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ARTICLE INFO ABSTRACT

In this work, Ag and Ni metals incorporation effect on the water adsorption and physicochemical properties of
5A zeolite was studied. For that, Ag/5A and Ni/5A zeolites with different amounts of metal (4, 10 and 20 wt%)
were prepared by wet impregnation method. The physicochemical characterization of the adsorbents was carried
out by Nj-adsorption, AAS, XRD, FTIR, FE-SEM/EDS, H,-TPR, CO,-TPD and TGA-DSC analyses. The results
showed that the incorporated metals were well distributed in different sites into the 5A zeolite, without a
substantial modification of its crystal structure and morphological characteristics.

Water vapor uptake and water enthalpy adsorption of zeolites were determined simultaneously by a non-
isothermal method in a TGA-DSC thermal analyzer, prior saturation of samples with water vapor. It was found
that the water molecules adsorption by the metal/zeolites was carried out on different adsorption sites with
different interaction energies. Furthermore, it was noted that Ag and Ni metals had a remarkable influence on
water adsorption properties of zeolites. Metal addition favored the superficial adsorption of water molecules per
available area of zeolite, with high adsorption enthalpy values. This makes the prepared adsorbents potential
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materials to be used in thermal storage applications and waste heat recovery systems.

1. Introduction

Water adsorption in porous materials is an attractive alternative for
waste heat recovery from industrial processes and renewable solar en-
ergy uses [1-4]. Porous solid materials such as activated carbon, silica
gels, silica-aluminophosphates (SAPOs), metal organics frameworks
(MOFs) and zeolites have been widely implemented in refrigeration and
thermal storage applications, where water is used as adsorbate [3,4].
For these applications, it is essential to understand the porous materi-
al-adsorbate interactions, as well as the required energy for the ad-
sorption-desorption cycles involved in their operation [5].

Zeolites are one of the most widespread sorbents for adsorption
processes due to their large surface area, high porosity and reactivity.
As well, some zeolites like faujasites (FAU) 10X and 13X and Linde Type
A (LTA) zeolites are highly hydrophilic [6]. The sorption behavior of
this materials is based on their porous and molecular structure [7],
moreover, their water affinity is related to the electrostatic charge of
their aluminosilicate framework, due to the Si/Al ratio and the balan-
cing cations [3,4,8].

Additionally, FAU and LTA zeolites are commonly used materials
for buildings solar-assisted energy storage. For this application, these
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zeolites have the disadvantage of high desorption temperatures
(> 200 °C) with respect to other materials [4,9]. In last years, several
attempts have been made to decrease this temperature and to reduce
the strong hydrophilic character of zeolites, by the reduction of the
strong interaction between its electrostatically charged framework and
the water molecules. These methods involve different strategies as ion
exchange [10-12] and variation of Si/Al ratio by dealumination
[13,14] or surface silanation [9]. However, this area is under con-
tinuous development and the tailoring of the adsorption properties of
zeolites by different techniques, is being increasingly studied to satisfy
the requirements of different heat transformation cycles [3,4,15].

Metal addition by wet impregnation has been proposed as an al-
ternative to modify the zeolites water adsorption properties. Through
this method, metal species are added on the surface, preserving the
pristine structure advantages [16]. Metal impregnation has been mainly
used to improve the zeolites catalytic properties [17-19], however, to
the authors' best knowledge, its effect on the water adsorption prop-
erties of zeolites has not been studied yet, in the context of heat re-
covery and solar heat storage applications.

In this work, 5A zeolite was modified through the incorporation of
different amounts of Ag and Ni by wet impregnation. Several
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physicochemical techniques, including AAS, N,-adsorption, XRD, FTIR,
SEM-EDS, H,-TPR, CO,-TPD and TGA-DSC analyses, were used to un-
derstand the water adsorption behavior of the prepared materials.

2. Experimental
2.1. Materials preparation

5A zeolite (Si/Al:1, CAS No. 69912-79-4, Sigma-Aldrich) was
modified through the incorporation of Ag and Ni by wet impregnation
method. For this purpose, 2 g of the parent zeolite were added to an
aqueous solution of precursor salt (AgNO3; and Ni(NO3),-6H,0, Sigma-
Aldrich), with the appropriate amount to obtain final samples with 4,
10 and 20 wt% metal. The resulting suspension was heated at 5°C
min~ ! from room temperature (RT) to 80 °C in an oil bath, and this
temperature was kept for 4 h under constant stirring. The solvent was
rotoevaporated at 80 °C and the recovered solid was dried at 110 °C for
12 h. Finally, the samples were calcined in air at 550 °C for 6 h, with a
heating rate of 20 °C min~'. The obtained materials were designated as
XM/5A, where X represents the nominal amount of each metal in wt.%,
and M represents the incorporated metal. To confirm the effective
amount of Ag and Ni in each zeolite, the solid samples were dissolved in
hydrofluoric acid (48 wt%, Sigma-Aldrich). Then, the solutions
(0.85-3.78 ppm of metal) were analyzed by Atomic Absorption
Spectroscopy (AAS) in a Thermo Scientific iCE 3500 spectrometer.

2.2. Materials characterization

X-ray diffraction (XRD) patterns were recorded in a PANalytical-
X’Pert Pro diffractometer, using Cu Ka radiation (A = 1.54060 }0\), from
5° to 60° 20 degrees, with a step size of 0.1° and a counting time of 5s
per step. For the processing of diffractograms and identification of
phases, the PANalytical X'pert HighScore Pro software was used in
combination with the International Center for Diffraction Data (ICDD)
files.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra were
collected in a IRTracer-100 spectrometer, from 2000 to 400 cm ™!, with
15 scans and a resolution of 4 cm ™.

Field emission scanning electron microscopy (FE-SEM) and energy
dispersive X-Rays spectroscopy (EDS) analyses were carried out in a
JEOL JSM-7100F electron microscope, equipped with a silicon drift
detector for EDS (X-MAXN, OXFORD). Previous to the analyses, in order
to improve the electrical conductivity of samples, they were coated
with gold in a sputter coating system (Q300TD, Quorum).

Surface area and porosity of prepared samples were evaluated from
the N, adsorption-desorption isotherms, determined at —196 °C, in a
Micromeritics ASAP 2020 system. Prior to the analysis, the samples
(0.10 g) were outgassed at 350 °C for 12h. Samples total surface area
was calculated according to the Brunauer-Emmett-Teller (BET) equa-
tion [20], while the t-plot method was used to calculate the volume and
surface area of micropores [21]. Total pore volume was calculated from
the adsorbed volume at the maximum relative pressure reached by the
adsorption isotherm (P/P, = 0.99).

Temperature-programmed reduction (H,-TPR) analyses were car-
ried out in a quartz reactor, and the gases were detected by a thermal
conductivity detector (TCD). Samples (0.10 g) were first oxidized under
a stream of pure O, (40 cm® min~!) with a temperature ramp of 10 °C
min~?! from RT to 300 °C. Temperature was maintained at 300 °C for
1h, and then decreased to RT under the same stream of pure O,.
Finally, the samples were cleaned under a stream of pure Ar
(40 cm® min~ 1) at RT. The reducing gas used in all experiments was 5%
H,/Ar, with a flow rate of 20 cm®min~!. The temperature range ex-
plored was from 50 to 700 °C, with a heating rate of 10 °C min~'. This
temperature was maintained for 30 min to complete the reduction
process. The water produced by reduction was trapped into a water
trap.
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Temperature-programmed desorption of CO, (CO,-TPD) experi-
ments were performed on a quartz reactor, and an OmniStar GSD 320
01 (Pfeiffer Vacuum) mass spectrometer was used to monitor the CO5
desorption. Prior to adsorption experiments, the samples (0.10 g) were
first cleaned under a pure Ar stream (40 cm®min~1) at 300 °C for 1h.
Then, they were cooled down to 50 °C in the same Ar flow. The CO,
adsorption step was accomplished under a 10% COy/He flow
(40 cm®min~1) at 50°C for 1h. Subsequently, the samples were ex-
posed to a flow of Ar (40 cm®min~?') for 1hat 50°C to remove the
reversibly and physically adsorbed CO, from the surface. Finally, des-
orption was carried out from 50 to 600 °C with a heating rate of 10 °C
min~ ! in Ar stream (40 cm® min~1).

2.3. Water adsorption properties

In order to evaluate the samples water adsorption properties, these
were previously saturated with water vapor under atmospheric condi-
tions (26 = 2°C, 0.84 atm). For this purpose, the as-calcined zeolites
(0.50 g) were transferred directly from the oven to a closed desiccator
containing a saturated aqueous solution of NaCl, which provided a re-
lative humidity of 75 * 2%. Then, they were stored there for 330 h,
monitoring the temperature and humidity by a hygro-thermometer
(model 445703, Extech).

After saturation process, the water vapor uptake and the integral
water adsorption enthalpy were determined by a non-isothermal
method in a simultaneous thermal analyzer TGA-DSC (SDT-Q600, TA
instruments). For this, the hydrated zeolites (~0.02g) were heated
from 30 to 500°C, with a rate of 10°C min~! under a N, flow
(100 cm® min !, < 16 ppm H,0).

Discrimination between the latent heat from the sensible heat in-
volved in the tests, was made by applying two temperature ramps for
each prepared adsorbent. The first one, corresponding to the desorption
heat, was associated with the phase change of water during the deso-
rption step (ramp 1). Instead, the second one was related to the sensible
heat adsorbed by zeolites during heating (ramp 2). After completion of
ramp 1, it was assumed that all the adsorbed water was released, and
the samples were cooled to 30°C in the same stream of N,
(100 cm®min~1') to prevent their rehydration. Then, ramp 2 was im-
mediately performed under same conditions as the first one.

Assuming reversibility between the adsorption and desorption pro-
cesses [22,23], the water vapor uptake was obtained from the first ramp
of thermogravimetric analysis and it was normalized by the BET surface
area of adsorbents. On the other hand, the integral water adsorption
enthalpy, Ah,4s, was evaluated using Equation (1) from the thermo-
dynamic model reported by Kim et al. [5]. This equation represents a
simple thermodynamic cycle, shown in Scheme 1, comprised by the
desorption (a-b), cooling (b-c) and adsorption (c-a) steps. Desorption
and cooling steps were monitored by TGA-DSC analysis, while the ad-
sorption process c-a was obtained by applying the First Law of Ther-
modynamics to the entire cycle a-b-c-a.

1

Ahggs = hvapﬂr +
Mads(a—b)

b
f erampl +

a

b c
fhvapor'dmads + feramPZ
a b

(€8]

Where, hy,por is the vapor enthalpy at the initial temperature of the
thermal analysis, and magsca.b) is the water amount released during the
desorption (a-b) step between T, = 30 °C and T;, = 350 °C. dQamp1 and
dQramp2 correspond to the heat transfer during the desorption (a-b) and
cooling (b-c) steps, respectively, which were determinate by the DSC
curves.
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Scheme 1. Theoretical thermodynamic cycle comprising the desorption (process a-b),
cooling down (process b-c), adsorption (process c-a) steps to evaluate the water adsorp-
tion enthalpy of prepared adsorbents, proposed by Kim et al. [5].

3. Results and discussion
3.1. Characterization of zeolites

The effective metal content of each sample is shown in Table 1.
These values indicate that it was possible to modify the parent 5A
zeolite with the different amounts of metal, achieving an impregnation
efficiency greater than 88%, with respect to the expected nominal
value, in all cases.

Table 1 also summarizes the surface area and porosity features of all
prepared adsorbents. It was observed that both the surface area and the
pore volume of parent zeolite decreased after the impregnation, prob-
ably be due to pore blockage by the incorporated metals. Concerning
the modified samples, it was appreciated that Ni/5A zeolites suffered
greater decrease in BET and micropore surface areas than those con-
taining Ag. This could be related to differences in cation sizes. Ni ca-
tions have a lower ionic radius than Ag, and they could occupy in a
major extent the narrow pores, leading to a greater pore blockage [23].
Thus, as the accessible pore volume to nitrogen was reduced, not only
the total pore volume but also the BET surface area was affected. Be-
cause of this partial pore blockage, a similar trend could be appreciated
in the surface area of micropores, which was gradually reduced by the
increase of the incorporated metal amount.

The crystallographic phases present in the samples and the effect of
impregnation on the parent zeolite structure was evaluated by X-ray
diffraction. Fig. 1 shows the diffractograms of both the parent and
modified materials. It could be seen that all samples exhibited the ty-
pical diffraction peaks of the LTA structure (ICDD 01-073-2340,

Table 1
Physicochemical properties of parent and modified zeolites.

1

Sample Metal content’,  Surface area, m? g~ Pore volume,
wit% em® gt
BET Micropore” Total pore®  Micropore®

5A - 437 410 0.239 0.221
4Ag/5A 3.70 417 384 0.229 0.207
10Ag/5A  9.97 366 336 0.212 0.187
20Ag/5A  20.32 128 115 0.078 0.064
4Ni/5A 3.53 401 342 0.299 0.184
10Ni/5A  9.47 224 169 0.225 0.095
20Ni/5A  19.45 113 82 0.128 0.046

@ Determined by AAS.

b Calculated by the relation Spicro = Spet - Sext from the t-plot method.
¢ Total pore volume at P/P, = 0.99.

4 Calculated by the t-plot method.
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Fig. 1. X-ray diffraction patterns of Ag and Ni modified zeolites.

Naj5Al;5Si10048(H20)27), indicating that the crystalline nature of
parent zeolite was maintained without any structural change after the
incorporation of Ag and Ni. However, in the impregnated samples with
the highest amount of metal, an additional crystalline phase was de-
tected. On the one hand, the 20Ag/5A zeolite exhibited three dis-
tinctive peaks at 27.1°, 32.6° and 38.3° 20 degrees, which could be
indexed to the (110), (111) and (200) reflections of Ag,O crystalline
phase (ICDD 01-075-1532), respectively. On the other hand, in the case
of 20Ni/5A, the peaks at 37.6° (111) and 43.6° (200) 26 degrees were
assigned to the characteristic reflections of NiO crystalline phase (ICDD
01-078-0429). These additional phases were not appreciable in the
modified zeolites with 4 and 10 wt% metal. This absence of signal could
be related to the low metal amount in the samples or to a high dis-
persion of metal oxides particles in them [24].

Comparing with the parent zeolite, it was observed a decrease in the
relative intensity of some peaks between 10° and 20° 20 degrees in
samples with 10 and 20 wt% metal. This 26 region has been correlated
to the locations of balancing cations into the zeolite cages [25]. Hence,
the change in these characteristic peaks suggests a redistribution of the
balancing cations into the zeolite, caused by the metals incorporation.

Infrared spectra of prepared zeolites are presented in Fig. 2. It was
observed that the characteristic bands of parent zeolite were preserved
in the modified samples spectra. This suggests that the impregnation
process did not promote major structural modifications in the zeolite, as
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Fig. 2. Mid-infrared spectra of samples.
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Fig. 3. FE-SEM images of the different modified zeolites.

was observed previously by XRD. For all samples, two high intensity
bands were observed at 1000 and 1650 cm ™. The first one was related
to the asymmetric stretching of Si-O(Si) and Si-O(Al) bonds, while the
second one was assigned to the -OH bending of water molecules and the
terminal hydroxyl groups in the zeolite. Other less intense bands at 750,
677 and 466 cm ™', were assigned to the symmetric stretching vibra-
tions of bridge bonds Si-O-Si and Si-O-Al, and to the bending vibrations
of O-Si-O bonds respectively. It should be noted that the vibrations
occurring at 551 cm ™, due to the symmetrical stretching of the double
4-membered rings in the LTA framework [26], were retained after the
impregnation.

Fig. 3 shows the particle morphology of both the parent and the
impregnated zeolites. From FE-SEM images, it was observed that the
characteristic cubic shape of type A zeolites crystals was retained even

after the impregnation. In modified samples, a coating over the crystals
was identified, due to the surface deposition of metal species, as was
appreciated in the EDS analyses (Fig. S1-S7 in supplementary data).
From the EDS mapping, it could be seen that the impregnated metals
were well distributed over the zeolites surface. Concerning to the par-
ticle size, it could have been expected that the modification with the
highest amount of metal led to a greater change. However, from the
particle size distributions (PSD) in Fig. S8, it was found that both the 5A
zeolite and the modified ones 20Ag/5A and 20Ni/5A, presented a very
similar PSD with mean sizes of 2.44 = 0.61 um, 2.51 = 0.57 um and
2.68 + 0.54, respectively. Thus, it was observed that neither the shape
nor the particle size of 5A zeolite suffered a remarkable change after the
impregnation process.

Ho-TPR profiles in Fig. 4 indicate the reductive nature of metal
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Fig. 4. Ho-TPR profiles of impregnated zeolites, reducibility of Ag/5A (A) and Ni/5A (B)
zeolites.

species in the prepared adsorbents. For parent zeolite, no reduction
signals were observed in the temperature range 50-700 °C, which in-
dicated the absence of reducible species in the sample. Instead, all
impregnated zeolites exhibited several reduction signals, which varied
in intensity and temperature as function of metal nature and content.
Ag/5A samples presented signals with different intensity, from ~100 °C
to 700 °C (Fig. 4A). A first group of reduction signals, associated to the
reduction of bulk Ag,O with no or weak interaction with the zeolite,
was detected around 150-250 °C [27]. At temperatures between ~ 300
and ~500 °C, it was observed the reduction of Ag(I)xOy clusters inside
or on the external surface of the zeolite [28]. Finally, a last group of
reduction signals at higher temperatures (~550-600 °C), indicated the
reduction of isolated and well dispersed Ag* extraframework cations in
different sites into the zeolite [29].

In the case of Ni containing samples, the H,-TPR profiles showed
that the reduction began at ~ 380 °C, and it could not be completed at
700 °C (Fig. 4B). The signal observed at ~470 °C could be assigned to
the reduction of bulk NiO [30], while the remaining overlapped signals
can be related to the reduction of Ni species of different size, location
and interaction with the zeolite [31,32].

It is known that the cations reducibility in zeolites depends on their
location into the framework. Cations located in the supercages (a-
cages) are more easily reduced at low-temperature than those in the
sodalite cages (B-cages) which are reduced at high temperatures [33].
Reduction signals of Ni modified samples centered at high temperatures
above ~600 °C, suggests that a great amount of Ni cations could be
located in the sodalite cages making them more difficult to reduce.
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Fig. 5. CO,-TPD spectra of samples, influence of the nature and amount of Ag (A) and Ni
(B) incorporated metal.

CO,-TPD was performed in order to evaluate the effect of in-
corporated metal on the parent zeolite basicity. Fig. 5 shows the CO5
desorption profiles of both the unmodified 5A zeolite and those metals
impregnated. Three different groups of desorption signals could be
identified, low temperature signals around 110 °C (denoted as a), mid-
temperature signals between ~200 and ~ 350 °C (denoted as f), and
high-temperature signals above ~350°C (denoted as y). The relative
amount of desorbed CO, was calculated by the integration of each
desorption profile (data in brackets). This parameter was defined as the
total amount of desorbed CO, per gram of sample, in the temperature
range of 50-600 °C, with respect to parent zeolite.

5A zeolite exhibited an intense signal between ~50 and ~200°C, a
low shoulder from ~200 to ~350 °C, and no signals at the high tem-
perature range were observed. The first signal, denoted as a, indicated a
high presence of weak basic sites, while the low [3 shoulder suggested a
smaller amount of sites with medium basic strength. Concerning the
metal modified samples, an additional low intensity signal, denoted as
y, was observed above ~350°C in the zeolite 10Ni/5A and, more
tenuously, in the 20Ni/5A and 20Ag/5A zeolites. This evidenced the
formation of strongly adsorbed CO, and hence the presence of strong
basic sites in these samples.

The multiple desorption signals observed in the CO,-TPD profiles,
revealed the heterogeneity of their basic sites strength. This effect could
be associated to changes in the charge distribution of the oxygen atoms
in framework, their angles and bond length, and their interactions with
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the incorporated metals [34,35].

It could be seen that the metals incorporation led to a decrease in
the weak basic sites, as well as in the total basicity of 5A zeolite (data in
brackets). This decrease could be due to different effects. On the one
hand, as was indicated in the porosity analyses, the formed oxides could
block some pores during the impregnation, preventing the access of CO,
to the basic centers in them. On the other hand, the extraframework
cations, corresponding to Lewis acids, could have interacted with some
oxygen atoms of the framework, making them unavailable to react with
the CO, or allowing just weak reactions [34,36].

Although Ag-modified zeolites were expected to exhibit higher ad-
sorption of CO, due to their higher porosity and surface area, it was
observed that these samples had a greater decrease in the total basicity
than those containing Ni. This could be related to the fact that Ni ca-
tions could interact with more CO, molecules than Ag ones, due to their
strong polarizing power (Z* /12, = 4.2 and 0.8 for Ni** and Ag*,
respectively) [37].

Considering all the physico-chemical characterizations carried out,
it can be established that the impregnation process used was suitable
for adding metals on the zeolite surface, as well as to have a cation
exchange in some extent. Similar behavior was also observed in pre-
vious works with other metal modified zeolites prepared by different
chemical methods [19,38,39].

3.2. Water adsorption properties

TGA curves in Fig. 6A1 and 6A2 show the weight loss of Ag/5A and
Ni/5A samples, respectively, as well as of the parent zeolite. The ob-
served weight loss was associated with the water desorption by heating.
Water desorption profile started at 30 °C and was completed around
400 °C. Comparing the TGA ramps 1 and 2, it was observed that in ramp
2 the amount of desorbed water was almost negligible. This confirms
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that in this ramp, zeolites were in a dry state or, at least, almost all the
adsorbed water was released during the first heating ramp.

Fig. 6B1 and 6B2 shows the respective differential thermogravi-
metric (DTG) curves of Ag/5A and Ni/5A samples. For all adsorbents,
two main temperature regions of weight loss could be identified. The
first one, from 30 to ~120 °C, and the second one between ~120 and
~400 °C. In zeolites, water adsorption occurs initially in the most ac-
tive sites, i.e. the framework oxygens and the balancing cations, which
involves high energies [40]. As water vapor uptake increase, these main
adsorption sites in zeolites are occupied, and the adsorption takes place
on the less active sites, involving lower energies [41]. According to
these interactions, during heating the weakly adsorbed molecules will
be released first, and later the strongest ones bound to the zeolite fra-
mework. Thus, the first weight loss, could be attributed to the release of
physically adsorbed water. In contrast, the second weight loss, could be
associated with the release of water molecules strongly adsorbed and
chemically bound to the non-framework cations and framework oxy-
gens of zeolite [23,40].

Regarding to the modified samples, it was observed that weight loss,
caused by the water desorption, was lower for Ni-modified zeolites than
those with Ag. As was suggested by the H,-TPR profiles, Ni cations
could have been more easily located in 3-cages than Ag cations, which
are preferred to be located in a-cages [40]. A higher amount of Ni
cations located in the most hydrophilic sites (B-cages), could have
produced a steric effect and limit the access of water molecules, de-
creasing the total amount of water adsorbed in them. In addition, it was
appreciated that the metals impregnation led to a shift in the DTG
profiles towards lower desorption temperatures, which could suggest a
decrease in hydrophilic character of zeolites. This effect could increase
the zeolites use in thermal applications with low desorption tempera-
tures requirements [42,43].

Differential Scanning Calorimetry (DSC) profiles of both the
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Fig. 7. DSC profiles of Ag/5A (A) and Ni/5A (B) prepared adsorbents.

hydrated and dried adsorbents are shown in Fig. 7. For all samples, it is
clearly seen that ramp 1 exhibited a higher heat flow compared to ramp
2. This was because the latent heat transferred during the water deso-
rption in first ramps, implied a greater heat flow than only the sensible
heat of dry adsorbents involved in the second ramps. Otherwise, the
DSC thermograms revealed the endothermic character of the weight
losses observed in the DTG curves. As was mentioned previously, these
thermal events could be ascribed to the desorption of water molecules
located in diverse adsorption sites, with different interaction energies.
Thus, the first thermal event from 30 to ~130°C indicated a lower
energy requirement to release the weakly bound water. Instead, the
second event, from ~130 to ~320 °C, was related to a greater amount
of energy to desorb the more strongly attached water. The increase in
heat flow from ~ 320 °C, was attributed to the sensible heat required by
samples to raise their temperature, confirmed by the similar behavior of
all samples in this region.

On the other hand, it was observed that the metals incorporation led
to a decrease in the water desorption heat. Fig. 7A and B shows the DSC
curves of Ag/5A and Ni/5A samples, respectively. Regarding to the
incorporated metal, it was seen that Ni-modified zeolites exhibited a
lower desorption heat than those containing Ag. As a result of their
greater charge, Ni cations were expected to require more energy to
desorb the water molecules. However, these samples presented a
greater pore blockage, which could have promoted the water adsorp-
tion in more superficial sites, and thus, were more easily released
during heating.

Water adsorption results of prepared adsorbents are shown in Fig. 8.
It was observed that Ag and Ni metals had a considerable influence on
water adsorption properties of the parent zeolite. Fig. 8A shows the
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Fig. 8. Water adsorption properties of prepared adsorbents: water vapor uptake (A) and
water adsorption enthalpy (B).

water vapor uptake, normalized by the BET surface area of adsorbents,
as a function of the incorporated metal. It was found that, after the
impregnation, the water vapor uptake of samples was increased with
the metal amount. This suggests that the incorporation of metal species
favored the superficial adsorption of water molecules per available area
of zeolite. Comparing the incorporated metal nature, no substantial
difference between 4Ag/5A and 4Ni/5A samples was perceived. For the
zeolites modified with 10 wt% of metal, it was observed that the Ni-
modified ones exhibited a greater water vapor uptake than those con-
taining Ag. Instead, when the metal amount increased to 20 wt%, the
opposite trend was obtained. These differences in the water vapor up-
take may be related to the distribution of metal species, water diffu-
sivity as well as the different water-metal, water-zeolite and metal-
zeolite interactions in the impregnated samples [23]. In this work, an
experimental approach was done to understand the effect of metals on
the maximum water vapor uptake in zeolites, however, further studies
must be conducted to find the most relevant factors that determine the
maximum water adsorption of these materials.

On the other hand, Fig. 8B shows the water adsorption enthalpy of
samples. It was clearly seen that the metals impregnation led to an
increase in the water adsorption enthalpy of the parent zeolite, with the
increase in the metal content. Regarding the incorporated metal, Ni/5A
zeolites exhibited a higher water enthalpy adsorption than Ag/5A
samples. This could be related to the differences in the cations hydra-
tion enthalpies and their ionic charge. It is known that the hydration
enthalpy of Ni cations is much larger than Ag cations and, therefore,
this could contribute with a greater energy in the hydration process
during the water adsorption [44,45]. In addition, the attraction energy
of polar water molecules is greater when they interact with high charge
density cations as Ni. Thus, from the observed results, Ni atoms in close
contact with zeolites seems to favored the interaction of water



W. Henao-Sierra et al.

molecules with the support. Nevertheless, from XRD and FE-SEM re-
sults, it was observed that some agglomerates of NiO where formed in
zeolites with high Ni content. In that sense, nickel oxide particles that
are not in close contact with zeolites atoms could no contribute in a
high extent to the adsorption process. On the other hand, adsorbent
with high Ag content showed high dispersion of metal and less amount
of metal oxide particles, as could be observed by FE-SEM [12]. Con-
sequently, the hydration enthalpy of Ni-modified samples will be higher
than those containing Ag.

This tailoring in the water adsorption properties of zeolites, mod-
ified by metals impregnation, could offer an attractive potential to tune
their adsorption behavior in thermal storage applications and waste
heat recovery systems.

4. Conclusions

In this work, 5A zeolite was successfully modified by wet impreg-
nation with different amounts (4, 10 and 20 wt%) of Ag and Ni metals.
Characterization results showed that metals were well distributed in
different sites into the 5A zeolite preserving its crystal structure and
morphological characteristics in all the prepared materials. Ag and Ni
metals had a remarkable influence on the physicochemical properties of
parent zeolite, indeed, a decrease in the weak basic sites, as well as in
its total basicity was observed.

Although, the surface area of parent zeolite was decreased after the
impregnation, thermal analyses showed that the metal incorporation
caused an increase in the adsorption enthalpy values, which is favor-
able for thermal applications. Additionally, it was observed a shift in
the DTG profiles towards lower desorption temperatures, which could
suggest a decrease in hydrophilic character of zeolites. This effect could
be attractive to use these materials in thermal applications with low
desorption temperatures requirements, such as, thermal energy storage
and waste heat recovery systems. However, it is worth to notice, that
the performance of these adsorbents strongly depends on the thermo-
dynamic cycle in which they would be proved.
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