixed bed.

Binary mixture breakthrough curves were performed considering a
mixture of CHys/Hy (80/20 vol%) which is the maximum Hj; concen-
tration allowed to be injected into the NG grids. The binary experiments
started with a column saturated with Hy. The binary experimental
conditions are summarized in Table S5 (in SI).

2.4. Adsorption equilibrium model

To evaluate the CH4 adsorption equilibrium and isosteric heat on
13XBFK two isotherm models were applied, namely virial and dual-site
Langmuir isotherms. For the Hy adsorption equilibrium and isosteric
heat, the standard Langmuir model was applied.

The Virial isotherm is given by [34,35],

1 N1 ) N2 )
Inp =Ing+—> Aq'+ > _Big 2
i=0 i=0

where p is the pressure in bar, q is the total amount adsorbed in mol
kg’l, T is the temperature in K (in this analysis T is 195, 231, and 273 K),
A; and B; are the virial coefficients, N; and N, are the number of each
virial coefficient required to adequately fit the isotherms.

The virial isotherm is considered to be empirical, however, the pa-
rameters Ap and By are directly connected with quantities having a
physical meaning [34], namely

AHy = —RA, 3
Ky = Koexp[AH,/(RT)] “
Ky = eXp(—Bo) %)

where AHj, is the isosteric heat at zero coverage in kJ mol™}, Ky is
Henry’s constant in bar kg mol ™!, and K, the pre-exponential factor in
bar kg mol .

The isosteric heat of adsorption as a function of coverage can be
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obtained by combining equation (3) with the Clausius-Clapeyron
equation, which leads to

dInp N1
AH;, = —R =—R Aiq' 6
T RO ©
The virial fitting of the experimental data was performed by a
nonlinear least-square optimization procedure in which the square dif-
ferences between the experimental and predicted points were weighted
according to the error function [34]:

&= (1/N)Y (Inp” — Inp, @)’ )
i=1

The dual-site Langmuir (DSL) isotherm is given by,

q* s bup; 1q bapi
ml,i mZ,tl + bz,'p,‘

8
1+ byp; ®

where @mi; and gma; are the maximum adsorbed concentration of
component i in each site, by; and by; are the adsorption affinity constant
of component i in each site.

The effect of temperature on the adsorption affinity constant, b; is
taken into account by the van’t Hoff expression,

by = bm_,-e<fﬁ) ©

where b, ; is the pre-exponential factor of the affinity constant at infinite
temperature, R is the ideal gas constant, (— AH;) is the heat of
adsorption, and T is the temperature.

The dual- and one-site Langmuir fitting of the experimental data was
carried out by a nonlinear least-square optimization procedure in which
the differences between the experimental and predicted points were
weighted according to the error function:

o = (1/N) Z (qup — gV )2 (10)
i=1

In the case of DSL model, the isosteric heat of adsorption can be
predicted by the differentiation of the DSL model, assuming constant
loading (dg = 0), and substitute the result in the Clausius-Clapeyron
equation, resulting in the following equation [36,37],

qml 1+b|p z + qmz H»bﬂp)

(—AH,) = 1)

£1m1 1+b.p 7 + qm27l+bw)

The extended DSL model isotherm, which is sufficiently flexible to
provide a suitable mathematical form to predict gas isotherms [21], was
used to predict the interaction of binary mixture CH4/H; systems by the
following equation,

bltpx bZIpl

+ G2, 12)
1+E 1bup; e 1+Z 1boyp;

qi = qm.i

2.5. Mathematical modeling

The dynamic behavior of adsorption processes can be numerically
predicted according to the mass and energy conservation laws. The
mathematical model employed for the simulation of the breakthrough
curves in this work includes both the effect of axial dispersion and mass
transfer resistances. The sorbate adsorption kinetics is taken into ac-
count by the linear rate driving force model (LDF) [38-40]. The set of
coupled partial and algebraic differential equations that represent the
fixed bed adsorption model are summarized in Table 1 and the respec-
tive initial and boundary conditions are summarized in Table S6 in SI.

For the solution of the model, the set of coupled partial and algebraic
differential equations is reduced into a system of ordinary and algebraic
differential equations by the method of the lines [41]. Orthogonal
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Table 1
Adsorption mathematical model.
Phenomenon model Equations
ideal gas c— P (13)
" RT
overall mass balance oF ac aq; a14)
= + &5 +pp(1 *Sb)Z?:lLTtI =0
component mass 0 [ .0y o(Fy;) 9(Cy) (15)
balance ~&Dacy (Ca_z oz T T
og;
pp(l—ep) 5 =0
mass transfer rate dq; . a1e)
aitl = Kipr(q —q;)
gas-phase energy *T T oT an
balance 7Kaxﬁ + Fcpga + CstPgE +
(1 —&p)aphy (T —T;) + achy(T—Ty) =0
solid-phase energy 0T, aq; (18)
balance CPS? = @hp(T—T5) + p, 3oL (~AHui) (Tt!
isotherm model ~ gmbupi Qm2baipi (12)
(DSL) Ty Sabyp 143 bapy

Collocation method was applied to discretize the spatial coordinate
[42]. The computation of the collocation points was determined by the
position on the spatial coordinate using Jacobi polynomial, Py (x),
with @ =0 and = 0. The approximation of the first and second de-
rivatives was made by collocation matrices routines A;; and Byj,
respectively. Thus, the system of ordinary differential equations has
been solved using odel5s, a stiff ODE solver available in the MATLAB
library [43], and the algebraic differential equations were solved by
Gauss elimination. Twenty-five special collocation points appeared to
give satisfactory accuracy and stability to the numerical solution. The
solution has been implemented on a personal computer.

3. Results and discussion
3.1. Adsorption equilibrium

To set up the adsorption isotherms of CH4 and Hj in the binder-free
zeolite 13X a series of breakthrough curves were measured at three
temperatures, 195, 231, and 273 K, and pressures up to 18 bar. The
experimental conditions are summarized in Tables S3 and S4 in the SIL.
Fig. 2a-b shows the observed experimental breakthrough curves at 195 K
plotted in terms of normalized molar fraction y; /yio against moles fed per
unit mass of adsorbent (13XBFK), for (a) CHy4, and (b) Hs. The break-
through curves observed for CH4 and Hy on 13XBFK at 231 and 273 K
are shown in Figs. S2 and S3 of the SL It is clear from Fig. 2a that the
moles fed to reach the breakthrough of CH4 are much higher than in the

1.0
0.8
A
~ 0.6 P
< . Py
= ] 'S
>
304 — . A (a) CH, at 195K
i LIPS B Runmell
m ® Runmel2
0.2 u ¢ A Runmel3
by a o ¢ Runmeld
» Runmel5
T

1T
0 2 4 6 8 10 12 14 16
Moles fed per unit mass of adsorbent (mol kg™)
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case of Hy (Fig. 2b). Moreover, as the pressure increases (from Run mel1
to mel5, and Run hyl1 to hyl5) the moles fed to reach breakthrough
increases which indicate that the data are thermodynamically consis-
tent, according to a type I isotherm. In other words, as higher the
pressure of sorption higher the amount adsorbed into the material.

Fig. 3. shows the experimental (symbols) and theoretical (lines)
isotherms measured for (a) CH4 and (b) Hy on 13XBFK. As can be seen,
the amount adsorbed of CH4 and H; increases by enhancing the partial
pressure and decreases by increasing the temperature. At 195 K and 12
bar, the equilibrium loading for CH4 and Hj is 6.94 and 2.08 mol/kg
(Runs mel5 and hy15). From Fig. 3 we can see that both isotherms are
type I (favorable for adsorption), being the CH, isotherm shape steeper
than H, at low loadings due to its higher affinity with the 13XBFK
framework.

Table 2 shows the virial, dual-site, and standard Langmuir isotherms
parameters calculated from the fitting of the adsorption equilibrium
data for CH4 and Hj shown in Fig. 3. The lines in Fig. 3a show that the
DSL and virial isotherm models describe conveniently the CH4 equilib-
rium data. To fit the CH4 adsorption equilibrium data into equation (2),
it was considered the number of virial coefficients N; equal to 5, and N,
equal to 2. In this way, equation (2) has five virial coefficients A and two
coefficients B shown in Table 2.

The Hy adsorption isotherm is almost linear in 13XBFK as can be seen
in Fig. 3b. For this set of data, different combinations of isotherm model
parameters provide a good fit. To avoid a combination of parameters
that do not have a physical meaning, it was used the maximum loading
observed in the literature for Hy adsorption in NaX in the fitting pro-
cedure. Du and Wu [44] have studied the physisorption of Hy in A, X,
and ZSM-5 types of zeolites at moderately high pressures and cryogenic
temperatures. At 40 bar and 77 K, they observed a maximum loading for
H, in NaX around 12.65 mol kg~ !. This maximum loading was used as
the boundary to fit the Langmuir isotherm in this work, which provides a
great fit and description of Hy data as we can see in Fig. 3b. It is worth
mentioning that the set of parameters for both H, and CH, isotherms
must be used only in the range of conditions studied in this work.

We compare the CHy loading obtained in conventional zeolite 13X
pellets made by an inert binder (c.a. 15-25 %) with binder-free zeolite
13X beads studied in this work. At 195 K and 1 bar, the CH4 loading in a
conventional zeolite 13X is approximately 4.20 mol kg ! [45], while the
loading obtained in this work was 5.20 mol kg’l. This difference (20 %)
is exactly the amount of inert binder present in the conventional zeolite
13X that decreases its adsorption capacity. In the case of the binder-free
method, the binder is itself transformed into zeolite matter during the
hydrothermal conversion [46], increasing the adsorption capacity of the
final zeolite beads. This result points out an opportunity to decrease the

1.0
.
0.8 —im
|
[ ]
~ 0.6 —m
- ]
2 m oa (b) H, at 195 K
> 0.4 ¢ 2
" > ®  Runhyll
® Runhyl2
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Moles fed per unit mass of adsorbent (mol kg™)

Fig. 2. Experimental breakthrough curves of (a) CH4 and (b) H, on binder-free zeolite 13X at 195 K. The experimental conditions of each run (Run meX for methane

and Run hyX for hydrogen) can be found in Tables S3 and S4.
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Fig. 3. Adsorption equilibrium of (a) CH4 and (b) H; on binder-free zeolite 13X. Symbols = experimental; Solid lines = model. Open symbols for CH,4 represent its

loading in a mixture with Hj.

Table 2

Langmuir and Virial isotherm model parameters for sorption of CH4 and H, on binder-free zeolite 13X.

dual-site and standard Langmuir isotherm model

Species qm(mol kg™1) b(bar—)?

(AH;)(kJ mol ™) &2

Im1 Im2 b

by (AH;),

(AH;)2

0.41
0.016

CH,4 2.13

5.12
Hy 12.65 -

virial isotherm model

-16.1

8.04
- -7.0

-18.0

0.008
0.002

Specie A;(kg mol~'K)

Bi(kg mol™1)

CH, Aoy Ay Ay

Az Ay

By B

—2285.3 0.10

1.07 0.08

7.79 0.14

0.009

@ The reference temperature used is 195 K.

size of an adsorption column by 20 % which reduces the CAPEX and
OPEX in the industrial process. Additionally, to verify whether the
equilibrium data obtained in this new experimental unit is reliable or
not, we compare the CHy loading on the crystal of zeolite 13X and in a
binder-free zeolite 13X. The comparison is shown in Figure S4 (in SI)
where it is shown quite similar results.

3.2. Isosteric heat of adsorption

According to the virial isotherm, semilog plots of p/q vs g extrapo-
lated to zero concentration give us Henry’s constants (equation (4)),
which are useful to check the thermodynamic consistency of experi-
mental data. Fig. 4 shows semilog plots of p/q vs q for the CH4 isotherms.

By extrapolation until zero coverage, it is possible to obtain Henry’s
constants for each curve [47], which leads to 0.566, 0.135, and 0.020
bar kg mol™! at 273, 231, and 195 K, respectively. Manipulating the
equation (4) and substituting two Henry’s constants, for example,
Henry’s constants at 195 and 273 K, we can evaluate the heat of
adsorption at a zero coverage (*AHst\qzo), which is 19.0 kJ mol .
Table 3 summarizes the isosteric heat of adsorption at the limit of zero
loading reported in the literature. It is possible to see that the value of
isosteric heat of adsorption obtained in this work is within the range of
the values reported in Table 3.

Additionally, from the dual-site Langmuir fitting, the heat of
adsorption was predicted to be around —16.1 and —18.0 kJ mol ! (see
Table 2) which is very close to the one predicted by the virial analysis.
From virial analysis, we conclude that the CH4 equilibrium data on
13XBFK obtained in this work is thermodynamic consistent. Although

10

22}

exp. CH, (195 K)
exp. CH, (231 K)
exp. CH, (273 K)
virial fit
virial fit
virial fit

> o nm

001 T I T | T | T | T | T

Fig. 4. The virial semilog plots of p/q vs q for the CH4 isotherm.

we do not have equilibrium data in low-pressure regions, the extrapo-
lation of virial isotherm to the limit of zero loading allows us to obtain
consistent values of Henry’s constants, which fits well with the
literature.

Furthermore, the behavior of isosteric heat of adsorption as a func-
tion of coverage was predicted by applying equations (6) (from virial
isotherm) and 11 (from dual-site Langmuir isotherm). Fig. 5 shows the
isosteric heat of adsorption as a function of coverage for CH4 on 13XBFK
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Table 3
Isosteric heat of adsorption at the limit of zero loading, —AHg|q—o, for the
adsorption of CH, in zeolite 13X.

Reference —AHg| g—o(kJ/mol)
Barrer and Sutherland (1956) [48] 18.8
Habgood (1964) [49] 17.6
Zhang et al. (1991) [50] 20.1
Cavenati et al. (2004) [51] 15.3
Maurin et al. (2006) [52] 19.1
Llano-Restrepo (2010) [53] 19.2
Moreira et al. (2017) [54] 25.7
This work 19.0
24 —;
20
o
5 16
g

=

=12

T - . .

< ——— This work (virial model)

8 - — = = - This work (dual-site Langmuir model)
4 e Llano-Restrepo (GSTA model)
4 — ©  Maurin et al. (Exp. - microcalorimetric)
A Moreira et al. (Exp. - gravimetric)
T Mauer et al. (Exp. - gas calorimeter)
0 T | T | T I T | T I T I T

0 1 2 3 4 5 6 7
g (mol kg™

Fig. 5. Isosteric heat of adsorption as a function of coverage for CHy
on 13XBFK.

and a comparison with data available in the literature. It can be seen that
the overall behavior of the isosteric heat is similar to the ones predicted
by Llno-Restrepo [53], Maurin et al. [52], Moreira et al. [54], and Mauer
etal [55].

In the case of Hy, the isosteric heat of adsorption predicted by the
standard Langmuir model is constant at around —7.0 kJ mol 1 (see
Table 2), since the Langmuir model considers that all active sites are
energetically equal, and thus, the isosteric heat of adsorption will be
constant as a function of coverage. This value is within the range re-
ported in the literature [44,56,57], which points out that the data ob-
tained in this new cryogenic fixed-bed adsorption is consistent.

It is worth mentioning that the values of equilibrium and isosteric
heat for both CH4 and H, obtained by the breakthrough curves tech-
nique agree very well with the ones reported in the literature that were
obtained through gravimetric, calorimetric, and volumetric techniques
[44,52-57]. Additionally, the analysis of isosteric heat of adsorption
pointed out that the data obtained from the novel apparatus is ther-
modynamic consistent, reliable, and agrees with the literature.

3.3. Binary adsorption and simulation

For the binary separation studies, it was considered a mixture ratio of
CHy4/H> equal to 80/20 vol%. This amount of Hy blended with CHy is
close to the range allowed 4-10 % (v/v) in Austria and Germany [21],
respectively. Additionally, it is close to Portugal’s target of injecting 15
vol% of Hy into NG pipelines by 2030 [58]. The adsorption column, in
this set of binary experiments, started saturated with pure Hj at the
experimental condition shown in Table S5.

Fig. 6 shows the binary breakthrough curves of CH4/H; on 13XBFK
at (a) 273, (b) 231, and (c) 195 K. As can be seen, the breakthrough time
increases as the temperature decreases, for example, at 273 K the
breakthrough time is around 5.6 min against 9.2 min at 195 K. This
effect is expected since the CH4 sorption into 13XBFK is strongly
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dependent on temperature as shown in Fig. 1. From each binary
breakthrough curve, it was possible to calculate the CH4 amount
adsorbed that was compared with the ones obtained in the single CHy4
breakthrough curves. The CH4 loadings in a mixture with Hj are shown
in Fig. 1 represented by the open symbols. As can be seen, the CHy
loadings in a mixture with Hy are very close to the ones observed in a
single component system, which means that Hy practically doesn’t
compete with CHy4 for sorption in 13XBFK at the studied operating
conditions. This observation can also be checked through the calculated
selectivity of 17.3, (qgys/Ycna)/ (Qh/ynz), predicted by the extended
DSL model (eq. (12)) for a mixture of CH4(80 %)/H2(20 %) at 195 K and
12 bar. Both CH4 and Hj can enter 13X frameworks easily without a
pore-blocking effect as their kinetic diameters (3.80 and 2.89 A,
respectively [56]) are lower than the free diameter of the aperture (9.00
A [44]) [44,52,59]. It is well known that the cations inside the frame-
works interact with polar and easily polarizable molecules [60]. In this
way, a possible explanation for the higher interaction of CHy instead of
Hy may be their polarizability difference. The polarizability of CHj, is
2.45 A3 whereas that of H, is 0.79 A3 [56]. Thus, when CH,4 and Hj are
subjected to the electric field inside the framework both acquire an
electric dipole moment proportional to the electric field. As CH4 has a
bigger polarizability, it will interact stronger with the framework as
compared with Hj.

To perform the simulation of the binary breakthrough curves, the
transport parameters, namely axial dispersion (D), effective axial bed
thermal conductivity (Kay), film heat transfer (h,), and the heat capacity
of gas (Cpg) were obtained by commonly used correlations summarized
in Table S7. The mass transfer of CH4 and Hy on zeolite 13X has already
known in the literature, thus, the inputted values of mass transfer are
taken elsewhere [54,61]. Streb et al. [61] have assumed a high mass
transfer of Hy on zeolite 13X equal to 1.0 s! and have justified that the
mass transfer of Hy is known to be very fast on zeolite 13X. Moreira et al.
[54] have reported a homogeneous mass transfer coefficient for CH4 on

zeolite 13X represented by k, = 2.7 x 10~#e24*10°*T_ I the simulations,
to achieve the best fit, it was necessary to adjust the mass transfer for
CH4 up to 60 % higher than that predicted by the previous equation.

The parameter values used in the simulation are summarized in
Table 4. The lines in Fig. 6 represent the simulation results which agree
very well with the experimental data. Additionally, as the set of condi-
tions that we have studied are near the critical conditions, it was eval-
uated if the ideal gas law is still valid to describe the experiments. In this
view, it was set up the mathematical model in the Aspen Adsorption
simulator and repeated the simulations by comparing the two equations
of state: i) Ideal Gas Law and ii) Peng-Robinson. The Aspen simulation
results are shown in the SI (Fig. S1). Briefly, the results clearly show that
both equations of state give similar results. Thus, although the temper-
ature and pressure are near the critical conditions for CHy, the ideal gas
law still gives a good prediction of the fixed bed adsorption.

4. Conclusions

In this work, a novel fixed-bed adsorption apparatus was developed
and validated to carry out adsorption breakthrough curve experiments
at cryogenic temperatures (195-273 K) and high pressures (up to 18 bar)
to screen candidate adsorbents for dynamic separation of Hy from nat-
ural gas grids. The benchmark binder-free zeolite 13X was chosen to
validate the apparatus by performing breakthrough curve experiments
of CH4 and Hjy, and their mixtures. The viral and dual-site Langmuir
isotherm model fits conveniently the CH4 equilibrium, and the standard
Langmuir isotherm model provides a good description of the Hy equi-
librium data on binder-free zeolite 13X. Both isotherms are type I being
CH4 more adsorbed than Hy due to its higher polarizability. Further-
more, the CH4 and H, isosteric heat of adsorption agree with data
available in the literature obtained by microcalorimetric, gravimetric,
and volumetric methods. This comparison pointed out that the
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Fig. 6. Adsorption breakthrough curves for a mixture ratio CH4/H> (80/20 vol%) on binder-free zeolite 13X at (a) 273, (b) 231, and (c) 195 K.

Table 4
Parameters values for the simulations.

Run Kipra(s™) Kipr.cma(s™) Dy (m®*s™) Kae Wm™ K1) Cpe Jmol K1) h, (WmK ™) h, (Wm?K™")
Bl 1.00 1.30 x 1072 4.08 x 107 1.00 33.5 116.8 40.0
B2 1.00 1.15 x 1072 3.11 x 10°° 0.95 32.6 99.8 40.0
B3 1.00 1.02 x 1072 3.67 x 107° 0.92 31.9 88.3 40.0

equilibrium data obtained in the new cryogenic apparatus are thermo-
dynamic consistent. Additionally, binary experiments were performed
to evaluate the dynamic separation of Hy and CHy at the ratio Hyo/CHy
(20/80 % vol.) and also simulated by using a dynamic fixed-bed math-
ematical model that considers linear driving force model and axial
dispersion. To perform the simulations, the extended dual-site Langmuir
model was used and it provided a good prediction of the competitive
interaction between species. Overall, the results pointed out that the
novel apparatus provides reliable means to collect equilibrium and dy-
namic information under cryogenic conditions for screening candidates
targeting the separation of Hj from natural gas.
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