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Abstract

The sorption properties of water in potential thermochemical storage materials such as low silica X zeolites, microporous aluminophosphates,
SAPO-34 and CaGlaccommodated in the pores of attapulgite were investigated by thermogravimetry, differential scanning calorimetry,
sorption isotherms and microcalorimetry.

Because of decreasing differential molar heats of sorption from LiLSX (100-70 kJ/mol) to SAPO-34 (90-65 kJ/mol) and to supported
CacCl (70-50 kJ/mol) the isotherms are shifted towards higher equilibrium pressure by about three orders of magnitude. The energy densities
at 313K and up to 20 mbar vapor pressure decrease in the same order from 1184 to 997 and 871 kJ/kg adsorbens. The average temperature
for the desorption of the water decreases as well from >450 to <400 K which classifies the silicoaluminophosphate between the common
zeolites and the salt hydrates with regard to the properties as thermochemical storage material.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (<400K for the desorption of the water) and high energy
densities (high specific integral heats of adsorption) but have
Zeolites and zeolite-like materials such as AP@nd a very limited temperature lift. Zeolites on the other hand
SAPO molecular sieves as well as mesoporous materials suctshow a much higher temperature lift and a medium energy
as aluminosilicates and silica gels are well known and par- density but the charging temperature is high (>470K). To
tially since decades well established in catalysis and adsorp-close the gap between the properties of the zeolites and silica
tiontechnologies. In the last two decades however, because ofjel as storage material, we suggested in Réfto take in to
environmental reasons, zeolites and silica gels became subaccount the mildly hydrophilic microporous aluminophos-
ject of increasing interest for thermochemical storage of heat phates for thermochemical storage and heat pump applica-
or heat pump applicatiorj$—6]. Those materials with water  tions. The AIPQ molecular sieves show a lower charging
as working agent for instance allow utilization of low temper- temperature, a medium storage density and a medium tem-
ature heat (like industrial waste heat and solar heat) for lossperature lift. As well known, the incorporation of silicon into
free storage or transportation of heat and heat transformationthe AIPO structures modifies the adsorption properties of the
without refrigerants contributing to the global warming. so created SAPO molecular sieves and a “fine tuning” of the
Mesoporous materials especially impregnated with hygro- storage properties of those potential storage materials seems
scopic salt hydratefs] show a low charging temperature to be possible via the lattice chemistry.
The aim of this paper is, therefore, to integrate a SAPO
* Corresponding author. Tel.: +49 3063922574; fax: +49 3063022574, Molecular sieve into a comparison of the water adsorption
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molecular sieve and an impregnated mesoporous aluminosil-  The attapulgite had a BET surface area of $8jrand,
icate with regard to the thermochemical storage of low tem- estimated by mercury intrusion, an average pore diameter of
perature heat. The results of the investigation of those materi-64 nm with a surface area of 86g. By comparison of the

als in a lab-scaled thermochemical storage will be discussedtexture data of the pure and impregnated samples it could be

elsewherd8]. concluded that the salt was accommodated inside the pores of
the attapulgitd9]. Because the pore diameter is close to the

2. Experimental border qf meso- anq macropores (IUPAC definition 50 nm)
attapulgite will be still called to be “mesoporous”.

2 1. Methods For zeolites a high pore volume or a low lattice density

is important to achieve high storage densifigg]. There-

The adsorption properties of water and the energy den-fore, mginly molecular sieves of 'Fhe faujasite-, .erionite- and
sities (integral heats of the water adsorption related to the Chabasite type were selected. LiNaX (95.5% ion exchange
amount of adsorbens) of different kinds of storage materials 4€9ré€) was prepared by a standard ion exchange procedure
were investigated by means of isotherm measurements, mi-Vith LICl (based on common NaX, CWK, Baddstritz, Ger-
crocalorimetry, thermogravimetry (TG) and differential scan- Many)- The AIPQ and SAPO materials were synthesized
ning calorimetry (DSC). hyfjrothermglly according to the patent I|ter§t4ﬂé)—12]

The TG and DSC measurements were performed on aUSing organic template molecules_: AIPO-5 with tetrlapropyl
SETARAM TG-DSC 111 equipment with a heating rate of @mmonium hydrOX|del, AIPO-17 with cycloh_exyl amine gnd
5K/min to a temperature of 673K in a nitrogen stream of AIPO-18/SAPO-34 with tetraethyl ammonium hydroxide.
1L/h. Prior to the experiment the water was adsorbed “off- 1€ SAPO-34 contains 3 Si/u.c. according to the chemical
line” in awell evacuated desiccator at a relative water pressureCOMPosition. All AIPQ, and SAPO samples were checked
of 0.3 at room temperature overnight. Then the samples werePY XRD measurements to be highly crystalline and pure.
transferred into the apparatus.

Sorption isotherms of water were measured gravimet-
rically at 293, 313 and 333K with a home-made McBain 3. Results and discussion
quartz spring balance equipped with two MKS Baratron
pressure sensors (19to 10 and 10! to 1000 mbar). The First in TG experiments the differences in the desorption
sensitivity of the quartz spring amounts to 4 mg/mm. The behaviour of water from the molecular sieves were compared.
expansion of the spring were measured using a kathetometeFig. 1gives the results of those thermogravimetric investiga-
with a resolution of 0.01 mm. Before application, the samples tions.Fig. 1a shows the mass loss of water in g/g as function
(150—200 mg) were calcined in high vacuum (<2@nbar) at of the temperature arféig. 1b (for more clarity) the first de-
623 K (zeolitic materials) and 523 K (impregnated material) viation of the TG profiles. As can be seen the water from
for 2-3h. the AIPQy-5 and AIPQ-18 is desorbed at significant lower

The differential molar heats of sorption were determined temperatures as for LiNaX is observed. The SAPO-34 can
at 313 and 333K using a SETARAM C 80 microcalorimeter be found in between. The desorption peaks of the AIP®
of Calvet-type connected with a volumetric adsorption ap- Fig. 1b are very narrow in accordance with the steep course
paratus. The equilibrium pressure was measured also withof the water isotherms of AIPOmolecular sieves (see for
a MKS Baraton sensor (18 to 100 mbar) and the adsorbed instancg13]). Thus it is possible to desorb the main part of
amount by a combination of a calibrated capillary (filled with the water from AIPQ@-5 at about 370K and of AIP£18 at
carefully degassed water) and the kathetometer mentionedabout 390 K. Incorporation of Siinto the AlIR&tructure in-
above. Prior to the measurements of the heat curves the zecreases the maximum of the desorption curve to about 400 K
olites (ca. 600 mg) were calcined over night in high vacuum and the shape of the curve becomes more similar to the X ze-
(<10-° mbar) at573 K and the impregnated material at 523 K. olite. For the LiNaX the main peak is shifted to about 450 K
The accuracy of the adsorbed amount is about 2% and of theand it takes another 200 K to achieve complete desorption.
heat of adsorption 4-5%.

2.2. Samples Table 1

Results of the TG/DSC measurements: adsorbed amounts (a, at 296 K and
Powder of pure molecular sieves for the TG/DSC measure- p/ps=0.3) and integral molar heats of desorptiom({Q

ments and pelleted and powder samples of different types forsample a(g/g) Qint (kJ/mol water)
the isotherms and microcalorimetry were used. The LiNaX, |jyax 0.375 61.7
the aluminophosphates AIPO-18, AIPO-17 and AIPO-5 and sap0-34 0.279 54.8
SAPO-34 were pure powder samples and two types of low AIPO-5 0.237 53.4
silica X-zeolites (LiILSX and NaLSX, Tricat GmbH, Bitter- ~ AIPO-17 0.283 55.4
feld, Germany) as well as attapulgite impregnated with 30% ﬁlt;?);fl_gsne /CaCs 8:222 i::?

CaCb were pelleted samples.
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In the following part the adsorption properties (isotherms
and differential molar heat curves) of the low silica X ze-
olites, the SAPO-34 and the impregnated material, selected
for further investigations in a lab-scaled storage, will be dis-
cussed. The isotherms at 313K (a typical inlet temperature
for modern space heating systems) are depicté&dgn2.

The isotherm of LILSX is typical S-shaped as well known
for zeolites of the faujasite type. Most of the water is al-
ready adsorbed in a very low range of equilibrium pressure
(102 to 1 mbar). The isotherm of the other zeolitic material,
SAPO-34, is shifted to significant higher equilibrium pres-
sures and the main part of the water is adsorbed between 0.1
and 6 mbar. And, finally, an even higher vapour pressure is

0.70 . . . necessary for the water uptake of the impregnated attapulgite.
300 400 500 600 700 This behaviour is related, to a large extent, to the energetics
of sorption as will be shown later.
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Whereas the isotherm of LILSX is reversible (not show
in Fig. 2) the isotherm of the SAPO-34 is not (compare
filled points inFig. 2). A small difference between the ad-
and desorption branch of the water isotherm is a known
phenomenon of aluminophosphate molecular sigl/@44].
From 2’Al DOR NMR studies on AIPO-18 ifj14] for in-
stance it is known that polar molecules such as methanol,
ammonia and water turn the coordination number of lattice
Al-atoms from four to fife or six. A directinteraction of the ad-
sorbate molecules with the lattice Al is the reason which also
causes the small difference in ad- and desorption mode. Ac-
cording to this phenomenon the very steep part of the SAPO
isotherm inFig. 2from a~ 0.05 to 0.25g/g and in the pres-
sure range of 2-5mbar should be explained in terms of the
formation of a hydrate.

A similar approach can be used to explain the stepwise
and steep course of the water isotherm of G&Eapulgite.

The water uptake of this sample is mainly due to the for-

Fig. 1. (a) TG-curves for the desorption of water from LiNaX, SAPO-34,
AIPO-18 and AIPO-5 (from top to bottom) and (b) DTG-curves (differential

mation of hydrates of this hygroscopic salt. The first step

mass loss) of the same samples. of its isotherm inFig. 2 (from 0.5 to 10 mbar) is due to the
formation of the dihydrate (0.099 g/g) and the following sec-

Table 1gives already an indication of the reason of this
behaviour beside possible kinetic effects in the comparison
between AIPQ@-18 and SAPO-34. The last column shows
the integral molar heats of desorption (DSC results) for the
samples under discussion. The heat of desorption decrease
from LiNaX to the AIPQ, and the SAPO molecular sieves
from 62 kJ/mol to about 55 kJ/mol. In the last lineTable 1
also values for the mesoporous attapulgite impregnated with2
CaCb (as hygroscopic salt) are given. The integral heat of <
sorption (or hydratation) of the Caflin the pores of the
almost hydrophobic host is the lowest and the desorption
temperature is comparable to the AIP©(not shown in
Fig. 1). The table compares also the adsorbed amounts
of water at 296K and a relative pressure of 0.3. The
highest value of the microporous materials is found for the
AIPO4-18. However, the uptake of the impregnated material
is even higher which may overcompensate the lower heat of
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hydratation with respect to the total heat of sorption related rig. 2. Sorption isotherms of water at 313K for LILSX, SAPO-34 and
to the amount of adsorbef@). CaClb/attapulgite (from left to right, filled points desorption).
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ond step and steep part to the formation of the tetrahydrateTable 2
(0.198 g/g) of CaGl which is confirmed by XRD measure- Energy densities (@; integral heats of adsorption related to the amount of
ments. A continued pressure increase allows the formationadsorbens) calculated from the differential heats of adsorption of water, at
: } different temperatures
of the hexahydrate and of even higher hydr§$és
Fig. 3compares the heat curves also at 313 K of the same

Sample pq (kd/kg adsorbens pq (kd/kg adsorbens

) . at 313K) at 333K)
samples. As can easily be seen the curves of LILSX, SAPO-—

34 and the CaGlimpregnated attapulgite are shifted down to kltf;(x iégg 1823
lower heats of sorption in the same order as the isotherms aregapg.34 097 547
indicating energetic reasons for the considerable differencesattapulgite/caci 871 330

in the sorption behaviour of those materials.

Striking is for all three curves a more or less steep down-
swing for low loadings followed by a nearly constant hori- to 50 kJ/mol) should be characteristic for the formation of the
zontal part ill an equilibrium pressure of about 20 mbar at the dihydrate of the CaGlfollowed by the formation of the other
end of the heat curves. The strong decrease of the differentialnydrates with significant less heat gain upon water uptake.
molar heats of adsorption of LiLSX (100-70 kJ/molwater) The value found amounts to 50 kJ/mol and is only slightly
can be correlated (s¢&5]) to strong interaction of the first  higher as the heat of condensation of the water (dashed line
water molecules on Li cations accessible on positions in the in Fig. 3). Consequently, removing of the water from those
large cavities. The weaker bonded water (at about 70 kJ/mol)samples will be easy and the temperature dependence of the
may interact with lattice oxygens and could form OH-bridges Wwater uptake, however, will be strong different to the other
with the oxygen atoms of the inner surface of the LSX as was two materiald9].
shown by DRIFTS experimenf46]. Table 2summarizes the results of the calorimetric inves-

The strong decrease at the beginning of the curve of tigations from the point of view of the thermochemical stor-
SAPO-34 (90-60 kJ/mol) may be correlated to the amount of age. By integration of the differential heats of (ad)sorption
acidic OH groups compensating the surplus charges of lat-in Fig. 3the energy density (storage density) of the materials
tice oxygens as result of a possible monomeric substitution is calculated. The so evaluated integral heats of (ad)sorption
of phosphorous atoms by silicon. According to a chemical are related to the amount of adsorbens not to the adsorp-
analysis of the SAPO-34, three Si/UC are incorporated into tive. As can be seen froffable 2the energy density of the
the lattice. If water forms first a monomeric complex with LiLSX and NaLSX are the highest at 313K as well as 333K
the Bransted sites which would correspond to a adsorbed(temperature for hot water supply) followed by the SAPO-
amount of water of about 0.03 g/g (with the higher heat), this 34. The hydratation of the Cagtonfined in the attapulgite
would not be in contradiction with the course of the heat delivers the lowest specific amount of heat at 313K and a
curve shown irFig. 3. The following almost straight part of ~much lower value at 333K (about 330 kJ/kg). However, if
the curve at 60-65 kJ/mol would be due to the formation of the sorption temperature of the composite is 293K the en-
a hydrate following the discussion of the isotherms above. €rgy density amounts to about 1500 kJ/kg mainly because of

Finally, the first part of the Ca@lattapulgite heat curve @ much higher uptake of water.

(up to a loading of about 0.1 g/g in the range 75 kJ/mol down  Those changes of storage densities with the temperature
are observed for all four materials Table 2. The main rea-
son is, as already said for the salt hydrate, the decreasing
sorption capacity with rising temperature. The differential
molar heats (as function of the loading) of the different ma-
terials decrease very little only with rising temperatures. The
sorption capacity, however, changes with the temperature to a
very large extent. The zeolites with relatively high adsorption
heats are “insensitive” to this effect and the salt hydrates (also
silica gel) on the other hand are sensitive because of their low
heats of adsorption. The aluminophosphates and SAPO's are
in between due to their “medium” heats of adsorption. The
desorption temperatures, however, are comparable low as is
found for the mesoporous/impregnated samples.

Q in kd/mol Water

0.00 0.05 0.10 0.15 0.20 0.25 0.30 4. Conclusions
aing/g
The AIPQ; molecular sieves as well as SAPO-34 give
Fig. 3. Differential molar heats of sorption of water at 313K for LiLSX, d Q'1h l imil | f ad bed 9
SAPO-34 and CaGlattapulgite (from top to bottom), dashed line indicates compared with zeolites simi a_rlva ues ot adsor .e amoupts
heat of condensation. of water and the energy densities, however, their desorption
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temperatures for water are significant lower as for the ordi- [3] H. Stach, J. dnchen, Chem. Technik 52 (2000) 15-18.
nary zeolites. [4] A. Hauer, M. Engelhardt, Stability of zeolites in open cycle sor-
The high energy density of the impregnated materials is pion processes, in: Proceedings of the International Heat Pump

Conference, Munich, Germany, March 24-26, 1999, . 269-
the result of the large amount of sorbed water, butthe strength -2 y PP

of the water interaction is low and close to the heat of con- (5] E.A. Levitskij, Yu.l. Aristov, M.M. Tokarev, V.N. Parmon, Sol. En-
densation of the water. ergy Sol. Cells 44 (1996) 219-235.

The microporous aluminophosphates and SAPO-34 show [6] W. Mittelbach, T. Ninez, F. Luginsland, H.-M. Henning, Solid
significant higher heats of adsorption which range between sorption thermal energy storage for solar heating systems, in: M.

the zeolit nd the imoreanated m r material. Th Brenner, E.W.P. Hahne (Eds.), Proceedings of the Terrastock 2000
€ zeolites & € Impregnate esoporous material. us, Conference, Stuttgart, Germany, August 28—-September 1, 2000, pp.

the lattice modification of zeolite like materials reveal a high 415-420.

potential for optimization of the adsorption properties regard- [7] J. &nchen, D. Ackermann, H. Stach, Adsorption properties of alu-
ing improved thermochemical storage of low temperature minophosphate molecular sieves—potential applications for low tem-
heat FoIIowing those new guide lines, the AlPghd SAPO perature heat utilisation, in: R.Z. Wang (Ed.), Proceedings of the

mol lar sieves mav have th tential tor material International Sorption Heat Pump Conference, Shanghai, PR China,
olecular sieves may have the potential as storage materials g iemper 24-27, 2002, pp. 635-638.

between the zeolites and the impregnated mesoporous mate<g] 3. znchen, D. Ackermann, E. Weiler, H. Stach, W.o8icke,

rials and can fill the gap between the storage properties ofthe  Proceedings of the Seventh Workshop of IEA/ECES Annex 17

ordinary zeolites and common silica gel. Advanced Thermal Energy Storage Trough Phase Change Ma-
terials and Chemical Reactions—Feasibility Studies and Demon-
stration Projects Beijing, PR China, October 8-12, 2004,
http://www.fskab.com/annex17/workshops.

[9] J. &Anchen, A. Grimm, H. Stach, in: A. Galarneu, F. Di Renzo,
F. Fajula, J. Vedrine (Eds.), Proceedings of the 13th International

We thank Dr. H. Toufar (Tricat GmbH, Bitterfeld, Ger- Zeolite Conference, Montpellier, France, Elsevier, 2001 (CD ROM).

many) for supply of the NaLSX and the LiLSX. The financial [10] S-T. Wilson, B.M. Lok, E.M. Flanigen, US Patent 4,310,440

Acknowledgements

i ) (1982).
support of this project, Grant No. 0329525D, by the German 1,; g Lok, C.A. Messina, R.L. Patton, R.T. Gajek, T.R. Cannan,
Federal Ministry of Economics and Technology is acknowl- E.M. Flanigen, US Patent 4,440,871 (1984).

edged. [12] B.M. Lok, et al., J. Am. Chem. Soc. 106 (1984) 6092.

[13] S.G. Izmailova, E.A. Vasiljeva, I.V. Karentina, N.N. Feoktistova, S.S.
Khvochshov, J. Colloid Interf. Sci. 179 (1996) 374-379.

[14] J. Anchen, M.PJ. Peeters, JW. de Haan, L.J.M. van de Ven,

References J.H.C. van Hooff, I. Girnus, U. Lohse, J. Phys. Chem. 97 (1993)
12042-12046.

[1] F. Meunier, J. Sol. Energy Eng. 108 (1986). [15] B. Hunger, O. Klepel, C. Kirschock, M. Heuchel, H. Toufar, H.

[2] D.I. Tcherney, in: D.L. Bish, D.W.M. Ming (Eds.), Natural Zeo- Fuess, Langmuir 15 (1999) 5937-5941.

lites: Occurrence Properties, Applications, Reviews in Minaralogy [16] I.A. Beta, H. B3hling, B. Hunger, Phys. Chem. Chem. Phys. 6 (2004)
and Geochemistry, vol. 45, 2001, pp. 589-617. 1975-1981.


http://www.fskab.com/annex17/workshops

	Calorimetric investigation on zeolites, AlPO4s and CaCl2 impregnated attapulgite for thermochemical storage of heat
	Introduction
	Experimental
	Methods
	Samples

	Results and discussion
	Conclusions
	Acknowledgements
	References


