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bring some limitations to its use. Activated carbon has large 
pore volume and high surface area with an S-shaped type 
V water adsorption isotherm. Mesoporous silicates may 
have large surface areas and type V adsorption isotherms 
while natural mineral clays may be commercially available 
with relatively low cost. The water adsorption capacities of 
hygroscopic salts, such as haloids, nitrates and sulphates are 
higher than many of the adsorbents available. On the other 
hand, hygroscopic salts are not stable, especially under high 
humidity ratios. Wetting of the salt material leads to reduc-
tion in sorption performance and even loss of the adsorbent. 
Metal–organic frameworks (MOFs) are composed of dif-
ferent metal ions and organic ligands. They may have high 
surface areas and large pore volumes, often resulting in high 
water adsorption capacities. However, since adsorption of 
several MOFs occur at relatively high P/Po values, useful 
water exchange may be low for systems, such as adsorp-
tion heat pumps. Additionally, they may exhibit degradation 
after numerous adsorption–desorption cycles. The adsorp-
tion kinetics of these materials may also be relatively slow 
and further research is required for improving them. Zeo-
lites are crystalline aluminosilicates of alkali or alkali earth 
elements. They have type I water adsorption isotherms, 

1  Introduction

Seeking an adsorbent with high water capacity and low 
regeneration temperature (requiring some hydrophobic-
ity) is crucial for obtaining high performance from systems 
involving water sorption, such as adsorption heat pumps/
cooling systems and desiccant dehumidifiers. The hydro-
thermal stability of the adsorbent as well as the shape of the 
adsorption isotherm, determining the amount of adsorption 
in a certain P/P0 range, also affect the performances of sorp-
tion systems.

Water sorption systems may use a variety of adsorbent 
materials, such as silica gel, activated carbon, salts, mesopo-
rous silicates, clays, zeolites and metal organic frameworks 
(MOF). Silica gel has the advantages of being a low cost 
material with relatively low regeneration temperature, while 
the linear shape of its adsorption isotherm for water may 
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typical of microporous materials, regarded as very suitable 
for adsorption heat pumps and similar systems. They have 
large surface areas, fast adsorption kinetics and are hydro-
thermally stable. There are different types of zeolites, rang-
ing from very hydrophilic to hydrophobic. The adsorption 
amount is generally higher for hydrophilic zeolites, such as 
A and X, represented by lower Si/Al ratios. However, hydro-
philic zeolites can be regenerated at relatively higher tem-
peratures generally above 150 °C, due to the strong bond of 
water molecules with Al in the zeolites. Aluminophosphate 
(AlPO), silicoaluminophosphate (SAPO) and ferroalumi-
nophosphate (FAPO) zeolites also exist. These materials 
possess S-shaped type V water adsorption isotherms, dif-
ferent from aluminosilicate zeolites. Accordingly, they have 
relatively low regeneration temperatures. However, these 
materials are generally synthesized by using organic tem-
plates, which are not economical and may also present envi-
ronmental problems.

Preparing composite materials may be useful to obtain 
adsorbents with enhanced performances. Improvement 
with respect to distinct adsorbents constituting the com-
posite may be assured in case some limiting properties 
of the adsorbents are eliminated. One example is to form 
composites by applying salt impregnation to the pores of 
porous materials, which are used as hosts. The composite 
adsorbents obtained can make use of the superior sorption 
characteristics of hygroscopic salts and stability of other 
adsorbents [1]. In this manner, deliquescence may be elimi-
nated to a great extent since the dissolved salt may remain 
in the pores of its host. Preparing composites by salt impreg-
nation has been investigated for a variety of adsorbents. 
Silica gels [2], mesoporous silicates [3], activated carbons 
[4], MOFs [5] and clays [6] profited from salt impregna-
tion, mainly by increases in water capacity and partly by 
decreases in regeneration temperature. Salt impregnation 
provided enhancements in the water capacities of a few zeo-
lites as well. These included NaX (aluminosilicate) [7, 8] 
and SAPO-34 (silicoaluminophosphate) [9] zeolites. Opti-
mum amount of salt loading was determined to exist [8]. 
The stability varied with different materials and conditions 
used. After numerous cycles, some reduction was observed 
in the water capacities of some of the composites [8], while 
in other cases, the modified zeolites had good thermal sta-
bilities and no obvious capacity loss [7]. Some observations 
of composites exhibiting decreased sorption rate, when 
compared to the pure zeolite, were also made [7].

Some studies have also been performed to prepare com-
posites of activated carbon and zeolite. In some of these, 
activated carbon was added to the zeolite synthesis mixture 
where crystallization took place [10–12]. However, raw 
materials, such as coal gangue and metakaolin or organic 
templates were generally used to obtain the zeolite in these 

cases. Other studies involved the preparation of composites 
by mixing zeolite and activated carbon powders, followed 
by various activation procedures [13, 14]. Zeolites and acti-
vated carbons are useful adsorbents for CO2 adsorption, due 
to their high adsorption capacity and selective CO2 adsorp-
tion. Zeolites, as microporous aluminosilicates with crystal-
line structures, are cost effective and have high hydrothermal 
stability while activated carbons have pore size distribution, 
low cost, low heat of adsorption and are rather hydrophobic. 
Composites of zeolite and activated carbon with enhanced 
porosity and adsorption capacities for CO2 and CH4 could 
be prepared [13]. Zeolite-activated carbon composites were 
also observed to have significant adsorption capacities for 
eliminating cationic dyes [14] and heavy metal ions [10] 
from industrial wastewater. On the other hand, the use of 
such composites for water adsorption was not investigated.

In this study, firstly, the water adsorption capacities of 
various adsorbents reported in the literature were investi-
gated and a hydrophobicity index was defined, especially 
considering adsorption heat pump applications. A logarith-
mic curve was proposed in order to describe the competency 
of water adsorption performances of various adsorbents, by 
taking into consideration the relation between water adsorp-
tion capacity and hydrophobicity. The situation for zeolites 
was highlighted and NaY zeolite was investigated both 
theoretically and experimentally for possible improvements 
that might occur when its composites were formed. This sili-
coaluminate zeolite was selected for contributing new mate-
rials and data to the literature, as well as due to its relatively 
high water capacity. Salt impregnation was carried out to 
form composites of zeolite NaY with LiCl and MgCl2 salts. 
Hydrothermal synthesis and a clear homogeneous reaction 
mixture (prepared without using organic templates but only 
basic reactants) were utilized to obtain zeolite Y-activated 
carbon composites. The materials obtained were character-
ized by X-ray diffraction (XRD), field emission gun scan-
ning electron microscopy (FEGSEM), energy dispersive 
X-ray spectroscopy (EDX) and thermogravimetry (TG). 
The water capacities of the composites at relatively low 
and high temperatures as well as their hydrophobicity, as 
obtained by thermogravimtery, were compared to those of 
the pure adsorbents.

2  Determination of hydrophobicity vs. 
water capacity of adsorbents

Adsorption data presented in the literature were investigated 
for silica gels, activated carbons, zeolites, hygroscopic salts, 
metal organic frameworks (MOFs), clays, coals, graphene 
oxides, mesoporous silicates and xerogels [15–61]. Water 
adsorption capacities of the adsorbents at different P/P0 
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values were noted. In the literature, water adsorption, hydro-
carbon/water adsorption and thermogravimetry have been 
reported as methods for the determination of hydrophobic-
ity of adsorbents [62]. In this study, two hydrophobicity 
indexes were calculated. The first one, HI1, was obtained 
by subtracting the ratio of the water adsorption capacities 
at P/P0 = 0.1 and P/P0 = 0.9 from 1 (Eq.  1). The second 
index, HI2, was related to thermogravimetry measurements 
and was equal to the ratio of water capacities measured at 
100 °C and at 350 °C (Eq. 2).

HI1 = 1 − C0.1/C0.9� (1)

HI2 = C100/C350� (2)

The aim for using HI1 was to assess the hydrophobicity of 
adsorbents according to a given P/P0 value (e.g., 0.1) while 
an ultimate decision about hydrophobicity was not intended 
to be made. The P/P0 value of 0.9 corresponded to the total 
adsorption capacity. Such a specific investigation may 
become more meaningful when we consider the existence 
of different applications of adsorption. For example, a P/P0 
value of 0.1 is critical for the adsorption heat pump appli-
cation, thus, the hydrophobicity values of the adsorbents 
determined in this study may be regarded as representatives 
for this application. Some other P/P0 values may provide 
different hydrophobicities more suitable to represent other 
applications. The hydrophobicity index HI2 represented the 
ratio of the amount of water desorbed from the adsorbent 
at 100 °C to the total water capacity. For this index, when 
the temperature of 100 °C, which is the critical parameter 
corresponding to the available heat for the regeneration of 
the adsorbent, is changed to another value, somewhat differ-
ent results may be obtained for the hydrophobicity. In this 
study, the temperature of 100 °C was selected by taking into 
consideration adsorption heat pump applications, too.

HI1 index was plotted vs. water adsorption capacity 
near saturation, C0.9. Additionally, HI1 index was recalcu-
lated in such a manner that would allow the adsorption of 
0.15  g/g adsorbent at P/P0 = 0.1, for each adsorbent data. 
This capacity value may be further varied according to 
the target application and has been given as a reasonable 
example, especially considering adsorption heat pumps, in 
this study. The logarithmic curve passing through the points 
obtained by recalculation may be used as an indicator of 
the competency of water adsorption performances of vari-
ous adsorbents.

Zeolite NaY has one of the highest water adsorp-
tion capacities among aluminosilicate zeolites while it is 
somewhat more hydrophobic than the ones with similar 
capacities. Some aluminophosphate zeolites exhibit higher 
hydrophobicity with similar water capacity, but they are 

generally synthesized by using organic templates, which 
may present economical and environmental problems, as 
mentioned before. Zeolite NaY may be synthesized without 
using organic templates. In this study, this zeolite was taken 
as a basis for the studies performed to investigate possible 
changes that may occur in the water capacity and hydropho-
bicity of zeolites when their various composites are formed. 
For this aim, firstly, the adsorption performances of the com-
posites of NaY zeolite prepared by using MCM-41 (meso-
porous silicate), montmorillonite (clay), activated carbon, 
MIL-101 (MOF), silica gel and LiCl (salt) were calculated 
by using literature adsorption data. The adsorption capacity 
of the composite was calculated as the average of the two 
different materials constituting the composite while the HI1 
index of the composite was determined by using Eq.  (1), 
where the capacities at P/P0 = 0.1 and P/P0 = 0.9 were both 
average values of the two different materials constituting 
the composite. A merely theoretical investigation was made 
which did not take into account any synergistic effect, but 
only simple physical mixing of the distinct adsorbents.

3  Experimental

3.1  Preparation of zeolite-salt composites

Composites of zeolite NaY were formed by using hygro-
scopic salts and activated carbon in this study. For the first 
case, powder zeolite NaY was impregnated with MgCl2 or 
LiCl in order to investigate the changes in the adsorption 
properties of this zeolite when its composites were pre-
pared. Commercial zeolite NaY1 powder (Aldrich) and a 
procedure described in the literature were used for the salt 
impregnation performed [7]. Accordingly, the zeolite was 
immersed in a MgCl2 (Merck) or LiCl (Merck) solution (5 
wt%), where it was kept for 24 h at room temperature. The 
zeolite/salt mass ratio was equal to 20/3. Then, the mixture 
was evaporated at 80 °C, so that the water could be removed 
and the residual MgCl2 or LiCl could be adsorbed on the 
zeolite surface. Under these conditions, it was stated that 
a large proportion of the salt may penetrate into the micro-
pore while others may occupy the mesopores or macropores 
outside the zeolite crystals [7]. On the other hand, the use 
of salts led to only minor amount of ion exchange in the 
zeolite [7]. The composites were named as NaY1-LiCl and 
NaY1-MgCl2.

3.2  Preparation of zeolite-activated carbon 
composites

The second task was the preparation of zeolite-activated 
carbon composites. For this aim, activated carbon powder 
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spectroscopy detector attached to the FEGSEM was used 
to perform elemental mapping analysis of the samples. The 
Na reduction degree as well as salt or carbon content were 
determined from the atom content of the zeolite compos-
ites. Thermogravimetric analysis (Shimadzu TA-503) was 
performed to determine the amount of water desorbed from 
the adsorbents between ambient temperature and 350  °C 
under nitrogen flow. A heating rate of 20 °C/min was used. 
Prior to the TG measurements, the samples were kept in a 
desiccator containing saturated NH4Cl solution and their 
hydrated masses were reported. The average error in TG 
measurements was equal to about 1%, representing a range 
of error of about ±0.002 g/g adsorbent for the water capaci-
ties reported in this study. Two consecutive TG experiments 
were performed for each sample to obtain information about 
the stabilities of the composites.

4  Results and discussion

4.1  Hydrophobicity vs. water capacity of 
adsorbents

Figure 1 shows the variation of hydrophobicity index, HI1, 
with respect to water adsorption capacity for various adsor-
bents. Adsorption data were obtained from the literature, as 
mentioned before. It may be seen from the figure that most of 
the adsorbents had quite high hydrophobicity while the rela-
tively high water adsorption capacities generally pertained 
to salts and MOFs. On the other hand, the lowest hydropho-
bicity indexes mostly were those of aluminosilicate zeolites. 
Some MOFs also had similarly low values, though most of 
them were notably hydrophobic. When the water adsorption 
capacities were taken into consideration, zeolites remained 

(Aldrich) was added to a zeolite synthesis mixture with a 
molar composition of 42.5 Na2O: 1 Al2O3: 17 SiO2: 850 
H2O [63]. This reaction mixture composition was originally 
demonstrated to lead to the formation of mainly zeolite NaY 
with smaller amount of zeolite NaA [63]. The reaction mix-
ture was prepared by using granular sodium aluminate (Rie-
del-de Haen, > 99%), sodium silicate (Merck, extra pure), 
anhydrous sodium hydroxide pellets (Merck, > 97%) and 
deionized water. The clear synthesis solution formed was 
kept on a magnetic stirrer for about 10 min. After the inclu-
sion of the activated carbon powder, hydrothermal synthe-
sis was performed in an oven kept at 80 °C for 24 h. After 
synthesis, the solution was filtered and the grayish powder 
obtained was dried overnight in an oven at 80 °C. Two dif-
ferent activated carbon amounts of 0.15 g and 0.30 g were 
used in the experiments while the synthesis mixture was 
equal to about 95  g in both cases. The resulting powder 
mass was equal to 1.35 g and 1.60 g for the use of lower and 
higher amounts of activated carbon. The composites were 
named as NaY2-AC1 and NaY2-AC2 for the former and 
latter cases, respectively.

3.3  Characterization techniques

The composites prepared were characterized by X-ray dif-
fraction (XRD), energy dispersive X-ray (EDX) spectros-
copy, field emission gun scanning electron microscopy 
(FEGSEM) and thermogravimetry (TG). XRD (Bruker-
D8-Advance) was used for crystallinity and phase identi-
fication. CuKα radiation and a step size of 0.02° with 1.0 s 
per step were used. Field emission gun scanning electron 
microscopy (JEOL JSM-7000  F) was used to investi-
gate the morphology of the pure and composite samples. 
The Oxford X-Max 20 energy dispersive X-ray (EDX) 

Fig. 1  Variation of hydrophobic-
ity index, HI1, with respect to water 
adsorption capacity for (▢) zeolite, 
(◊) MOF, (Δ) silica gel, (+) activated 
carbon, (x) salt, (o) clay, (▲) graphene 
oxide, (Ж) mesoporous silicate, (●) 
xerogel and (♦) coal adsorbents
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somewhat more hydrophobic than the X type, but still has 
a relatively high regeneration temperature. It is synthesized 
in Na form after which it may be transformed into other 
forms by ion exchange. In this study, the adsorption per-
formances of some composites of zeolite NaY were deter-
mined by calculation. The results are shown in Fig. 2, which 
depicts the variation of the hydrophobicity index, HI1, with 
respect to water adsorption capacity for NaY zeolite, MIL-
101 (MOF), MCM-41 (mesoporous silicate), LiCl (salt), 
montmorillonite (clay), silica gel, and activated carbon as 
well as their composites. It may be observed that the hydro-
phobicity indexes of the composites were much higher 
than that of zeolite NaY. The water adsorption capacities 
of the composites, especially those using MCM-41, MIL-
101 and LiCl were also higher than that of the pure zeolite. 
The zeolite NaY composites were located very near to the 
logarithmic curve proposed in this study, with the excep-
tion of NaY-LiCl composite. Although situated below the 
curve, NaY-LiCl exhibited the highest water capacity by far 
among the composites. The highest hydrophobicity indexes 
pertained to NaY-MIL-101 and NaY-MCM-41 composites, 
though the differences were not big.

4.2  Zeolite NaY-salt composites

In this study, composites of NaY zeolite and LiCl or MgCl2 
were prepared by salt impregnation. Figure  3a, b and c 
show the FEGSEM pictures of zeolite NaY1, NaY1-LiCl 
composite and NaY1-MgCl2 composite, respectively. The 
characteristic octahedral morphology of Y zeolite (faujasite) 
may be observed in all pictures. The composites looked as 
crystalline as the original zeolite. The pore size of zeolite 
NaY is equal to 7.4 Å, so the salts may enter the micropores 

within the average range of most adsorbents, excluding 
MOFs and salts. A logarithmic curve represented the rela-
tion between water adsorption capacity and hydrophobic-
ity index, when a water capacity of 0.15 g/g adsorbent was 
assumed to exist at P/P0 = 0.1, for each adsorbent. A water 
adsorption capacity of 0.15 g/g adsorbent may be considered 
suitable to provide the required useful effect for some appli-
cations, such as adsorption heat pumps and cooling systems. 
It may be observed from Fig. 1 that most of the adsorbents 
remaining below this logarithmic curve were zeolites. This 
indicates that zeolites may provide the targeted water capac-
ity even at higher hydrophobicity values, pointing to the 
usefulness of improving their water adsorption properties 
further. It should be reminded that higher hydrophobicity 
means lower regeneration temperatures for the adsorbents. 
Salts also remained below the logarithmic curve. Since both 
their water adsorption capacity and hydrophobicity were 
rather high, a similar improvement for salts may be quite 
limited. Similar curves may be obtained for water capacities 
other than the 0.15 g/g adsorbent at P/P0 = 0.1 used in this 
study to exhibit the competency of adsorption performances 
of various adsorbents in different applications.

Zeolites have unique properties which promote their 
use in many different applications, mainly related to ion-
exchange, catalysis, separation and adsorption. Some sig-
nificant aluminosilicate zeolites, such as A and X type are 
highly hydrophilic. Although being hydrophilic favors the 
water adsorption capacities of zeolites, it also renders them 
to have relatively high regeneration temperatures. Thus, 
introducing some hydrophobicity to these materials without 
leading to significant reduction in their water capacities may 
be beneficial. X and Y type zeolites have the same frame-
work structure (FAU) and are called faujasites. Zeolite Y is 

Fig. 2  Variation of the hydropho-
bicity index, HI1, with respect 
to water adsorption capacity for 
(▢) NaY zeolite, (♦) MIL-101, 
(●) montmorillonite, (▲) silica 
gel, (■) activated carbon, (—) 
MCM-41, (-) LiCl, (◊) NaY-
MIL-101 composite, (o) NaY-
montmorillonite composite (+) 
NaY-activated carbon composite, 
(Δ) NaY-silica gel composite, 
(x) NaY-LiCl composite and (Ж) 
NaY-MCM-41 composite
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of the zeolite. They may be adsorbed on the inner or outer 
surfaces of the zeolite. EDX results are reported in Table 1, 
where the amounts of LiCl and MgCl2 in the composites 
and reduction degree of Na, when compared to the origi-
nal zeolite, may be seen. The results indicate that about 6 
wt% MgCl2 and 4.5 wt% LiCl were incorporated into the 
zeolite. Additionally, decreases were observed in the Na/
Al ratios, when compared to the pure zeolite, in both cases. 
The reduction of Na in the composites could be related to 
some amount of Li and Mg ion exchange, releasing Na from 
the samples and also to some of the Al atoms in the zeolite 
framework becoming extraframework atoms. In zeolites, 
Na atoms reside near Al atoms in the framework structure. 
The Si/Al ratio of NaY zeolite was determined to be equal 
to about 3.2. This ratio increased very slightly for the com-
posites and attained 3.3.

TG curves of zeolite NaY1 as well as NaY1-LiCl and 
NaY1-MgCl2 composites are given in Fig.  4. It may be 
observed that the highest and lowest water capacities were 
obtained for the NaY1-LiCl composite and pure NaY1 
zeolite, respectively. The situation did not change at both 
relatively high and low temperatures. Desorption kinetics 
did not seem to be slow for the zeolite-salt composites, but 
adsorption kinetics should also be checked. The amounts of 
water desorbed from the samples were noted at 100 °C and 
350 °C in the TG measurements. The water capacities are 
given in Table  2. It may be observed from the table that 
after salt impregnation, the highest water capacity at both 
100 °C and 350 °C pertained to the NaY1-LiCl composite. 
The water capacity of this composite was higher than that 
of zeolite NaY1 by about 10% and 53% at the relatively 
high and low temperatures, respectively. Improvement was 
also observed for the NaY1-MgCl2 composite, by about 
6% and 36% at the relatively high and low temperatures, 
respectively. The significant amount of increase at the lower 
temperature of 100 °C indicated enhanced hydrophobicity 
for the zeolite-salt composites, especially for NaY1-LiCl. 
The hydrophobicity index, HI2, increased by about 39% and 
29% for the composites prepared by using LiCl and MgCl2, 
respectively, when compared to that of pure NaY1 zeolite. 
The hydrophobicity index of zeolite NaY1 determined by 
thermogravimetry in this study (HI2 = 0.296) was quite 
similar to the hydrophobicity index (HI1 = 0.290) obtained 
from adsorption data [15]. The water capacity of about 
0.24 g/g zeolite determined at 350 °C in TG measurements 
was also similar to literature adsorption capacity values. It 
is not possible to say that the two hydrophobicity indexes 
will always be similar since they may sometimes pertain 
to different pressure/temperature ranges, as determined by 
the related parameter values used. Since the adsorption heat 
pump application was primarily taken into consideration in 
this study, the parameter values were selected accordingly 

Table 1  Amount of salt (LiCl/MgCl2) by wt. and degree of reduction of 
Na in the composite samples
Sample Salt content

(wt%)
Degree of Na reduction

NaY1-LiCl 4.5 0.36
NaY1-MgCl2 6.0 0.32

Fig. 3  FEGSEM pictures of (a) zeolite NaY1, (b) NaY1-LiCl compos-
ite and (c) NaY1-MgCl2 composite
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and 0.24 g/g NaY1 zeolite were used in the calculations for 
the pure adsorbents. When NaY1 zeolite and LiCl salt were 
taken into account, the increase in the water capacity of the 
composite (at the higher temperature), when compared to 
zeolite NaY1, was calculated to be equal to about 20%. This 
was higher than the 10% increase obtained for the composite 
prepared by salt impregnation experimentally. The situation 
was similar for MgCl2 and the enhancement in the water 
capacity of the mixture/composite at the higher tempera-
ture, when compared to zeolite NaY1, was calculated to be 
equal to about 24%, which was higher than the 6% increase 
obtained for the composite prepared by salt impregnation 
experimentally. These results indicate that some interac-
tions existed between the salt and impregnated zeolite and 
the positive impact of salt impregnation on the water capac-
ity of the zeolite might be limited by certain factors, such as 
partial pore blocking of the zeolite by the salt.

In a previous study, Li and Mg ion exchanges were 
applied to the same NaY zeolite. The water capacities at 
350  °C, as determined by thermogravimetry, were not 
much different from those of the composites obtained by 
Li and Mg salt impregnation [63]. However, the water 
capacity at 100  °C and the HI2 index were notably lower 
for the samples obtained by ion-exchange. Water capaci-
ties of about 0.078 g/g zeolite and 0.056 g/g zeolite were 
determined at 100  °C for Y zeolite after Li and Mg ion 
exchanges, respectively [63]. On the other hand, the NaY1-
LiCl and NaY1-MgCl2 composites prepared in this study by 
salt impregnation had water capacities at 100 °C of about 
0.11  g/g adsorbent and 0.10  g/g adsorbent, respectively. 
The hydrophobicity index, HI2, was around 0.4 when salt 

and thus the two hydrophobicity indexes may be expected to 
have some proximity. When the logarithmic curve in Fig. 1 
is taken into consideration, zeolite NaY remained well 
below the curve with its HI1 and water capacity values of 
about 0.29 and 0.23 g/g zeolite, respectively, according to 
adsorption data. Since HI1 and HI2 were quite similar, the 
NaY1-LiCl composite may be deduced to have approached 
significantly to the limiting logarithmic curve in Fig.  1, 
with its hydrophobicity and water capacity values attain-
ing about 0.41 and 0.27  g/g adsorbent, respectively. Two 
consecutive TG measurements were performed for each 
zeolite-salt composite. No significant change was observed 
in the water capacities, indicating the stability of the zeolite 
crystal structure after salt impregnation and two TG heating 
treatments at 350 °C.

Calculations were also made by using the total water 
capacities of the original NaY1 zeolite and LiCl, MgCl2 
salts and their weight percentages to estimate water capaci-
ties for the composites at the higher temperature of 350 °C. 
Water capacities of 1.35 g/g LiCl [8], 1.24 g/g MgCl2 [62] 

Table 2  Water capacities at 100 °C and 350 °C and HI2 hydrophobicity 
index of NaY zeolite and its composites, as obtained by thermogra-
vimetry
Sample C100

(g/g adsorbent)
C350
(g/g adsorbent)

HI2

NaY1 0.0720 0.243 0.296
NaY1-LiCl 0.110 0.268 0.410
NaY1-MgCl2 0.0983 0.258 0.381
AC 0.120 0.145 0.827
NaY2 0.0534 0.203 0.263
NaY2-AC1 0.0608 0.223 0.274
NaY2-AC2 0.0556 0.213 0.261

Fig. 4  TG curves of (▢) zeolite 
NaY1, (+) NaY1-LiCl composite 
and (x) NaY1-MgCl2 composite
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the preparation of which involved higher amount of acti-
vated carbon.

TG curves of zeolite NaY2, activated carbon as well as 
their composites are given in Fig. 7. It may be observed that 
activated carbon had the highest water capacity at tempera-
tures below about 160  °C, while it had the lowest capac-
ity above 200 °C. The presence of activated carbon in the 
composites had a positive impact on the water capacities of 
the composites, which mostly exceeded those of the origi-
nal zeolite, to some extent. The NaY2-AC1 composite with 
the lower amount of activated carbon exhibited higher water 
capacity than the original zeolite and NaY2-AC2 compos-
ite at most of the measurement temperatures. This behavior 
could be related to the presence of some hydroxysodalite 
zeolite (as observed by XRD) in the NaY2-AC2 composite 
prepared by using the higher amount of activated carbon. 
Another explanation could be that the amount of activated 
carbon in the composite did not increase in proportion with 
the amount of activated carbon initially added to the zeo-
lite synthesis mixture. No significant change was observed 
in the water capacities when two consecutive TG measure-
ments were performed, indicating the stability of all the 
samples.

The water capacities at 100 °C and 350 °C may be seen 
more clearly from Table 2. It may be observed that activated 
carbon had quite higher hydrophobicity and water capacity 
at 100  °C when compared to the zeolite and composites. 
On the other hand, at 350  °C, the NaY2-AC1 composite 
had the highest water capacity. The water capacity of this 
composite was higher than that of the original zeolite by 
about 9% and 14% at the relatively high and low tempera-
tures, respectively. Smaller improvements of 4% and 5% 
were observed for the NaY2-AC2 composite at the lower 
and higher temperatures, respectively. The hydrophobic-
ity increased slightly by 4% for the NaY2-AC1 composite 

impregnation was carried out, while it was equal to about 
0.22 and 0.31 after Mg and Li ion exchanges, respectively.

4.3  Zeolite NaY-activated carbon composites

Figure 5 shows the XRD patterns of the zeolite NaY-acti-
vated carbon composites as well as the original zeolite, 
all obtained by synthesis experiments. It may be observed 
from the figure that all the samples were quite crystalline 
and there was little difference between the XRD patterns 
of the original zeolite (Fig. 5a) and zeolite composites pre-
pared by using lower (Fig. 5b) and higher (Fig. 5c) amounts 
of activated carbon. The zeolite synthesis mixture used in 
this study originally allowed the formation of zeolite NaY 
along with a minor phase of zeolite NaA. The XRD peaks in 
Fig. 5 were indexed in accordance with the peaks reported 
for simulated XRD patterns of zeolites [64] and the peaks 
with highest intensity were marked (as A for zeolite A and 
as Y for zeolite Y). It is obvious that the XRD peaks of the 
original zeolite were also present in the XRD patterns of 
the zeolite-activated carbon composites. The only difference 
was the presence of hydroxysodalite (HS) zeolite peaks 
with relatively low intensity, for the NaY2-AC2 composite 
obtained by using the higher amount of activated carbon.

FEGSEM pictures of the NaY2-activated carbon com-
posites and original activated carbon are given in Fig.  6. 
The FEGSEM picture of the original activated carbon 
may be seen from Fig. 6a, mostly revealing the amorphous 
nature of this material. In the NaY2-AC1 composite sample 
(Fig. 6b), octahedral zeolite Y (faujasite) crystals still pre-
vailed while some amorphous activated carbon also existed, 
distributed among the zeolite crystals, forming clusters of 
various lengths. The same was also generally true for the 
NaY2-AC2 composite sample (Fig. 6c). The visible amount 
of activated carbon did not seem to increase for this sample, 

Fig. 5  XRD patterns of (a) zeolite 
NaY2, (b) NaY2-AC1 composite 
and (c) NaY2-AC2 composite. 
Y, A and HS denote zeolites Y, A 
and hydroxysodalite, respectively
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in the composite was taken as 10 wt%, as determined by 
EDX analysis. Accordingly, the calculated water capacity at 
100 °C was determined to be almost equal to that obtained 
experimentally for the composite NaY2-AC1. On the other 
hand, the calculated water capacity at 350  °C was deter-
mined as 0.197 g/g adsorbent, which was about 13% lower 
than the value obtained experimentally. This result indicates 
that the interface between the zeolite and activated carbon in 
the composite obtained by zeolite crystallization may affect 
the sorption performance of the composite. At the interface, 
the chemical bonding between the zeolite and activated car-
bon can lead to the formation of a structure different than 
those of the pure materials. Such an interface, representing 
a third phase, may have different water sorption proper-
ties than the zeolite and activated carbon, leading to these 
results obtained. The observation of interfacial effects was 
previously made between zeolite and polymers, forming 
mixed matrix membranes. For such membranes, the experi-
mental permeabilities were determined to be much differ-
ent than the values predicted by theoretical models and the 
results could not be represented by using only the two pure 
phases [65]. Since an extra zeolite phase existed in the com-
posite NaY2-AC2, a similar calculation was not made for 
this sample. In any case, the water capacity of NaY2-AC2 
composite at 350  °C was higher than that of the original 
zeolite, too, indicating the possible effect of the interface. It 
should be remembered that both hydroxysodalite and acti-
vated carbon have quite lower water capacities than zeolite 
NaY2 at 350 °C.

5  Conclusions

A logarithmic curve in a plot of hydrophobicity vs. water 
capacity was proposed to describe the competency of 
adsorption performances of various adsorbents for different 
applications, such as adsorption heat pumps. Aluminosili-
cate zeolites generally remained well below this logarith-
mic curve, indicating the necessity of some improvement 
in their hydrophobicity. These materials may be very use-
ful for a variety of applications, including those involving 
water adsorption. Although some zeolites have notable 
water adsorption capacity, their regeneration temperatures 
are generally too high. In this study, composites were shown 
theoretically and experimentally to be able to improve the 
adsorption performances of zeolites. For a composite to 
be of practical use, it should combine the stability and fast 
adsorption kinetics of zeolites with the relatively low regen-
eration temperatures and relatively high water capacities of 
other adsorbents.

It was observed that the water capacities of the NaY 
zeolite-salt composites obtained by salt impregnation were 

while there was no significant change for the NaY2-AC2 
composite. When the logarithmic curve in Fig.  1 is taken 
into consideration, zeolite-activated carbon composites still 
remained below the curve, though some improvement was 
obtained.

Calculations were also made by using the water capaci-
ties of the original NaY2 zeolite, activated carbon and their 
weight percentages to determine the water capacity of the 
composite NaY2-AC1. The amount of activated carbon 

Fig. 6  FEGSEM pictures of (a) activated carbon, (b) NaY2-AC1 com-
posite and (c) NaY2-AC2 composite
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