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� Removal of HCl present in trace

amount from H2 gas is demon-

strated via fixed-bed method

under dynamic (process)

conditions.

� Zinc based Metal organic frame-

work (MOF), ZIF-8 outperformed

all traditional sorbents and previ-

ously tested MOFs.

� The characterization suggested a

tandem reaction mechanism.
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In the production of hydrogen gas, the removal of hydrogen chloride (HCl) is of particular

relevance for the chemical industry. Here we report the HCl removal performance of ZIF-8

metal organic framework demonstrated via fixed-bed (dynamic) measurements under

process conditions. The measurements revealed an HCl removal capacity of 1.02 g/g,

outperforming by far all traditional materials and other metal-organic framework previ-

ously tested. The ZIF-8, before and after the HCl contact, was characterized via SEM-EDX,

XRD, TGA, ATR-FTIR, XPS and Raman spectroscopy. The results showed a dramatic change

in textural, structural and chemical properties of ZIF-8 after HCl contact, where the MOF

material undergoes a reaction and re-crystalizes into a salt complex.
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Introduction

Hydrogen is the cleanest energy source [1] [e] [3] and finds

widespread applications in the production of other (larger)

chemicals [4,5],. It can be produced from various renewable

and non-renewable sources, and via a variety of processes,

such as electrolysis or fermentation [5,6]. Currently, hydrogen

gas is mostly produced in chemical industries as a by-product

from the catalytic reforming of hydrocarbons [6]. During this

process, the catalysts are typically promoted with chloride to

improve their (catalytic) activity. Unfortunately, this leads to

the formation of small quantities (<100 ppm) of hydrogen

chloride (HCl), which contaminates the product streams [7] [e]

[10]. In addition, HCl causes important problems in chemical

plants, such as corrosion and fouling. Besides the unit slow-

down and potential shutdown, it may come along with

important environmental and safety issues [7] [e] [12]. The

removal of HCl from hydrogen gas is, therefore, of great

importance for the chemical industry.

Various techniques can be used to separateHCl fromafluid,

including adsorption, wet scrubbing, or cryogenic separation,

but the low HCl concentration in the H2 streams complicates

the separation [13] [e] [15]. In that perspective, adsorption

appears to be the preferred approach in the chemical industry,

with the most used adsorbent being activated alumina [15,16].

Nevertheless, other porous materials, in particular Metal-

Organic Frameworks (MOFs), are gaining attention for the

removal of hazardous compounds, showing great promise

with unprecedented uptake capacities compared to traditional

materials [17e19]. For example, nitrogen dioxide and chlorine

adsorbed up to 1.4 g/g and 1.24 g/g, respectively, on an amine

engineered UiO-66 MOF variant [18,20]. So far, studies on the

separation of HCl from hydrogen by sorption have been con-

ducted with traditional porous materials and/or far from pro-

cess conditions [7,21]. Typically, alkalimetal and alkaline earth

metal-based sorbent materials are used due to their high

reactivity towards the acid pollutants such as HCl [22e24].

However, it is particularly challenging to achieve efficient

separations at high gas velocities and such low concentrations.

Furthermore, former studies indicated that the use of zinc

(impregnation/ion-exchanged) may significantly improve the

HCl removal performance of porous materials [7,11].
Results and discussion

In this work, we investigated the purification of H2 streams

containing trace levels of HCl under dynamic, industrially

relevant conditions [25] (200 ppm HCl in H2, 30 bar total

pressure, 0.34 m/s gas velocity) on various (commercial)

porous solids. We demonstrate the exceptional HCl removal

performance of the Metal-Organic Framework ZIF-8, which is

built up of zinc atoms coordinated with 2-methyl-imidazolate

linkers [26]. Fig. 1 shows the HCl removal capacities (q) of

these materials, including zeolites with both very high (3 A,

4 A, 5 A, 13X) and very low (silicalite) cation density, activated

carbons (AP3-60 and CWS 12X30), silica gel and ZIF-8. These
Please cite this article as: Sharma R et al., Metal-organic framework Z
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were obtained from the concentration profiles measured at

the outlet of a column packed with the adsorbent pellets

(Fig. 1b), the so-called breakthrough curves (see Methods,

Supplementary Information (S.I.)).

Meanwhile, for the traditional sorbents the HCl capacities

obtained are consistent with the literature [11]. Clearly, ZIF-8

outperforms all tested solids by at least a factor seven in

terms of breakthrough times and HCl removal capacities. It

possesses an exceptional HCl capacity of 1.02 g/g (eq.

28 mmol/g) at 6 mbar partial pressure and remarkable mass

transfer properties, which can be noticed from the sharp

breakthrough profile (Fig. 1b). Furthermore, ZIF-8 also sur-

passes previously testedMOFs such as NH2-MIL-101measured

about 6.3 mmol/g at 1 mbar [27] and Fe-BTC measured for

highest capacity at 11.8 mmol/g [28] and commercial sorbent

such as Bicar (sodium hydrogen carbonate) with a capacity of

7.3 mmol/g, used in the industry for flue gas treatment of acid

gases [29].

To obtain a better understanding of the interaction be-

tween ZIF-8 and HCl, characterization of ZIF-8 material before

and after the HCl contact was performed. Scanning electron

microscopy (SEM) images (Fig. 2a) and X-rays diffractograms

(XRD) (Fig. 2b) reveal a dramatic change in textural and

structural properties.While the ZIF-8 pellets are initiallymade

of small crystals (circa. 1 mm), very large crystals of various

sizes and shapes appear after HCl contact (Fig. 2a). In addition,

the ZIF-8 XRD characteristic peaks are lost after HCl contact

(Fig. 2b). Interestingly, thematerial remainsmostly crystalline

with no significant change in amorphous fraction, i.e. going

from 9% to 17% (S.I.). This demonstrates that ZIF-8 reacts with

HCl and undergoes a complete re-crystallization into new

(crystalline) material, which has, moreover, zero micropo-

rosity (Fig. S1). The extremely high affinity of HCl for ZIF-8 can

thus be explained by the reactive nature of the removal

mechanism, which appears to be non-reversible since no ca-

pacity is retrieved after flushing the material during 18 h with

pure hydrogen (Fig. S2).

Furthermore, the different crystal shapes (Fig. 2a) and large

number of peaks (Fig. 2b), observed via SEM and XRD respec-

tively, for the ZIF-8 sample after HCl contact, suggest that the

new material formed is composed of different phases. In

addition, energy dispersive X-rays (EDX) analysis clearly re-

veals the presence of chloride (2.62 keV, Fig. 2c) within the

new structure, which, also appears to have lost the thermal

stability of the prime material (Fig. 2d). Interestingly, the

amount HCl captured (vide supra) corresponds to about 38 HCl

molecules per ZIF-8 cage. This result points out that each

constituent of the ZIF-8 structure may have reacted with HCl,

since each ZIF-8 cage contains 6 zinc atoms and 24 2-

methylimidazolate linkers.

To further understand the change in the chemical nature

of ZIF-8 after HCl contact, ATR-FTIR, XPS and Raman spec-

troscopy analyses were performed on samples before and

after HCl contact. Fig. 3 exhibits these respective spectra for

ZIF-8 before (black) and after HCl contact (blue). The main

bands in FTIR spectra and in Raman spectra are consistent

with those previously reported by Kumari et al. Tanaka et al.

and Zhang et al. for ZIF-8 [30e32].
IF-8 for exceptional HCl removal from Hydrogen gas by reaction,
ydene.2022.04.244
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Fig. 1 e HCl removal performances of different porousmaterials at 298 K, 0.34 m/s gas velocity, 200 ppmHCl in H2 and 30 bar

total pressure. a) HCl breakthrough profile with time in log scale and b) HCl removal capacities (q) obtained from

breakthrough curves (sequence of x-axis coincides with the legend for breakthrough curves). More details about the

methods are provided in the Supplementary Information (S.I.).

Fig. 2 e a) Scanning electronmicroscopy (SEM) images of (top) fresh ZIF-8 pellets and (bottom) used ZIF-8 pellets after contact

with HCl (scale bar: left, 100 microns; right, 20 microns;), b) X-rays diffractograms (XRD), c) energy dispersive x-rays (EDX)

spectra, and d) thermo-gravimetric analysis. More details about the methods are provided in the S.I.
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Upon comparing these peaks of ZIF-8 with the new mate-

rial formed, some differences can be observed. The charac-

teristic signals such as assigned to ZneN stretching, seen at

173 cm�1 and 282 cm�1 in Raman and at 425 cm�1 in FTIR,

were absent for the new material formed after the HCl con-

tact. New peaks with small shifts were observed in the Raman

and FTIR spectra of this new material, for example, the peaks

at 278 and 302 cm�1 in Raman and at 1624 cm�1 in FTIR, which

could be assigned to the stretching band of formed ZneCl

bonds [33e35]. These results indicate that the ZneN bonds
Please cite this article as: Sharma R et al., Metal-organic framework Z
International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijh
in ZIF-8 is possibly cleaved and replaced by ZneCl bonds

during the reaction of the MOF material with HCl, thus

forming ZnCl2. These observations are corroborated by the

X-ray photoelectron spectrometry (XPS) measurements as

well, where a zinc chloride doublet appeared at 198.2 eV in the

Cl 2p spectrum for the ZIF-8 sample after in contact with HCl

(see S.I. Fig. S3). A detailed analysis on the FTIR and Raman

spectra is provided in the supplementary information.

In addition, its immediate dissolution in liquid water also

supports the hypothesis that ZIF-8 has been transformed into
IF-8 for exceptional HCl removal from Hydrogen gas by reaction,
ydene.2022.04.244
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Fig. 3 e ZIF-8 before (black, bottom) and after (blue, top) HCl contact: a) Attenuated total reflectance e Fourier transform

infrared (ATR-FTIR) spectra; b) Raman spectra. Symbols: square represents peak corresponding to ZneN and triangle

represents ZnCl2. For more details consult the S.I. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x4
a salt complex [36]. A similar transformation has also been

seen with nonporous molecular crystals that have been con-

tacted with gaseous HCl, resulting in cleavage of the metal-

organic linker bond and forming a new structure of metal-

halides and organic linkers via dominant hydrogen bonding

interactions [28]. Furthermore, other reactions points, such as

those found at the external surface, are very likely to play an

important role as seen in earlier works demonstrating the a

priori unanticipated high catalytic activity of ZIF-8 [37].

Intriguingly, in a previouswork, Liu et al. [28] only observed an

HCl removal capacity of about 3 mmol/g at a much higher HCl

partial pressure (i.e. 100 mbar) and (almost) no degradation of

the crystal lattice of ZIF-8 after contact with gaseous HCl.

Differences in material properties such as the number of de-

fects and crystal size, due to different synthesis routes may

explain the opposite views on the ZIF-8 HCl removal perfor-

mance. Similar large divergences (due to variations in syn-

thesis method) have been reported in the literature with other

MOF materials for gas separation applications [38]. Overall,

the presence of an inorganic and organic component in MOF

ZIF-8 is believed to be a useful characteristic which is being

utilized in a tandem reaction, leading to exceptionally high

HCl removal capacity. For further understanding of the un-

derlying reaction process, a mechanism proposal involving

chlorination and neutralization reaction is presented in the

supplementary information (Fig. S4, see S.I. for reaction

mechanism proposal).
Conclusion

In conclusion, the removal of hazardous compounds, such as

HCl, is of paramount importance for the chemical industry. In

this work we have demonstrated for the first time the excep-

tional performance of the ZIF-8 MOF in the removal of trace

levels of HCl from hydrogen gas via breakthrough experi-

ments under dynamic process conditions and a set of char-

acterization measurements. The unprecedented HCl removal

capacity on ZIF-8 is attributed to the reactive nature of the

removal mechanism.
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