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Abstract 

Heating of buildings is a highly energy-demanding task. Therefore, improving energy 

management is crucial for more environmentally friendly development of future 

constructions, and the use of thermochemical heat storage technologies in solid materials is 

one of the most promising solutions. Nevertheless, certain drawbacks such as the impact of air 

pollutants on the long term durability of thermochemical heat storage materials (ageing up to 

30 years) need to be studied to implement installations. In certain thermochemical heat 

storage systems, air passes through porous materials to carry water and heat, and the air’s 

pollutants can interact with the solid material, thus decreasing its storage capacity.  

In the present work, adsorption tests were performed (under dynamic conditions) on zeolite-

base materials, using different model molecules (i.e. toluene, styrene and hexaldehyde) 

representative of air pollutants. Strong competition between the adsorption of pollutants and 

water on the storage material was demonstrated. Water molecules were able to displace the 

molecules of pollutants, previously adsorbed on the material surface, thus delaying the 

saturation of the material and extending its life. Nevertheless, a lowering of the water 

adsorption and heat storage capacity was measured for a high number of cycles. The cycled 

materials have been thoroughly characterised in their physicochemical properties to identify 

the modifications of the materials (i.e., de-alumination) and correlate them with the heat 

storage capacity. The impact of pollutants was demonstrated to be stronger on the pure 

mailto:simona.bennici@uha.fr


2 

 

zeolite, while the salt present on the MgSO4/13X composite seems to protect the material 

surface from the pollutant effect. 

Highlights 

- The zeolite-base materials are highly stable in hydration/dehydration cycles 

- The heat storage capacity decreases in presence of pollutants 

- Pollutant molecules are displaced by water molecules during hydration 

- The microstructure of the material is modified during cycles 

 

Key words: thermochemical storage; pollution; energy recovery; solar energy; zeolites; 

material characterisation. 
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volume 

 

1. Introduction  
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To decrease the dependence on fossil energy sources (expensive, limited and polluting), the 

solution is to orient development towards the use of renewable energies, which can be 

implemented in more environmentally friendly solutions [1,2]. Solar energy is the most 

abundant renewable energy source. Unfortunately, solar energy is intermittent, and, 

consequently, the need to bridge the gap between energy supply and energy demand remains a 

challenge. For this reason, identifying, developing, and optimising the energy storage 

technologies is the entryway to a renewable energy-based economy [2-3]. Solar power peak 

availability occurs during the day and summer, periods during which the heating demand in 

buildings (for sanitary hot water and building heating) is at its lowest. Storage systems are 

therefore necessary to store the excess heat produced during sunny periods, to be used during 

the periods of highest demand [4]. Thermal energy storage can be applied by means of 

different specific technologies: water, phase-change materials, and thermochemical reactions 

[2,5]. These technologies can be based on different physicochemical phenomena. The most 

widely used systems are based on the exploitation of sensible heat, linked to the heat 

exchanged due to changes in the system’s temperature [6]. Currently, water is widely used for 

sensible heat storage; however, for building heating applications and long-term storage, 

excessively large volumes are required, and its application is unrealistic for a small family 

home, for example [7]. The second solution is based on latent heat storage; in this case the 

heat stored/released by the material stems from a phase change. The third way, which is 

considered in the present study, is thermochemical heat storage, based on reversible chemical 

reactions (for example hydration/dehydration of a material) [2, 3]. Systems based on this 

principle have the advantage of presenting negligible heat loss during storage and having a 

higher heat density than the other storage systems mentioned above. The main advantage of 

using this type of system is the possibility of storing heat during the period of energy 

availability (e.g. solar radiation) to perform the charging step (i.e. dehydration of the solid 
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material) and release it (i.e. hydration of the solid) for utilisation in the desired application 

(house heating), as shown in Fig. 1. 

 

Fig. 1. Principle of the adsorption heat storage system functioning (a) charging step: 

endothermal dehydration of the adsorbent using air heated by a solar collector; (b) 

discharging step: heating of the ventilation air by exothermal hydration of the adsorbent 

 

The solid storage material is at the heart of such thermochemical heat storage systems, and it 

must possess certain specific properties [8], such as high energy density, high affinity for the 

sorbate, water (to ensure the exothermic chemical reaction), high thermal conductivity (to 

facilitate heat transfer and recovery), a high heat transfer coefficient with the heat transfer 

fluid, and a desorption (dehydration) temperature as low as possible. Moreover, the storage 

materials must be environmentally friendly, non-toxic, non-corrosive, inexpensive, and 

present good thermal and chemical stability under operating conditions (temperature, 

pressure, etc.). Various authors have explained that the main disadvantage of such materials is 

the limitation in heat and mass transfer [8]. The main limitation in solid adsorbents is the low 
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thermal conductivity of sorbents and the possibility of crust formation (in case salts are used), 

which limits water diffusion. Despite these drawbacks, several sorption couples have been 

identified and studied for the implementation of the process. Three main families of porous 

materials (mesoporous silicates, zeolites and metal aluminophosphates) have been widely 

reported in the literature [2,3]. Among them, zeolites are the best choice for large-scale and 

long-term applications, due to their high heat storage capacity and durability [9,10].  

In certain types of thermochemical heat storage installations (such as that considered in the 

present study), air passes through the porous material to carry water (the sorbate) and heat 

(Fig. 1). It is therefore necessary to study the impact of air pollutants (indoor and outdoor air) 

[11-13] on the ageing of these materials. In the long term (functioning over 30 years), these 

pollutants can interact with the solid and eventually decrease the material’s storage capacity. 

Outdoor and indoor air pollutants are mainly composed of solid particles, inorganic (ozone, 

nitrogen oxides) and organic pollutants (volatile organic compounds and carbonyl 

compounds). Their concentrations vary from a few µg.Nm
-3

 up to a few hundred µg.Nm
-3

 

[12,13]. The present study focuses only on chemical pollutants. Moreover, zeolites are known 

to be good adsorbents for atmospheric pollutants [14,15], and their affinity for these 

molecules might be a drawback for their application in real thermochemical heat storage 

systems. 

In this study, the impact of air pollutants on the durability of thermochemical heat storage 

materials has been examined, because, to our knowledge, no research concerning the impact 

of pollution on these systems and their heat storage performance has been reported to date in 

the literature. Critical pollutants were chosen and ageing tests were performed to model the 

storage material implementation in a long-term application and in successive 

hydration/dehydration cycles. Adsorption tests (performed under static and dynamic 

conditions) were carried out on zeolite-base materials (13X pure zeolite and a MgSO4/13X 
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composite), using different molecules representative of the pollutants (toluene, styrene and 

hexaldehyde), chosen as model molecules.  

Then the cycled materials were deeply characterised to shed light on the changes in their 

properties and correlate them with the loss in heat storage capacity. 

 

2. Material and methods 

2.1. Zeolite, composite and pollutants 

Commercial 13X zeolite (supplied by Chemiewerk Bad Köstritz GmbH, brand Köstrolith 

13XBF K distribution), shaped in spheres 1.2 to 2.0 mm in diameter, was chosen as the 

sorbent solid material, the sample was labelled 13X. This type of zeolite has been widely 

studied in thermochemical heat storage processes [16,17]. 

A second sample, a composite, was prepared by depositing 15 wt% MgSO4 (99.5% purity, 

purchased from Sigma-Aldrich) on the 13X zeolite, used as the support, using the 

impregnation method under vacuum, with the same procedure and the same vacuum apparatus 

as reported in Ref. [10], and labelled MgSO4/13X. A large comparison of the possible 

thermochemical heat storage materials (mainly salts hydrate) was carried out at ECN (Energy 

research Center of the Netherlands and reported in 2004 [18] whereby MgSO4 was identified 

as a potential material for long-term heat storage thanks to its theoretical high storage density 

of 780 kWh.m
-3

. During hydration/dehydration, MgSO4 can be present in different hydrated 

forms [7,19] and under practical conditions it cannot release the total theoretical amount of 

heat stored. Nevertheless, even if not completely hydrated/dehydrated, magnesium sulphate 

represents a good choice for heat storage, when its dispersion on a support allows to 

overcome the diffusion water issues present in the bulk salt [18-20]. Moreover, MgSO4 is also 

non-toxic, relatively cheap and non-corrosive, which are very important properties for a 

material that might be used at large scale in households’ applications.  
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The possibility to efficiently deposit MgSO4 on zeolites was already demonstrate in previous 

researches [19]. In the same research, loading 15wt% of MgSO4 on the zeolites was shown to 

be the best compromise to obtain the highest increasing of the heat storage capacity and 

preserve the zeolite porosity.  

Three representative air pollutants were selected on the basis of Ref. [11]: toluene (99.9% 

purity, Fisher Scientific, Leicestershire, UK), styrene 99.5% purity, Acrôs Organics) and 

hexaldehyde (96% purity, Acrôs Organics). The three pollutants have been selected among the 

others present in indoor air due to their different physico-chemical properties and chemical 

reactivity. Toluene is a synthetic intermediate for the manufacture of many products: benzene, 

xylenes, phenol, etc. It is also largely present in solvents for paints, varnishes, printing inks, 

glues, waxes, etc. Toluene is therefore present in large quantities in indoor air. Moreover, it is 

almost not soluble in water. Lee et al. [21] enlightened the possible adsorption of toluene on 

zeolite. In this study, industrial effluents loaded with toluene and acetone were treated with a 

Y-type zeolite. Toluene desorption was obtained in the 150- 180°C interval, indicating the 

formation of chemical bonds between toluene and zeolite. Knowing that in the solar storage 

process the expected temperature in the charge phase is 165°C, the study of toluene will allow 

to verify if the charging temperature is higher enough to avoid the accumulation of this 

compounds on the storage material. Styrene is present in small quantities in most indoor 

environments due to its desorption from plastic materials, glues, paints, solvents, etc. It is not 

miscible with water as toluene, but present the particularity of being higly reactive: it 

polymerises and oxidizes very easily. The polymerization reaction is accelerated by the action 

of light and heat. Barson et al. [22] showed that starting from 30°C styrene polymerizes on 

zeolite 13X. For this reason, styrene has been chosen as model pollutant to investigate the 

possible blocking of the zeolite pores due to the formation of polymerisation products and 

sub-products. Finally, hexanal is an organic compound of the aldehydes family. It is present in 
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most perfumes and aromas, because it is used in the extraction process. Hexanal was selected 

for this study because is a persistent pollutant present in relatively high quantities in indoor 

air, and because, being very miscible with water, it might reach in depth the micropores of the 

storage material during the adsorption phase. 

 

 

2.2. Pollutant adsorption – breakthrough curves and cycling tests 

The acquisition of the breakthrough curves of the three pollutants on the zeolite and 

composite, as well as hydration/dehydration cycles, were performed in continuous flow mode. 

These breakthrough curves are widely applied methods to evaluate the performance of 

adsorption storage systems, as described in [20] or [23]. In our case, dry (relative humidity H 

< 1%) and humidified air (H ≈ 60%) flows) were used to represent the charging and 

discharging steps of the real system. The experimental set-up used is shown in Fig. 2. 

 
Fig. 2. Scheme of the experimental set-up. 

 

The carrier gas (atmospheric compressed air) was purified and dried using an oil separator, a 

desiccant cartridge, an activated carbon filter and a particulate filter. In the experiments 

conducted in wet conditions, as well as for the hydration steps during cycling, a fraction of the 
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air flow was saturated passing through a temperature-controlled water bubble column 

(Variocool VC 1200 LAUDA). The dry air and humidified air were then mixed to obtain the 

targeted humidity value. The dry and humidified air flows were controlled by mass 

flowmeters (from Brooks, working in the 0–30 NL.min
-1 

range). The humidity value was 

measured continuously downstream by means of a D2 General Eastern Chilled Mirror 

Hygrometer. The parameters were followed on-line on a monitor control implemented by 

means of a Siemens Sipart DR 20 S/K controller. The temperature was measured upstream 

and downstream of the reactor by means of Pt100 sensors and K-type thermocouples. 

The pollutants were introduced in the multi-reactor device by mixing the main air flow with a 

nitrogen flow saturated with the pollutants’ molecules, to reach the targeted pollutant 

concentration of 100 mg.Nm
-3

 in a total flow of 1 L.min
-1

. The nitrogen flow was saturated 

with each pollutant in a temperature-controlled bubbled column (at 25°C). The flow rate in 

each column was controlled by a GFC thermal mass flow controller (Aalborg). The 

concentration of the pollutant at the inlet and outlet of the reactors was measured by means of 

a flame ionisation detector (FID9000 Model, EPA) with a 1-min acquisition interval. 

Twenty-four reactors were fed at the same time with the air/pollutant mixture. Each reactor 

was filled with 1 ± 0.02 g of sorbent (zeolite 13X or MgSO4/13X composite). The use of 24 

parallel and identical reactors made it possible to sample the material contained in one of the 

reactors while continuing the ageing (cycling) test on the others. 

The following temperature program was applied during the cycling tests: 

1. Hydration: isothermal step at 30°C for 90 min; 

2. Dehydration: increasing temperature step (at 4°C/min rate) up to 165°C followed by 

an isothermal step at 165°C for 30 min;  

3. Cooling/pre-adsorption step, decreasing the temperature step to 30°C in about 90 min. 

These temperatures were chosen to represent as well as possible the real operating conditions 
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of the system in a building: 165°C it is a typical temperature that can be reached by evacuated 

tube solar air collectors, as explained in [23,24], and the 30°C temperature is close to the 

building inside air temperature during the discharging phase, and was chosen as it can be 

stabilised precisely from an experimental point of view. The 4°C/min rate was chosen for the 

temperature increase as it is of the same order of magnitude as the value that could be 

observed in a realistic system, as shown in [25]. 

Thirty-three cycles were performed on each sample with humid air and humid air/pollutant 

flows, to verify the impact of cycling and of the presence of pollutants on the storage 

materials. The number of cycles corresponded to the amount of pollutant that would pass 

through the reactor during different utilisation periods in a real application. Assuming an air 

flow estimated for a real installation for heating a single house (≈ 500 000 m
3
/year) and the 

average air pollutant concentration reported in Table 1, one cycle in the multi-reactor device 

corresponds to 19 months use in a real installation, five cycles to 8 years, 10 cycles to 16 

years and 33 cycles to 52 years use. 

 

Table 1. Examples of organic and inorganic indoor/outdoor air pollutants and typical 

concentrations expressed in µg of pollutant per m
3
 of air 

Indoor pollutants Outdoor pollutants 

Pollutant Concentration 

(µg.m
-3

) 

Ref. Pollutant Concentration 

(µg.m
-3

) 

Ref. 

Formaldehyde 19.4 [11] Benzene 0.3 [28] 

Hexaldehyde 17.0 [26] Ethylbenzene 1.9 [29] 

Nitrogen dioxide 32.5 [26] Nitrogen dioxide 15.0 [28] 

Styrene 2.1 [27] Sulfur dioxide 1.0 [28] 

Tetrachlorethylene 8.54 [27] Toluene 12.9 [26] 

Toluene 12.2 [26] Xylene 0.9 [29] 
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2.3. Heat and water storage capacity measurements of the fresh and aged samples 

The heat and water adsorption/desorption capacities of the fresh and cycled samples (in 

presence or absence of pollutants) were recorded using a Sensys TG-DSC (Thermogravimetry 

coupled to differential scanning calorimetry) apparatus, equipped with a Wetsys flow 

humidity generator, both from Setaram. Prior to the hydration process, the samples were 

dehydrated at the same temperature (165°C) as that applied during the cycles performed in the 

multi-reactor device described in section 2.2, by increasing the temperature from 30 to 165°C 

at 5°C min
-1

 under dry air flow (30 mL min
-1

), followed by an isothermal step of 60 min at 

165°C. The sample was then cooled at 30°C and hydrated under humid air (H = 60%). The 

hydration heat (kJ gdry sample
-1

) of the various samples was obtained by integration of the 

surface of the exothermic calorimetric peak obtained during hydration. The calorimetric and 

thermogravimetric signals were treated by mean of AKTS Advanced Thermokinetics 

software. 

 

2.4. Physicochemical characterisations  

Fourier-transform infrared spectroscopy (FTIR) was performed on the powders of the 13X 

and MgSO4/13X samples by means of an FTIR iN10 MX (Thermo Scientific) analytical 

system.  

Wavelength dispersive x-ray fluorescence (WDXRF) was performed in a Philips MagiX (2.4-

kW) spectrometer to evaluate the Si/Al ratio in the fresh and cycled samples. Prior to analysis, 

the samples were shaped in pellets 13 mm in diameter and 1 mm thick by pressing the 

powders five 5 min, under 7-tonne pressure.  
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X-ray photoelectron spectroscopy (XPS) measurements were taken on a VG Scienta SES 

2002 spectrometer equipped with a monochromatic Al Kα X-ray source (Al Kα = 1486.6 eV) 

and a hemispherical analyser. The XPS spectra were recorded with a pass energy of 100 eV 

and at 10
-9 

Pa pressure, in the analysis chamber; 24 mm
2
 was the surface of the spot analysed 

and 9 nm the penetration depth of the x-ray photoelectrons. The binding energies (BEs) were 

calibrated on the basis of the C 1s peak (284.7 eV) of the atmospheric contaminant carbon. 

The peaks were fit using Gaussian-Lorentzian functions by means of the XPS-CASA 

software. 

The surface area and porosity of the fresh and cycled samples were studied with a 

Micrometrics ASAP 2020 instrument by adsorbing N2 at −196°C. CO2 adsorption at 0 °C was 

also performed to finely investigate the microporosity. Prior to analysis, the samples were first 

pretreated at 130°C under vacuum for 12 h on the degas port and then again at 130°C for 2 h 

under vacuum on the analysis port. The free volumes were measured separately after analysis 

to avoid the pollution of the microporosity by He. The specific surface area (SSA) was 

calculated applying the BET (Brunauer, Emmett and Teller) theory [30] (within a range 

determined by the Rouquerol curve [31]), while the micropore volume (Vmicro) was calculated 

by applying the t-plot method [32]. Finally, the pore size distribution was determined by 

applying the DFT model and considering the N2 adsorption on an oxide surface and according 

to a cylindrical pore geometry. 
27

Al magic angle spinning (MAS) nuclear magnetic resonance 

(NMR) spectroscopy spectra were recorded on a Bruker AVANCE II 400 MHz spectrometer. 

The 13X samples (fresh and cycled 33 times in presence of toluene) were analysed in a 2.5-

mm-diameter cylindrical rotor at a 25-kHz spinning frequency. 

 

3. Results and discussion 

The aim of this study was to determine the impact of pollutant adsorption on the performance 
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of the storage system considered during the building’s lifetime (at least 30 years of use), and 

to understand the cause of this impact by identifying the structural and morphological 

modifications that can occur on the solid storage material.  

At first the adsorption capacity of 13X zeolite was determined for the three pollutants selected 

(toluene, styrene and hexanal) by acquiring the breakthrough curves, under dry and wet 

conditions (Table 2). These preliminary experiments were carried out only on the bare zeolite 

to verify the pollutants adsorption behaviour in presence of water vapour. 

 

Table 2. Pollutant adsorption capacity on 13X zeolite in dry and wet conditions 

Pollutant Concentration 

(mg∙Nm
-3

) 

Adsorption capacity 

(mg∙g
-1

) 

  H < 1% H = 60% 

Hexanal 100 575 1.0 

Styrene 100 208 0.1 

Toluene 100 113 1.1 

 
 
 

 

Fig. 3. Styrene/water breakthrough curves in wet conditions at 30°C. Cout and Cin, 
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concentration at the exit and entrance of the reactor, respectively. 

 

In dry conditions, the zeolites presented the highest adsorption capacity for hexanal, when 

compared to styrene and toluene; in wet conditions the total adsorption of all pollutants was 

drastically decreased by displacement phenomena: zeolite 13X shows a higher affinity for 

water that can then replace the pollutants’ molecules, thus reducing their adsorption on the 

storage material [33, 34]. Figure 3 shows this behaviour for styrene (reported here as an 

example). At first, when all adsorption sites are free, the pollutant and the water molecules 

adsorb on the adsorbent (13X) at the same time. Then, when the number of free sites 

decreases, competition between styrene and water takes over, and water molecules displace 

the previously adsorbed styrene molecules, replacing them. This phenomenon is visualised by 

the light blue peak in Fig. 3, generated by a higher concentration of styrene on the out-stream 

flow (Cout) due to the release of the molecules of the pollutant displaced. The same behaviour 

was observed for the molecules of the three pollutants tested. This displacement behaviour 

has been previously reported in the literature [34, 35] and is called the “roll-over” 

phenomenon.  
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Fig. 4. Hydration calorimetric curve for the 13X sample at 30°C and H = 60%. The surface in 

yellow represents the total hydration heat (in kJ∙kg
-1

dry sample). The blue curve represents the 

average hydration energy (in kJ∙molH2O) at the different time intervals. 

 

Even if the adsorption of the pollutants on the zeolite-based materials is strongly decreased 

due to the presence of water vapour during the hydration/dehydration cycles applied to the 

thermochemical storage system, the long-term impact (over several years’ utilisation) needs to 

be investigated. Cycling tests were therefore performed under the experimental conditions 

detailed in Section 2.2 by means of the multi-reactor device shown in Fig. 2. Then the heat 

and water adsorption capacities of the fresh and cycled samples were measured in the TG-

DSC apparatus as described in Section 2.3. The typical hydration curve is reported in Fig. 4 

(for the 13X fresh sample, shown as an example). The integration of the surface under the 

curve (in yellow) represents the heat released (in kJ∙kg
-1

dry sample). The results are compared in 

Fig. 5a, b, respectively, for the 13X and MgSO4/13X samples cycled 1 and 33 times. In the 

case of the bare zeolite 13X, the heat of hydration of the sample cycled in presence of 

pollutants was always lower than that measured for the fresh 13X sample (see Fig. 5a). 
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Moreover, by increasing the number of cycles (from 1 to 33), the heat storage capacity 

(expressed as kJ∙kg
-1

dry sample) decreased further. A different behaviour was observed for the 

13X sample cycled in presence of only water vapour (with no pollutant); in this case the 

zeolite presented higher hydration heat values. In contrast, even if the heat storage capacity of 

the MgSO4/13X fresh sample, measured by calorimetry during hydration, was higher than that 

of the cycled samples, the material cycled 33 times showed a higher hydration heat than that 

cycled only once in presence of pollutants. The pollutant molecules seem to first strongly 

adsorb on MgSO4/13X and then be displaced by the water molecules during the successive 

cycles, thus “reactivating” the sample that regains its initial heat storage capacity. 

As a general trend, the negative effect of the pollutants on the heat storage capacity was in the 

styrene > hexanal > toluene order, on both samples. The decrease in heat storage capacity is 

directly correlated with the decrease in water sorption (Fig. 6a, b). The water molecules are 

adsorbed with similar energy on the sample whatever the coverage extent is, as illustrated in 

Fig. 4 for the 13X sample. The energy of water molecule adsorption on the 13X sample at 

different coverage extents (corresponding to different time intervals) is represented as the blue 

curve, and it is always around 60 kJ∙mol
-1

H2O.  
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Fig. 5. Hydration enthalpies for the 13X (a) and MgSO4/13X (b) samples cycled 1 and 33 

times (hydration performed at 30°C and H = 60%). 
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Fig. 6. Water sorption capacity for the 13X (a) and MgSO4/13X (b) samples cycled 1 and 33 

times (hydration performed at 30°C and H = 60%). 

 
 
 

The samples were then characterised in detail to provide an understanding of the modification 

in the water sorption and heat capacity of the two samples after cycling in presence or absence 

of pollutants. 

At first, the possible presence of pollutants accumulating on the samples’ surface was checked 
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by IR spectroscopy and XPS analysis. No presence of the pollutants on the samples was 

detected. The FTIR spectra acquired for the 13X sample after cycling did not significantly 

differ from that of the fresh sample. In particular, neither stretching nor bending vibration 

peaks of the –CH2 and –CO groups [36] of the adsorbed pollutants was observed, and the 

infrared spectra of the cycled 13X zeolites reported only the vibrations of the bare zeolite. The 

absence of the accumulation of pollutants on the samples’ surface was also confirmed by 

XPS. Once again, the surface atomic composition of the fresh and cycled (in presence of 

styrene) 13X samples, did not differ. In particular, no accumulation of carbon-containing 

species was measured. 

The decrease of the heat capacity and water up-take upon cycling is apparently not related to 

the deposition of pollutants on the heat storage material surface. The microstructure of the 

fresh and cycled 13X and MgSO4/13X samples were then investigated by analysis of the N2-

adsorption isotherms acquired at −196°C. The main results are reported in Table 3 in terms of 

BET specific surface area (SBET), micropore specific surface area (Smicro), total pore volume 

(Vtot) and micropore volume (Vmicro), for all samples analysed. The N2-adsorption isotherms 

are reported in Fig. 7 for the 13X samples cycled from 1 to 33 times in presence of pure water 

vapour (a), styrene (b) and for the MgSO4/13X composite cycled in presence of styrene (c). 

Figure 8 represents the associated micropore distribution, and Fig. 9 the meso/macropore 

distribution.  

The microstructure of zeolite 13X was clearly preserved during cycling with clean water 

vapour, as shown by the very low variation in the surface area and porous volume values. The 

associated isotherms (Fig. 7a) are all type I [37], typical of microporous samples with small 

external surface areas, for which the limiting nitrogen uptake is driven by the micropores’ 

accessibility. The micropores’ distribution (Fig. 8a) did not vary by cycling the sample in 

presence of pure water vapour, and no macroporosity was detected. The behaviour upon 
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cycling differed in presence of pollutants in the air flow: the specific surface area and porous 

volume of the samples decreased with the number of cycles (Table 3). This behaviour was not 

related to modification of the micropores distribution (determined by analysis of CO2 

adsorption isotherms) that did not vary for the samples cycled several times. In all cases, the 

type-I N2-adsorption isotherm characterising the 13X zeolites changed towards type-IV 

isotherms (Fig. 7b for cycling in presence of styrene), with pronounced hysteresis, which can 

be associated with nitrogen capillary condensation into mesopores, typical of many industrial 

mesoporous adsorbents. These observations are also confirmed by the pore size distribution 

determined by analysis of the N2-adsorption isotherm hysteresis (reported as an example in 

Fig. 8b and 9b for the cycles performed in presence of styrene), where a clear shift towards 

larger pores is observed. In particular, the appearance of meso/macroporosity is shown in Fig. 

9b. The specific surface area of the MgSO4/13X composite was much lower than that of the 

parent zeolite, due to the salt deposition that, blocking the micropores’ access, diminished the 

access and adsorption of nitrogen molecules, as already reported in the literature [11]. After 

the first cycle, the salt distribution and arrangement probably was modified due to the 

hydration/dehydration phenomena letting supposing that the new salt space configuration free 

the pore access; then nitrogen could reach the pores and the porous volume, and the SBET 

measurement significantly increased. The MgSO4/13X sample was less affected by the 

presence of pollutants (Table 3) and all N2-adsorption isotherms of the cycled samples were 

type I; no creation of macro/mesoporosity was observed (Fig. 9). Only the presence of styrene 

impacted the impregnated zeolite at a higher level, for which the specific surface and 

micropore volume decreased from 489 to 258 m
2
∙g

-1
, respectively, and from 0.17 to 0.09 

cm
3
∙g

-1
 between cycle 1 and cycle 33 (Table 3). 
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Table 3. Microstructural properties of the fresh and cycled 13X and MgSO4/13X 

samples determined from N2-adsorption isotherms 

      Sample 

 

 

Pollutant 

 

13X 

 

MgSO4/13X 

Cycle 

n. 

SBET
a

 

(m
2
∙g

-1
) 

Smicro
b

 

(m
2
∙g

-1
) 

Vtot 

(cm
3
∙g

-1
) 

Vmicro 

(cm
3
∙g

-1
) 

Cycle 

n. 

SBET
a

 

(m
2
∙g

-1
) 

Smicro 

(m
2
∙g

-1
) 

Vtot 

(cm
3
∙g

-1
) 

Vmicro
b
 

(cm
3
∙g

-1
) 

- - 662 612 0.28 0.23 - 367 330 0.22 0.17 

Pure water 

vapour 

1 647 602 0.28 0.23      

4 670 629 0.28 0.24      

33 668 620 0.28 0.23      

 

Toluene 

1 424 415 0.18 0.18 1 517 481 0.23 0.18 

5 318 272 0.22 0.22 5 466 433 0.21 0.16 

10 244 201 0.23 0.23      

33 179 139 0.17 0.17 33 499 462 0.23 0.17 

 

Styrene 

1 341 339 0.13 0.13 1 489 457 0.22 0.17 

5 331 298 0.24 0.24 5 430 399 0.21 0.15 

10 360 313 0.24 0.24      

33 238 196 0.18 0.18 33 258 228 0.14 0.09 

 

Hexanal 

     1 492 457 0.22 0.17 

     4 477 443 0.22 0.17 

5 401 346 0.23 0.23      

10 211 182 0.16 0.16      

33 179 139 0.17 0.17 33 439 405 0.19 0.15 

a
 Calculated by applying the BET equation [32] 

b 
Calculated using t-plot method [32] 
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Fig. 7. N2-adsorption isotherm for the 13X samples cycled from 1 to 33 times in presence of 

pure water vapour (a), styrene (b), and for the MgSO4/13X composite cycled in presence of 

styrene (c), respectively. 
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Fig. 8. Micropore for the 13X samples cycled from 1 to 33 times in presence of pure water 

vapour (a), styrene (b), and for the MgSO4/13X composite cycled in presence of styrene (c), 

respectively. 
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Fig. 9. Meso/macropore for the 13X samples cycled from 1 to 33 times in presence of pure 

water vapour (a), styrene (b), and for the MgSO4/13X composite cycled in presence of styrene 

(c), respectively. 
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The modification in the samples’ microstructure (in particular for the 13X sample upon 

cycling) could not be assigned to pollutant accumulation on the sample surface, as shown by 

XPS and FTIR analysis. Then the bulk sample composition was analysed using WDXRF for 

the 13X fresh and cycled samples. This investigation was inconclusive and a constant value of 

1.25 for the Si/Al ratio was measured for all samples. Indeed, even if in-situ de-alumination 

takes over during cycling, no mass transfer is involved in the process and the extracted 

aluminium might remain in the sample matrix, thus resulting in an unmodified Si/Al ratio.  

To finally verify the true chemical environment of aluminium atoms in the 13X zeolite, 
27

Al 

NMR spectra were acquired for the fresh sample and the sample cycled 33 times in presence 

of toluene (Fig. 10a, b, respectively). A main peak at an approximately 60-ppm chemical shift 

was visible on both samples and assigned to tetrahedrally coordinated aluminium atoms 

(Al(OSi)4) [38], connected to the main zeolite structure. In case of de-alumination, 

octahedrally coordinated aluminium is present in extra-framework positions in the zeolite 

matrix. In the 13X zeolite cycled 33 times in presence of toluene (13X-Tol sample), a weak 

peak at around 3 ppm confirms the presence of de-alumination, even if to a small extent.  

Slow de-alumination undertaken by cycling in presence of water vapour and pollutants 

therefore seems to be the cause of the modification of the microstructure of the 13X sample 

and to the related loss in heat storage capacity and water uptake. The presence of MgSO4 

appears to protect the zeolite from de-alumination, and hydration/dehydration cycling on the 

MgSO4/13X sample, even in presence of pollutants, does not have a strong effect on the 

sample’s microstructure, probably because the pollutants cannot reach the internal pores, due 

to blockage of the pores’ access by the salt deposited.  
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Fig. 10. 

27
Al MAS NMR spectra of (a) 13X and (b) 13X cycled 33 times in presence of toluene 

samples. 

4. Conclusions 

Zeolite-based heat storage materials are confirmed to be a very good option for open sorption 

thermochemical heat storage systems, even when the carrier gas (air) is polluted by organic 

molecules such as toluene, styrene and hexanal. The strong affinity of zeolite 13X and 

MgSO4/13X composite for water allows displacement processes of the pollutant molecules 

that help to avoid the fast poisoning of the solid material, thus enhancing their durability (in 

terms of maintaining the heat capacity). Nevertheless, during several years’ utilisation, 

hydration/dehydration cycling in presence of pollutants can modify the microstructure in the 

zeolite framework, due to slow and long-term de-alumination phenomena, and the consequent 

decrease in the heat storage capacity and water sorption. The impact of pollutants has been 

demonstrated to be stronger on the pure zeolite, while the deposited salt (MgSO4) seems to 

protect the material surface from the pollutant effect, and no dramatic microstructural 

modifications could be detected on the salt-containing composite. 
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The choice of pure zeolites or composites (prepared by impregnating the zeolites with various 

salts, such as MgSO4 as in the present research) for implementation in a thermochemical heat 

storage device must then be made not only by comparing the intrinsic heat storage capacity of 

the materials measured in ideal conditions (absence of pollutants), but taking into account the 

average concentration of organic molecules in the air stream that will be used in the actual 

installation. In ideal conditions, bare zeolite remains the best choice in terms of total heat 

storage, but addition of an optimised amount of hydrated salts can improve the durability of 

the storage material and the long-term efficiency of the thermochemical heat storage systems. 
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