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Abstract: Carbon dioxide (CO,) adsorption is an important adsorbent characterization method and a significant industrial process.
In separation and recovery technology, the adsorption of the CO, is important to reduce the concentration of this gas considered as
one of the greenhouse gases. Natural zeolites, particularly clinoptilolite, are widely applied as adsorbents. In this regard, in the
present research, the structure, composition and morphology of modified with hexafluorosilicate (HFSi) and
orthophosphoric acid (H3;PO,) clinoptilolites were investigated by characterizations and measurements made with, X-ray
diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy-energy dispersive X-ray analysis (SEM-EDAX)
and gravimetric adsorption. Additionally, the surface Chemistry of the modified clinoptilolites was analyzed by applying diffuse
reflectance fourier transform infrared spectrometry (DRIFTS). Further, the interaction of CO, within the adsorption space of these
modified clinoptilolites and a synthetic ZSM-5 zeolite was studied with the help of adsorption measurements. After all, an appropriate
theoretical methodology for the analysis of the XRD and adsorption data was applied. The calculated cell parameters of the tested are
similar to those reported for a typical clinoptilolite of: a = 17.662 A, b=170911 A, ¢=7.407 A and S = 116.40 The resolution of the
TGA derivative profiles indicated the presence of two steps for water release, one of them represents the loss of majority of the water
present in the micropores. This was evidenced as a broad peak centered at about 50 °C for the CSW-HFSi-0.1, but at 100 °C for the
samples CSW-HFSi-0.4. The SEM micrographs corresponding to the modified clinoptilolites, was evidenced that the CSW zeolite
shows secondary particles exhibiting diameters from 3 to 40 um, formed by primary clinoptilolite crystallites showing a
crystallite size, ® = 40 nm. The EDAX eclemental analysis it can be demonstrated that the exchange process replaced about 85% of
the charge compensating ions. The DRIFT spectra of the modified clinoptilolites, specifically, CSW-HFSi-0.1, show a narrow band at
about: 3,740 cm™ corresponding to terminal silanol groups (Si-OH) and a band 3,600-3,650 cm™ resulting from extra-framework
Al-OH. With the precision of the measured micropore volumes related to the excellent fitting of the adsorption data by the
D-R isotherm equation, it can be affirm that carbon adsorption took only place in the micropore region. The isosteric heat of adsorption
calculated for the modified clinoptilolites was greater than those values reported of ZSM-5 zeolite, particle packing silica,
dealuminated Y zeolite (DAY) Cd, Zn and Ni-nitroprussides and Cu-nitroprusside and a Ni-MOF. With the obtained result it can
be concluded that the modified clinoptilolites with HFSi showed a quality as adsorbent comparable to commercial synthetic
zeolites.
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1. Introduction and other uses such as, ion exchangers [13, 14],

L. ) . . catalysts [15, 16], catalyst supports [17, 18], ion
Adsorption is a very important industrial process, .
. conductors [19, 20], the production of porous [21]
and it is the source of many methods for the study of . ] )
. and hard ceramics [22]. These minerals are mined
the adsorption space of adsorbents [1-5]. Natural ] . )
. o . from deposits, where the zeolitic phases are mixed,
zeolites are significant materials as adsorbents [6-12] o . o .
principally, with montmorillonite, quartz, calcite,
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in some cases it is possible to find highly pure
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materials, to be precise, more than 90 wt% of a single
zeolitic phase in the mineral [11, 21]. In this regard,
the main reason to conduct this research is the
modification of a highly pure natural zeolite adsorbent
to produce an adsorbent comparable to synthetic
zeolite. In other word, the modification of a powdered
clinoptilolite rock to produce a functional adsorbent.

For gas-phase applications commercial zeolites
are applied as adsorbents in different bound forms,
composed of the zeolite and a binder to produce a
reliable adsorption bed and prevent an extreme
pressure drop [23]. Typically the zeolite content of the
bound form is, in general, around 85-90 wt.% [2].
Clinoptilolite, the most abundant natural zeolite could
be found with a zeolite content in the rock up to
85-90 wt.% [9, 21]. Besides, natural zeolite rocks are
harder than commercial zeolite bound forms [22].
Further, if natural zeolites are properly crushed,
approximately spherical particles, with a diameter
1-10 mm, could be obtained. If these particles are
modified by ion exchange and chemical and heat
treatments we consider that will be produced
materials with more zeolite per weight and with a
quality as adsorbent comparable in many applications
to commercial zeolites.

The character of the zeolite micropore surface is
strongly affected by the nature of their surface sites. In
this sense, a zeolite exchanged with ammonium
cations, expressed as follow:

Na — Zeolite + NH'4 <> NH, — Zeolite + Na"

It can be transformed into an acid zeolite by the
thermal decomposition of the exchanged ammonium
cations, as follows:

NH, — Zeolite }Ef H — Zeolite + NH;

In this situation, protons are connected to the zeolite
oxygen atoms forming OH bridged groups. These
sites are responsible for the Bronsted acidity of
natural and other aluminosilicate zeolites. The
hydroxyl bridged groups have been widely studied by,
IR spectrometry [24], microcalorimetry [25], nuclear
magnetic resonance [26], and other methods [27, 28].
Between other conclusions, it was proposed that the

acidity of these sites is related with the ease of the
proton to be released, i.e., if the interaction between
the proton and the oxygen is weaker the Bronsted site
should be more acid and the zeolite more active as an
acid catalyst [24-29]. This inference, however, is not
totally exact, since other effects, influences the
properties of these acid sites [28]. In this regard,
sorption effects are responsible for changes in the
reaction rates of paraffin cracking, a reaction
catalyzed by acid zeolites [30, 31].

One of the methods to increase the acidity of acid
zeolites is dealumination. This process can be done
for example: by hydrothermal treatments (steaming),
acid leaching, or with treatments in flowing silicon
tetrachloride  (SiCly) or  hexafluorsilicates
((NH4)6SiF¢) [24]. These dealumination methods
could increase the amount of zeolite in the sample,
eliminate charge compensating cations to open the
zeolite channels, create mesopores and increase the
adsorption field. All these improvements could lead to
a useful adsorbent.

To show that a material is a good adsorbent,
carbon dioxide adsorption could provide very
useful information about the adsorption space of
microporous materials [32], where, the adsorption
space, is the three dimensional location, where
molecules are subjected to the adsorption force
fields [33].

One of the important applications of carbon
dioxide adsorption as a characterization tool is the
measurement of the: micropore volume, the most
important

parameter for the geometrical

characterization of the adsorption space of
microporous materials. Usually, these measurements are
carried out with the help of nitrogen adsorption
isotherms measured at -196 °C [3, 5]. But at such a
low temperature, the transport kinetics of the
nitrogen molecules through the micropores is very
slow in pores smaller than 0.7 nm. But, in the case of
at 0 °C the higher

temperature of adsorption applied cause that the

carbon dioxide adsorption,

carbon dioxide molecules have a bigger kinetic energy;
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subsequently, they are capable to go into the
microporosity for pores of sizes less than 0.7 nm [32].
Therefore, an experimental solution for this
difficulty is the use of carbon dioxide adsorption at
0 °C instead of nitrogen at -196 °C, in order to
apply the Dubinin adsorption isotherm to describe
carbon dioxide adsorption. The obtained data can be
used for the determination of the micropore volume
and the calculation of the isosteric heat of adsorption
in order to qualify the geometry and the nature of the
interaction between carbon dioxide and the zeolite
framework, allowing, in sum, the characterization of
the geometry and the within the

adsorption space [5, 10].

interactions

Carbon dioxide adsorption is not only an
important adsorbent characterization method but it
is an important industrial application of adsorbents.
In this regard, the separation and recovery of carbon
dioxide is a very important research problem; since
it is a greenhouse gas which contributes to global
warming and a reactant in significant industrial
processes; as for example the Solvay process for the
production of NaHCOj; [35-37]. Independently of the
carbonaceous adsorbents, molecular sieves,
alumina or silica gel can be applied for carbon
dioxide separation. The activated alumina is currently
considered the most suitable sorbent for removing
carbon dioxide from air in the pressure swing
adsorption (PSA) process [37]. Nevertheless, cheap
and environmentally friendly natural zeolite
materials, with high micropore volume and strong
surface interaction with the carbon dioxide molecule
have potential applications in carbon dioxide
separations [38].

In these research the structure, composition and
modified  with

hexafluorosilicate (HFSi) and orthophosphoric acid

morphology of clinoptilolites
(H3POy4), with measurements and characterizations by
means of, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), scanning electron microscopy-energy
(SEM-EDAX) and

gravimetric adsorption measurements.

dispersive  X-ray analysis

Further, was studied the surface chemistry of the
modified clinoptilolites and the interaction of
carbon dioxide with the framework of the modified
clinoptilolites, two synthetic ZSM-5 zeolites used for
comparison and data previously obtained for the
adsorption of carbon dioxide in amorphous silica and
a dealuminated Y zeolite [34], a metal organic
framework [39], and four nitroprussides [40, 41] by
applying diffuse reflectance Fourier transform
infrared spectrometry (DRIFTS) and adsorption
measurements with the help of an automatic
adsorption analyzer. Finally an appropriate
theoretical methodology for the analysis of the X-ray
diffraction profiles and the adsorption data was
applied [5, 34, 39-41]. As far as we know the
modification of clinoptilolite with HFSi to
improve their adsorption properties had not been

previously attempted.

2. Experiments
2.1 Materials and Modification Procedures

All the consumable chemicals were analytical
grade without additional purification. The water
used in the synthesis process was bi-distilled.

The natural zeolite studied in the present research
was a clinoptilolite mined in the deposit located in
Sweetwater, Wyoming, USA. The sample was provided
by ZeoponiX Inc., Louisville, Colorado. This natural
zeolite was labeled Clinoptilolite Sweetwater (CSW).
The measured mineralogical composition of this
material was, clinoptilolite, 90 + 5 wt.%, and the
rest, montmorillonite (2 wt.%), quartz (2 wt.%),
calcite (2 wt.%), feldspars (1 wt.%), magnetite (1
wt.%). and volcanic glass (2 wt.%).

A powdered sample of CSW clinoptilolite of 30
to 40 meshes (0.4-0.6 mm) was modified by an ion
exchange treatment with a 1 M ammonium chloride
solution (NH4CI) to get the sample NH4;-CSW [13].
This solution was prepared with 13.40 g of
ammonium chloride in 250 mL of deionized water
(DDW). 25 g of natural zeolite were exchanged in
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reflux five times with the 1 M NH4Cl solution at
100 °C, each exchange had a duration of 3 h. This
treatment produced an ammonium clinoptilolite that
was identified as NH4-CSW. This zeolite was
thereafter filtered, washed exhaustively with bi-distilled
water and dried in an oven at 70 °C. Further, the
ammonium clinoptilolite was dealuminated with a
0.1 M solution of ammonium hexafluorosilicate
(HFSi), explicitly: (NH4)eSiFg [24]. This solution was
prepared with 0.05 g of (NH4)sSiF¢ in 500 mL of
DDW. Another 0.4 M solution was prepared with
0.20 g of (NH4)6SiFs in 500 mL of DDW. A sample
of 10 g of ammonium zeolite was refluxed for four
h with 500 mL of 0.1 M (NHy4)eSiF¢ at 80 °C. The
same treatment was given to another 10 g of
ammonium zeolite but with a 0.4 M solution of
(NHy)6SiF¢. Following this treatment, each sample
was filtered, washed exhaustively and dried in an oven
at 70 °C. Finally each sample was calcined at 500 °C
for a period of 2 h. The calcined sample prepared with
0.1 M HFSi was identified as CSW-HFSi-0.1 and the
calcined sample prepared with 0.4 M of HFSi was
identified as CSWHFSi-0.4.

The natural clinoptilolite was also dealuminated
with orthophosphoric acid. To be precise, 20 g of
natural clinoptilolite was refluxed with a 4 M solution
of orthophosphoric acid (H3;PO4) at 100 °C, for a
period of 20 min. After the treatment with H;PO, the
sample was washed and dried in an oven at 70 °C. This
treatment resulted in the clinoptilolite dealumination by
isomorphous replacement of aluminum atoms by
phosphorus atoms [18]. The samples dealuminated
with orthophosphoric acid were identified as
CSW-H3P04-20 and CSW-H;PO,-40.

To compare our data were tested three synthetic
zeolites, H-ZSM-5 (CBV-3020, SiO,/Al,0; = 32)
and H-ZSM-5(CBV5020, SiO,/Al,O03 = 53), both
provided by the PQ Corporation and one Na-X,
provided by Laporte [12].

studied a homoionic sodium natural clinoptilolite

Additionally, was

from the deposit located in Castillas, Havana, Cuba,

labeled Na-HC [17]. The mineralogical composition
of this zeolite rock labeled HC was clinoptilolite 85
+ 5 wt.%, and the rest montmorillonite (5-6 wt.%),
quartz (3-4 wt.%), calcite (1-2 wt.%), feldspars (1-2
wt.%), magnetite (0-1 wt.%) and volcanic glass (1-2
wt.%) [9]. The HC zeolite was exchanged with a 1
M sodium chloride solution in reflux, five times at
100 °C, for a period of three h to get the Na-HC
Finally, the CSW zeolite was
exchanged with sodium, following the process

sample [17].

applied in the case of the HC sample, to produce
the homoinic zeolite Na-CSW [21].

2.2 Characterization Methods.

X-ray diffraction tests were carried out with a
Bruker D8 Advance system in a Bragg- Brentano
vertical goniometer configuration. The angular
measurements were made with a (Theta/2Theta) of +
0.0001 reproducibility, by applying steps of 0.01° from
5° to 40° to get XRD profiles that could be accurately
The X-ray
radiation source was a ceramic X-ray diffraction Cu
anode tube type KFL C 2 K of 2.2 kW, with long fine

focus.

resolved by least square methods.

A variable computer-controlled motor driven
divergence slit with 2.5° Soller slits were included
to allow kept the irradiated area on the sample
surface constant. A Ni filter was placed, prior to the
Cu-KB3

one-dimensional

detector, to eliminate radiation. A

LynxEye™ detector  was
employed. This detector is based on a Bruker AXS
compound silicon strip technology and increases
measured intensities, without sacrificing resolution
and peak shape. This together with the use of small
scanning step resulted in high quality XRD profiles
suitable for mathematical treatment [39-41].

The TGA testing process was carried out with a
TA, Q-500 equipment. To make the TGA test, the
samples were placed into a ceramic sample holder,
which is suspended from an analytical balance.
Then, the sample holder was heated according to a
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predetermined thermal cycle, that is: the temperature
was linearly scanned, from 27 to 350 °C, at a heating
rate of 5 °C/min, in a flow of 100 mL/min of the purge
gas that is pure N,. The data collection, the temperature
control, the programmed heating rate, and the gas
flow control, were automatically controlled by the
software of the TA, TQ500 TGA. The TGA data was
collected as a weight percent W(¢) versus T (°C) profile,
where: W(T) = (M(T)/My) x 100, is the per-cent ratio of
the sample mass during the thermal treatment, M(7),
and the initial mass of the sample M.

of the tested
samples were performed using an energy dispersive
X-ray (EDAX) spectrometer coupled to a JEOL
Model JSM-6360
(SEM), equipped with an energy dispersive X-ray
analysis detector and with a JEOL JLSM-6000 SEM
and EDAX analysis system. The acceleration of the

Elemental chemical analysis

scanning electron microscope

electron beam was 20 kV in both cases. The sample
grains were placed on a carbon tape, and then
introduced into the sample-holder. In order to
guarantee, that we were testing a sample with a
homogeneous distribution within the sample,
different spots were analyzed. Together with the
EDAX analysis scanning electron micrographs of the
tested samples were obtained.

To get the diffuse reflectance infrared Fourier
transform spectra, was applied a Thermo Scientific
Nicolet iS10 FTIR spectrometer with the Smart
Collector for diffuse reflectance analysis and the
environmental chamber for the smart collector. The
spectra were collected with a resolution of 4 cm™ and
were made 100 scans per sample. To get the spectra
in the case of the dehydrated samples, a background
with KBr (FTIR pure, provided by Nicolet) located in
the sample holder of the environmental chamber was
made by applying the same conditions used to get,
later, the sample spectra. To dehydrate the samples, it
were heated, at 300 °C, under N, (Praxair, 99.99%)
flow at a rate of 50 cc/min for a duration of 2 h. Lastly,

the spectra of the dehydrated zeolite were obtained

with the sample inside the environmental chamber, at
room temperature, under N, (Praxair, 99.99%) flow at a
rate of 50 cc/min.

Water adsorption was measured gravimetrically at
atmospheric pressure in air containing water vapor at
different partial pressures [10, 11]. To study carbon
dioxide adsorption, isotherms were collected, in an
upgraded Quantachrome Autosorb-1 automatic
physisorption analyzer, the adsorption isotherms of
CO; at 0 °C were collected for samples degassed at
300 °C for a period of three h in high vacuum (10
Torr). In this case since the carbon dioxide vapor
pressure, Py, at 0 °C, is high, to be precise, Py =
26,141 Torr, subsequently, we will be working in
the following relative pressure range: 0.00003 <P <
0.03. The experience indicates that the adsorption
process in this range is very well described by the
Dubinin adsorption isotherm equation [42]. The
Dubinin-Astakhov (D-A)
equation can be represented in a log-log scale as
follows [43]:

n n
In(n) = IV, ~ () In (52) (1)

This relation, describes the relation between the

adsorption isotherm

amount adsorbed, 7 a, and the inverse of the relative
pressure, i.e., P/Po. Where, E, is a parameter named
the characteristic energy of adsorption, Na, is the
maximum amount adsorbed in the volume of the
micropore, and, n (I < n < 5) is an empirical
parameter. This equation is a very powerful tool for
the description of the experimental data of
adsorption in microporous material [42, 43]. The
fitting process of Eq. (1) allowed us to calculate
the best fitting parameters, i.e., N,, E, and n. If, n
= 2, we get the Dubinin-Radushkevitch (D-R)
equation that was the equation applied here. Then,
with the help of the CO, adsorption isotherms and
Eq. (1) with: n = 2, the micropore volume, Wy, =
N,Vi (where V is the molar volume CO, at 0 °C)
and the characteristic energy of adsorption, E

(kJ/mol) were measured [5, 39-41].
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3. Results and Discussion

In Fig. 1a, it is shown that the XRD profiles of the
modified samples and in Figs. 1b and Ic the details of
the patterns corresponding to the samples, NH4-CSW,
CSW-HFSi-0.1 and CSW-H3P04-20. The search
carried out with the PDF-2, 2009 release database,
created by the International Center for Diffraction
Data produced a match of the XRD profile of the
modified samples with the profiles of clinoptilolite.
The clinoptilolite framework type is HEU; whose
symmetry is the
monoclinic, C2/m (SG No. 12) [44]. The cell

parameters data

maximum space group (SQG)
reported for a representative
clinoptilolite are: a = 17.662 A, b=17911 A, c=
7407 A and £ =116.40 [45]. We calculated the cell
parameters, of the modified clinoptilolite samples by
fitting the XRD profiles of these materials with
mathematical functions simulating XRD patterns by
applying the Pawley method [46]. These calculations
were concretely made supposing the C12/m1 (No. 12)
space group. In Table 1, are reported the calculated
cell parameters for this space group alongside the
Gaussian crystallite size (®). The TOPAZ software
together with the Pawley calculations made the
corrections to separate instrumental and strain effects
from the crystallite size by applying the
Williamson-Hall method [47]. The calculations were
made by assuming a spherical shape for the Gaussian
crystallite size (®). Further, in Fig. 2 is reported one
of the fitted profiles as an illustration of the performed
process. The calculated parameters are similar to those
reported for a typical clinoptilolite [45]. But, a
variation of the values of these parameters throughout
the dealumination process was observed (Table 1 and
Fig. 1b). These differences could be linked to the ionic
radius of A’ and Si*" in tetragonal coordination (0.39
A for AP’ and, 0.26 A for Si** [48)).

The state of the zeolitic water is also important for
the structural characterization of these materials. TGA
data can be applied as a means for the study of the

state of water in porous materials, since in the
hydrated state the TG profile of these materials, from
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Fig. 1 XRD profiles of the modified natural
clinoptilolites (a) detail of samples NH,-CSW,

CSW-HFSi-0.1, CSW-HFSi-0.4 and CSW-H;P0,-20.
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Table 1 Cell parameters for the treated clinoptilolite samples calculated with the Pawley method assuming the C2/m space

group and Gaussian crystallite size (®).

Sample a (A) b (A) cA) B (degree) V(A% ¢ (nm)
CSW-NH, 17.693 (4) 17.959 (4) 7.404( 6) 116.01 (1) 2,114 (1) 40 (1)
CSW-HFSi-0.1 17.659 (4) 17.858 (3) 7394 (5) 116.34 (1) 2,089 (1) 39.(1)
CSW-HFSi-0.4 17.688 (5) 17.965 (3) 7.403 (1) 116.31 (1) 2,108 (1) 39 (1)
CSW-H;P0O,-20 17.672 (4) 17.975 (6) 7.416 (6) 116.33 (1) 2,111 (1) 37 (1)
CSW-H;PO,-40 17.695 (8) 17.99 (1) 7411 (2) 116.18 (1) 2,116 (1) 29 (1)
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Fig. 2 XRD profile of the CSW-HFSi-0.1 sample fitted

with the Pawley method for the C2/m space group (c).

30 to 300 °C, is merely a water thermo-desorption
profile (Fig. 3). During the TG analysis, the process of
water thermo-desorption occurs by the release of
water adsorbed in different sites of the zeolite
tunnels. In Fig. 4, the resolved TGA derivative profiles
corresponding to the modified natural clinoptilolites:
CSW-HFSi-0.1, CSW-HFSi-0.4, CSW-H3PO4-20 and

100
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the ZSM-5 (CBV-3020) are shown. These profiles were
resolved by fitting a theoretical profile, computed as the
sum of two Lorentzian functions, to the experimental
data by applying the peak separation and analysis
software Peak Fit Software

Framingham, Massachusetts) based on the least square

(Seasolve Inc.,
procedure. The experimental profile is the continuous
line, this profile is fitted by the theoretical function
illustrated by the dashed line, further, the two peaks
employed to compute the calculated profile are shown
also as dashed curves (Fig. 4).

The resolution of the TGA derivative profiles
indicated the presence, essentially, of two steps for
water release. During the first, was lost the majority of

the water present in the micropores. This thermal effect
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Fig. 3 TGA profiles of the modified natural clinoptilolites: (a) the ZSM-5 (CBV-3020), (b) CSW-HFSi-0.1, (c) CSW-H;P0,-20

and (d) CSW-HFSi-0.4.
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CSW-H;P0,-20 and (d) the CSW-HFSi-0.4.

was evidenced as a broad peak centered at about
50 °C for the samples ZSM-5 (CBV-3020) and
CSW-HFSi-0.1, but at 100 °C for the samples
CSW-HFSi-0.4 and CSW-H3P0O4-20. The second
effect was placed at around 75 °C for the sample
ZSM-5 (CBV-3020), but at 125 °C for
CSW-HFSi-0.1, 150 °C for CSW-HFSi-0.4 and 175
°C for CSW-H3P04-20 (Fig. 4). The first process
characterized the release of physically adsorbed water
from an energetically heterogeneous adsorbent as a
zeolite [10], to be precise, since water was released at
different temperatures, these fact means that it was
linked with different adsorption energies to the
framework. The second peak was related to the
removal of coordinated water.

Fig. 5 is reported the DRIFTS spectrum of the
spectra of the modified
clinoptilolite CSW-HFSi-0.1 after a treatment at 250
°C under nitrogen flow by two h and after the same
treatment at 500 °C. To get this spectrum the sample
located in the sample holder of the environmental
chamber was dehydrated at 250 °C, under N, (Praxair,

difference natural

99.99%) flow at a rate of 50 cc/min for a duration of
2 h and then the temperature was lowered to room
temperature. A DRIFT spectrum was taken at that
moment and saved as background. Later, the spectrum
of the sample at room temperature after a treatment
inside the environmental chamber, at 500 °C, under
Ny (Praxair, 99.99%) flow at a rate of 50 cc/min was
collected. The resulting spectrum is
spectrum shown in Fig. 5. This DRIFTS profile
indicated that all the water contained in the studied

difference

zeolite was removed after the first treatment at 250 °C.
This result was coincident with the TGA data (Fig. 3),
which indicated that water was totally released from
the modified sample CSW-HFSi-0.1 at 250 °C.
totally
dehydroxylated during the modification treatment. As

Consequently, these  samples  were,
a result all the water released during the TGA process
was only located in the adsorption space of the zeolite
CSW-HFSi-0.1.

In sum, the TGA and DRIFTS data previously
discussed indicated that all the water was released up

to 250 °C in two steps. These steps can be related, in
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Fig. 5 DRIFTS spectrum of the difference spectra of the
modified natural clinoptilolite CSW-HFSi-0.1 after a
treatment at 250 °C under nitrogen flow by two h and after

the same treatment at 500 °C.

sequence, to the removal of water physically
adsorbed on the micropore and coordinated water,
respectively [41].

Fig. 6 shows the SEM micrographs corresponding
to the modified clinoptilolites, CSW-NHy,
CSW-HFSi-0.1 and CSW-HFSi-0.4. In the reported
micrographs was evidenced that the CSW zeolite
shows secondary particles exhibiting diameters
from 3 to 40 pum, formed by primary clinoptilolite

crystallites showing a crystallite size, ® = 40 nm.

F "%
CSW-HFSI-0:4
—

1jm LA

2 pm).

Additionally, in Fig. 7 are displayed the SEM
micrographs of the modified clinoptilolites: CSW-NHa,
CSW-HFSi-0.1, CSW-HFSi-0.4 and CSW-H;PO,4-20
at higher magnification. These last micrographs
evidenced the lath morphology of the primary
clinoptilolite crystallites.

The elemental analysis of the clinoptilolite samples
Na-CSW [21], Na-HC [17] and CSW-NH,,
CSW-HFSi-0.1, CSW-HFSi-0.4 and
CSW-H3P0O4-20 was determined by EDAX
elemental analysis. These results are reported in
Table 2. These results demonstrated that the
exchange process replaced about 85% of the charge
compensating ions, to be precise, the Na”, K, Ca®"
and Mg”" present in the natural material were
exchanged by Na' or in the produced homoinic
clinoptilolites [17], to produce the Na-CSW and
NH4-CSW homoinic samples. In the case of the
samples treated with orthophosphoric acid, together
with the dealumination process the Na®, K*, Ca®"
and Mg”" located in the micropores of the natural
clinoptilolite were exchanged by protons [18]. In
addition to the ion exchange was evidenced a slight
increase in the Si/Al relation during the dealumination

CSW-HFSi-0.1

Fig. 7 SEM micrographs corresponding to the samples NH,-CSW, CSW-HFSi-0.1, CSWHFSi-0.4 and CSW-H;P0,-20 (bar =
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Table 2 EDAX elemental analysis of the natural and modified samples in wt.%.

Sample Si Al (0) Na K Ca Mg Fe Si/Al
Na-CSW 37.4 9.3 452 5.5 0.9 0 0.7 1.1 4.0
Na-HC 37.5 9.4 45.4 5.8 1.0. 0 0.4 0.5 4.0
CSW-NH4 40.8 10.3 45.5 0.3 1 0 0.7 1.4 4.0
CSW-HFSi-0.1 41.4 9.6 46.3 0.1 0.9 0 0.3 1.0 4.3
CSW-HFSi-0.4 45.4 9.5 43.1 0.1 0.8 0 0.3 0.8 4.8
CSW-H3P0O4-20 40.1 6.6 50.8 0.6 0.9 0 0.0 1.0 6.1

process. All this facts indicated a change in the zeolite
chemistry that must be reflected in the adsorption
properties of the modified clinoptilolites.

With the help of water adsorption, we studied the
morphology of the tested clinoptilolites. Water vapor
adsorption in a complex porous systems as natural
zeolites occurs something like that [5, 10]: initially
micropore filling, where the adsorption behavior is
dominated nearly completely by the interactions of
the adsorbate, and the pore wall; after that, at higher
pressures, external surface coverage, consisting of
monolayer, and multilayer adsorption on the walls of
mesopores, and open macropores, and at last capillary
condensation in the mesopores. In Fig. 8, are reported
the water adsorption isotherms at 27 °C in Na-CSW,
Na-HC and Na-X zeolites. During this adsorption
process, water vapor at low pressures filled the
micropores as was evidenced by the plateau in the
following range of relative pressure: 0.2 < P/Py <
0.4, at higher pressures P/Py, > 0.5 the external
=1

capillary condensation in the mesopores takes place.

surface was covered and finally near P/P,

The previously described adsorption processes,

macropores [49], or simply a primary porosity, that is,
the cavities and channels which constitute the zeolite
framework and a secondary porosity describing the
macroporosity and the mesoporosity developed
between the zeolite crystals [8].

Fig. 9 is shown these DRIFT spectra, in the range
between: 3,200-3,800 cm™. the bands

present in the recorded DRIFTS spectra, the most

Between,

important are the OH stretching vibrations related to
the
groups: Si-OH that is, terminal hydroxyl groups

hydroxyl functionalities, specifically: silanol
showing low acidity bridged hydroxyl
Si-OH-Al in which the proton shows Bronsted acid
character and non-acidic extra-framework hydroxyl
groups [50]. In the specific case of the DRIFTS

spectrum corresponding to the ZSM-5, reported in Fig.

groups:

9, were evidenced three bands caused by the O-H
stretching vibrations, to be precise: a band around:
3,590 cm™ corresponding to the Bronsted acid sites,
band 3,660
extra-framework, Al-OH, that is: positively charged

another at cm  related to

extra-framework aluminum, and a peak located at

3,740 cm’' related to terminal silanol groups [26].

indicated the existence of micropores, mesopores and In the case of the modified -clinoptilolites,
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Fig.8 Adsorption isotherms of water at 27 °C on: Na-CSW, Na-HC and Na-X.



Study of the Adsorption Space of Modified Clinoptilolites 273

1 - ZSM-5020
Y
2 09
;08
=
0.7
3000 3100 3200 3300 3400 3300 3600 3700 3800

WN [cm!]
(a)

08 - CSW-H,PO,20

CSW-HFSi-0.1

Absorbance
(=]
th

3000 3100 3200 3300 3400 3500 3600 3700 3800
WN [em]]
(b)

Fig. 9 DRIFTS spectra of the modified natural clinoptilolites: (a) CSW-HFSi-0.1 and CSWH;P0O,-20 and (b) the

ZSM-5 (CBV-5020).

specifically, CSW-HFSi-0.1, a narrow band at about:
3,740 cm” corresponding to terminal silanol groups
(Si-OH) was evidenced; in the rest of the OH
stretching vibration range, i.e., 3,000-3,700 cm'l; was
only evidenced a band 3,600-3,650 cm’ resulting
from extra-framework AI-OH. The CSW-H3;PO4-20
DRIFTS profile didn’t show peaks in the range
between: 3,200-3,800 cm’. The explanation that can
be given to this profile should be related to
dehydroxilation; since this process, in zeolites [6] and
silica [51], produces the condensation of the OH
groups. In the particular case of zeolites is generally
accepted that during the process of dehydroxylation at
°C, bridged hydroxyls
condenses to produce water and left behind the zeolite
[52],
aluminum [53] and different types of positively

temperatures up to 500

framework negatively charged trigonal
charged extra-framework aluminum [54], at higher
temperatures a dehydrogenation process is as well
produced [55]. Thereafter, the modification process
made to produce the sample CSW-HFSi-0.1 created a
framework charged with positive and negative charges,
where the charge compensating cations of the zeolite

were removed, making available an open adsorption

space where adsorbed molecules are subjected to
electrostatic interactions with the framework. This
surface Chemistry is appropriate for adsorption, since
this adsorption space is open. Besides, the electrostatic
field, created by the negative and positive charge of
the framework produces -electrostatic interactions
between the adsorbed molecule and the adsorbent.

Fig. 10 is reported the Dubinin plots of the
adsorption isotherms of carbon dioxide at 0 °C on the
modified zeolites CSW-HFSi-0.1 and CSW-HFSi-0.4.
For comparison was as well reported the isotherm of
CO; adsorption at 0 °C on the ZSM-5 (CBV-5020)
zeolite [34]. The values of the micropore volume
help of
adsorption, W592, are reported in Table 3. This

measured with the carbon dioxide

parameter was measured by fitting Eq. (1), with: n =2,
to the reported adsorption data (Fig. 10).

The precision of the measured micropore volumes
is related to the excellent fitting of the adsorption data
by the D-R isotherm equation, the appropriate
relative pressure range tested (0.00003 < P/P, <
0.03) and the big amount of adsorption points
produced during the adsorption test. All these facts

allowed us to affirm that carbon adsorption took only

Table 3 Micropore volume and zeolitic phase amount calculated with the Dubinin Radushkevish isotherm equation.

Samples N, (mmol/g) WG59% (cm’/g) f(wt.%)
ZSM-5-3020 3.55+0.01 0.169 + 0.001 94
CSW-HFSi-0.1 3.13+0.01 0.149 + 0.001 93
CSW-HFSi-0.4 2.81+0.01 0.134 +0.001 84
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Fig. 10 Dubinin-Radushkevitch (D-R) plots of the adsorption isotherms of carbon dioxide at 0 °C on: CSW-HFSi-0.1,

CSW-HFSi-0.4 and the ZSM-5 (CBV-5020).

place in the micropore region; consequently, the
adsorption of carbon dioxide at 0 °C clearly evaluated
the micropore volume of the studied zeolite samples.
With the help of the micropore volume, WMP , of
the zeolite present in the natural zeolite rock or in a
bound form of a commercial zeolite and the micropore
volume of the corresponding pure phase, sz;:;rsi, of
the same zeolite, we can determine the amount f, of
zeolitic phases in wt.% (whenever it is the only
zeolitic phase present), with the help of the equation: f
_ Wﬂ(/}*gz /Wpure

phase *

It is very well known that the
micropore volume for pure clinoptilolite Wygy=~ 0.16
cm’/g [12] and the microporous volume of the MFI
framework of pure H-ZSM-5 is W= 0.18 cm3/g [58].
Subsequently, with the help of these data the amount £,
of the =zeolitic phase present in the modified
H-ZSM-5
comparison were calculated (Table 3). Further, the
X-ray diffraction data (Figs. 1b and 1c) allowed the

calculation of the phase composition of the modified

clinoptilolites and the used for

clinoptilolites by means of standards [21] by applying a
previously developed methodology [56, 57]. In the
present case the standard was the sample NH4,-CSW.

Table 4 Phase composition of the modified clinoptilolites.

Table 4 shows the results obtained applying this
These indicated that the
modification increased the amount of clinoptilolite,
in the case of the sample CSW-HFSi-0.1.

This was one of the aims of the treatments to

methodology. results

produce an adsorbent comparable to commercial

zeolites. However, in the case of samples
CSW-HFSi-0.1 was observed a decrease in the
amount of clinoptilolite in the sample and for the
sample CSW-H3;P0O4-20 a big decrease (Figs. 1b
and 1c). These results indicated that the increase in
the concentration of (NH4)6SiF¢ and the treatment
with orthophosphoric acid are not useful to achieve
the proposed goals.

Is knowed in general, if a molecule contact the
surface of a solid adsorbent, it become subjected to
diverse interaction fields, such as: the dispersion
energy, repulsion energy, polarization energy, field
dipole energy, field gradient quadrupole energy, and as
well some specific interactions, as the acid-base
interaction, ¢,p, and the adsorbate-adsorbate interaction
energy [59]. Dispersion and repulsion forces are

present during physical adsorption in all adsorbents.

Sample Clinoptilolite (wt.%) Others (wt.%)
CSW-NH, 91 (5) 9(5)
CSW-HFSi-0.1 95 (5) 50)
CSW-HFSi-0.4 72 (5) 28(5)
CSW-H;P0,-20 41 (5) 59(5)
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The electrostatic interactions between the adsorbed
molecule and the adsorbent framework, depend on
the structure and composition of the adsorbed
molecule and the adsorbent itself [1-5]. That is, the
interaction between the adsorbent and molecules
with, for example, a noticeable quadrupolar
moment, like the carbon dioxide molecule (Qcoz =
4.3 x 10* C'm?) give raise to specific interactions,
where the combination of the dispersive and
electrostatic attractive interactions are normally stronger
than merely the dispersion interactions. In the case of
interest here it is accepted that carbon dioxide interacts
with surfaces through their dispersive and quadrupole
moment interactions [1].

The parameters calculated with the D-R adsorption
isotherm equation not only allowed us to evaluate the
micropore volume of the sample, but also the
adsorption interaction between the adsorbate and the
adsorbent. To evaluate this interaction was used the
characteristic energy of adsorption, calculated by
fitting Eq. (1), with: n = 2, to the data reported in
Fig. 10 (Table 3). The accuracy of the measured
related to the
arguments previously discussed for the micropore

characteristic energy is same
volume.

The quantitative evaluation of the interaction
between carbon dioxide and the zeolite will be
carried out with help of the isosteric heat of
adsorption, ¢;, [1-5]. In this regard, it is possible to
calculate, ¢;,, in an original way using only one

isotherm as follows [42]:
Giso () =-AG + EF(T, 0) (2)
In which:

AG =RTIn ()

and

F(T, 6) = < (inf1/87) ) 3)
where: 8= n,/N,; a = -dInN,/dT and E, and n, are the
parameters of the Dubinin adsorption equation (in our
case: n = 2, and E is reported in Table 5). It is also
possible to assert that: £ = AG(1/e), where: 8= 1/e, in
which, e = 2.71828183 is the base of the Napierian
logarithm system. Now with the help of Egs. (2) and
(3), for 8= 1/e = 0.37 is possible to get the following
equation [34]:

qis0(0.37) = -AG(0.37) + EF(T, 0.37) = E[F(T, 0.37)
-1]

“
To calculate, F(T, 0.37) , with the help of Eq. (4)

was used trustworthy experimental calorimetric data
reported in literature, i.e, ¢;, = 22 kJ/mol for the
adsorption of carbon dioxide at 27 °C in the range: 0.1
< n, < 0.7 mmol/g in MCM-41 [58] and the
characteristic energy of adsorption, £ , calculated by
fitting Eq. (1), with: n =
adsorption on MCM-41 previously reported, £ = 19

2, to carbon dioxide

kJ/mol [34]. Consequently, it was possible to estimate
that: F' (7, 0.37) = 2.16. Thereafter, with the relation:
qiso (0.37)=1.16 E

were calculated the isosteric heat of adsorption
(Table 5). The results reported indicated that the
tested modified zeolites shows similar values for
the measured isosteric heat of adsorption; but
greater than those value of the isosteric heat of
adsorption reported also in the present paper for the
ZSM-5 zeolite, also larger than those reported for a
particle packing silica and a dealuminated Y zeolite
(DAY) [34], Cd, Zn and Ni-nitroprussides [41] and
Cu-nitroprusside [40] and a Ni-MOF [39] (Table 6),
as well bigger than experimental isosteric adsorption
heats measured for the adsorption carbon dioxide
on MCM-41- [58], silicalite [59], Na clinoptilolite

Table 5 Parameters calculated with the Dubinin-Radushkevish isotherm equation.

Sample N, (mmol/g) E©°, (Kj/mol) qicsgz (Kj/mol)
ZSM-5-3020 3.55+0.01 33+1 38+2
CSW-HFSi-0.1 3.13+£0.01 40+ 1 46 £2
CSW-HFSi-0.4 2.81+0.01 43 +1 50+2
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Table 6 Parameters Calculated with the Dubinin-Radushkevish Equation for a particle packing silica, Cd, Zn, Cu and
Ni-nitroprussides (NPs), dealuminated Y zeolite (DAY) and a Ni MOF.

Sample E% (Kj/mol) q%92 (Kj/mol) N, (mmol/g) W92 (ecm’/g) Reference
P-68-Silica 24 +1 28+ 1 3.57+£0.01 0.170 £ 0.001 Ref. [26]
Cd-NP 21+1 25+1 2.67+0.01 0.127 £0.001 Ref. [33]
Cu-NP 201 24 + 1 3.23+0.01 0.154 +0.001 Ref. [34]
DAY 17+1 20+ 1 6.93 +£0.01 0.331 £0.001 Ref. [26]
Ni-MOF 16 £1 18+1 1.68 £0.01 0.080 +0.01 Ref. [32]
Zn-NP 12+1 14+1 5.08+0.01 0.242 + 0.001 Ref. [33]
Ni-NP 9+1 11+1 5.78+0.01 0.275+0.001 Ref. [33]

and K-clinoptilolite [60], Na-A [61] and Na-X and
MOF-5 [62] and MOF-508b [63], but similar to
measured isosteric heats of adsorption for the adsorption
of carbon dioxide on sodium ferrerite (Na-FER) [64].
The previously described adsorption data indicated
that the interaction of the carbon dioxide molecule
with the modified zeolites is strong. Subsequently, these
materials could be very useful in gas separations. One
of the causes of adsorption selectivity, are adsorption
interactions. In this regard, the electrostatic interactions
between the adsorbed molecule and the adsorbent
framework, which depends on the structure and
composition of the adsorbed molecule and the adsorbent
itself, have an important role in adsorption selectivity.
For example, for molecules such as: H,O, H,S, SO,
and NH; with a high dipole moment and CO, a molecule
with a high quadrupole moment, the electrostatic
interactions are stronger than the dispersion plus
repulsion interactions when are adsorbed in an
aluminosilicate zeolite as the modified clinoptilolites.
Dispersion and repulsion are forces present in all the
adsorption couples. In the case of: H,, Ar, CHy4, N, and
O;; given that, the dipole moments of these molecules is
cero, the quadrupole moment is very low or absent, and
the polarization effect will be only noticeable in the case
of adsorbents with high electric fields, then dispersion
forces are the only interaction present during the
adsorption process of these gases. [5, 10, 12].
Thereafter, these gases are less strongly adsorbed in
aluminosilicate zeolites and related materials than those
showing electrostatic interactions. Consequently, the
adsorption of H,O, H,S, SO, and NH; in
aluminosilicate zeolites is very strong and those of

CO, relatively strong; then these zeolites will remove
these gases selectively in mixtures with: H,, Ar, CHa, N,
and O,. These interactions are, as well, responsible for
the high regeneration temperatures needed by zeolites
to be applied; fact that oblige to spend a large quantity
of energy for their regeneration.

As was above commented, the elemental chemical
analysis of the modified clinoptilolites shown in table
2 indicated that ammonium exchanged about 90% of
the charge compensating ions present in the natural
zeolite. Thereafter, since the modified clinoptilolites
CSW-HFSi-0.1 and CSW-HFSi-0.4 were further
treated with (NH4)6SiF¢ and finally calcined, both
zeolites were practically completely dehydroxylated
producing a framework negatively and positively
charged. The previously discussed energetic factor is
very important for a precise description of the
adsorption space. However, the geometrical factor is
as well decisive. In this sense, the experimental
evidence accumulated by us indicated that CSW
natural clinoptilolite didn’t adsorb nitrogen at 77 K.
However, it adsorbs carbon dioxide at 0 °C. The
structure of clinoptilolite, HEU framework type, show
3 channels; i.e., one 8-MR channel along [100], with
an access of 2.6 x 4.7 (A)2; two parallel channels
along [001] one 8-MR with a window of access with
3.3 A x4.6 A, and a 10-MR with an access of 3.0 A x

Table 7 Kinetic diameter () of some gases [6, 67].

Gas o (A) Gas o (A)
N, 3.64 H,0 2.64
0, 3.46 N,O 3.17
CO, 3.3 H,S 3.4
CH, 3.76 NH; 3.1
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7.6 A [37]. Additionally, the kinetic diameter of:
carbon dioxide is 3.4 A and those of nitrogen 3.6 A
(Table 7) [6, 67]. We can conclude from the previous
discussion that the effective access window of the
modified clinoptilolite could be estimated to be
around 3.5 A, value that was as well reported by other
authors [23]. This is an optimum value for the
application of these modified clinoptilolites in bio-gas
and natural gas cleaning, carbon dioxide recovery
and gas drying. Since, the kinetic diameter of:
water, hydrogen sulfide indicates that it can be
fitted into the clinoptilolite pores, on the other hand
those of oxygen and methane don’t fit (Table 7).

Consequently, the modified clinoptilolites, like other
microporous crystalline materials could be successfully
applied for removing of H,O, NH;, NO,, SO,, SH,,
CO,, and other impurities from gas streams.

4. Conclusions

In the research reported here was studied the structure,
composition and  morphology of  modified
clinoptilolites with, XRD, TGA, SEM-EDAX and
With the
obtained data were calculated, the cell parameters, was

gravimetric adsorption measurements.

measured the elemental and phase composition,
studied the state of water and the morphology of
the tested materials. The calculated cell parameters
were similar to those reported for a typical
clinoptilolite, but a variation of the values of these
cell parameters during dealumination, was observed.
To be precise, a small diminution of the cell
volume was observed. The resolution of the TGA
derivative profiles denoted the presence of two steps for
water release. The first process was the desorption of
physically adsorbed water from an energetically
heterogeneous adsorbent as a zeolite and the second
peak was related to the release of coordinated water. The
water adsorption processes denoted the existence of
micropores and mesopores in the CSW sample. The
elemental analysis of the tested -clinoptilolite
determined with EDAX

samples elemental

analysis demonstrated that the exchange process
replaced about 85% of the original zeolite charge
compensating ions, by Na" or in the produced
homoinic clinoptilolites. For the samples treated
with  orthophosphric acid together with the
dealumination process the Na“, K, Ca*" and Mg*
located in the micropores of the natural clinoptilolite
are exchanged by protons. Besides, it was evidenced a
slight increase in the Si/Al relation during the
dealumination process. As well, the CSW-HFSi
samples were, practically, completely dehydroxylated
during the modification treatment. All this facts
indicated a change in the zeolite chemistry that must be
reflected in the adsorption properties of the modified
clinoptilolites. The surface chemistry of the modified
clinoptilolites utilizing DRIFTS was studied. Besides,
the interaction of carbon dioxide within the adsorption
space of the modified clinoptilolites and two synthetic
ZSM-5 zeolites were studied with the help of an
automatic  physisorption analyzer. Finally, an
appropriate theoretical methodology for the analysis
of the XRD and adsorption data was applied.

These results indicated that the modification
process augmented the amount of clinoptilolite in
the sample CSW-HFSi-0.1, but diminished it in
the rest of the modified samples. The modification
created an open adsorption space, since the charge
compensating cations of the zeolite were removed.
Additionally, a framework charged with positive
and negative charges was produced in the samples
treated with HFS. In this adsorption space, adsorbed
molecules are subjected to strong -electrostatic
interactions with the framework. Additionally, the
pore size of the obtained material only allow the
adsorption of small molecules, subsequently these
materials could be very useful in gas separations.
Thereafter, the treatments produced adsorbents
comparable to commercial zeolites.

The modification of clinoptilolite with HFSi to
improve their adsorption properties had not been

previously attempted.
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