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Abstract 

A mesoporous zeolite is proposed as a phase change material (PCM) carrier. Owing to its 

physicochemical properties, the PCM-containing adsorbent has dual functions, namely 

simultaneous adsorption, and heat storage. In this study, the mesoporous chabazite-type 

zeolite SSZ-13, was prepared under various conditions to obtain optimized mesoporous SSZ-

13 (MSSZ-13) as a PCM-containing adsorbent. The phase change material was then 

successfully introduced in the created mesopore space through vapor phase synthesis, and the 

micropores could be utilized as an adsorption field. The efficiency of the as-prepared PCM-

containing MSSZ-13 was evaluated by a dehumidification process. The afforded 

experimental results showed suppressed bed temperature ramping, owing to the recovery of 

the heat generated upon H2O adsorption through the PCM. Moreover, the relative amount of 

adsorbed water increased at the initial period of time-on-stream of the contacting humid fluid.  

 

1. Introduction 

   Zeolite is a crystalline microporous material composed of silica and alumina. It is one of 

the representative catalysts that has achieved industrial application, owing to its high surface 

area, molecular shape-selectivity, high thermal and chemical stabilities, and chemical 

properties that can be controlled via chemical composition and ion-exchangeability tuning
1,2

. 

On the other hand, molecular diffusion, pore blocking, and deactivation of the active sites 

inside the small micropores limit diffusivity through this material
1,3

. One method to mitigate 

this limitation is to introduce larger pores in the zeolite crystal
3
. This type of zeolite material, 

which possesses the natures derived from both micro- and mesopores, is called mesoporous 

or hierarchical zeolite
4−6

. There are several methods to introduce mesopores in zeolite 

crystals, including acid leaching
7,8

, alkaline leaching
9,10

, and fluoride etching
11–13

. A method 

using a surfactant as a template for introducing mesopores in zeolite has also been 

reported
14,15

. 

  Owing to the above-mentioned advantages, zeolite is also widely used as an adsorbent in 

purification and separation processes
2
. In the adsorption process, the adsorption performance 

of the material is significantly affected by the increased adsorbent temperature due to the 

released heat of adsorption
16

. Therefore, methods to improve adsorption heat removal have 

been extensively studied
17–20

. Particularly, in short-time adsorption processes, the period for 

cooling the adsorbent is extremely short and hence, rapid removal of the heat of adsorption is 

essential to avoid degradation of the adsorption performance. Gas storage, adsorption heat 

pump (AHP), and pressure swing adsorption (PSA) processes are well-known examples of 



  

short-time adsorption processes
17–20

.  

   In many adsorption processes, the heat of adsorption is generally removed by a heat 

exchanger, a system that cools a process by transferring the released heat to heat transfer 

fluids. Another method uses the latent heat of a phase-change material (PCM) to remove the 

released heat of adsorption. One of the advantages of this latter method is that it allows the 

storage of the thermal energy within a narrow temperature range and its subsequent 

reutilization. Thus, the application of a PCM capsule or PCM-containing metallic void to the 

adsorption process prevents the drastic increase in temperature usually observed in this 

process
19,21

. As a possible target of the PCM-containing adsorbent, a short-time adsorption 

process is considered, such as gas storage, PSA, and AHP, where adsorption heat recovery is 

required. Therefore, hydrogen, carbon dioxide, and water should be removed, via adsorption, 

by the PCM-containing adsorbent. In previous research using PCM in the adsorption process, 

heat transfer was reported to occur in two steps: the first one is from the adsorption site to the 

heat transfer medium, and the second one is from the medium to the PCM. A gaseous 

compound such as dried air or nitrogen is commonly employed as the heat transfer medium 

in the adsorption process. However, the slow heat transfer due to the small heat capacity of 

gaseous matter has been a major limitation for using PCM in adsorption processes
22

. 

   Recently, we have proposed a new concept for the application of a PCM-containing 

adsorbent
22

. By inserting a PCM molecule directly into the pores of the adsorbent, adsorption 

and adsorption heat recovery occur simultaneously in the same adsorbent particles. The 

inserted PCM is strongly confined in the porous space by the surface tension and thus, the 

amount of PCM leaked from the adsorbent pores during the operation is negligible. In this 

PCM-containing adsorbent concept, the heat of adsorption can be effectively removed by the 

confined PCM, owing to the extremely short heat transfer distance, without passing through 

the heat transfer medium. Moreover, the presence of the PCM increases the specific heat 

capacity of the material. This indicates that a PCM-containing adsorbent has the advantages 

of both latent and sensible heat storage. Therefore, rapid removal of the heat of adsorption 

can be expected by applying a PCM-containing adsorbent. Additionally, PCM can be 

homogenously distributed in the adsorption bed, as there is no density difference between the 

pelletized PCM-containing adsorbents. These facts indicate that an isothermal–adiabatic 

adsorption process can be realized by developing a PCM-containing adsorbent. Moreover, the 

adsorption performance of the short-time adsorption process could be upgraded 

simultaneously.  

   A specific concept of coexisting PCM and adsorbate inside the adsorbent is necessary to 

elaborate such a PCM-containing adsorbent. The host container for the PCM molecules 

should possess a large vacant space where a phase change, from solid to liquid, occurs. 

Furthermore, separation of the PCM and adsorbate inside the adsorbent is required in the 

specific concept to prevent the adsorbate from dissolving in the liquified PCM. We have 

reported PCM-containing mesoporous silica SBA-15 to exemplify a PCM-containing 

adsorbent. In this material, the mesoporous spaces are utilized as a heat storage field by the 

PCM, while the vacant spaces, where no PCM is present in the mesopores or external surface, 

are utilized as adsorption sites. Notably, PCM-containing SBA-15 exhibited isothermal–

adiabatic behavior and an improved adsorption performance during the initial few minutes of 

the dehumidifying process. This indicates the achievement of the developing objectives of the 

PCM-containing adsorbent. However, PCM-containing SBA-15 is just one example of a 



  

specific concept for PCM-containing adsorbent.  

  Herein, we propose the PCM-containing mesoporous zeolite SSZ-13 as another specific 

concept for the PCM-containing adsorbent. A schematic image of the concept, in which the 

adsorption site is located in the micropore and the mesoporous space is used as a heat storage 

field, is presented in Figure 1. One advantage of this concept is that the separation of the 

PCM and adsorbate in the zeolite crystal can be achieved by the size difference between the 

PCM molecule and adsorbate. Thus, by selecting a PCM molecule with a larger size than the 

micropore diameter, the PCM could only be accommodated in the mesopores. Using the data 

from our previous report
23

, we selected
 
the chabazite (CHA)-type high-silica zeolite SSZ-13 

with an ultra-small micropore (~0.4 nm) as the zeolite material, while paraffin was selected 

as the representative organic PCM. This as-synthesized PCM-containing mesoporous SSZ-13 

(MSSZ-13) was then evaluated by monitoring the bed temperature and amount of adsorbed 

water in a fixed-bed dehumidifying adsorption process.   

2. Experimental  

2.1 Preparation of MSSZ-13 

Two different methods were conducted to introduce the mesopores in zeolite SSZ-13, one 

using ammonium fluoride (NH4F) and the other sodium hydroxide (NaOH) aqueous solutions. 

The parent zeolite SSZ-13 (SiO2/Al2O3 = 18) was supplied by a reference zeolite project of 

the Japan Zeolite Association.  

  Fluoride etching treatment of SSZ-13 was conducted in an ultrasonic (US) bath. 

Specifically, 1 g NH4
+
 ion-exchanged SSZ-13 was added to 20 g of 40 wt% NH4F solution. 

The mixed slurry was subjected to different periods (20–120 min) of ultrasonic treatment at 

25 and 40 ℃. The slurry was then filtered and washed threefold with deionized water (60 ℃, 

500 mL). Subsequently, the filtrate was collected and dried overnight in air. The treatment 

was also carried out using double the zeolite/solution ratio (1 g NH4
+
-SSZ-13 zeolite in 40 g 

of 40 wt% NH4F solution), whereby the ultrasonic bath temperature was raised from 25 to 40 

and 55 ℃, for 1 and 2 h.  

  Alkaline leaching treatment of SSZ-13 was conducted hydrothermally. Thus, 1 g Na
+
 ion-

exchanged SSZ-13 was added to 30 mL of 0.6 M NaOH solution, and the slurry was stirred 

at 65 ℃ for several minutes (5, 15, 45, and 90 min) at a stirring speed of 400 rpm. 

After several minutes, the solution was filtered and washed threefold with deionized water 

(60 ℃, 500 mL). The filtrate was then allowed to dry overnight.  

  All the products prepared according to the above-described methods were labeled 

according to their preparation conditions, as summarized in Table 1. Finally, the prepared 

products were characterized by X-ray diffraction (XRD), scanning electron microscopy 

(SEM), and N2 adsorption techniques. 

2.2 Preparation and characterization of PCM-containing MSSZ-13  

Paraffin (C22, docosane) was inserted into the mesopores of as-prepared MSSZ-13 

(Section 2.1) via a vapor transportation method
24

. Thus, MSSZ-13, was dried at 100 °C 

overnight and placed in an encapsulated desiccator. The PCM solid/liquid was separately 

placed in the same desiccator. Next, the desiccator was evacuated, sealed, and maintained at 

150 °C in an air oven for several hours overnight until the adsorption of vaporized paraffin on 



  

MSSZ-13 reached equilibrium. The ratio of the volume by paraffin inside the mesopores, , 

was calculated by weighting the sample before and after inserting the paraffin, as follows: 

                           (Eq. 1) 

where  represents the weight of PCM-containing SSZ-13,  represents the weight of 

the dried MSSZ-13 before PCM vapor treatment,  represents the PCM density, and  

represents the total pore volume of MSSZ-13 measured by N2 adsorption. The value  can 

be considered as the pore filling ratio of the PCM inside the mesopores.  

The porous characteristics of the materials were measured by N2 adsorption, while the 

melting point and enthalpy of phase changes of the PCM were measured by differential 

scanning calorimetry (DSC8230 Thermoplus, Rigaku). Each DSC measurement was repeated 

fivefold to determine whether any liquefied PCM leaked from the composite material. 

Additionally, water vapor adsorption isotherms were collected at different temperatures 

(293–318 K) to verify that the adsorption sites were still present after PCM insertion. 

 

2.3 Dehumidifying adsorption process 

Dehumidification using a packed bed of PCM-containing MSSZ-13 was carried out to 

evaluate the prepared PCM-containing MSSZ-13. As a reference, the dehumidification 

process was also performed using the parent SSZ-13. Thermal conductivity detection (TCD, 

GC8A, Shimadzu) was employed to detect water vapor throughout the packed bed of 

adsorption material. The pelletized adsorbent was sieved in the range 2–4 mm and then 

packed in the bed. Nitrogen was supplied by two different lines, one directly connected to the 

adsorbent column and the other connected to a bubbler in a water bath (50–80 °C) to create 

humid nitrogen. The humidified nitrogen was allowed to flow through the adsorbent bed 

column. The flow rate of each line was controlled by a flowmeter at 100 cm
3
/min. In all the 

experiments, the relative humidity at the inlet was fixed at 50%, while the initial temperature 

of the adsorption bed was maintained at 29.5 ℃. The adsorbent bed column was lagged with 

styrofoam to ensure adiabatic conditions. The temperature of the adsorbent bed was measured 

at two points, namely near the inlet and outlet of the column, using a K-type thermocouple. 

The length of the adsorbent bed was 2 cm, and the diameter of the bed was 1 cm. , The 

pretreatment of the adsorbent was performed at 60 ℃ for 3 h under dried nitrogen flow.  

3. Results and discussion 

3.1 Preparation of MSSZ-13 

For the primary purpose of developing a PCM-containing adsorbent, a high storage 

capacity for latent heat is preferable. The storage capacity is determined by the enthalpy of 

fusion and the amount of PCM inserted inside the matter, which in turn are determined by the 

size and volume of the container space. Additionally, in the concept of the PCM-containing 

MSSZ-13, the microporous space is necessarily utilized for adsorption, and thus, preservation 

of the micropore volume of the SSZ-13 zeolite is another important factor for the 

establishment of the concept. Hence, for the development of a PCM-containing adsorbent, the 

MSSZ-13 must have a large mesopore diameter and volume, while maintaining the 



  

microporous volume. Thus, in this study, MSSZ-13 was prepared under various conditions to 

obtain the optimal MSSZ-13. 

3.1.1 Effect of the treatment solution on the preparation 

  Aqueous NH4F and NaOH solutions were applied to the respective etching and leaching 

treatments employed in this study. The products prepared by fluoride etching and alkali 

leaching for various treatment periods were characterized by XRD, N2 adsorption, and SEM 

techniques. The XRD patterns of the MSSZ-13 samples prepared by fluoride etching are 

depicted in Figure 2 (a), while those of the MSSZ-13 prepared by alkali leaching are 

presented in Figure 2 (b). The results revealed that the XRD patterns of all the MSSZ-13 

samples were identical to those observed for SSZ-13. This indicates that the crystalline 

microporous structure of SSZ-13 is still retained after fluoride etching and alkali leaching. 

However, for both processes, the intensities of the XRD peaks gradually decreased with 

prolonged treatment. This suggests that both methods somewhat destroy the crystalline 

structure of the materials. Moreover, the intensities of the products formed by alkali leaching 

exhibited a greater decrease than those of the products prepared by fluoride etching. It is 

generally accepted that dissolved NH4F provides HF2
-
 ions, which indiscriminately dissolve 

both the alumina and silica in the zeolite material
12,13

. On the other hand, NaOH only extracts 

silica from the framework
9
. Consequently, the preferential silica extraction from a silica-rich 

materialas SSZ-13 (Si/Al ratio ~9) leads to substantial crystallinity loss.   

The nitrogen adsorption isotherms and their derived pore size distributions (BJH method) 

are respectively displayed in Figures 3 (a) and (b) for the products prepared by fluoride 

etching and in Figures 3 (c) and (d) for those obtained by alkali leaching. Additionally, the 

values of the micro- and mesopore volumes and average pore diameters are summarized in 

Table 2, and clearly demonstrate that both treatments successfully introduced mesopores. 

Specifically, in the samples prepared by fluoride etching, a gradual increase in the mesopore 

volume accompanied by a slight decrease in the micropore volume was observed with 

prolonged treatment. Comparatively, the products prepared by alkali leaching displayed a 

significant increase in the mesopore volume and a marked decrease in the micropore volume 

with increasing treatment time. This decrease in the micropore volume is in good agreement 

with the decrease in the crystallinity of zeolite, as illustrated in Figure 2. Notably, unlike the 

other samples, sample HT90 displayed a reduction in both the micro- and mesopore volumes 

with increasing treatment time. Compared to the products obtained by fluoride etching, the 

decrease in micropore volume was more significant than the increase in the mesopore volume 

for the products prepared by alkali leaching. For example, after 15 min alkali leaching, the 

sample (HT15) presented a 77% decrease from the original micropore volume and a 

mesopore volume of 0.15 cm
3
/g. On the other hand, no decrease in micropore volume and a 

mesopore volume of 0.10 cm
3
/g was observed after 20 min of fluoride etching (US20). 

Relatively wide pore size distributions, with mesopore sizes in the range of 2−50 nm, were 

observed for the products afforded by both techniques. This indicates that the mesopores 

were not uniformly introduced in the SSZ-13 material applied in this investigation.  

  The morphology features of SSZ-13 and the as-prepared MSSZ-13 are illustrated in Figure 

4. As can be seen in Figure 4 (A), the parent SSZ-13 exhibits rectangular-shaped particles. 

The MSSZ-13 samples [Figures 4 (B)–(I)] displayed rectangular morphologies similar to 

those of the parent SSZ-13, even after fluoride etching and alkali leaching treatment. 



  

However, treatment slightly changed the edges of the particles, making them rounder in shape. 

Moreover, in the SEM image of HT90 [Figure 4 (I)], a crack was observed at the center of the 

particles, owing to the severe leaching. Such a drastic change in the morphology of the 

zeolite particles and the generation of surface cracks were also reported in the literature for 

ZSM-5 zeolite treated with a highly alkaline solution
10

. 

At this stage, we could confirm that both methods were successful in introducing a large 

mesopore inside the microporous zeolite SSZ-13 particles. It was further suggested that alkali 

leaching is a destructive method against SSZ-13 zeolite, which resulted in a significant 

decrease in the micropore volume and crystallinity, compared to those attained with fluoride 

etching. As already mentioned, it is important to introduce a large mesopore while preserving 

the micropore of the mother zeolite crystal to be appropriate as a PCM-containing adsorbent. 

Therefore, fluoride etching was considered as the optimal method for the creation of MSSZ-

13.  

3.1.2 Effect of temperature on the preparation 

 The MSSZ-13 samples, namely US20, US40, US90, and US120, were prepared at 25 ℃ w

ith a zeolite/solution ratio of 1/20 (Table 1). To investigate the effect of the treatment 

temperature on the material, fluoride etching was carried out at higher temperatures of 40 a

nd 55 ℃. Additionally, the zeolite/solution ratio was doubled to obtain a larger mesopore 

volume, while the concentration of the fluoride solution was unchanged. The products 

prepared under these slightly more severe conditions were named according to their treatment 

temperature and time (US40d-1H, US40d-2H, US55d-1H, and US55d-2H; Table 1). The 

XRD patterns of the etched SSZ-13 samples prepared under the higher temperatures are 

presented in Figure 5. The same XRD patterns were observed for the products that originated 

from SSZ-13, indicating that the microporous crystalline structure of SSZ-13 was maintained 

after fluoride etching. However, with the increase in the treatment temperature and time, the 

intensities of the XRD patterns were drastically decreased. This indicates that the crystallinity 

of the SSZ-13 material decreases with increasing treatment temperature and time, owing to 

the  more severe etching conditions. 

The nitrogen adsorption–desorption isotherms and pore size distribution curves of the 

etched SSZ-13 samples are depicted in Figures 6 (a) and (b), respectively, while the 

physicochemical properties of etched materials are summarized in Table 3. A significant 

mesopore generation was observed in all the products. With the increase in the treatment 

temperature from 25 ℃ to 40 and 55 ℃ (i.e., from US60 to US40d-1H and US55d-1H), the 

mesopore volume largely increased. On the other hand, a further increase in the treatment 

time from 1 to 2 h led to a decrease in the mesopore volume, which seems to correlate with 

the results observed for HT90. Generally, with the increase in mesopore volume, the 

micropore volume decreased according to the treatment temperature and period, as 

summarized in Figure 7. However, for US40d-2H and US55d-2H, the mesoporous and 

microporous volumes decreased simultaneously. The pore size distribution became broader in 

the etched products. Similar to the changes in the mesopore volume, the mesopore diameter 

also decreased with increasing treatment time. This is possibly due to the formation of 

macropores that could not be detected by nitrogen adsorption or the presence of a relatively 

small amount of mesopores as a result of crystal destruction.   

The scanning electron micrographs of the as-prepared MSSZ-13 samples are illustrated in 

Figure 8. All the MSSZ-13 materials obtained in this study displayed a morphology similar to 



  

that of the parent SSZ-13 [Figure 4 (A)], but with a relatively rounder shape along with the 

harder fluoride etching.  

At this stage of the investigation, fluoride etching was determined as an effective method, 

over alkali leaching, to introduce mesopores in SSZ-13 while preserving the original 

micropores of SSZ-13. It is generally preferable to introduce a mesopore large enough to 

occlude the PCM, which corresponds to the heat storage capacity of perfect absorption of the 

released heat of adsorption. The latent heat storage capacity is determined from the amount of 

occluded PCM, since the enthalpy of fusion is a physical property of this material. A 

mesopore volume dozens of times larger than the micropore volume is required to completely 

absorb the released heat of adsorption, mainly due to the large quantity of the heat. On the 

other hand, preservation of the micropore volume while introducing mesopores is also 

important to maintain the adsorption capacity. A trade-off between maintaining the micropore 

volume and increasing the mesopore volume was, therefore, necessary, as illustrated in 

Figure 8. Thus, MSSZ-13 with a mesopore volume at least three- to fourfold larger than the 

micropore volume could be attained to utilize the material as a PCM container. Possible 

application of the PCM-containing adsorbent is by a rapid adsorption process, which runs 

before the adsorption system reaches adsorption equilibrium. Among the MSSZ-13 materials 

prepared in this study, US40d-1H displayed less crystallinity degradation, a large mesopore 

volume, and a relatively smaller decrease in micropore volume. Therefore, this material was 

selected for further investigation to determine its potential as a PCM-containing MSSZ-13.  

The surface scanning electron micrographs of US40d-1H (Figure 9) confirm the 

introduction of non-uniform mesopores in this material. Indeed, various mesopore shapes 

were observed, including cheese-like holes ([Figures 9 (A) and (B)], honeycomb-like holes 

[Figure 9 (C)], and large crater-like holes [Figure 9 (D)] that indicated the introduction of not 

only mesopores but also macropores in some parts of the crystal. 

3.2 Characterization of the as-prepared PCM-containing MSSZ-13 materials 

In this study, paraffin was used as the PCM, which was inserted into the mesopores of 

MSSZ-13 via a vapor transportation method. First, it was necessary to confirm that paraffin 

could be used as the PCM in the concept of composite PCM-containing MSSZ-13. To utilize 

the microporous space as an adsorption field, the PCM molecule must be larger than the 

micropore size of MSSZ-13. The nitrogen adsorption isotherms of SSZ-13 and paraffin-

loaded SSZ-13 are demonstrated in Figure 10. Both porous materials displayed a drastic 

increase in the adsorbed amount of nitrogen in the low P/P0 range, with no noticeable 

differences between them. This uptake of nitrogen in the P/P0 range below 0.1 is derived from 

the nitrogen adsorbed in the microporous space. If paraffin were able to access the micropore, 

the microporous space would be occupied by the confined paraffin, and the nitrogen uptake 

would not be observed. Hence, the results confirmed that paraffin did not access the SSZ-13 

micropores and thus the prepared material could be used as the PCM for this study.  

The measured nitrogen adsorption isotherms of the MSSZ-13 and PCM-containing MSSZ-

13 materials are presented in Figure 11. At the same time, the changes in the porous structure 

properties before and after PCM insertion are listed in Table 4. By inserting PCM into MSSZ-

13, the mesopore volume was significantly decreased compared to that of the parent MSSZ-

13. This indicated that PCM was successfully introduced solely into the mesopores of SSZ-13. 

However, nearly 40% of the MSSZ-13 micropore volume was simultaneously decreased. As 

confirmed in Figure 10, PCM does not occupy the microporous space of SSZ-13. Instead, 

PCM occupies the mesoporous space of MSSZ-13 and supposedly partially blocks diffusion 



  

to the micropores. Hence, separation of the adsorption site (micropores) and heat storage field 

of paraffin (phase change in the mesopores), was successfully achieved.  

To investigate the adsorption properties of water vapor on SSZ-13 and PCM-containing 

MSSZ-13, H2O adsorption isotherms were measured at three different temperatures for SSZ-

13 and at six different temperatures for PCM-containing MSSZ-13, as illustrated in Figure 12. 

Under the tested conditions, with x-axial relative pressure, the isotherms indicated that there 

was no apparent temperature dependency of the adsorption on SSZ-13 and PCM-containing 

MSSZ-13. For SSZ-13, the H2O adsorption isotherm was a Langmuir type I isotherm. On the 

other hand, PCM-containing SSZ-13 presented a Langmuir type I isotherm at the lower 

relative pressure range, while H2O condensation was observed at the higher pressure range at 

relative pressures above 0.8. This indicated that not all the mesoporous spaces were filled 

with PCM. Thus, after the PCM insertion process, the amount of adsorbed water vapor 

decreased at relative pressures lower than 0.7. This is because, as already discussed (Section 

3.1.1), the micropore volume is reduced by fluoride etching, and some of the micropores 

become blocked after PCM insertion. However, even though a decrease in the amount of 

adsorbed H2O was detected, H2O adsorption sites were still clearly present in the prepared 

PCM-containing MSSZ-13.  

3.3 Evaluation of the phase change and heat recovery of PCM-containing MSSZ-13 

The melting properties and stability of the PCM inserted in MSSZ-13 were characterized by 

repeated DSC measurements. The phase change peak of the paraffin inserted in MSSZ-13 

was observed (Figure 13), indicating the heat storage ability of the inserted paraffin. 

Moreover, the phase change (i.e., the phase change temperature and amount of heat recovery 

of the inserted paraffin) did not change during the repeated measurements, suggesting that the 

inserted PCM did not change physically or chemically. Moreover, the PCM did not seem to 

leak from the mesoporous space of MSSZ-13, even in the liquid state with thermal stability. 

The melting point of the inserted paraffin was 42.6 ℃, while its enthalpy of fusion was 156 

J/g-PCM. These values were slightly lower than those of the original PCM (43.0 ℃ and 237 

J/g-PCM, respectively), owing to the surface tension and interaction between the PCM 

molecules and the mesopore wall of MSSZ-13. These results confirmed that PCM-containing 

MSSZ-13 having dual functions of heat storage and adsorption was successfully prepared.  

These functions on the prepared PCM-containing MSSZ-13 were evaluated by a 

dehumidification process. The objective of developing PCM-containing MSSZ-13 was to 

achieve a performance upgrade of such a thermal process through absorption heat recovery. 

Therefore, the effectiveness was evaluated from the change in the amount of adsorbed water 

within the initial period of time-on-stream and by the difference in the system temperature. 

The temperature of the adsorbent was measured near the inlet and outlet of the fixed bed, as 

illustrated in Figures 14 (a) and (b), respectively. Additionally, the amount of H2O adsorbed 

on the adsorbent was calculated from the changes in the H2O concentration, which were 

detected by TCD [Figure 14 (c)]. The amount of adsorbed water relative to the equilibrium 

amount of adsorbed water is presented in Figure 14 (d). The relative humidity of the fluid at 

the inlet was fixed at 50%. Thus, the equilibrium amount of adsorbed water, q
*
, corresponds 

to the amount of adsorbed water on PCM-containing MSSZ-13 when P/P0 is 0.5 [Figure 12 

(b)]. As illustrated in Figures 14 (a) and (b), regardless of the position in the bed (near the 

inlet or outlet), the rapid increase in the bed temperature at the initial adsorption period was 

suppressed by the coexistence with the PCM. This proves that the PCM inserted in the 

adsorbent works successfully as a heat storage material. The value of q /q
*
 on PCM-



  

containing MSSZ-13 [Figure 14 (d)] was higher than that on SSZ-13 during the initial 5 

minutes after flowing the humid fluid. Therefore, the PCM-containing MSSZ-13 can 

successfully recover the heat of adsorption, thereby resulting in an increased apparent rate of 

adsorption, as shown in the results. On the other hand, even though successful heat recovery 

through PCM was achieved, the amount of adsorbed water on the PCM-containing MSSZ-13 

was slightly smaller than that on SSZ-13 [Figure 14 (c)]. This might be derived from the 

decrease in q
*
 after PCM insertion (Figure 13), which has a more significant effect on the 

amount of adsorbed H2O than the heat recovery through the PCM. Additionally, the 

temperature dependence of the adsorbed water on SSZ-13 is relatively small. Therefore, as 

future perspectives, the use of a more temperature-sensitive zeolite, such as SAPO-34
25

, as 

the mesoporous zeolitic container and application of PCM-containing MSSZ-13 to a more 

exothermic adsorption process should be considered to achieve drastic performance 

improvement in the adsorption processes. 

In summary, a PCM-containing MSSZ-13 having simultaneous adsorptive and heat storage 

properties in the same material was successfully prepared. Additionally, the as-prepared 

PCM-containing MSSZ-13 was proven as a valid concept for the PCM-containing adsorbent. 

 

4. Conclusions 

As a new concept of PCM-containing adsorbent, a PCM-in-MSSZ-13 composite material 

was proposed as an adsorbent possessing simultaneous adsorptive and heat storage abilities in 

the same particles. An MSSZ-13 material with a large mesopore volume was used as the host 

material for inserting PCM solely in the mesopore. The mesopore was created by a fluoride 

etching method. Thus, PCM-containing MSSZ-13 was successfully prepared, and its meso- 

and microporosities were confirmed. The mesoporous space was utilized as a heat storage 

field, while the microporous space, originating from SSZ-13, was utilized as an adsorption 

field. The experimental results of the as-prepared PCM-containing MSSZ-13 revealed 

suppressed bed temperature ramping and an increase in the relative amount of adsorbed water 

vapor, q/q
*
. Therefore, it can be concluded that PCM-containing MSSZ-13 delivers an 

effective concept, namely that the performance can be upgraded through the heat adsorption 

recovery, and the composite can be another application for the utilization of mesoporous 

zeolite.   
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