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H I G H L I G H T S

• A fixed-bed method is proposed to test
materials for HCl removal from hy-
drogen gas.

• Zeolite X was the best performing
material among screened zeolites.

• Ion-exchanged X zeolites were suc-
cessfully produced, characterized and
evaluated.

• HCl removal from hydrogen gas oc-
curred through reaction with the zeo-
lite cations.

• Cation type and hydration sig-
nificantly influenced the HCl removal
performance.
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A B S T R A C T

Hydrogen chloride is found in important hydrogen gas streams of the chemical industry and needs to be removed
for safety and environmental concerns. Here, a systematic study is presented on HCl removal from hydrogen gas by
adsorption on zeolites, including cation free and high cation loaded materials, as well as ion-exchanged zeolites
(with alkali, alkaline earth and transition metal ions). The HCl removal performance was studied by a fixed-bed
breakthrough method under high gas velocities (>0.3m/s), at high pressures (30 bar) and at room temperature,
and with low HCl concentrations (< 200 ppm). The zeolite screening indicated that the 13X zeolite outperforms
the other tested materials. The ion-exchanged X zeolites were extensively characterized via SEM-EDX, XRD, ATR-
FTIR, TGA and argon adsorption isotherms. The results revealed that the ion-exchange was successfully achieved
with expected tendencies in XRD and ATR-FTIR spectra, and porosities. The breakthrough experiments demon-
strated that the hydration of the zeolite prior HCl adsorption improves the hydrogen gas purification performance.
The characterization after HCl adsorption supports the hypothesis that HCl is taken up by the material by forming
salt molecules within the zeolite cavities by reaction with the cations and, which is, moreover, enhanced by the
presence of pre-adsorbed water. The type of cation present in the zeolite framework structure notably affected the
HCl removal adsorption capacity as well as uptake rate. Among the ion-exchanged zeolite samples, the Zn2+ form
exhibited the highest adsorption capacity at saturation, attributed to the over-exchange of the zeolite cations. The
investigation revealed important parameters such as cation radius, atomic mass and electronegativity, which
played a noteworthy role in defining the HCl removal performance of ion-exchanged zeolites.
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1. Introduction

Hydrogen gas is the cleanest fuel [1–3] and finds widespread ap-
plications in our society: from oil refining [4,5] and metal welding [6]
to the production of ammonia [4], semiconductors [4,6] and pharma-
ceuticals [7]. With its numerous advantages compared to traditional
fuels, including a higher energy content, no pollution during combus-
tion and its ability to be stored in any form (i.e. gas, liquid or solid),
hydrogen gas is expected to shape the future global energy markets
[8,9]. Hydrogen, though not readily available in nature, can be pro-
duced from varieties of feedstocks which include fossil and renewable
resources [8,9]. Nowadays, hydrogen gas is mainly produced as a by-
product of the chemical industry obtained during the reforming of
hydrocarbons [2,9]. During this process the catalyst is typically pro-
moted with chlorine to enhance the process performance [10–12],
however, this also comes along with the formation hydrogen chloride
(HCl) impurities in the product streams. Besides the contamination of
the product stream, HCl may cause severe corrosion, fouling and
equipment damage, leading to potentially serious safety and environ-
mental issues [10–14]. Therefore, removal of hydrogen chloride from
hydrogen gas is of great importance for chemical industry and the en-
vironment.

Among the different techniques used to purify hydrogen gas, such as
partial condensation [15], chemical reactions [16], membrane and
molecular sieve separations [15,16], the preferred approach used in the
chemical industry is absorption at high temperatures on mineral based
absorbents [17–29]. Adsorption at low temperatures, offers a very se-
lective and energy-efficient alternative [30,31], however, it is particu-
larly challenging to achieve an efficient HCl removal at high gas velo-
cities and low concentrations. Although the adsorption of impurities
such as hydrogen sulfide, carbon monoxide and ammonia have been
studied on various adsorbents, including hydroxide and carbonate
based adsorbents [32–35], active carbon [36–38], zeolites [34,39,40]
and MOFs [31], the adsorptive removal of HCl from hydrogen gas at
low temperatures remains almost unexplored, and in particular for
zeolites [41,42]. Kim et al. carried out HCl adsorption and desorption
breakthrough experiments with 13X pellets packed beds at high pres-
sure and gas velocities under nitrogen environment [43]. Micoli et al.
evaluated the HCl removal performance of Cu and Zn exchanged and
impregnated 13X zeolite materials from nitrogen at low pressures for
biogas purification [14].

Ion-exchange is known for decades to allow a fine control of the
(equilibrium and kinetic) adsorption and catalytic properties of zeolites
[44–47]. More recently, for example, Baksh et al. [48] showed that the
N2/O2 adsorption selectivity was significantly improved by replacing
the Na+ cation by Li+ in the X zeolite material. Such improvement was
also observed for capturing CO2 using ion-exchanged zeolite beta (BEA)
[49]. Walton et al. [50] performed a systematic study on CO2 adsorp-
tion using ion-exchanged Y and X, demonstrating clear differences in
adsorption capacities attributed to the zeolite cations. Another study
indicated that the permeance and selectivity of zeolite membranes for
the CO2/N2 separation could be tuned by playing with the exchange-
able cations [51]. Bonenfant et al. [52] suggested that the CO2 ad-
sorption is principally governed by the cations that induce basicity and
an electric field in the zeolite cavities. Furthermore, the removal of
toxic metals such as lead and cadmium from waste water was also ex-
plored with (natural) zeolites treated with electrolyte solutions [53].
On the other hand, apart from adsorptive separations, ion-exchanged
zeolites have been proven quite useful in catalytic reactions, such as
decomposition of NO with the Cu-MFI (over-exchanged) zeolite mate-
rial [54]. Yet, to our best knowledge no systematic study on the HCl
removal performance of ion-exchanged zeolites has been conducted so
far.

Therefore, a systematic study is presented here on the removal of
HCl from hydrogen gas by adsorption on zeolites, including cation-free
and ion-exchanged materials. Ion-exchanged zeolite materials are

produced containing alkali, alkaline and transition metal cations. The
HCl removal performances are explored via breakthrough experiments
under dynamic (process) conditions. The adsorbents are extensively
characterized via X-rays diffraction (XRD), scanning electron micro-
scopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS),
attenuated total reflectance infrared spectroscopy (ATR-FTIR) and
argon porosimetry, as well as thermogravimetric analysis (TGA). The
HCl adsorption mechanism is unraveled, including the effects of cation
and material properties.

2. Experimental

2.1. Adsorbents and chemicals

The zeolites used in this study are listed in the Table 1 with their
properties as specified by the suppliers. The 13X and A zeolites were in
pellet or bead form containing a binder, while the silicalite was a
binder-free powder (Table 1). Prior to any further treatment, the ma-
terials were shaped into pellets with a particle size ranging from 200 to
280 μm (Fig. 1). For all materials except silicalite, this was achieved by
crushing the materials followed by a sieving step. The effect of crushing
on the adsorption properties of the native material was confirmed to be
negligible (Fig. S1). For silicalite, the pellets were made by compacting
powder into a cake with a hydraulic French press (Piqua, USA) at a
pressure of 65MPa, which was subsequently broken and sieved.

Ion-exchange solutions were made of Millipore water and different
metal salts: zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 99%, Fluka
Chemika), copper nitrate trihydrate (Cu(NO3)2.3H2O, 99%, Sigma
Aldrich), iron sulphate heptahydrate (FeSO4.7H2O, 99%, Sigma
Aldrich), cobalt chloride hexahydrate (CoCl2.6H2O, 98%, Acros), nickel
nitrate hexahydrate (Ni(NO3)2.6H2O, 98%, Merck), lithium chloride
(LiCl, 99%, Sigma Aldrich), magnesium chloride hexahydrate
(MgCl2.6H2O, 99%, Sigma Aldrich), calcium chloride hexahydrate
(CaCl2.6H2O, 99%, Sigma Aldrich) and potassium chloride (KCl, 99%,
Riedel-de Haën).

Gas streams used in the breakthrough experimentation (see further)
were composed of pure hydrogen gas (Premium Plus X50S, Air
Products) and hydrogen gas containing hydrogen chloride (1.008 mole
% ± 0.5% relative, Air Products). The hydrogen chloride content was
verified by gas absorption in a water column and a pH meter (InoLab,
pH 7110, WTW).

2.2. Zeolite modification via ion exchange

The ion-exchange was performed by treating 0.5 g of 13X pellets
(vide supra) with 50mL of 0.5M metal salt solution (see above) under
stirring at room temperature for 50 h. The pH of the electrolyte solu-
tions was determined with a calibrated pH meter (InoLab, pH 7110,
WTW). In addition, the ion-exchange solution was renewed every 10 h.
Afterwards, the solid was separated from the liquid and washed with
deionized water (250ml and 3 times). Finally, the treated pellets were
dried at 80 °C overnight. The reproducibility of the ion-exchange
method was confirmed via chemical analysis and HCl breakthrough
experiments (see Supporting Information, Section S2).

Table 1
Zeolites with their properties as specified the suppliers.

Name Appearance Supplier Framework Si/Al Cation

5A Beads CECA LTA 1.0 Ca2+

4A Beads CECA LTA 1.0 Na+

3A Beads CECA LTA 1.0 K+

13X Pellets UOP Molsiv FAU 1.23 Na+

Silicalite Powder Alsi-Penta MFI > 500 Na+
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2.3. Breakthrough experimentation

Gas phase breakthrough experiments were carried out with packed
columns placed in an in-house made setup (Fig. 1). Columns (i.e. 3.9 cm
length and 0.22 cm inside diameter) were packed with 100mg of pellets
surrounded by quartz beads and wool (Fig. 1) under ambient condi-
tions. Experiments were performed at room temperature (294 K) and at
a total pressure of 30 bar.

First, the setup was saturated with the selected HCl/H2 mixture
without column. Afterwards, following a quick flush of the setup with
pure hydrogen gas, the empty column was replaced by the packed
column. Finally, the material was contacted with HCl by changing the
feed from pure hydrogen gas to a hydrogen gas stream containing
200 ppm HCl. The gas composition was controlled by calibrated mass
flow controllers, mixing a pure hydrogen gas and hydrogen gas con-
taining HCl (see above). The gas velocity was set at 0.34m/s. HCl was
detected at the column outlet with an on-line calibrated laser detector
(Axetris, Switzerland). Breakthrough curves were obtained by plotting

the HCl concentration, detected at the column outlet, in function of
time. The amount HCl adsorbed q (g/g) was calculated from the mass
balance over the column, using Eq. (1):

=q F V
m

yp
RT

M( )
ads (1)

with F , , ,V ,mads, y, p, R,T and M representing the (volumetric) feed
flow rate (ml/min), the average breakthrough time (min), the bed
porosity, the column volume (ml), the mass adsorbent (g), the HCl
volume fraction in the feed, the total pressure (bar), the gas constant (J/
K/mol), the temperature (K) and the HCl molar mass (g/mol). The feed
volumetric flow rate (and gas velocity) was calculated from the column
dimensions, the pressure in the column and the volumetric flow rate at
the setup outlet. The latter was measured with a bubble flow meter. The
average breakthrough time was calculated from Eq. (2):

= c
c

dt1
o0 (2)

with c and co denoting the HCl concentration at the column outlet and
the feed concentration, respectively. The reproducibility of the experi-
mental approach is presented in the Supporting Information (Section
S3). In addition, the adsorption capacity at 1 ppm breakthrough is de-
termined by integration of Eq. (2) until 1 ppm is detected at the column
outlet.

Dried samples were obtained by heating the pellets, prior packing
them into the columns, into an oven from 298 to 363 K at 1 K/min,
followed by an increase to 623 K at 0.5 K/min. The samples were then
kept at 623 K during 12 h. Afterwards, the samples were cooled down
and packed in a column inside a nitrogen glove-box. The column was
then transferred to the HCl breakthrough setup with both ends sealed. A
water saturated sample was obtained at room temperature by sending a
water enriched vapor stream through a packed column containing
(untreated) pellets that were previously packed under ambient condi-
tions. The water enriched vapor stream was generated by bubbling pure
helium (He) through a vessel filled with pure liquid water (Millipore) at
a flow rate of 20 Nml/min and a water partial pressure of 27.6 mbar.

A cyclic adsorption-desorption HCl breakthrough experiment was
performed by changing the feed to pure hydrogen gas after saturation of
the column with HCl (see above for details about the conditions). The
desorption was carried out with a pure hydrogen gas stream which was
sent to the column at a flow rate of 2 Nl/min and a total pressure of
1.85 bar during 17 hours. Afterwards, the HCl breakthrough experiment
(in adsorption mode) was repeated by changing back to the HCl/H2 gas
mixture under the same conditions as the first adsorption step (vide
supra).

LGD
MFC BPR

waste

H2

HCl/H2

columnvalve

a)

b)

c)

Fig. 1. a) Scheme of HCl breakthrough setup with mass flow controllers (MFC),
backpressure regulator (BPR) and on-line laser gas detector (LGD). b) Packed
column filled with quartz wool, quartz beads (light) and zeolite pellets (dark).
c) SEM image of pellets from the native X material (scale bar: 500 μm).

Table 2
Structural and chemical properties of cations and ion-exchanged X zeolites.

Cation Alkali Alkaline Transition

Na+ Li+ K+ Ca2+ Mg2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+

radius (Å) [70] 0.99 0.60 1.37 1.03 0.72 0.75 0.72 0.71 0.72 0.74
hydrated radius (Å) [70] 3.58 3.82 3.31 4.12 4.28 4.28 4.23 4.04 4.19 4.30
electronegativity [71] 0.93 0.98 0.82 1.00 1.31 1.83 1.88 1.91 1.90 1.65
atomic mass 23.0 6.9 39.1 40.1 24.3 55.8 58.9 58.7 63.6 65.4
anion Cl- Cl- Cl- Cl- Cl- SO4

2- Cl- NO3
– NO3

– NO3
–

charge exchange (%)a 100 83 94 87 72 96 80 81 100 80
Si/Al ratioa 1.42 1.39 1.44 1.44 1.40 1.88 1.34 1.40 1.49 1.38
M/Al charge ratioa 0.97 1.00 1.07 0.86 1.07 1.58 1.09 1.18 2.37 1.75
crystallinity (%)b 80 80 76 77 81 27 80 78 54 83
micropore vol. (cc/g)c 0.18 0.18 0.18 0.24 0.23 0.01 0.21 0.17 0.02 0.20
total pore vol. (cc/g)c 0.32 0.34 0.30 0.42 0.37 0.14 0.35 0.30 0.19 0.35

a Determined via EDX analysis.
b Obtained from XRD measurements.
c Calculated from argon isotherm.
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2.4. Gravimetric method

The vapor phase adsorption isotherm of water was measured with a
gravimetric technique (VTI, USA). About 5mg of zeolite pellets were
place in a sample holder and activated under a pure nitrogen flow
(180 NmL/min) during 5 h at 623 K (1 K/min increase from 298 K).
After cooling the sample to 323 K, the feed was switched from pure
nitrogen to an enriched water vapor stream. The sample weight was
followed until equilibrium was reached with the surrounding atmo-
sphere. This was repeated for several different relative humidities.

2.5. Characterization techniques

The bulk textural and chemical (composition) properties were in-
vestigated via scanning electron microscopy (SEM) coupled with energy
dispersive X-rays spectroscopy (EDX) using a JSM-IT300 JEOL device
under vacuum (circa. 10−6 Torr) at a voltage of 20 kV. Zeolite particles
were stabilized with carbon tape on a sample holder and coated with a
carbon layer (15 nm). The Li+ content, which could not be directly
measured by EDX, was estimated from the expected charge neutrality
and Si/Al ratio of the X zeolite framework structure. The atomic per-
centages detected by EDX analysis in the zeolite materials were used to
calculate the different ratios given in Table 2 (see further). Following
repeated measurements, the average deviation for the EDX analysis is
estimated at 6% and maximum 11% in relative standard deviation
within a same sample.

The crystallinity of the different samples was explored via X-rays
diffraction (XRD) under ambient conditions. A Bruker device (D8
Advance Eco diffractometer) was used with Cu Kα radiation (40 kV,
25mA) and a LynxEye XE-T (PSD opening 3.3°) detector in the range of
5–70° 2theta (with 0.015° step size and time 0.5 s/step).

The attenuated total reflectance – Fourier transform infrared (ATR-
FTIR) spectra were recorded using a Bruker Vertex 70 V device over a
frequency range of 50 – 4000 cm−1. Samples were mounted under
ambient conditions and analyzed under vacuum (i.e. less than 1 hPa).

Argon adsorption isotherms were measured with an Autosorb AS-1
(Quantachrome Instruments, USA). About 20mg of material was acti-
vated by gradually heating at a rate of 2 K/min from room temperature
to 623 K and kept during about 3 hours. After cooling down, adsorption
isotherms were measured at 87 K and analyzed via the Gurvich rule and
non-local density function theory (NLDFT) [55,56]. Porosities obtained
by both approaches are compared in Table S3 (Supporting
Information).

The material behavior upon heating was analyzed by thermogravi-
metric analysis (TGA) with a SENSYS Evo instrument (SETARAM
Instrumentation). About 10mg of material was placed in the sample
holder and subjected to a gradual increase in temperature (0.1 K/min)
from 303 K to 723 K under a pure helium stream (100 Nml/min). A

measurement was also conducted at a constant temperature of 303 K.
The sample weight was recorded in function of time.

3. Results and discussion

In this work, first an adsorbent screening is performed to select the
most efficient zeolite material for HCl removal from hydrogen gas.
Subsequently, the selected material is ion-exchanged and characterized
in depth. Afterwards, the HCl adsorption mechanism and removal
performances as a function of exchanged cation are studied.

3.1. Adsorbent screening

The hydrogen chloride (HCl) removal performance (from hydrogen
gas) of various zeolites i.e. 13X, silicalite, 3A, 4A and 5A was evaluated
via breakthrough experimentation with packed beds. Fig. 2 shows the
HCl breakthrough profiles (Fig. 2a) and the corresponding HCl ad-
sorption capacities obtained at saturation and at 1 ppm (Fig. 2b). It
clearly demonstrates that the 13X zeolite outperforms all other zeolites
investigated in this study. For instance, the average breakthrough time
and adsorption capacities are at least a factor six larger for 13X com-
pared to the other zeolites. In addition, since the 13X zeolite also ex-
hibits a sharp HCl elution profile (Fig. 2a), its adsorption capacity at
1 ppm does not deviate substantially from that obtained at saturation.
This is of particular importance, because the purification performance
of a fixed-bed adsorber is determined at initial breakthrough [57].

The large difference in HCl adsorption capacity between 13X and
the other zeolites can be explained by a steric effect, but also due to the
presence of extra-framework cations. The 3A, 4A and 5A zeolites ex-
hibit pore entrances with a diameter of 3.3 Å [58], 4.2 [59] Å, and 5.0 Å
respectively [60], whereas 13X possesses a large pore opening of 7.4 Å
[61]. Considering the kinetic diameter of HCl, being 4.42 Å [62], HCl
may thus be excluded from zeolite A cavities, in particular if being
hydrated (see further for additional discussion), while being readily
able to enter the 13X pores. Although silicalite features a larger pore
diameter (i.e. 5.7 Å [63]), than the A zeolites, it has (almost) no extra-
framework cations. Therefore, the low HCl adsorption capacity of sili-
calite could originate from this absence of cations which may serve as
adsorption sites for HCl [64,65], however, it may also have been a
contribution of differences in zeolite basicity [64]. The investigation of
the differences in HCl adsorption mechanism between the screened
materials lays beyond the scope of this work. Following the adsorbent
screening, the best performing material, namely the 13X zeolite, was
selected to be ion-exchanged and further evaluated for HCl removal
from hydrogen gas by adsorption.

Fig. 2. HCl removal performances of different zeolites at 298 K, 6.39mbar HCl partial pressure, 0.34m/s gas velocity and 30 bar total pressure. a) HCl breakthrough
profiles and b) HCl adsorption capacities obtained at saturation (filled) and at 1 ppm (empty).
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3.2. Ion-exchanged X zeolites

The 13X zeolite extraframework cation (i.e. Na+) was exchanged
for different alkali (Li+ or K+), alkaline (Ca2+ or Mg2+) or transition
metals (Fe2+, Co2+, Ni2+, Cu2+ and Zn2+) using various electrolyte
solutions. The resulting materials were characterized by various
methods, as explained below (Figs. 3–5 and Table 2). First, SEM images
(Fig. S4) indicate that the bulk structure of the pellets and primary
particles (i.e. the zeolite crystals) is well preserved for most samples
after the ion-exchange treatment. Only for the Fe2+ and Cu2+ forms,
clear differences are observed with the native material (Na+ form) (Fig.
S5). The Cu2+ form displays new small crystals on the pellet surface
that are different from the primary particles found in the native ma-
terial. These new crystals are most likely Cu2+ salt deposits. For the
Fe2+ form, the SEM images clearly evidence a dramatic change in pellet
structure (Fig. S5). The Fe2+ ion-exchange treatment has generated a
honeycomb type structure where the primary particles of the native
material disappeared almost completely (Fig. S5). These observations
suggest that the native material is significantly affected or degraded
after being contacted with the Cu2+ and Fe2+ electrolyte solutions.

Next, EDX analysis reveals the presence of the desired cation (Fig.
S6), but also that the native cation (i.e. Na+) remains in all samples,
except for the Cu2+ sample. The amount of desired cation, given in
Table 2, shows that the ion-exchange was successfully achieved, how-
ever, except for copper, iron and potassium, its extent for all other
cations was limited to about 80%. This may originate from the inability
of hydrated cations to enter the sodalite cages of the structure. Most
hydrated cations possess much larger radii than the sodalite cage en-
trance (i.e. 2.53 Å [61]). Therefore, the Na+ cations will (partly) re-
main in the material, leading to incomplete ion exchange [65–67]. In
addition, EDX analysis also indicates that, with the exception for Fe2+,
the Si/Al ratio remains almost constant after the ion-exchange treat-
ment of the native material (Na+ form) with the different electrolyte
solutions. Also, it is interesting to note that certain samples are over-
exchanged (Fe2+, Cu2+ and Zn2+), as seen from the charge ratio
(Table 2). More cations are present in these samples than necessary to
achieve charge neutrality in the zeolite structure. Since the ion-ex-
change, based on the charge, is not 100%, other metal species, than the
cationic form, may have been taken up during the contact with the
electrolyte solutions. Over-exchanged zeolites were also produced in
earlier studies [54,68,69] and it was proposed that the cation over-
exchange originates from the uptake of metal hydroxides and clusters
during the ion-exchange from aqueous solutions [68].

The X-rays diffractograms, shown in Fig. 3, demonstrate that most
samples, except for the Fe2+ and Cu2+ forms, maintain the crystalline
structure of the native material after ion-exchange, with all major peaks
matching with those reported for the FAU structure of the X zeolite
[72]. Smaller peaks around 12, 17, 25 and 28° are differently located
for the different samples. This could be explained by differences in
cation relocation [73] and framework distortion [74]. In addition,
about 20% amorphous fraction is detected for most samples, which is
attributed to the presence of a binder in the native material (Table 2).
On the other hand, the substantial decline in crystallinity was observed
in the cases of Fe2+ and Cu2+. This can be explained by the acidic
nature of their respective aqueous solutions. For instance, all electrolyte
solutions had a pH around 5.5, however, those of Fe2+ and Cu2+ were
3.6 and 3.5 respectively. Such acidic environment may lead to the de-
terioration of the zeolite framework structure and thus, a lower crys-
tallinity [75]. Similar findings were mentioned by Holmberg et al. [76].
They observed that at a pH 3, the FAU structure of zeolite Y begins to
break down.

ATR-FTIR spectra, shown in Fig. 4, illustrate the same tendencies as
observed by XRD after ion-exchange. While most samples possess very
similar spectra (Figs. 4 and S11), with major peaks originating from Si-
O-Al vibrations in the zeolite framework structure [77], the Cu2+ and
Fe2+ forms exhibit broader profiles with more pronounced OH-

stretching vibrations peaks (> 3000 cm−1). The treatment of the native
adsorbent material with the Cu2+ and Fe2+ electrolyte solutions for
ion-exchange may have degraded the zeolite framework structure,
which was also pointed out by the XRD (Fig. 3). Besides that, the IR
spectra show an interesting tendency between the various samples. The
single charged cation samples display a single peak around 964 cm−1,
while two peaks are observed for double charge cation samples. Except
for Cu2+ and Fe2+ forms, these differences are attributed to the ex-
changed cations in the zeolite framework structure [78].

Fig. 5 displays the argon (adsorption) isotherms of the different
samples. First, the argon adsorption isotherm of the native X material
(i.e. the Na+ form) has lower capacities compared to other data re-
ported in the literature [79]. Since a formulated 13X is used in this
study, it is expected that the adsorption capacities are lower than for a
pure (unformulated) 13X sample due to the presence of a binder.
However, the difference appears larger than simply the amount of
binder present in the native material (i.e. about 20%, estimated as the
amorphous fraction determined by XRD). Differences in adsorption
capacities between various commercial samples are seen in the litera-
ture [80]. Pore-blocking by the binder may explain the lower than
expected adsorption capacities for this simple [81]. On the other hand,
since the shape of the argon adsorption isotherm (Fig. 5), the crystal-
linity (Fig. 3), as well as the infrared bands (Fig. 4) and the Si/Al ratio
(Table 2) remain almost constant for most samples, the results are ex-
pected to be solely an expression of the ion-exchange in the zeolite
crystals rather than the modification of the binder fraction by the dif-
ferent electrolyte solutions. Second, although most samples possess si-
milar argon isotherms, the Fe2+ and Cu2+ materials clearly exhibit
much lower capacities. This is consistent with the XRD and ATR-FTIR
observations (Fig. 3,4) which indicated that the crystalline structure of
these materials was (partly) destroyed after ion-exchange (Fig. 3 and
Table 2), leading to smaller (relative) micro- and total porosities (Fig. 5
and Table 2). On the other hand, the samples which retained a high
crystallinity also conserved similar porosities as the native material
(Table 2). However, some interesting differences can still be noticed
between these samples. For instance, while for the alkali metal ion
samples (Li+ and K+) no significant change was observed in micro- and
total pore volume, the alkaline metal ion materials (Ca2+ and Mg2+)
clearly exhibit larger pore volumes than the native material (i.e. Na+

form) (Table 2). A similar effect was also noticeable for the transition
metal ion forms of Co2+ and Zn2+, but not for Ni2+ (Table 2). The
increase in the micropore volume, detected for the Ca2+, Mg2+, Co2+

and Zn2+ forms (Table 2), results from the opening of the pores by an
exchange of 2mol of single charged cations for 1mol of double charged
cations in the FAU structure of the X zeolite [57]. In case of the Ni2+

form, despite having equivalent radii as the other doubled charged
cations (Table 2), no significant variation in porosity was noticed

Fig. 3. XRD patterns of ion-exchanged X zeolites, with the native material being
the Na+ form (13X).
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compared to the native X material (Na+ form). Previous studies on ion-
exchange Y zeolites (FAU topology) also reported similar results for the
Ni2+ form [82,83]. It was suggested that some cations may lead to
pore-blocking [83], which reduces the material porosity. Following the
above-made observations the Fe2+ and Cu2+ forms were excluded for
further examination in this study.

3.3. HCL removal performance

3.3.1. Effect of zeolite hydration
First, the effect of zeolite hydration on the HCl removal performance

is studied on the native (13X) material. Fig. 6 shows the water vapor
phase adsorption isotherm obtained by the gravimetric method
(Fig. 6a), the (water) desorption curve measured by TGA (Fig. 6a) and,
the results from HCl breakthrough experiments with dried and hydrated
materials (Fig. 6c,d) (see Material and Methods Section for more de-
tail). As expected from the literature, water shows a steep Type I iso-
therm shape (Fig. 6a) [84–86], indicating the high affinity for the X
zeolite material. Under ambient conditions (RH > 30%), the material
is, thus, considered to be (almost) fully saturated with water vapor. The
amount adsorbed at saturation agrees well with the micropore volume
determined by argon porosimetry (Table 2). The adsorption capacities
are, however, lower than for other commercial samples [87,88]. The
origin of this was attributed to the presence of the binder (vide supra).
Next, the desorption curve indicates that the material is only com-
pletely dehydrated by heating at temperatures above 300 °C (Fig. 6b).
This is consistent with the literature, and almost identical behaviors
were observed for different ion-exchanged X zeolites [89–91]. The
stepped shape of the desorption curve may be assigned to the different
adsorption sites in the zeolite structure [92]. On the other hand,
without heating, a pure inert gas flow (at constant temperature of
303 K) appears to only remove a limited amount of water from the
material pores (Fig. 6b). Therefore, under hydrogen gas, which may be
considered inert with its negligible adsorption capacities on zeolites
[93], and the short (fluid) contact time (i.e. 0.11 s), the ion-exchanged

Fig. 4. ATR-FTIR spectra of ion-exchanged X zeolites, with the native material
being the Na+ form (13X).

Fig. 5. Argon adsorption isotherms of ion-exchanged X zeolites, with the native
material being the Na+ form (13X).

Fig. 6. a) Vapor phase adsorption isotherm of water
on the native material at 323 K. b) Desorption curves
with temperature program (full) and at 303 K (da-
shed). c) HCl breakthrough profiles of dried and hy-
drated materials, measured at 298 K, 6.39mbar HCl
partial pressure, 0.34m/s gas velocity and 30 bar
total pressure. d) HCl adsorption capacities de-
termined from breakthrough curves in Fig. 6c at sa-
turation (filled) and at 1 ppm (empty), and at sa-
turation per dry mass material (cross).
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materials are expected to remain hydrated during the breakthrough
experimentation until the contact with HCl occurs.

Following these observations, the HCl removal performance of the
native material was studied for three pre-treatments: loaded under
ambient conditions, dried at 623 K and saturated with water vapor (see
Material and Methods Section for more detail). Fig. 6c presents the HCl
breakthrough profiles for the different cases. The corresponding ad-
sorption capacities are shown in Fig. 6d. The breakthrough profiles
(Fig. 6c) indicate that the material previously saturated with water
takes up HCl in almost an identical fashion as the material being loaded
under ambient conditions. This is in line with the water adsorption
isotherm (Fig. 6a) showing that under ambient conditions the material
is almost completely saturated with water. The small difference in
loading will not significantly affect the HCl uptake by the zeolite ma-
terial (Fig. 6c,d). On the other hand, the dried sample behaves very
differently than the other two samples (i.e. ambient and saturated).
While sharp HCl profiles are observed for the ambient loaded and water
saturated samples, the dehydrated material displays an earlier HCl
breakthrough and a much broader profile. As a result, the dehydrated
material possesses a much lower adsorption capacity at a breakthrough
point of 1 ppm, than at saturation (Fig. 6d). The broadening of the
elution profile results from mass transfer resistances or limitations in
reaction kinetics [53], indicating that these are more pronounced with
the dehydrated sample than for the hydrated samples. This may origi-
nate from the difference in cation location within the X zeolite frame-
work structure between the hydrated and dehydrated state [94] and/or
the absence of water which may promote the HCl (reactive) uptake,
rather than a degradation of the material structure due to the activa-
tion. XRD reveals that the dried material after contact with HCl pre-
served the (crystalline) characteristics of the native material (Fig. S8).
On the other hand, the dried material adsorbs more HCl than the hy-
drated samples per mass loaded material (Fig. 6d). However, by taking
in account the degree of dehydration at 623 K measured by TGA
(Fig. 6b), almost identical adsorption capacities are retrieved per mass
dried material. In conclusion, since the drying of the adsorbent resulted
in unfavorable fixed-bed dynamics with a lower adsorption capacity at

1 ppm breakthrough point than hydrated samples, the HCl removal
performance of ion-exchanged X zeolites was further studied with
(ambient) hydrated samples.

3.3.2. HCL adsorption mechanism
In order to gain insight into the nature and mechanism of HCl ad-

sorption on the X zeolite adsorbent, the properties of the native material
were compared before and after HCl contact (Fig. 7). The adsorption
properties were explored by a cyclic breakthrough experiment (Fig. 7a),
while the chemical and structural properties were studied via EDX
(Fig. 7b), XRD (Fig. 7c) and ATR-FTIR (Fig. 7d) analyses. In addition,
the thermal behavior was studied by thermogravimetric analysis (Fig.
S9). Fig. 7a shows the elution profiles of HCl from a (continuous) cyclic
breakthrough experiment, including the HCl breakthrough profile
measured on the column (A1), the desorption from it with pure hy-
drogen gas (D1) and followed by a second adsorption step (A2).

The immediate breakthrough of HCl (in Fig. 7a, A2), from the
packed column which was previously saturated with HCl (A1) and
subsequently flushed with pure hydrogen gas (D1), indicates that no
adsorption capacity is retrieved after purging the adsorber overnight at
a high volumetric flow rate. In addition, no significant difference in
adsorption capacity is observed between 0.04 and 6.39mbar HCl par-
tial pressures (Fig. S10). Together with the desorption behavior
(Fig. 7a, D1), it proves that the adsorption isotherm has a rectangular
shape, resulting in sharp breakthrough profiles with a significant
breakthrough time (Fig. 7a, A1) and very difficult desorption of HCl
(Fig. 7a, D1) [57]. The bumps, observed in the second adsorption step
of the cyclic breakthrough experiment (Fig. 7a, A2), are attributed to
the valve and back pressure regulator as also seen from a blank mea-
surement (Fig. S3). These adsorption dynamics demonstrate that HCl
has a very high affinity for the X zeolite material. This is also evidenced
by the EDX analysis and the behavior upon heating studied by ther-
mogravimetric analysis. For instance, the EDX spectra clearly reveal the
presence of chlorine in the material (at 2.6 keV, Fig. 7b) even under
high vacuum and the use of an electron beam used during the analysis.
The TGA curve measured after HCl contact (Fig. S9) indicates that the

Fig. 7. a) HCl elution profiles of a (continuous) cyclic experiment with (A1) the first adsorption step, (D1) the desorption step between both adsorption steps and (A2)
the second adsorption step. b) EDX spectra, c) XRD patterns and d) ATR-FTIR spectra of X zeolite material before and after HCl contact.
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material losses mass only at much higher temperatures compared to the
(ambient) water saturated sample (Fig. 7b). Since (almost) no adsorp-
tion was observed with a cation-free material with accessible (large)
pores, the high affinity is attributed to the presence of the cations in the
framework structure (vide supra, Fig. 2). Interestingly, the adsorption
capacities (Fig. 7d) indicate that for each Na+ cation in the zeolite
material about one HCl molecule is adsorbed (see Supporting
Information Section 10, and also further Fig. 9). This is also confirmed
by EDX analysis, however, the Cl/Na ratio is lower than the one de-
termined from the breakthrough curve (Fig. S7). The high energy
electron beam used in the EDX analysis may degrade the material under
investigation and remove adsorbed molecules, as seen by the con-
tinuous decrease in Cl/Na ratio with repeating measurements (Fig. S7).
On the other hand, X-rays diffraction reveals that NaCl is formed inside
the zeolite pores, with new strong peaks showing up at about 31.6, 45.4
and 56.4° after HCl contact compared to the fresh material (Fig. 7c)
[95,96]. In addition, the material crystallinity decreased, with the
amorphous fraction increasing from 20.3% to 30.0%. Thus, the for-
mation of NaCl comes along with the degradation of the zeolite struc-
ture. This may originate from the framework structure being unstable
without cations present to neutralize the negative charge in the zeolite
structure [95,97] and/or the acidic nature of the hydrogen chloride in
the presence of (pre-adsorbed) water. The crystallinity might also be
influenced by the presence of the adsorbed phase [95]. The formation
of NaCl is also corroborated by the ATR-FTIR measurements (Fig. 7d). A
strong peak is detected around 160 cm−1 in the infrared spectra of the
zeolite material after HCl contact. This peak lies in the region of cation
vibrations (i.e. < 200 cm−1) [98] and strong absorbance for NaCl (Fig.
S12), indicating a significant change in cation properties. In conclusion,
the above-discussed results support the hypothesis that the uptake of
HCl from hydrogen gas by the X zeolite proceeds via chemisorption
through reaction with the cations, present in the zeolite framework
structure, into NaCl:

+ +NaX s HCl g HX s NaCl a( ) ( ) ( ) ( )
H O a( )2

(3)

with the pre-adsorbed water promoting the reaction by producing
chlorine ions, from the adsorbed HCl, necessary for NaCl formation:

+ ++H O a HCl a H O a Cl a( ) ( ) ( ) ( )2 3 (4a)

+ +NaX s Cl a X s NaCl a( ) ( ) ( ) ( ) (4b)

+ ++X s H O a HX s H O a( ) ( ) ( ) ( )3 2 (4c)

The formation of +H O3 ions from co-adsorbed water and hydrogen
halides was also previously observed on various hydrated systems [99].
On the other hand, without water the zeolite pore environment induces
the HCl dissociation via Lewis acid-base interaction with the cation
[97], however, the reaction kinetics are much less favorable than in the
presence of water, as suggested by the broad HCl elution profile for the
dried zeolite material (Fig. 6c).

3.3.3. Effect of cation type
The HCl removal performances of the (hydrated) ion-exchanged X

zeolites were evaluated via breakthrough experiments. The break-
through curves and corresponding adsorption capacities at saturation
and 1 ppm are provided in Fig. 8. The results for the alkali and alkaline
earth metal ion forms in comparison with the native form (Na+) are
shown in Fig. 8a and 8b, while those for the transition metal ion forms
are presented in Fig. 8c and 8d. The shape of the breakthrough curve
mainly depends on the adsorption equilibrium, while the broadness
originates from mass (and heat) transfer resistances in the porous ma-
terials and fluid mixing [57]. For alkali and alkaline earth metal ions,
the broadness of the breakthrough curves is almost identical for each

Fig. 8. HCl adsorption capacities (a,c) at saturation
(filled) and at 1 ppm (empty), obtained from break-
through curves (b,d) for alkali and alkaline earth
(a,b) and transition metal (c,d) exchanged X zeolite
materials. Breakthrough curves were recorded at
298 K, 0.34m/s gas velocity, 6.39mbar HCl partial
pressure and 30 bar total pressure.

Fig. 9. HCl adsorption capacities of ion-exchanged X zeolites in terms of
amount adsorbed molecules HCl per cation (left vertical axis) and per charge
(right vertical axis). The values were calculated from the results shown in Fig. 8
following the procedure given in Supporting Information Section S10.
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form. This indicates that the mass transfer resistances are not sig-
nificantly affected by the type of cation present in the zeolite material.
Only the Mg2+ form exhibits a wider mass transfer zone than the other
samples, with the largest observed difference in both adsorption capa-
cities (i.e. at saturation and at 1 ppm) among the different samples
shown in Fig. 8b. Thus, the ion-exchange of Na+ for Mg2+ leads to less
favorable HCl uptake kinetics, compared to the other ion-exchanges
samples, possibly originating from different metal species being taken
up from the electrolyte solution or the location of the cation in the
zeolite pores [100]. An attempt to connect the observed HCl removal
performances with the material properties is discussed further in more
detail.

On the other hand, very clear differences are observed in terms of
average breakthrough time between the various samples (Fig. 8b). This
expresses the differences in amount HCl adsorbed as shown in Fig. 8a.
While the native (Na+) and K+ forms display almost identical break-
through curves (Fig. 8b) and, thus, nearly equal adsorption capacities
(Fig. 8a), shorter (average) breakthrough times are seen for Li+, Ca2+

and Mg2+ forms (Fig. 8b), leading to lower HCl adsorbed amounts
(Fig. 8a). The difference is limited for the Li+ form, but significant for
the Mg2+ and Ca2+ forms. This shows that the Li+, which resides with
Na+ in material pore environment (see exchange %, Table 2), may
result in a less favorable bi-metal system than K+ for HCl uptake. It is
known that a specific cation ratio is required for the enhancement of
adsorption separation performance of gasses with Li+ exchanged zeo-
lite materials [101]. The significant reduction in adsorbed amount for
the Mg2+ and Ca2+ forms, however, the cause remains unclear, pos-
sibly originating from the double charge.

For the transition metal ion forms (Fig. 8c,d), different observations
can be made compared to the alkali and alkaline earth ion-exchanged
samples (Fig. 8a,b). First, all transition metal ion samples possess wider

breakthrough profiles than the native material, indicating that the ion-
exchange resulted in an increase in mass transfer resistances (Fig. 8d).
The different metal species and/or locations in the zeolite pore en-
vironment may be at the origin of this result [102]. Second, although
ion-exchange of the native cation (Na+) for Zn2+ significantly increases
the amount of HCl being adsorbed on the X zeolite material (Fig. 8c), a
small and large decrease is observed for the Co2+ and Ni2+ forms, re-
spectively, compared to the native material. The improvement of the
native material with Zn2+ may be assigned to the over-exchange
(Table 2). The difference between the samples containing the Co2+ and
Ni2+ cations can be attributed to the accessibility of the pores, as seen
from the porosities given in Table 2. Interestingly, in general, for double
charged cations, the transition metal ion forms perform better than the
alkaline earth metal ion samples in terms of adsorption capacities, but
lead to broader breakthrough profiles.

In order to further evaluate the HCl removal performances of the
different ion-exchanged X zeolite samples, the adsorption capacities
given in Fig. 8 were converted from mass HCl adsorbed per mass loaded
sample into the amount of HCl molecules adsorbed per cation and per
(positive cation) charge (see Supporting Information S10). The results
are shown in Fig. 9. First, the materials containing (only) single charged
cations, being the alkali metal ion Na+, K+ and Li+ forms, adsorb
about one HCl molecule per cation, which is in line with the previous
discussion on the nature and mechanism of HCl adsorption (see Section
3.3.2.). Each cation will therefore form a salt molecule M-Cl (with M
being the cation atom) in the material pores. For transition metal ions
(i.e. Zn2+, Co2+, Ni2+), being double charged, approximatively two
HCl molecule are adsorbed per cation atom. This suggests that each
double charged cation will react with two HCl molecules into a salt
molecule of the type M-Cl2. Since the ion-exchange is not fully com-
pleted (Table 2) about 1.6 HCl adsorb molecules per cation is expected

Fig. 10. HCl adsorption capacities in terms of adsorbed molecules HCl per charge as a function of cation properties (Table 2), for (×) alkali, (△) alkaline earth and
(●) transition metal ion-exchanged X zeolite materials. The adsorption capacities were calculated following the procedure provided in Supporting Information
Section S10.
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for the double charged ion-exchanged samples (Fig. 9). While this
corresponds quite well with the results for the Co2+ and Ni2+ forms,
the Zn2+ form adsorbs significantly more HCl molecules than expected
per cation in the zeolite pores. This result is attributed to the Zn2+ over-
exchange (Table 2), since in the calculation only the cations in the
zeolite are counted (see Supporting Information, Section S10). In con-
trary, double charged alkaline earth metal ion samples only take up
about one molecule of HCl per cation. The Mg2+ and Ca2+ ion-ex-
changed samples may offer a less favourable environment for HCl ad-
sorption compared to the other materials, however, the origin remains
unclear. Since a three atomic salt molecule of the type M-Cl2 is expected
to be formed with double charged cations, the changes to have si-
multaneously two HCl molecules colliding together with the cation is
smaller than a single HCl molecule colliding with a single charged ca-
tion. Possibly, the alkaline earth metal ions offer a less stabilizing en-
vironment compared to the transition metal ions during the reaction
with HCl into a salt molecule. However, the elucidation of this differ-
ence lies beyond the scope of this study. Furthermore, the different
tendencies observed in amount adsorbed per cation are also clearly
depicted in terms of HCl molecules adsorbed per (positive cation)
charge (Fig. 9). While alkali and transition metal ions tend to maximize
the use of their charges to adsorb one HCl per charge, the alkaline earth
metal ions Mg2+ and Ca2+ shows only about half of the expected
(adsorption equilibrium) performance.

An attempt was made to correlate the HCl removal performances of
the different samples (see above) in terms of molecules HCl adsorbed
per charge with the different cation and material properties given in
Table 2. The different comparisons are shown in Fig. 10 per cation
group (i.e. alkali, alkaline earth and transition metals). First, the
amount of HCl molecules adsorbed per charge increases with cation
radius (Fig. 10a) and atomic mass (Fig. 10b) within each cation group.
A larger cation may stabilize more efficiently its (pore) environment
than a smaller cation upon reaction with HCl [103], resulting in an
increased HCl uptake. Different tendencies can be seen in the literature
for ion-exchanged zeolite separation and catalytic performances.
During (physical) adsorption an increase in saturation capacity is ob-
served with decreasing cation radius [50]. At low loading the opposite
trend is typically noticed [104]. For chemical reactions higher con-
versions are seen with larger cations [105].

Second, no clear preference in (cation) charge is seen in Fig. 10c. A
small (average) preference for single charged cations is observed
compared to double charged cations, which is mainly attributed to the
badly performing double charged alkaline earth metal cations
(Fig. 10c). Next, interestingly, within each group a clear tendency is
observed between the amounts of HCl molecules adsorbed per (positive
cation) charge and the electronegativity (Fig. 10d). The less electro-
negative the cation, the more HCl molecules are adsorbed on the zeolite
material. This can be understood by the acid-base properties of zeolite
framework, where the exchangeable cation act as an acid site and the
framework oxygen nearest to this site provides a basic site. This basicity
increases as the cation electronegativity decreases, leading to high HCl
capture [50]. Furthermore, the amount HCl being adsorbed appears to
be unaffected by the degree of ion-exchange (Fig. 10e), indicating that
all cations present in the material (i.e. native and exchanged) are par-
ticipating into the HCl uptake. In addition, Fig. 10f shows that the small
variations in charge balance does not affect the HCl adsorption. The
over-exchange, seen from the large charge ratio, seems to improve, but
not significantly, the HCl uptake. Over-exchanged zeolites were seen to
improve the catalytic performance of the zeolite materials, such as
during the reduction of NOx [106]. The effect of over-exchange on the
HCl removal performance from hydrogen gas by zeolites will be dedi-
cated for another work. Fig. 10g indicates that the variation of the
crystallinity is not large enough to observe any difference between the
different samples. Finally, the pore volumes (micro- and total), shown
in Fig. 10h and 10i, seem not to influence the HCl adsorption. As long as
the cations are accessible or in an accessible form, the reaction with HCl

will take place. In conclusion, a complex interplay of various para-
meters is expected to influence the HCl adsorption (equilibrium) ca-
pacities of the ion-exchange X zeolite materials, however, some prop-
erties appear to play a more important role, such as the cation radius,
mass and electronegativity. Although the native (Na+), K+ and Zn2+

exchanged X zeolite materials were identified as the most promising
adsorbents, the further investigation and understanding of the effect of
cation and material properties on the HCl adsorption mechanism and
removal performance will allow a fine control and optimization of this
hydrogen gas purification.

4. Conclusions

In this study, zeolites with both low and high cation content, as well
as ion-exchanged materials, were explored for the removal of HCl from
hydrogen gas by adsorption. The zeolite screening indicated that the X
zeolite material outperforms the other materials due to the presence of
accessible cations. The characterization of the ion-exchanged X mate-
rials demonstrated that the ion-exchange was successfully achieved
with expected tendencies in XRD and ATR-FTIR spectra, as well as
porosities. The breakthrough experiments highlighted a significant ef-
fect of hydration with (ambient) hydrated samples showing an im-
proved HCl removal performance in comparison dehydrated samples.
Dehydrated sample displayed an earlier HCl breakthrough and a much
broader (unfavorable) breakthrough profile. The series of character-
ization supports the hypothesis that HCl is taken up by the material by
reaction with the cations present in the zeolite cavities into salt mole-
cules, with the hydration and cation type influencing the HCl removal
performance. For instance, while alkali and transition metal ions tend
to maximize the use of their charges to adsorb and react with one HCl
per charge, the alkaline earth metal ions Mg2+ and Ca2+ shows only
about half of the expected (adsorption equilibrium) performance. Only
the Zn2+ exchanged X zeolite presented an improvement in the HCl
adsorption capacity at saturation in comparison to native (Na+) X
zeolite, which was attributed to the over-exchange of the zeolite ca-
tions. The investigation also pinpointed that parameters such as cation
mass, radius and electronegativity play an important role in the HCl
removal performance. Finally, although the native (Na+), K+ and Zn2+

exchanged X zeolite materials were identified as the most promising
adsorbents, towards the implementation in a separation process the
material reusability should be explored.
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