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Purification of Green Hydrogen from Natural Gas Grids Using
Zeolite 13X

L.F.A.S. Zafanelli, A. Henrique, E. Aly, J.A.C. Silva
Instituto Politécnico de Braganca, Braganca, Portugal

A.E. Rodrigues
Universidade do Porto, Porto, Portugal

ABSTRACT: Green hydrogen (GH) is a hot topic in the shift to clean energy, holding a promise
to meet global energy demand while contributing to climate action goals. Its transportation can
be done into Natural Gas (NG) grids, being necessary a separation technology to provide pure
GH and NG to the end user. Accordingly, in this work, a series of breakthrough experiments
evaluated the performance of binder-free zeolite 13X as a potential adsorbent to purify GH
blended into NG grids. Single and multicomponent experiments were performed at 195, 231, and
273 K and pressure up to 1800 kPa. Noteworthy, the material enables a thermodynamic-based
separation of these components due to its strong interaction with CH., resulting in selectivity
values up to 17 at 195 K. The dual-site and standard Langmuir isotherm models fitted the adsorp-
tion equilibrium data, being the simulated multicomponent breakthrough curves suitably pre-
dicted by a homemade dynamic mathematical model.

1 INTRODUCTION

The GH produced by water electrolysis from renewable energy sources (e.g., wind, solar, hydro-
electricity, and biomass) is free of carbon emissions, which can be a critical factor in decarboniz-
ing heavy industry and achieving climate goals (IRENA 2018). Hydrogen is largely regarded as
a potential future and cost-effective clean fuel due to its high calorimetric energy compared to
other fuels, besides being sustainable and non-toxic. As the interest in GH grows, developing its
distribution network is a hot topic in the scientific community. One alternative is to inject GH
into the existing NG pipelines to avoid new infrastructure investments (IRENA 2019; van
Renssen 2020; Melaina, Antonia, and Penev 2013). However, once the GH is injected into the
NG grids, it must be extracted and purified to a high grade to use pure GH and NG separately
when needed. For instance, GH should be purified by up to 99.97% to be converted into electricity
by fuel cells (Liemberger et al. 2016). To date, pressure swing adsorption (PSA) processes are
widely used for H; purification from steam methane reforming (SMR), which can achieve purities
up to 99.9999 vol.%. The conventional PSA works very well for purifying H, from an SMR due
to the high H; concentration in the feed (>70%). However, the allowed amount of H; that can be
injected into the NG pipelines for distribution is limited to 20%, which challenges the GH/NG
separation in the conventional PSA. In this view, to re-use PSA technologies as a solution, one
would need an adsorbent material with a bigger CH4 capacity than the currently available material.

2 MATERIALS & METHODS

2.1 Materials

The commercial binder-free beads of zeolite 13X evaluated in this work were provided by
Chemiewerk Bad Kostritz GmbH (Germany). The beads consist of spherical particles with a di-
ameter ranging from 1.6 to 2.5 mm, while the size of the zeolite crystals is around 2 um. The
material was manufactured through an advanced synthesis, in which the binder is itself trans-
formed into zeolite matter during the hydrothermal reaction (Gleichmann, Unger, and Brandt
2016), overcoming the loss in adsorption capacity associated with the binder composite. The



structural and textural properties of the material were evaluated by nitrogen physisorption iso-
therms at 77 K and mercury intrusion porosimetry, both performed at the Laboratorio de Sélidos
Porosos of the University of Malaga. The adsorbates Hz (99.9999%), CH4 (99.999%), He
(99.9998%), and N2 (99.999%) were supplied by Air Liguide.

2.2 Cryogenic fixed bed breakthrough apparatus

The adsorption equilibrium data of pure CH,4 and H; and its mixtures were evaluated in a chro-
matographic-based adsorption apparatus developed to measure fixed bed breakthrough curves.
The experimental unit was specially designed to screen adsorbent materials at a wide range of
temperatures, 77 to 333 K, and total pressure of up to 4000 kPa. Briefly, the cryogenic unit con-
sists of three main sections: (i) gas preparation section, (ii) adsorption, and (iii) analytical section.
In the gas preparation section, the flow rates of adsorbates (H. and CHs.), the inert helium (He),
and the carrier gas nitrogen (N2) are set up at the desired level through thermal mass flow con-
trollers. A digital electronic back pressure regulator precisely establishes the system's total pres-
sure. The adsorption section comprises a stainless-steel column (internal diameter 4.6 mm and
length 100 mm, containing 970 mg of binder-free zeolite 13X) immersed in a Dewar flask cooling
bath. The bath temperature is adjusted using a mixture of solvent and dry ice. In the last section,
analytical, the outlet stream of the packed bed is directed to a gas chromatograph equipped with
a capillary column (molar sieve 5A-plot: internal diameter 0.53 mm, length 15 m, and film thick-
ness 50 um) and a Thermal Conductivity Detector (TCD), which analyses its composition every
10 seconds with a 6-way sampling valve.

2.3 Experimental procedure

The single and multicomponent (mixture composition of CHa/H2: 80/20 vol.%) breakthrough ex-
periments were performed covering the temperatures of 195, 233, and 273 K and total pressure
up to 1800 kPa. Before the first experimental RUN, the binder-free beads of zeolite 13X were
activated at a fixed temperature of 623 K for 12 h under pure He flow (5 mL/min) in a vacuum
atmosphere. The activation step is essential to remove any pre-adsorbed moisture. The break-
through experiments were conducted in order to ensure a gas residence time in the bed of around
40 seconds.

2.4 Modelling and numerical simulation

The equilibrium data obtained from the single component breakthrough curves were fitted with
the dual-site Langmuir (CH,) and Langmuir (H;) isotherm models, and the data from the multi-
component experiments were modelled with the extended dual-site Langmuir model. Moreover,
a general mathematical model has been developed to simulate and analyse the transient adsorption
behaviour of H, and CH,4 of the binary breakthrough system. The numerical package comprises
the fundamental partial differential equations (PDES) distributed over time and space according
to the material and energy conservation laws. In addition, it is augmented by a transport rate, the
linear driving force model (Sircar and Hufton 2000), to account for the mass transfer between the
fluid and solid phase. The collocation method was applied to discretise the spatial coordinate of
the PDEs system (Villadsen and Michael 1978). The computation of the collocation points was
determined by the position on the spatial coordinate using Jacobi polynomial, Pn®? (x), with o =
B = 0. Thus, the system of ordinary differential equations was solved using the odel5s integrator,
a stiff ODE solver available in the MATLAB library (Shampine and Reichelt 1997), while the
algebraic differential equations were solved by Gauss elimination.
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Figure 1. Characterisation of binder-free beads of zeolite 13X. a) N2 adsorption and desorption isotherms
at 77 K, and b) Macroscopic pore size and cumulative pore volume distribution.

2.5 Obijectives

Based on Waste-to-energy technologies, this work aims to evaluate the performance of the com-
mercial binder-free zeolite 13X as a potential adsorbent given the purification of GH blended into
NG networks.

3 RESULTS AND DISCUSSIONS

3.1 Adsorbent characterisation

The N, adsorption and desorption isotherms at 77 K are shown in Figure 1a. As can be seen, they
are of type | according to the updated International Union of Pure and Applied Chemistry (IU-
PAC) classification, being concave to the x-axis with the loadings approaching a constant value
(horizontal plateau), which is a typical characteristic of microporous materials (Thommes et al.
2015). The steep uptake at a very low relative pressure (p/p0 between 10 to 10?) is related to
enhanced gas-solid interactions in narrow pores, resulting in pore filling, in which the loading
progressively increases to =185 cm®g. After filling the micropores, there are no regions where
adsorption is significant, and the loading remains constant until p/po = 1

Table 1. Textural properties of the binder-free zeolite 13X.
N adsorption data

Langmuir surface area mz2/g 792.50
External surface area m2/g 9.95
Micropore surface area ma/g 782.54
Micropore volume cmd/g 0.28
Total pore volume cmd/g 0.29
Hg porosimetry data
Total intrusion volume cm®/g 0.24
Total pore area m2/g 4.61
Median pore diameter (volume) nm 600.00
Median pore diameter (area) nm 18.90
Average pore diameter (4V/A) nm 206.80
Solid density g/cm?® 1.73
Apparent density g/cm?® 1.22
Porosity % 29.16

Comparing the two branches of the isotherms, it is possible to assume that there is no hysteresis
loop, indicating that the adsorption process is completely reversible. The results of the Hg intru-
sion porosimetry are given in Figure 1b. A unimodal macropore size distribution centred at 5.8 x



102 nm is observed and interpreted as originating from the intercrystalline pores between the in-
dividual zeolite 13X crystals. Additional information on the material's characterisation is summa-
rised in Table 1.

3.2 Single component adsorption of H, and CHa in binder-free zeolite 13X

Figure 2 gathers the corresponding single component adsorption equilibrium isotherms for CHs,
and H, measured at (a) 195 K, (b) 231 K, and (c) 273 K. As it shows, the isotherms for CH, are
marked type | according to IUPAC classification, while for Hy, they approach a linear shape. One
can also note that the continuous lines in the figure demonstrate that the isotherm models conven-
iently describe the adsorption behaviour of CHs and Hz. The equilibrium data reveals a promising
capacity of zeolite 13X for CH,4 capture, showing loadings significantly higher than for H; at the
entire range of working conditions. For instance, at 195 K and 100 kPa, the loading obtained for
CHjy is 5.20 mol/kg in contrast with 0.17 mol/kg for H.. This also means a selectivity ratio of
around 30. These results indicate that binder-free zeolite 13X has excellent potential for the equi-
librium separation of H, from H./CH4 by PSA. The CHy is retained inside the column, whereas
H: is recovered due to its weak interaction with the adsorbent material. Additionally, the isotherm
for CH. became less steep as the temperature increased, meaning that this component can be
easily desorbed, which is an added value for performing the regeneration step in the PSA process
at room temperature.
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Figure 2. Single component adsorption equilibrium isotherms of CH4 and Hy in binder-free beads of zeolite
13X: a) 195 K, b) 231 K, and c¢) 273 K. The symbols stand for the experimental data, while the continuous
lines represent the model predictions (CH4: DLS and H,: Langmuir).

Since we use binder-free beads, it is expected that the loading capacity increases, being of interest
to compare our data with the zeolite 13X with the presence of binder (c.a. 15-25 %). Looking at
the data measured by (Grande and Blom 2014), at 195 K and 100 kPa, the CH4 loading in a
conventional zeolite 13X is approximately 4.20 mol/kg, while the loading obtained in this work
was 5.20 mol/kg. Therefore, the binder-free beads have a CH4 adsorption capacity of 20% higher.



This result shows that it is possible to decrease the size of an adsorption column by 20% and
reduce the CAPEX and OPEX in the industrial process.

3.3 Multicomponent adsorption of H, and CHy in binder-free zeolite 13X

The binary breakthrough curves of Ho/CHa4 (20/80 vol. %) are shown in Figure 3. The effect of
the temperature is given: (a) 195, (b) 231, and (c) 273 K. These experiments confirmed the sepa-
ration performance of binder-free zeolite 13X, resulting in a calculated selectivity
(qchalycha)! (Qua/yn2) up to 17.3 at 195 K (panel a). Moreover, the CH4 loadings in a mixture with
H; are very close to those observed in a single-component system, meaning that H, practically
does not offer sorption competition with CHa. As the temperature increases, the breakthrough
time decreases from 9.2 (panel a) to 5.6 minutes (panel c) due to the exothermic nature of adsorp-
tion. The lines depicted in Figure 3 represent the simulation results, which suitably describe the
experimental data. The linear mass transfer coefficients for CH,4 that were found to obtain the best
fit of the binary breakthrough curves range from 0.0102 s (195 K) to 0.0124 s (273 K), while
for H,, a constant value of 1 s was used.
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Figure 3. Breakthrough curves for a binary mixture of CH4/H; (80/20 vol.%) in binder-free beads of zeolite
13X:a) 195 K, b) 231 K, and c) 273 K. The symbols stand for the experimental data, while the continuous
lines represent the numerical simulations.

4 CONCLUSIONS

The binder-free zeolite 13X was considered a potential adsorbent to recover and purify GH
blended into NG networks in this work. The single and multicomponent breakthrough experi-
ments performed at cryogenic conditions demonstrated that the material has excellent perfor-
mance for the equilibrium separation of Ho/CHa, in which CHys is retained inside the column,



whereas H is purely recovered at the outlet stream. The equilibrium data were suitably corre-
lated with the dual-site (CH4) and Langmuir (H2) isotherm models. The fitted parameters
were used in the numerical simulations, which adequately described the binary breakthrough
curves, being the width of the mass-transfer zone well reproduced by accounting for low mass
transfer resistances. The data collected in this work and the homemade simulator are now being
used to study the cyclic operation (PSA) to purify H, from NG grids.
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