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ARTICLE INFO ABSTRACT

Keywords: The main features in cationic LTA zeolites that are likely to impact its potential hydrothermal stability are
Hydrothermal stability — LTA — Carbon interconnected. The Al content and the compensating cation play an important role in the water adsorption but
deposition

their influence on the zeolite performance in thermal cycles is yet to be understood. In this study, four LTA
zeolite samples were synthetized with distinct Si/Al ratios in sodium and potassium forms. They underwent a
Premature Aging Protocol (PAP) that took into account the operating conditions typically found in temperature
swing adsorption processes. The Si/Al ratio per se did not impact in the crystallinity upon aging, but the presence
of a high amount of potassium cations (Si/Al = 1) led to the amorphization of the zeolite structure. The results
from XPS and NMR techniques indicate the Al migration from the outer surface to the inner cages occurs upon
aging. Chemical analysis by XRF and ICP-OES associated with 2/Al NMR analysis reveal that the presence of EFAl
is particularly significant in the sample with the largest Si/Al ratio (5) and is correlated to a much larger C
deposition upon aging. TG/DTG and TPD-NH3 experiments suggest that acid sites in the zeolite structures act as a
double-edged sword, by enhancing water adsorption while also leading to carbon accumulation. CO_ isotherms
at 0 °C reveal the reduction of the microporosity after aging, whereas the Al content is proportional to the water
adsorption uptake, particularly at low pressures (below 10 mbar). The material with an intermediate Si/Al ratio
and in Na-form (LTAc-SiAl2-Na) combines excellent hydrothermal stability with a high-water affinity and
uptake.

1. Introduction pressures (around 30 bar) and a gas feed containing CO5, HoO and trace

heavier hydrocarbons (C5 +), besides methane. Adsorbents to be packed

The energy requirement keeps increasing steadily worldwide and a
diverse energy matrix appears as the key solution to transition towards a
decarbonized economy [1,2]. In the last 20 years, the share of Natural
Gas (NG) in the global energy matrix has increased more than 2% per
year [3]. One of the first unit operations in NG processing is drying in
order to avoid problems associated with the hydrate formation, reduc-
tion of power efficiency and corrosion and/or erosion of equipment and
pipelines [4]. Temperature Swing Adsorption (TSA) has become a
mandatory unit operation, following the removal of particulate matter
and dew point adjustment [5]. In the adsorption step of a drying TSA
cycle, the adsorbent packed in a column is ordinarily submitted to high
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in the TSA column are chosen from hydrophilic materials, such as, ze-
olites, silicas or aluminas [6].

Zeolites are microporous materials, also known as molecular sieves
due to their unique pore size(s) defined by their crystalline structure,
which allows smaller molecules (such as water) to be hosted in the in-
ternal cages and larger molecules to be excluded. Therefore, this sieving
effect may lead to high selectivity. They are composed by tetrahedral
units TOy, T being either a silicon or aluminium atom. When the T atom
is only Si (or another tetravalent element), the structure is neutral;
however, if it is Al, there is a negative charge in AlO%, which must be
compensated by a cation (thus generating cationic zeolites) or by a
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proton (H"), giving rise to protonic zeolites. The main features in a
cationic zeolite that are likely to impact its potential to adsorb water and
its hydrothermal stability are interconnected and the Al content has a
key-role in these features (Fig. 1). The Al amount in zeolites is ruled by
the Loewenstein law [7] that allows only Si — O — Al and Si - O — Si bonds,
hence the Si/Al ratio is never lower than 1.0. Even at room temperature,
the Al coordination may change between tetrahedral AlOy, inside the
framework, and octahedral, as extra framework Al, outside the zeolite
structure [8]. The Al amount provides local acidity by forming Bronsted
sites (bridged hydroxyl) that are composed by a proton (H") attracted to
a negative framework oxygen, which is linked to an Al and a Si atom.
Nevertheless, cationic zeolites have cations (alkali or earth alkali) to
balance the negative charge triggered by the presence of AL The cations
content required to balance the charge in the zeolite framework is
proportional to the Al content and thus enhanced water uptake is also
expected. Lewis acid sites are more likely than Bronsted acid sites to
occur in cationic zeolites due to structure defects or extra-framework
(octahedral) aluminum [9]. Besides water affinity, the widespread use
of zeolites in industry comes from their high thermal stability [10]. The
thermal resistance comes from the high robustness of Si — O — Si bonds,
which have pronounced thermal stability, and thus more energy is
required to break these bonds as compared to Al - O — Si bonds [11,12].
Furthermore, the cation exchange in Al-containing zeolites may modify
such features.

The main objective of this investigation is to elucidate the effect
caused by the Si/Al ratio and the compensating cations in the hydro-
thermal stability of prematurely aged LTA zeolites subject to typical TSA
conditions in natural gas drying. Four LTA zeolite samples were syn-
thetized with distinct Si/Al ratios (approximately 1, 2 and 5) and sub-
mitted to a Premature Aging Protocol (PAP) that emulates the conditions
found in real TSA processes for NG drying to probe their hydrothermal
stability [13]. A suite of characterization techniques (XPS, XRD, solid
state NMR, etc.) indicate that the LTA zeolite adsorbent with an inter-
mediate Si/Al ratio (2) and mostly in Na-form (LTAc-SiAl2-Na) com-
bines excellent hydrothermal stability with a high-water affinity and
uptake, thus, being a promising adsorbent for this process.

2. Experimental
2.1. Adsorbent syntheses

The synthesis of LTA zeolite with Si/Al ratio of approximately 1.0 in
Na form [10] was performed by dissolving 0.72 g sodium hydroxide in
80 mL H20 under magnetic stirring for 20 min. Then, 8.26 g sodium
aluminate (50-56% Al,03, 37-45% Na,0) were added to half the vol-
ume of the previous solution and 15.48 g sodium metasilicate was added
to the other half. Both solutions were stirred by mechanical agitation for
1 h at 27 °C. Then, one solution was added to the other dropwise. The
final gel composition was 3.16 NaO: 1 Al;03: 1.93 SiO5: 128 H20. The
mixture was homogenized by mechanical agitation for 20 min and left to
stand in an oven for 4 h (preheated at 100 °C ) to allow the crystals to
precipitate. The solids were separated by vacuum filtration, washed with
distilled water until the filtrate pH reached neutrality.

LTA zeolite with Si/Al ratio approximately 1.0 in K form was ob-
tained by ionic exchange replacing the previous sample in Na form by K.
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The exchange of Na by K was carried out according to the following
procedure [14]. First, KCl was dissolved in deionized water [1 M] and
stirred by magnetic agitation for 30 min. Then, Na-LTA was added to the
salt solution. The suspension was agitated for 24 h followed by the
separation of solids by vacuum filtration. This procedure (immersion in
KCl solution followed by vacuum filtration) was repeated 4 times, al-
ways with a freshly prepared salt solution.

The synthesis of LTA zeolite with Si/Al ratio of approximately 2.0 in
Na form [15] starts by diluting 3.08 g sodium aluminate (54% Al;O3,
39% Na»0) in 13.60 g H20 in a polypropylene bottle under magnetic
stirring for 20 min. Then, 28.16 g tetramethyl-ammonium hydroxide
(25 wt% in water) were dissolved in 14.66 g H20 and the solution was
stirred magnetically for 20 min. These two previously prepared solu-
tions were mixed and stirred by magnetic agitation for 20 min. There-
after, 14.80 g Ludox-AS-40 (40 wt% SiO,) were added and the mixture
was stirred for 60 min. The obtained solution was aged in a silicone bath
at 27 °C for 24 h. Then, the synthesis gel was left to crystallize in an oven
(preheated at 100 °C) for 28 h inside a polypropylene bottle. The solids
were separated by vacuum filtration, washed with distilled water and
the filtrate pH was verified until it reached neutrality. The final synthesis
gel composition was 1.19 NagO: 2.37 (TMA)20: 1 Al;Os3: 6 SiOy:
200 H50. The zeolite was calcined at 823 K for 3 hours in air to burn off
the occluded organic material.

The synthesis of LTA zeolite with Si/Al ratio of approximately 5.0 in
Na form was prepared as follows [16]. First, 12.00g
tetraethyl-ammonium hydroxide (35 wt%), 11.40¢g
diethyldimethyl-ammonium hydroxide (20 wt%) and 1.96 g aluminium
isopropoxide (98 wt%) were added to a plastic beaker. The mixture was
stirred under magnetic agitation for 30 min. Then, 14.20 g Ludox-AS-40
(40 wt% SiO) were added to the solution under mechanical agitation
for 1 h. The mixture was transferred to a polypropylene bottle and stood
in an oven for 24 h (preheated at 373 K) to allow for a pre-crystallization
step. Then, after this solution was cooled down, 0.562g
Tetramethyl-ammonium chloride (97 wt%), 0.298 g NaCl and 4.03 g
water were added. The mixture was stirred for 40 min and transferred to
two teflon-lined autoclaves to allow for crystallization in an oven for 3
weeks (preheated at 100 °C ). The solids were separated by vacuum
filtration, washed with distilled water and the filtrate pH was verified
until it reached neutrality. The final synthesis gel composition was 19.7
SiO9: 1 Aly03: 6 TEAOH: 4 DEDMAOH: 1 TMACI: 1 NaCl: 342 H0. The

Table 1
Summary of the zeolite samples and their labels.
Material Description Label
Zeolite Si/Al Main Compensating
Structure Theoretical Cation
1 LTA 1.0 Na LTAc- (Vor
SiAll-Na A30)
2 LTA 1.0 K LTAc- (Vor
SiAll1-K A30)
3 LTA 2.0 Na LTAc- (Vor
SiAl2-Na A30)
4 LTA 5.0 Na LTAc- (Vor

SiAl5-Na A30)

content ratio

t=d-1-1-4

Si/Al protons/
cations

water uptake thermal

stability

Fig. 1. Interrelation of the main features in zeolites [13].
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zeolite was calcined at 550 °C for 3 hours in air to remove the occluded
organic material. All samples and labels are summarized in the Table 1.
The labels are complemented with the suffix (V) or (A30), meaning
virgin samples and those that underwent the aging protocol,
respectively.

2.2. Premature aging protocol — PAP

The Premature Aging Protocol (PAP) emulates the operating condi-
tions that the adsorbent material is subject to in a real TSA process
(Fig. 2). Approximately 1.0 g of sample was placed inside the aging
chamber and degassed at 10~ mbar for 1 h. Then, a stainless-steel
cylinder is connected to the aging chamber, initially containing liquid
n-heptane and water (1.0 mL and 0.5 mL, respectively, per gram of
sample). n-Heptane was chosen to represent traces hydrocarbons (C5 +)
in offshore natural gas plant [17]. The water amount was estimated by
the typical water uptake in zeolites [18]. The starting sample was
saturated with water and n-heptane vapors by opening valve H and
allowing 24 h for adsorption equilibrium to be reached. Subsequently,
valve H was closed and the aging chamber was pressurized up to 30 bar
total pressure with a CO/CH,4 gas mixture (1:4 v/v), by actuating valves
F, C and D. Afterl hour, the aging chamber was heated up to 573 K
(5 Kmin™!). Then, the sample was left at this temperature and pressure
for 30 days.

2.3. Characterization and adsorption techniques

Adsorbent materials were characterized by XRD analyses that were
performed in a X "Pert Pro MPD automated diffractometer (PAN-
alytical®). Crystallinity of the zeolites was calculated as the ratio of the
area below the main peaks in the 26 range between 20 and 32°, and that
of the pristine (non-aged) sample. XPS spectra, in a Physical Electronic
spectrometer (PHI Versa Probe II); XRF analyses, in a UniQuantTM
(Thermo Fisher Scientific®); ICP-OES in an Agilent 715-ESTM instru-
ment; SEM analyses in a Magellan® 400 L FEI equipment; DTA/DSC-MS
experiments in a TGA/DCS 85le (X-12 Nb), MettlerToledo®; and
Elemental Analysis CNH measurements in a Leco TruSpec Micro CHNSO
elemental analyzer. TPD-NH3 experiments were executed as follows:
first, 80 mg of adsorbent sample were treated under helium flow
(100 mL min~1) and heated up to 620 °C (3 °C min~ ). Then, ammonia
diluted in He flowed through the sample at 100 °C until saturation,
which was detected by a mass spectrometer. Lastly, ammonia was des-
orbed, by switching the flow to He and heating the sample up to 800 °C
(10 0 °C min~1). The porous texture was estimated by adsorption iso-
therms of CO; at 0 °C , which were measured in an Autosorb iQ3
(Quantachrome Instruments). More information regarding the used
characterization techniques are detailed explained in the Supplementary
material. Micropore volume was obtained by applying the Dubinin-

Ja

ICO, Gag
Cylindey

A 1

ICH, Ga{
Cylinder —l—

PURGE

n-Heptane/Water
Cylinder (10 mL)

Vacuum Pump

Fig. 2. Premature Aging Protocol (PAP) scheme [13].
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Radushkevich (DR) equation [19]. Water vapor adsorption isotherms
were performed in a high-accuracy gravimetric instrument IGA-002, by
Hiden® at 40 °C and a pressure range up to 70 mbar. Previously, the
samples were degassed under vacuum (10> mbar) at 300 °C for 10 h.
Then, increasing doses of water vapor were added to the sample
chamber stepwise and equilibrium was allowed to reach for each in-
jection. Water adsorption experimental data were adjusted using the
Aranovich- Donohue Model — ADM (Eq. 01) [20]. The model considers
both Langmuir-type behavior at low pressures for microporous materials
combined with multi-layer adsorption (water clustering) [21,22]. It
consists of the product of two terms: the first one represents the Sips
Model [23], ‘Gmax’ stands for the maximum adsorbed concentration and
‘b’ accounts for the adsorbent/adsorbate interaction. As an extension to
the Langmuir Model, the Sips Model, takes into account an additional ‘n’
parameter, which is related to the degree of heterogeneity of the
adsorbent surface. The second term stands for the adsorption at high
pressures. It takes into account the saturation pressure “Py” and an
empirical parameter “e” related to the multilayer/clustering adsorption.

_ Gmx ® (o P)" 1

T T epy .1—(ﬁ>e :
P

3. Results and discussion

Fig. 3 shows the XRD patterns for all pristine and aged LTA materials.
The hydrothermal route adopted to synthesize the adsorbents led to
well-defined LTA structures, as demonstrated by the comparison with
the reference pattern [24]. The main peaks located in the 26 range from
20° to 32° for Na-containing samples with different Si/Al ratios (1, 2 and
5) remain in the pristine and aged materials (Fig. 3(b-d)). The differ-
ences in crystallinity are in the range 1 — 7%, which is marginal
(Table 2). On the other hand, the K sample (Fig. 3(a)) shows a drastic
loss of crystallinity (=2 90%) upon aging (Table 2). Practically all the
peaks vanish in the aged K sample diffractogram. Together with the
drifting of the baseline, this is clear evidence of structure amorphization.
It is known that, under continuous thermal treatment, the zeolite
structure may transition to a new crystalline phase, which may evolve to
an amorphous phase [25]. Previous studies indicate that LTA in potas-
sium form undergoes amorphization at 960 °C, when heated for 0.5 h
[25]; there may be re-crystallization into kaliophilite and kalsilite, when
heated at temperatures above 1000 °C [26]. In the present study the
LTAc-SiAll-K sample amorphization occurred at a much lower tem-
perature (300 °C), which was maintained for 720 h (Fig. 3(a)). Note that
zeolites amorphization is also time dependent [27], so it may have
happened to sample LTAc-SiAll-K, despite the relatively low aging
temperature. Besides temperature, the presence of large amount of
water in the media may also contribute to the amorphization. It is
generally accepted that the double four-membered oxygen rings (D4R)
are the main responsible building unit for the LTA amorphization due to
the reduction of the T — O — T bridges that causes the disruption of the
sodalite cages [28]. In the FTIR spectra shown in Fig. 4, the intense band
at 558 cm ™! (red line) stands for vibrations from the D4R in the pristine
materials (LTAc-SiAl1-Na-V and LTAc-SiAl1-K-V) (Fig. 4(a) and (b)); a
decrease in the intensity of this band is verified in the aged K-containing
sample (LTAc-SiAl1-K-A30) (Fig. 4(c)). The large size of the compen-
sating cation (K") and the high density of cations at such low Si/Al ratio
(=1) is expected to play an important role in the permanent structure
deformation. Corroborating the previous statement [29] it must be
noted that zeolites with lower Si/Al ratios are commonly less thermally
stable than those with higher Si/Al ratios.

The materials surface composition was analyzed by XPS (Table 3).
The carbon content on the surface of pristine materials stands for
adventitious carbon, mostly constituted of short chain hydrocarbons
species with small amounts of both single and double bound oxygen
functionalities [30,31]. In aged samples, the C 1s contributions may also
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Fig. 3. XRD patterns of LTA¢-SiAl1-K- (V, A30) (a), LTA¢-SiAll-Na- (V, A30) (b), LTA(-SiAl2-Na- (V, A30) (c) and LTA¢-SiAl5-Na- (V, A30) (d).

Table 2
Materials crystallinity determined from the XRD patterns of the
LTA samples.

Sample Crystallinity [%]
LTAc-SiAl1-K-V 100
LTAc-SiAl1-K-A30 11
LTAc-SiAll-Na-V 100
LTAc-SiAl1-Na- A30 93
LTAc-SiAl2-Na-V 100
LTAc-SiAl2-Na- A30 99
LTAc-SiAl5-Na-V 100
LTAc-SiAl5-Na- A30 98

be ascribed to coke formation [32] (Table 4) but, unexpectedly, the
relative carbon content is lower after the aging process. These results
point out that the formation of carbonaceous deposits (coke) mainly
takes place inside the pores of the zeolites, in agreement with elemental
analysis (Table 7), which shows a greater amount of carbon content in
aged samples. When the Si/Al ratio (Table 3) is compared to the carbon
content on the surface of aged samples (Table 3), more intense carbon
deposition is observed with decreasing Si/Al ratio. The Si/Al ratio is
inversely proportional to the Al content and to the cation density on the
structure. The contributions from Si 2p and Al 2p core-level spectra are
typical of aluminosilicates and so is O 1 s (Table 4) [33,34]. The bulk
Si/Al ratios agree with those found in the XPS analyses (Table 3 and

/ e *\
) \ A (c)
© [ o el
p , (b)
o
C
S
€
[72]
c
©
= (a)
T T T T T T
1750 1500 1250 1000 750 500

Wave Number (cm™")

Fig. 4. IR spectra for the LTAc-SiAll-Na-V (a), LTAc-SiAl1-K-V (b) and LTAc-
SiAl1-K-A30 (c).

Table 5), except for the sample with the highest Si/Al The Si/Al ratios
found by XPS for the pristine and aged materials suggest that Al atoms
tend to migrate to the bulk of the solid upon aging.

Bulk chemical compositions of the LTA pristine materials were
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Table 3
Chemical surface composition (% atomic concentration) determined by XPS
analyses in all LTA samples.

Sample Cls O Al Si2p Na K2p  Si/Al atomic
ls 2p 1s ratio
LTAc-SiAll-K- 25.6 43.2 8.9 11.3 - 10.9 1.3
\%
LTAc-SiAll1-K- 17.6 50.5 9.9 12.8 - 9.2 1.3
A30
LTAc-SiAll- 20.6 46.4 9.9 10.3 12.8 - 1.0
Na-V
LTAc-SiAll- 10.3 53.5 10.4 12.8 13.0 - 1.2
Na-A30
LTAc-SiAl2- 18.0 52.7 7.1 16.8 5.5 - 2.4
Na-V
LTAc-SiAl2- 13.6 56.4 7.5 17.7 4.7 - 2.4
Na-A30
LTAc-SiAl5- 10.0 62.5 3.4 22.7 1.5 - 6.8
Na-V
LTAc-SiAl5- 13.8 59.5 3.0 22.7 1.0 - 7.4
Na-A30
Table 4
Binding energy values (eV) and contributions of all LTA samples.
Sample Si2p Al2p C1ls O1ls Na 1s K 2ps3/»
LTAc-SiAl1-K-V 101.5 73.7 284.8 530.6 - 293.2
LTAc-SiAl1-K- A30 102.0 74.1 284.8 531.2 - 293.2
LTAc-SiAll-Na-V 101.6 73.7 284.9 530.8 1072.0 -
286.2 532.3
288.7
LTAc-SiAll-Na- 101.9 74.0 284.8 531.2 1072.3 -
A30 286.0
LTAc-SiAl2-Na-V 102.7 74.6 284.8 531.9 1072.5 -
286.5
289.2
LTAc-SiAl2-Na- 102.7 74.6 284.6 531.9 1072.5 -
A30 286.0
LTAc-SiAl5-Na-V 103.1 74.6 284.6 532.4 1072.6 -
286.2
288.8
LTAc-SiAl5-Na- 103.5 75.1 284.9 532.8 1072.9 -
A30 286.8
Table 5
XRF of LTAc-SiAll- (Na, K) -V and ICP-OES of LTA¢-SiAl (2, 5)- Na— V[wt%].
(Na + K) /Al Si/Al Ratio
Sample Si Al Na K
LTAc-SiAll-Na-V 15.9 12.9 15.1 0.0 1.4 1.2
LTAc-SiAll-K-V 15.8 12.4 0.5 20.0 1.2 1.2
LTAc-SiAl2-Na-V 56.7 28.44 14.8 0.0 0.6 1.9
LTAc-SiAl5-Na-V 81.0 15.98 3.0 0.0 0.2 4.9

obtained by XRF and ICP-OES (Table 5). X-Ray Fluorescence was also
used to confirm the ion exchange procedure (K in exchange of Na ions)
performed in the LTA sample with the lowest Si/Al ratio (~1.0)
(Table 5). The analysis showed that nearly 90% cation exchange was
achieved (Table 5). Note that the Si and Al contents obtained from XRF
analysis confirm that the Si/Al ratio in the bulk is close to 1.00. The
carbon deposition upon aging may be affected by the nature of the
compensating cations (Na and K), mainly due to pore accessibility issues
posed by the different cation sizes. Furthermore, the cation density and
residual acidity (e.g. caused by EFAIl) in the framework are also expected
to have a role in the carbon deposition [32]. By checking the column (Na
+ K)/Al (Table 5), it is possible to observe that the negative charge
generated by Al atoms was perfectly balanced in the K sample, pre-
venting the formation of strong acid sites. The bulk composition for the
samples LTAc-SiAl2-Na-V and LTAc-SiAl5-Na-V was determined by
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ICP-OES (Table 5). The Si/Al ratios of the samples are in good agreement
with those expected, as was also observed from XPS results. By
comparing the results for the bulk Si/Al ratio (Table 5) obtained either
by ICP-OES or XRF to the results found by XPS (Table 3), the Al
migration from the surface to the inner structure of the solid is corrob-
orated, particularly for the sample with a lower Al content (Si/Al = 5)
[13]. The samples with Si/Al greater than 1 show an excess of Al atoms
as compared to the amount of compensating cations (Table 5) and,
therefore, must be counter-balanced by protons or other cationic spe-
cies. In fact, in the samples LTAc-SiAl5-Na- (V, A30) a fraction of the Al
amount was identified by 2741 NMR as EFAl (Fig. 5). When this LTA
sample is aged, the EFAl content increased, enhancing the general
acidity of the material [35]. On the other hand, no EFAIl was identified
for the sample with an intermediate Si/Al ratio (LTAc-SiAl2-Na), which
means that excess framework Al charge must be neutralized by protons,
thus giving rise only to Bronsted acid sites.

27A1 and 2°Si NMR analyses were performed for all pristine and aged
LTA adsorbents (Table 6 and Fig. 5). The presence of EFAl is restricted to
the sample with the highest Si/Al ratio LTAc-SiAl5-Na- (V, A30) and it
increases with the aging. The estimated Si/Al ratios obtained from the
295i NMR spectra (Table 5) remain approximately the same for the
pristine and aged samples. Taking into account that Al content decreases
in some cases on the surface, as indicated by XPS (Table 3), the proposal
that Al migrates to the inner zeolite structure is plausible [13].

The results of CHN analyses summarized in Table 7 reveal an
increasing content of the bulk carbon content upon aging, except for the
sample with Si/Al = 2. Both samples with the lowest Si/Al ratio (LTAc-
SiAll- (Na, K)) present a moderate buildup of C when compared to that
measured for the sample LTAc-SiAl5-Na. The sample with an interme-
diate Si/Al ratio (LTAc-SiAl2-Na) present the lowest bulk C buildup,
within the uncertainty of the measurement. In the sample with the
highest Si/Al ratio, the significant concentration of extra-framework
aluminum (Fig. 5) contributes to the general zeolite acidity in the
form of Lewis acid sites [35]. These acid sites probably catalyze the
reactions of adsorbed hydrocarbons, which find plenty of pore space to
be hosted in the zeolite cages (low cation density), thus leading to coke
formation [32]. By considering the results from XPS (Table 3) and CHN
(Table 7) for this sample, in comparison with the other samples, there is

S-LTA-SIAIS
Na-E30d*

S-LTA-SIAI5
Na-V

Intensity (a.u.)

T T T T T T T T T 1

0 75 150 0 75 150
Chemical Shift (ppm)

Fig. 5. Al NMR spectra of the LTAc-SiAl5-Na- (V, A30).
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Table 6

Si/Al ratio obtained from ?°Si NMR spectra of all LTA

samples.
Sample Si/Al ratio
LTAc-SiAl1-K-V 1.0
LTAc-SiAl1-K- A30 1.0
LTAc-SiAll-Na-V 1.0
LTAc-SiAl1-Na- A30 1.0
LTAc-SiAl2-Na-V 2.0
LTAc-SiAl2-Na- A30 21
LTAc-SiAl5-Na-V 5.1
LTAc-SiAl5-Na- A30 5.1

Table 7

Carbon content determined by CHN analysis of all LTA samples.
Sample C content [%]

Measurement Uncertainty: + 0.3

LTAc-SiAl1-K-V <03
LTAc-SiAll1-K- A30 0.9
LTAc-SiAll-Na-V <0.3
LTAc-SiAl1-Na- A30 1.2
LTAc-SiAl2-Na-V <0.3
LTAc-SiAl2-Na- A30 0.4
LTAc-SiAl5-Na-V <0.3
LTAc-SiAl5-Na- A30 6.9

an evident increase of the carbon content after the aging protocol that
suggests that C deposition occurs mainly in the inner, but also in the
outer material surface. This contradicts the expected trend that samples
with higher Si/Al ratio would be more stable and less prone to coke
deposition. However, it must be taken into account that diffusion at 300
°C of heptane through LTA windows may be possible. In fact, this trend is
observed for the samples with Si/Al ratios of 1 and 2 (the latter sample
shows negligible coke formation). However, the trend is not confirmed
for the sample with high Si/Al ratio, very likely due to the presence of
extra-framework Al acting as a catalyst of coke formation.

The morphology of the crystals was examined by SEM analyses from
distinct batches (Fig. 6). Cubic crystals, typical of the LTA structure, are
large and well defined for the samples in the K and Na-forms and Si/Al
~1, as shown in Fig. 6 (a) and (b), respectively. In contrast, the sample
with the highest Si/Al ratio (Fig. 6 (d)) has much smaller crystals with a
poorly defined cubic morphology and tends to form aggregates.

The TG/DTG profiles for all LTA series are shown in Fig. 7. The
summary of events is detailed in Table 8, distinguishing between two
major mass loss contributions, before and after 300 °C. The main
compensating metal (K) clearly does not provide a higher stability to the
LTA sample with Si/Al = 1, which is demonstrated in the nearly flat DTG
curve of the aged sample. For the pristine samples containing Na at
different Si/Al ratios (LTAc-SiAl (1, 2, 5)-Na-V), the average mass loss is
similar and around 22.6% (Fig. 7). However, the peak (before 300 °C) in
the DTG curve is more pronounced and occurs at increasingly higher
temperatures for decreasing Si/Al ratios, which suggests a higher affinity
between adsorbed species (water vapor and atmospheric gases) and
zeolite frameworks with higher Al content. Regarding aged materials,
the samples with the lowest (LTAc-SiAl1-Na-A30) and the highest (S-
LTAc-SiAl5-Na-A30) Si/Al ratios show significant mass losses above
300 °C (Table 8), which is evident from the peaks shown in the DTG
curves in this temperature range. In the sample with Si/Al = 5, acid sites
are likely to be present in the structure, as suggested by the unbalance
between Na and Al atoms (Table 5) and a considerable amount of EFAl
detected by NMR. The higher carbon deposition (Table 7) agrees with
the hypothesis of Lewis acid sites due to EFAl [35-37]. In turn, the
sample with Si/Al =1 also has a considerable mass loss above 300 °C,
but less pronounced than that for sample with Si/Al = 5 and occurring at
a lower temperature (below 400 °C). Actually, the DTG curve of the
pristine sample (LTAc-SiAll-Na-V) also shows a shoulder in the same
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temperature range. Therefore, the carbon deposit observed for this
sample is probably due to the strong polarity brought about by a high
density of Al and compensating cations in the structure. The strongly
bound water may give rise to (Bronsted) acid sites that trigger the
polymerization of n-heptane leading to “softer” coke than that formed in
the sample with Si/Al = 5. The sample LTAc-SiAl2-Na-V also presents an
unbalanced charge (Table 5), or excess Al in the framework. Neverthe-
less, negligible carbon deposition (Table 7) is observed, resulting in a
modest mass loss above 300 °C (Table 8). Although there is excess Al in
the structure, the density of cations is half that of the sample with
Si/Al=1 and no EFAI is present, all of these providing the sample
LTAc-SiAl2 the highest stability among all samples studied.

From the TPD-NH3 analyses (Fig. 8), it is possible to assess the total
acidity of the samples. With no exceptions, the materials release the
majority of NHs amount at temperatures below 300 °C, indicating that it
was predominantly physisorbed at the surface. In addition, all samples
present a decrease in desorbed ammonia between pristine and aged
materials, which can be explained by the carbon deposition of aged
materials that obstruct the access of NH3 molecules to the available
adsorption sites in zeolites surfaces. As expected, the potassium sample
has a smaller desorbed NH3 amount than the sodium samples, due to the
size of the compensating cation (K) that fills the available pore volume
in the structure and the partial amorphization of the aged sample
(Fig. 3). The outcomes from NHj3 desorption (Fig. 8) corroborate with
TG/DTG results (Fig. 7 and Table 8) for the K samples, the amorphized
structure did not allow the NH3 to be appreciably adsorbed. Regarding
the samples LTAc-SiAll-Na- (V, A30), the aged material undergoes a
great reduction in the desorbed NHs under 300 °C that corroborate with
the intermediate C deposition (Table 7). On the other hand, at temper-
atures above 300 °C, basically no reduction was observed in the
desorption quantity. The samples LTAc-SiAl2-Na- (V, A30) had a mod-
erate reduction in the desorbed amount below 300 °C that is explained
by the carbon deposition triggered by the aging protocol. Focusing on
the region above 300 °C, it is possible to note that stronger acid sites
were present in the pristine material that corroborate with the unbal-
anced charge of Al (Table 5) and the absence of EFAL. However, the
aging protocol causes the inaccessibility to acid sites, due to the C
deposition and, thus, intermediate reduction of the NH3 desorbed above
300 °C can be observed. No particular modifications were identified by
TG/DTG analysis (Fig. 7), confirmed by the TPD-NH3 analysis (Fig. 8)
that show the increasing C deposition and decreasing NH3 desorbed as a
result of the aging protocol. The samples LTAc-SiAl5-Na- (V, A30) pre-
sent a decreasing in NH3 desorbed mainly in the region that is governed
by acid sites (above 300 °C), by means of Lewis acid sites, possibly
produced by the EFAl species that retain NH3 adsorbed on the surface up
to higher temperatures. In addition, the highest carbon deposition over
the aging protocol (Table 7) causes a sharp decrease in the desorbed
ammonia for the aged sample as compared to the pristine one. From TG/
DT analyses (Table 8), the mass fraction lost over 300 °C increases in
more than 30%, however NHs desorbed decreases (Fig. 8) in the same
temperature range, hence the carbon deposits preferentially occur in
acid sites produced by the presence of EFAl in this material.

From CO; isotherms at 273 K for all pristine and aged LTA samples
(Fig. 9), it is possible to see that the Si/Al ratio and the main compen-
sating cations have an impact on the porous texture of the samples. The
same group of isotherms is presented in linear (Fig. 9(a)) and logarith-
mic scales (Fig. 9(b)), the latter highlighting the low-pressure range. The
abrupt rise presented by the isotherms up to a relative pressure of 0.01
indicates a strong adsorbent-adsorbate interaction. It is important to
take in account that CO2 gas has a quadrupole momentum that may
impact in the total porosity. Besides that, it may form geminal complexes
that affect the molecules accessibility to the pores. On the other hand,
CO2 molecules showed an interesting capacity in measure microporosity
in that low pressure range, also due to its ability to overcome diffusivity
barriers, when it is surrounded by cryogenic temperatures [38].

The higher the content of Al is, the higher uptake is observed at low
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First Batch (mag. 5,000x) Second Batch (mag. 20,000x)

(d)

Fig. 6. SEM images of LTAc-SiAl1-K-V (a), LTAc-SiAll-Na-V (b), LTAc-SiAl2-Na-V (c) and LTAc-SiAl5-Na-V (d).

pressures (Fig. 9(b)). This high adsorbate/adsorbent affinity may be density of cations. For pristine zeolites, at sufficiently high pressures, the
explained by the high cations density, which enhances the affinity for uptake of the Na sample with Si/Al = 2 surpasses that of the sample with
CO2 molecules. After P/Po = 10_3, in LTAc-SiAl(1, 2)-Na-(V, A30) Si/Al = 1 and an analogous trend is expected for the pristine sample with
samples, the adsorption uptake is majorly dictated by the available pore Si/Al = 5, if its isotherm could be extrapolated. The CO; isotherms for
volume in the zeolitic structures, which is higher for samples with lower the aged sample with an intermediate Si/Al ratio (~2) does not differ
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Fig. 7. TG/DTG curves of all LTA samples.
considerably as compared to the pristine sample (Fig. 9, Table 9). This
Table 8

Results obtained from thermal experiments (TG/DTG) of all LTA samples.

result is corroborated by the lowest C deposition between all aged ma-
terials (Table 7) and the very similar TG/DTG curves between pristine

Sample Mass Loss Temperature Mass Loss Fraction and aged samples. The sample with a high Si/Al ratio (LTAc-SiAl5-Na)
0, ° 0
] rel ] presents a modest adsorption capacity at low relative pressures (up to
LTAc-SiAll-K-V 19.2 Under 300 °C 91.7 10~%), which agrees with the low Al content in the structure and hence
LTACSIAILKAS0 110 gb‘;"e :8802 33'(3) much less polar framework. At relative pressures above 1073, the in-
C-S1 -K-. . naer . . . . .
Above 300 °C 70.0 crease in adsorbed concentration presented by the LTAc-SiAl5-Na-V is
LTAc-SiAll-Na-V 21.7 Under 300 °C 89.4 much steeper than any other LTA material, which is better seen in the
Above 300 °C 10.6 log scale (Fig. 9(b)). The maximum adsorbed amount reaches the same
LTAc-5iAll-Na- 215 Under 300 °C 81.9 level of the LTAc-SiAl1-Na-V sample (Table 9), with a trend to go beyond
A30 Above 300 °C 18.1 as a consequence of possibly much larger pore space in this sample due
LTAcSIA2NaV  23.2 Under 300 °C 95.2 quet possibly  larger pore sp p€ ¢
Above 300 °C 4.8 to the low cation density. In the pristine and aged Na sample with Si/Al
LTAc-SiAl2-Na- 22.0 Under 300 °C 93.6 =5 (Fig. 9(a)), isotherms are much less steep in comparison to other
A30 Above 300 °C 6.4 similar materials. The rectangular character of the isotherms is pro-
LTACSIAIS-Na-V - 22.9 Under 300°C 94.3 portional to the adsorbent/adsorbate affinity; hence a lower affinity is
Above 300 °C 5.7 fi df hi 1 .. 1 . Th d 1
LTAc-SiAl5-Na- 221 Under 300 °C 60.6 ct')n rmed for this sample containing es.s Al T e.age sample (LTAC-
A30 Above 300 °C 30.4 SiAl5-Na-A30) shows the lowest adsorption capacity of all Na-contain-

ing samples, mainly due to the highest carbon deposition (Table 7)
whose formation is likely to be related to the EFAI presence. The larger
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LTAc-SiAl1-K-V

— LTAc-SiAl1-K-a30
—— LTAc-SiAl1-Na-V
—— LTAc-SiAl1-Na-A30
— LTAc-SiAl2-Na-V
—— LTAc-SiAI2-Na-A30
— LTAc-SiAI5-Na-V
LTAc-SiAl5-Na-A30

Detector Signal [a.u.]

T T
300 400 500 600
Temperature [°C]

T
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Fig. 8. Detector signal in NH3; Temperature-Programmed Desorption mea-
surements of all LTA samples.

cation size of K and its high density in the sample with Si/Al = 1 have
partially collapsed the zeolite structure (Fig. 3) which, associated with
the C deposition (Table 7), causes a drastic drop in COz adsorbed amount
(Fig. 9), leading to an uptake reduction of approximately 90% (Table 9).

To measure the accessible micropore volume, the Dubinin-
Radushkevich equation [19] was applied to CO, isotherms at 0 °C
[39] (Fig. 9) and the results are summarized on Table 9. The sample in
Na-form with a Si/Al ratio of 1 presents a moderate decrease in the
micropore volume from pristine to the aged material, approximately
15%. Possibly the high Al content (Table 5), enhances the acidity, this in
turn, favors de coke deposition (Table 7) that obstruct the pores [32].
The porosity of the sample LTAc-SiAl2-Na exhibits the lowest decrease
in micropore volume upon aging (Table 8), which is corroborated by the
lowest C deposition (Table 7). As expected, the pristine sample
LTAc-SiAl5-Na-V has the highest micropore volume but it undergoes the
sharpest decrease of all Na-samples upon aging (Table 9), prompted by
the C deposition (Table 7) associated with the excess Al in the form of
EFAl. Concerning the K-containing sample (LTAc-SiAll1-K), the pristine
material already has a small micropore volume, mainly due to the large
compensating cation size (K™).
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Water vapor adsorption isotherms at 40 °C were measured for all LTA
samples in a pressure range up to 70 mbar (Fig. 10). The high adsorbent/
adsorbate interaction is demonstrated by the sharp rise in adsorbed
concentration in all materials, except for the aged K-containing sample.
H,0 molecules are incorporated in the framework of the cationic zeo-
lites by two different ways: (1) extra-framework compensating cations
are surrounded by oxygen atoms of the framework, which contributes to
negative electric charges, generating strong interactions with water;
associated with the hydration of the extra-framework cations [41,42];
and (2) by weak bonds with the zeolite, upon pore/channel filling [43].
In the pressure range up to 10 mbar, for Na-containing samples, the Al
content is proportional to the framework polarity and hence its hydro-
philicity, i.e., the sample with Si/Al = 1 shows the highest H,0 uptakes,
followed by that with Si/Al = 2 and that with Si/Al = 5. The attraction
for water molecules in cationic zeolites is driven by a dipole-field
interaction [44]. The different electronegativity presented by H and O
in water molecules, makes O atom work as a Bronsted Acid Site (BAS). In
contrast, the tetrahedral Al in the zeolites Primary Building Unit (PBUs)
works as a Bronsted Basic Site, thus providing an acid and base inter-
action. Beyond 10 mbar, the low (1) and intermediate (2) Si/Al ratio
samples reach a plateau on the adsorbed concentration, which is roughly
constant in the range from 10 to 50 mbar. Above 50 mbar, the higher
availability of larger pore volume of the Na-sample with Si/Al =5 al-
lows for a continuous increase in water uptake showed by the rising
adsorption close to the water saturation pressure. The sample containing
K has a considerably lower uptake as compared to the Na sample of the
same Si/Al ratio due to the larger size of the potassium cation. Following

Table 9
Adsorption capacity and micropore volume obtained by CO, isotherms of all
LTA samples.

Samples Maximum Adsorption Capacity* Micropore Volume
[em® g™'] [em® g
LTAc-SiAl1-K-V 33.5 0.086
LTAc-SiAl1-K-A30 2.7 0.005
LTAc-SiAll-Na-V 1129 0.240
LTAc-SiAl1-Na-A30 75.1 0.202
LTAc-SiAl2-Na-V 127.0 0.309
LTAc-SiAl2-Na-A30 124.5 0.278
LTAc-SiAl5-Na-V 110.9 0.330
LTAc-SiAl5-Na-A30 61.3 0.208

References: [19,40]
* At a relative pressure of 0.029
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Fig. 9. CO; isotherms at 273 K in linear (a) and logarithmic (b) scales of all LTA samples.
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Fig. 10. H,0 isotherms at 313 K in linear (a) and logarithmic (b) scales of all LTA samples.

the previous discussion for the aged K-sample, water uptake is also
marginal. The XRD pattern clearly indicated the framework collapse due
to the rupture of D4R rings (Fig. 3e 4), which had already been reported
by Kosanovi¢ et al., 1997 [25].

Regarding the Na-containing samples, the one with intermediate (2)
Si/Al ratio was less affected by aging than the sample with a low Si/Al
ratio (1) (Table 10), which is more evident in the range from 10 to
50 bar. In fact, Cruciani, 2006 states that Si forms a more stable bond
with the O atom than Al which enhances the hydrothermal stability.
Therefore, the aging protocol, at least under the present conditions, did
not lead to a considerable decrease in water adsorption for the sample
with Si/Al = 2 (Fig. 10). It would be expected that the sample with the
highest Si/Al ratio (5) would be even more resistant to aging because of
its much more neutral framework. Nevertheless, it is the one Na-con-
taining samples with the highest drop in water uptake upon aging. As
previously discussed, this is also the sample with the largest fraction of
Al present outside the framework (Fig. 5). EFAIl provides Lewis acid sites
that probably catalyzed coke formation, suggested by the carbon
deposition (Table 7) and decrease in textural properties (Table 9).

Experimental adsorption data (Fig. 10) were adjusted by the AD
model, which theoretically estimates the contribution from the mono-
layer (or adsorption in the crystalline framework) and subsequent layers
(or adsorption in larger pores due to crystal defects or interstitial voids).
The model parameters are summarized in Table 11. The parameter that
accounts for the maximum adsorption uptake (gmqy) is mainly influ-
enced by the accessible pore volume. Hence, the sample LTA-SiAl5-Na-V
- with the highest pore volume, associated with the low cation density -
has the highest (gmqx) value (Table 11). On the other hand, the sample
with a low Si/Al ratio (i.e., a high content of compensating cation) and a
large cation size, LTAc-SiAl1-K, has the smallest available pore volume

Table 10
Water vapor adsorption capacity at 0.1, 1, 10 and 70 mbar of all LTA samples.

Sample H,0 () Adsorption Capacity [mmol g~
0.1 mbar 1.0 mbar 10.0 mbar 70.0 mbar
LTAc-SiAll-K \4 6.17 10.21 11.23 13.75
A30 0.04 0.13 0.23 1.76
LTAc-SiAll-Na v 6.61 12.80 14.55 16.50
A30 5.54 11.14 12.85 15.27*
LTAc-SiAl2-Na \ 2.95 10.57 14.47 17.00
A30 1.36 7.55 13.92 15.93
LTAc-SiAl5-Na v 0.83* 4.89 12.40 18.27
A30 0.33* 2.24 6.88 11.93

* Estimated from the Aranovich-Donohue model
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Table 11
Parameters obtained in Aranovich-Donohue model fittings of H,O isotherms at
313 K of the LTA samples.

Sample Parameters
Qmax [mg g1 b [mbar ] n e

LTAc-SiAl1-K-V 202.79 12.36 0.90 0.07
LTAc-SiAl1-K-A30 4.15 1.38 0.80 0.70
LTAc-SiAll-Na-V 265.30 7.98 0.91 0.04
LTAc-SiAl1-Na-A30 234.48 7.17 0.90 0.06
LTAc-SiAl2-Na-V 270.13 2.41 0.99 0.04
LTAc-SiAl2-Na-A30 275.01 0.97 0.98 0.02
LTAc-SiAl5-Na-V 281.05 0.42 0.91 0.06
LTAc-SiAl5-Na-A30 165.32 0.30 0.90 0.11

and thus, the smallest (gmax) parameter. The impact of aging in the K
sample, LTAc-SiAl1-K-A30, reduces even more the (gmq) parameter
(Table 11). The parameter (b) is related to the adsorbent/adsorbate
interaction; it consistently decreases in magnitude for the aged samples
as compared to the pristine counterparts. Concerning the non-aged
materials, the LTAc-SiAll-Na-V sample has the highest value of b
parameter (7.98) (Table 11), which is consistent with its sharpest rise in
the adsorption isotherm in the low-pressure zone (Fig. 10). The homo-
geneity of adsorption sites is qualitatively assessed by the parameter (1),
which is reduced in all cases after aging, though very modestly for the
Na samples with low and intermediate Si/Al (Table 11). Lastly, the (e)
parameter is related to the clustering and condensation of water mole-
cules in larger voids, regarding those pores in the micropore range. The
closer (e) gets to unity, the more intense will be the rise in uptake close to
the saturation pressure. For the samples under study, all (e) values are
relatively small, except for the aged K sample and the aged Na sample
with the largest Si/Al (=5).

4. Conclusions

In order to assess water adsorption and hydrothermal stability, LTA
samples were synthesized with three different Si/Al ratios (1, 2 and 5),
one of them containing two types of compensating cations (Na, K). The
aging protocol caused a moderate to intense degradation in LTA ad-
sorbents, which was found to be related to the framework polarity,
extra-framework Al and cation size. The Si/Al ratio per se did not impact
in the crystallinity upon aging, but the presence of a high density of
potassium (in sample of Si/Al = 1) led to the amorphization of the
zeolite structure. The results from XPS and NMR techniques indicate that
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Al migration from the outer surface to the inner cages is occurring with
aging. Chemical analysis by XRF and ICP-OES associated with 27Al NMR
analysis reveal that the presence of EFAl is particularly significant in the
sample with the largest Si/Al ratio and is correlated to a much larger C
deposition upon aging. Contrary to what would be expected for a nearly
apolar framework, the aged Na sample with Si/Al =5 had the most
drastically affected textural features, such as, the available micropore
volume, identified by the CO, isotherms at 0 °C. TG/DTG related to TPD-
NHj; experiments showed acid sites in the zeolite structures intensify the
water adsorption but also the C deposition. In addition, SEM images
showed the evolution of the classical cubic morphology of LTA crystals
into clusters/aggregates as the Si/Al ratio increases, accompanied by a
decrease in the crystal size. Likewise, these findings were reflected in the
water adsorption isotherms of pristine and aged samples. The Al content
resulted to be proportional to the water adsorption uptake, particularly
at low pressures (below 10 mbar). The samples with an intermediate (2)
and low (1) Si/Al ratios presented a high affinity for water molecules,
giving rise to very rectangular-shaped isotherm. The material with an
intermediate Si/Al ratio and in Na-form (LTAc-SiAl2-Na) combines
excellent hydrothermal stability and high-water affinity and uptake.
Though most commercial LTA zeolites that are recommended for gas
drying have Si/Al = 1, for prolonged TSA operation in the presence of
trace hydrocarbons, the sodium LTA sample with Si/Al = 2 seems to be
the best choice.
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