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Abstract

We have investigated the use of zeolites as potential hydrogen storage materials. The zeolites A, X, Y and RHO, which encompass a
range of different pore geometries and compositions, were synthesised by hydrothermal methods, and different cation-exchanged forms
were prepared through ion-exchange from aqueous metal nitrate solutions. The phase composition and crystallinity of samples were
interrogated by powder X-ray diffraction. Scanning electron microscopy revealed cubic crystals of zeolites both before and after
ion-exchange. Hydrogen adsorption capacities were measured using a constant pressure Thermogravimetric Analyser; data were obtained
over a range of pressures from 0 to 15 bar and isothermally at temperatures from2196 to 3008C. The results showed that hydrogen
uptake in zeolites is strongly dependent upon temperature, and also on framework and cation type. Surface area measurements were also
carried out on these materials and the results used to interpret the hydrogen adsorption data.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction trapping of different sized gas molecules. Weitkamp et al.
3[11] reported that sodalite could store 9.2 cm /g (0.082

Hydrogen storage is currently a topic of intensive wt.%) of hydrogen if loaded at about 3008C and 100 bar.
research[1] because of the ever-growing environmental At very low temperatures, hydrogen uptake values have
concerns over the use of fossil fuels. Various methods for been reported to be much higher. For instance, Kazansky
storing hydrogen including gaseous, liquid and solid state et al. reported a study of hydrogen adsorption on sodium
storage have been suggested[1–3]. Recently, attention has forms of faujasite and a hydrogen storage capacity of

21focused on light materials such as carbon for solid-state 3.6310 molecules/g (1.2 wt.%) at21968C [12].
hydrogen storage (see for example Refs.[4–6]). To date, In the present study we have carried out a systematic
only limited work has been carried out with regard to the investigation of the hydrogen adsorption properties of a
hydrogen adsorption properties of other microporous ma- number of zeolites at three different temperatures. In order
terials such as zeolites despite the fact that the use of these to examine a variety of framework structures, zeolites NaA
materials for the separation of hydrocarbons and occlusion (LTA structure type), NaX and NaY (FAU), and
of gases is well established[7]. These applications have NaCsRHO (RHO)—and their ion-exchanged forms—have
provided an early incentive for both theoretical[8] and been chosen for study. The framework structures of these
experimental[9,10] studies on the adsorption of a range of zeolites are shown inFig. 1 and approximate pore sizes are
gases (e.g. Ar, Xe, Kr, N ) on zeolite materials. Of given inTable 1.2

particular interest in relation to the potential use of these
materials as gas storage media is that by changing the size
and charge of the exchangeable cations, the diameter of the2 . Experimental
channels can be controlled, thus enabling the effective

2 .1. Hydrothermal preparation
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Fig. 1. Framework structures of zeolites: (a) zeolite A, (b) zeolites X and Y and (c) zeolite RHO. The corners on each framework represent Si or Al and
these are linked by oxygen bridges represented by the lines on the frameworks (diagram kindly provided by M.J. Edmondson).

NaCsRHO were synthesized by three different hydrother- and stirred for 24 h. The exchange was performed five to
mal routes. For a typical zeolite A synthesis, 2 g of sodium seven times. In the case of Mg-exchanged zeolites, four
hydroxide (99% pellets, BDH), 24 g of sodium aluminate exchanges were carried out at 808C using 100 ml of 0.4 M

21(99.9% Al, STREM Chemicals) and 46 g of sodium Mg(NO ) (99%, Aldrich) solution. These ions (Cd and3 2
21metasilicate (99%, STREM Chemicals) were used. Crys- Mg ) were chosen as they have a higher charge than the

1tallization was carried out at 1008C for 4 h in an oven. native Na cations, but have quite different sizes and
NaX was prepared from solutions containing 60 g chemistry, and because of their ability to be exchanged

sodium metasilicate (99%, STREM Chemicals) and 19 g into a range of different zeolites without complication.
sodium aluminate (99.9% Al, STREM Chemicals). The
two solutions were mixed together forming a thick gel,
which was heated in an oven at 808C for 24 h. 2 .3. Characterization

For NaCsRHO, the preparation consisted of dissolving
36 g of sodium hydroxide (99% pellets, BDH) in deion- The crystallinity of the zeolites was checked by means
ized water, then adding 14 g alumina (Catapal B, Vista) to of powder X-ray diffraction (XRD) patterns obtained on a
the resulting solution. The resulting solution was then Siemens D5000 X-ray diffractometer with CuKa radiation.
added to 36 g of caesium hydroxide (50 wt.% with water, Morphological and compositional data were acquired
Aldrich) and 300 g colloidal silica (30 wt.% with water, through scanning electron microscopy (SEM) and energy
Dupont Ludox HS-30). The gel was aged for 24 h at room dispersive X-ray (EDX) analysis respectively, using a
temperature and then heated at 808C for 6 days. After JEOL 6300 electron microprobe. BET surface area mea-
reaction at the required temperature all samples were surements were performed on a Micromeritics ASAP 2010
cooled, filtered, washed and dried to obtain zeolite crystals machine using nitrogen adsorption at21968C. The hydro-
as a fine powder. gen storage capacities of the zeolites were determined on a

Hiden constant pressure Thermogravimetric Analyser,
2 .2. Ion exchange which is known as an Intelligent Gravimetric Analyser

(IGA) system. Each sample, typically of mass 100 mg, was
Zeolites NaA, NaX, NaY and NaCsRHO were used as loaded into a glass sample bulb and the system evacuated

26starting materials for ion-exchange. Exchange was carried (10 mbar) and heated to 4008C to dry the samples. The
out using conventional ion-exchange procedures. For Cd- samples were then cooled to the required temperature
exchanged zeolites, 10 g of the zeolite was added to 250 between2196 and 3008C and, pressure–composition
ml of 0.1 M Cd(NO ) (98%, Aldrich) solution at 708C isotherms (PCT curves) determined up to 15 bar with 1 bar3 2

T able 1
Approximate pore sizes of zeolites

˚ ˚Zeolite type Type of cage Diameter of cage (A) Free diameter of aperture (A)

A b 6.6 2.2
a 11.4 4.1

X or Y b 6.5 2.2
supercage 11.8 7.4

RHO a 11.0 3.6
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T able 2pressure steps. The purity of the hydrogen source was
Hydrogen uptake (wt.%) in zeolites at pressure 15 bar and temperatures99.995%, and a liquid nitrogen trap was used on the
21968C, RT and 2708C

hydrogen gas inlet stream. Results were corrected for
Material H uptake (wt.%)2buoyancy using Archimedes’ Principle. Hydrogen adsorp-

tion values were expressed in terms of weight percent 21968C RT 2708C

(wt.%) hydrogen in the material. NaA 1.54 0.28 0.30
CdA 1.14 0.25 0.30
MgA 1.19 N/A N/A
NaCsRHO 0.00 0.18 0.20
CdRHO 0.08 0.19 0.253 . Results and discussion
NaX 1.79 N/A 0.25
CdX 1.42 N/A N/A

X-ray diffraction patterns for zeolite Y samples are MgX 1.61 N/A 0.28
CuX N/A N/A 0.25shown inFig. 2. It can be seen clearly that the crystallinity
NaY 1.81 N/A N/Aof the zeolite framework was maintained after ion-ex-
CdY 1.47 N/A N/Achange. SEM and XRD indicated that all the zeolites
MgY 1.74 N/A N/A

survived the ion-exchange procedures essentially intact (a
significant reduction in peak intensities observed in CdY
may result from sample absorption as the diffraction more accessible[13]; it is not clear from the current work
patterns were obtained in transmission mode). The esti- whether this phenomenon is indeed occurring.
mated percentages of ion-exchange by EDX analysis were Hydrogen uptake was substantially greater at21968C
CdA, 87%; CdX, 100%; CdY, 100%; CdRHO, 57%; MgA, than at RT or 2708C for zeolites A (Fig. 3), X (Fig. 4) and
78%; MgX, 73% and MgY, 59%. Y (Fig. 5). The hydrogen storage capacities obtained at

The hydrogen uptake of all the zeolites was isothermally 21968C and 15 bar were 1.54, 1.79 and 1.81 wt.% for
measured on the IGA at temperatures from RT to 3008C zeolites NaA, NaX and NaY, respectively. The results for
up to a pressure of 15 bar. The largest uptake value NaX and NaY are in reasonable agreement with those of
between these temperatures was recorded at 2708C and the Kazansky et al.[12] who reported hydrogen uptake values
highest hydrogen uptake at RT and 2708C was recorded of 1.2 wt.% at21968C and pressures,1 bar by baromet-
for NaA with values of 0.28 and 0.30 wt.%, respectively ric measurements and DRIFT spectra. For all the above
(Table 2). Weitkamp et al. [11] also observed higher mentioned zeolites adsorption/desorption traces were mea-
hydrogen encapsulation at loading temperatures up to sured at liquid nitrogen temperature up to 2 bar with 0.1
3008C. In the case of the current work the difference in bar pressure steps. An example (for CdA zeolite) is shown
uptake between RT and 2708C could be due to experimen- inFig. 6. For all these zeolites, a Type I isotherm was
tal error, e.g. buoyancy or flow effects on the balance observed, with desorption closely following the same path
occurring at higher temperatures. Other workers have as adsorption: this indicates the process of microporous
reported that higher uptakes can be achieved due to physisorption of hydrogen, as classified by Brunauer,
cationic vibrations at higher temperatures making the cages

 
 

Fig. 3. Hydrogen adsorption isotherms at21968C for NaA, CdA and
Fig. 2. Powder X-ray diffraction patterns of NaY, CdY and MgY zeolites. MgA zeolites with 1 bar pressure steps.
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Fig. 4. Hydrogen adsorption isotherms at21968C for NaX, CdX and Fig. 6. Hydrogen adsorption/desorption isotherms at21968C for CdA
MgX zeolites with 1 bar pressure steps. zeolite with 0.1 bar pressure steps.

Deming, Deming and Teller (BDDT)[14]. Zeolites have a (Fig. 4) and Y (Fig. 5) although we note that there are
characteristic high internal surface area, approximately of a differences in measured ion-exchange capacities for the
similar order of magnitude to the surface area of activated various cationic forms.
carbon, a material which can exhibit appreciable hydrogen Fraenkel[8] postulated that hydrogen uptake in zeolites
uptake values at cryogenic temperatures[15]. was related directly to the available void volume per gram

The influence of ion-exchange on hydrogen adsorption of zeolite which decreases with the increasing size and
was investigated using Na, Cd and Mg forms of zeolites A, number of the exchangeable cations. From our data, this
X and Y (Figs. 3, 4 and 5). Saturation was generally explanation does not appear to hold for zeolites X, Y and
reached at higher pressures (5–9 bar) for zeolites X and Y A, where, for instance, NaX and NaY have twice as
in comparison to zeolite A, where adsorption became many—and larger—cations than MgX and MgY, yet the
complete at pressures of 3–5 bar. Hydrogen adsorption uptake was lower for the Mg-exchanged zeolites. As

1 21 21decreased from Na through Mg to Cd in zeolites X zeolites X and Y have very open structures it is unlikely
that the lower uptake observed for ion-exchanged X and Y
is due to a cationic ‘pore blocking’ effect. It is possible

 that a small amount of structural imperfection (not detected
by XRD or SEM) may be responsible for the lower
uptakes—effectively blocking entry points to the crys-
tallite, or alternatively that the association of molecular
hydrogen with the metal cation itself has a large effect on
the physisorption values.

Zeolite A followed a similar trend in hydrogen uptake
values as X and Y for Na- and Mg-exchanged forms,
despite the fact that this zeolite has a significantly different
crystal structure (Fig. 1). It might have been expected that
CdA and MgA would have had a higher uptake in

21 21comparison to that of NaA, as Cd and Mg probably sit
in the 6-ring sites of thea-cages leaving the larger 8-ring
sites accessible to hydrogen. Sodium occupies both the
6-ring sites and the larger 8-ring openings.

Interestingly, the amount of hydrogen adsorption by
zeolite RHO at liquid nitrogen temperatures was insig-
nificant (Fig. 7). A possible reason for the low uptake in
NaCsRHO at this cryogenic temperature is the fact thatFig. 5. Hydrogen adsorption isotherms at21968C for NaY, CdY and

MgY zeolites with 1 bar pressure steps. access to this structure might be effectively blocked by
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Fig. 7. Hydrogen adsorption isotherms at21968C for NaCsRHO and
Fig. 8. Correlation between hydrogen adsorption at21968C and BET

CdRHO zeolites with 1 bar pressure steps.
surface area for a series of zeolite materials. The correlation coefficient is
also indicated.

1Cs cations which are located in the double 8-ring sites.
1EDX analysis revealed that Cs ions were still present in uptake values for all systems investigated (Fig. 8) and it

the Cd-exchanged zeolite RHO. Therefore, either there are can be seen that the hydrogen uptake correlates directly
1enough Cs cations left in CdRHO after ion-exchange to with the measured BET surface area. One exception is

21prevent significant hydrogen uptake, or the Cd cation in NaA which takes up 1.54 wt.% hydrogen at liquid nitrogen
zeolite RHO itself exerts a blocking effect. The local temperatures yet has an immeasurably low BET surface
positioning of these cations in zeolite RHO structures has area. This is probably due to the smaller size of the
been reported as an important parameter for the encapsula- hydrogen molecule in comparison to that of nitrogen and
tion of hydrogen gas molecules[13]. to the size of the pore opening. As expected, NaCsRHO

The large internal surface area of the zeolite structures and CdRHO gave a low BET surface area due to pore
plays a major role in the relatively high hydrogen/ad- blocking by the large cations. In future, more sophisticated
sorption values observed[15]. BET measurements (using Dubinin-type analyses[14] will be carried out on both the
nitrogen) were carried out in order to compare hydrogen nitrogen and hydrogen isotherms at21968C.
uptake to total surface area. BET values have previously
been shown to relate closely to micropore volumes in
zeolite materials[15]. The observed trend in the BET
measurements (Table 3) followed the order NaY.NaX. 4 . Conclusions
CdY.CdX.CdA.CdRHO.NaCsRHO. The data for
NaA however, are not included inTable 3because a very The largest hydrogen uptake values for zeolites A, X
small nitrogen sorption capacity was obtained and hence and Y were found to be at21968C. The fact that
the BET surface area could not be reliably estimated[16]. hydrogen uptake was of a Type I nature (desorption

The BET surface area was plotted against hydrogen followed the same path as adsorption on the PCT plots)
proved that, at low temperatures at least, microporous
adsorption was the dominant mechanism. Ion exchange has

T able 3
2 been shown to have an effect on the hydrogen adsorptionBET surface area (m /g) of zeolites

values at21968C, however, it is not yet clear whether the2Material BET surface area (m /g)
observed differences in adsorption values are due to pore

NaA N/A blocking by cations, or variations in the interaction of
CdA 383 hydrogen with different cations. Further work is required
NaCsRHO 3

to understand fully these mechanisms. A maximum hydro-CdRHO 90
gen storage capacity of 1.81 wt.% (at21968C and 15 bar)NaX 622

CdX 526 was observed for NaY zeolite. These materials show great
NaY 725 promise/potential as low cost media for stationary hydro-
CdY 594 gen storage applications.
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