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Abstract

Disordered carbon particulates were deposited on the surface of natural acid
treated zeolite through graphite evaporation by electron beam to improve
adsorption properties of the porous material. This study focuses on the de-
velopment of the new material and not on applications. The effect of acid
treatment and carbon deposition on the physical properties of the natural
material was investigated. The zeolites were characterized via spectroscopic
and microscopic methods, thermal analysis, and gas sorption analysis. Analy-
sis revealed that the surface area and volume increased by a factor of ten after
the carbon-coating was deposited onto the zeolite surface and indicated that
the Si/Al ratio was higher with the acid treated sample. The acid treatment
promoted dealumination of the zeolite and increased overall surface area,
whereas the carbon coating re-aluminated the zeolite while adding silica back
to the main molecular framework, thus increasing crystallinity and thermal
stability and further improving the high surface area produced by the acid
treatment.
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1. Introduction

Zeolites are hydrated aluminosilicate minerals which possess structurally inter-
linked tetrahedra of alumina ( AIO ) and silica (SiO;") that make up its pri-
mary cage structure [1] [2]. They exhibit a three-dimensional crystal structure
consisting of aluminum, oxygen, silicon, and alkali/alkaline-earth metals such as

sodium, potassium, and magnesium. Additionally, water molecules are typically

DOI: 10.4236/msa.2022.132006 Feb. 24, 2022

78 Materials Sciences and Applications


https://www.scirp.org/journal/msa
https://doi.org/10.4236/msa.2022.132006
https://www.scirp.org/
https://doi.org/10.4236/msa.2022.132006
http://creativecommons.org/licenses/by/4.0/

A. Morgan et al.

trapped between gaps within the zeolite structure [3]. Zeolites have an open,
cage-like framework which enables them to trap other molecules inside it as part
of a physical process known as adsorption [4]. Adsorption occurs when a thin
layer of molecules (gas, liquid, or solid) adheres to the surface of the pores of the
adsorbent material. Zeolites are often referred to as molecular sieves due to the
various sizes of pores in them, which is why they are generally considered effec-
tive adsorbents [5]. These properties make zeolites an ideal candidate for mul-
tiple applications.

Acid treatments are known to de-aluminate (to remove aluminum from) the
molecular framework of zeolites, which opens up void space within the frame-
work of the particles—thus making them more microporous than their un-
treated counterpart [6] [7] [8]. The overall surface area and pore volume of
porous materials treated with acid have been shown to increase as well, which
shows promise for them to be used as sorbents in wastewater treatment [9]. The
use of acid treatments on aluminosilicates has proven useful in industrial
processes such as fluid catalytic cracking (FCC), and it has been shown that acid
treatments improve the catalytic properties of aluminosilicate frameworks. acid
treatment can sometimes decrease the crystallinity or overall structural integrity
of the crystal structure of the porous materials, which can reduce the overall si-
lica concentration as well [7].

There is very limited literature about coating and functionalization of sili-
ca-based material with carbon-based products. Carbon exists in a variety of
crystalline forms, two of which are graphite and diamond. Graphite has three-
fold, or sp? hybridized bonding, and diamond has fourfold, or sp® hybridized
bonding. Plasma-enhanced chemical vapor deposition (PECVD) [10] rf, and dc
sputtering [11] are just a few of the techniques used to fabricate carbon films
with varying degrees of sp’ bonding, allowing the properties of carbon to be en-
gineered for a specific application. Carbon synthesis, namely microporous 3D
graphene-like carbon, has been employed using a zeolite template where ethy-
lene and acetylene are the main sources of carbon rather than pure graphite
[8]. In this specific case, the 3D graphene network can be formed inside the
zeolite framework whereas in our study we deposit carbon on the surface of
the zeolite samples. Another publication has also cited those carbon-based
materials have been deposited onto zeolite and amorphous silica by method of
methane decomposition [9]. In that study, different types of carbon material
such as multi-walled carbon nanotubes and graphene nanosheets were suc-
cessfully deposited onto silica-supported materials with an active Ni compo-
nent Ni/ZSM-5(25) (Nickel-Zeolite Socony Mobil-5) and Ni/ZSM-5(400).
Poly(acrylonitrile) and poly (furfuryl alcohol) were carbonized within zeolite
nanochannels and then extracted after an acid treatment was done according to
the researchers at Tohoku University in Japan [10]. The same group also suc-
cessfully extracted pyrolytic carbon by exposing the zeolite to propylene at very

high temperatures.
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In this work, carbon coated natural zeolite was fabricated by a novel method
of deposition of carbon films by e-beam evaporation of graphite followed by acid
treatment of the porous material. This study focuses on fabrication and charac-
terization of the new material, and not on applications. Properties of the coated
material were evaluated by gas sorption analysis, Fourier transform infrared
spectroscopy (FTIR), Raman Spectroscopy, Scanning Electron Microscope
(SEM), Energy Dispersive X-Ray Spectroscopy (EDS), and Thermal Gravime-
trical Analysis (TGA).

2. Experimental

Australian natural clinoptilolite zeolite (diameter: 0.7 - 1 mm, chemical compo-
sition: 68.26% SiO», 12.99% Al O;, 4.11% K,O, 2.09% CaO, 1.37% Fe,0s, 0.83%
MgO, 0.64% Na,O, 0.23% TiO,) was provided by Zeolite Australia Ltd. Carbon
graphite pieces (99.99%) and polyimide Kapton tape 2 inches diameter were
purchased from Kurt J. Lesker Company (Clairton, PA). Electron-beam graphite
evaporation was performed on a Lab 18 thin-film deposition system, Kurt J.
Lesker Company (Clairton, PA).

Zeolite was cleaned following the method published elsewhere [12]. The zeo-
lite particles were aligned on a piece of Kapton tape 2 inches (5.08 cm) in di-
ameter. This choice was purely based on the amount of particles which could be
placed on a single piece for each deposition process. A large diameter film can
hold more zeolite particles thus requiring less trials to obtain a large enough
sample for analyses. The Kapton tape was cut at roughly 6 inches (15.24 cm) in
length and folded over so that each side had the adhesive exposed. The particles
were simply poured over the surface of one side of the tape and spread uniform-
ly to ensure only one layer of particles was present. After the deposition process,
another piece of double-sided tape was pressed firmly against the recently coated
zeolites. This ensured that the other side of the zeolite particles could now be
exposed for the final deposition (Figure 1).

The thickness of the graphite being deposited was recorded by the crystal
sensors inside the vacuum chamber. The density and z-ratio of carbon graphite
were entered into the eKplise software to calculate it correctly. The rate and ac-
cumulated thickness were both monitored using the crystal which is located
above and to the right of the electron beam crucible.

Approximately 10 mg of dry powder sample was pulverized in a mortar and
pestle. All IR spectra were recorded at room temperature (21°C + 1°C) in the
mid infrared range (4000 - 150 cm™) using Shimadzu IR Tracer-100. Attenuated
total reflection (ATR) is a method that allows the direct measurement of
powder samples. ATR method involves pressing the sample against a
high-refractive-index prism and measuring the infrared spectrum using infrared
light that is totally internally reflected in the prism. Typically, 50 scans were sig-
nal-averaged for a single spectrum. Each spectrum is displayed in terms of ab-

sorbance as calculated from the reflectance-absorbance spectrum using the Lab
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Figure 1. Schematic diagram of electro evaporation of graphite onto the zeolite particles
and silicon wafer.

Solutions IR software. To minimize the difficulties arising from unavoidable
shifts, baseline correction was applied. Each spectrum was normalized as norma-
lization produces a spectrum in which maximum value of absorbance becomes 2
and minimum value 0. To improve the resolution of complex bands, the digi-
tized original spectrum was smoothed on noisy spectrum using Kubelka Munk
algorithm and converted into its second derivative using the Savitzky-Golay al-
gorithm [13] using 30-point smoothing. Raman spectra were taken using a Ra-
man spectrometer with a 633 nm laser excitation (Renishaw 1000B).

The surface area, pore size and total pore volume distribution were deter-
mined by N, adsorption isotherm, with relationship between the volume of ni-
trogen adsorbed at standard conditions (V) and the partial pressure (p/p0) at 77
K (Autosorb IQ2, Quantachrome Instruments). Before analysis, samples were
pretreated by degassing at 350°C for 12 h, to remove any adsorbed species, and
ensure pores are void of all other gasses before analysis. Additionally, before anal-
ysis a “secondary” degassing was performed, utilizing the Autosorb IQ2’s “manual
mode” function, for 15 minutes in the analysis station, using a combination of fine
and course vacuum pumps. The pore size distributions were obtained by using the
de-Boer V-T method and the Barrett-Joyner-Halenda (BJH) method. Surface are
calculations which were made using the Non-Linear Density Functional theory
(NLDFT, a modified version of Brunauer-Emmett-Teller (BET) suited for mi-
croporous samples and BET equation, a common method of surface area analy-
sis. The morphology and composition of the zeolite particles were characterized
using a Hitachi S-4800 field emission scanning electron microscope (FESEM).
Samples were mounted on a carbon tape and coated with sputter with a conduc-
tive 2 nm iridium on SEM stubs and viewed at an accelerating voltage of 15.0
kV. The chemical composition of the treated zeolite was determined by an ener-

gy dispersed spectroscopy (EDS) coupled to FESEM.
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Thermogravimetric Analysis (TGA) was carried out using a Shimadzu
DTG-60AH with a heating rate of 5°C-min™! in air atmosphere. The zeolite sam-
ples were added to a platinum pan filled to roughly one-fourth of the pan height.
A reference platinum pan was used with no sample added to it during the analy-

sis.

3. Results and Discussion

Raman and IR spectroscopy are techniques widely used to characterize zeolite
samples based on their unique structural framework. Information such as the
zeolite framework, cation locations, and adsorption and catalytic reactions have
been explored extensively using these characterization methods [14]. Raman
spectra of carbons (Figure 2) show several unique features in the 800 - 2000
cm™ range. The regions in which we are most concerned are the D and G peaks
which lie around 1350 (D) and 1600 cm™ (G) [15]. The D peak is due to the
breathing modes of sp* bonding in rings while the G peak is due to the bond
stretching of all pairs of sp? bonding within both rings and chains of carbon [15].
The graphite before being exposed to the electron beam shows peaks for the D
and G bands, respectively, with an intensity ratio (D/G) of approximately
0.84533. Interestingly, the graphite after the electron beam exposure has a D
band that shows a much lower intensity, and this graphite sample had an inten-
sity ratio (D/G) of 0.5299. The decrease in intensity is indicative of decreased sp*
bonding in the carbon rings, moving towards a more disordered carbon network
[16]. This ratio implies that the electron beam has altered the D band structure

in the graphite, but the G band remains relatively the same. The porous particles
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Figure 2. Raman spectroscopy (top to bottom) of pure graphite, graphite after e-beam
exposure, carbon-coated zeolite, and silicon wafer with carbon coating.
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with a 0.45 kA coating show intensities for both the D and G bands, however,
the D/G ratio is 0.8899. The broadness and less intense peaks of the Raman
spectra of the coated particles compared to pure graphite indicates that bonding
disorder is occurring after electron beam exposure. According to Ferrari, bond-
ing disorder of carbon can be characterized by G and D peak dispersion where
the dispersion is proportional to the degree of disorder [17]. A silicon wafer was
placed onto the substrate platen next to the zeolite particles during the deposi-
tion process. The Raman spectra for the silicon wafer show only one broad peak
in between the D and G band peaks of the aforementioned graphite samples.
This large, broad peak was not expected from the wafer but more or less con-
firms the deposition of a highly disordered carbon film on the surface that exhi-
bits a “hybrid” of bonding between the G and D peaks [18]. Such a broad distri-
bution between the G and D peak location confirms the disordered structure of
amorphous carbon that is on the surface of the wafer.

Vibrational spectroscopies have been one of the most widely used methods to
characterize the structure of zeolites as well as their changes in structure during
synthesis and usage [19]. The focus is on the vibrational modes such as the
bending and stretching frequencies that are seen in these porous particles. The
zeolite framework is composed of a tetrahedral network composed of TO, (T
denotes Al or Si) that give rise to typical bands in the mid-IR and far-IR regions
[3]. The silica bending peaks, O-Si-O, around 1050 - 1051 cm™, are the most
notable difference one can see from the FTIR curve (Figure 3(a)) [20]. The 0.45
kA carbon-coated porous particles have much more intense silica peaks which
suggests that the coating on these particles is raising the overall prominence of
silica within the molecular framework of the material. The acid treated particles,
on the other hand, have the lowest intensity peaks for the silica bending band.
When zeolites are treated with acid, they can be de-aluminated. This means that
the acid treatment removes a significant amount of aluminum from the zeolite
framework and thus disrupts the alumina ( AlO; ) tetrahedral framework within
the particles [6] [9]. The alumina peak (AI-OH) at 3630 cm™ can be seen at its
highest intensity within the clean porous particles and almost non-existent for
the acid-treated particles (Figure 3(b)) The coated zeolite have a less intense
peak at 3630 cm™, but clearly not as small of a peak as the acid-treated particles.
The acid treatment seems to be effective in de-aluminating the porous materials.
The carbon-coating seems to have restored some of the structural Si and Al of
the samples that was lost with the acid treatment, which may explain why the Si
and Al peaks were both larger afterwards. This re-alumination, in addition to
inserting Si back into the framework, peaks the coatings ability to restore the
crystallinity of the sample.

Using the BET model via nitrogen adsorption at 77 K is an effective way of
determining surface area of a porous material. However, it is generally accepted
that the BET equation is not suitable for microporous materials [21]. The Non
Local Density Functional Theory (NLDFT) equation, a modified BET model, is
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Figure 3. FTIR plots. (a) Silica peak at 1050 - 1040 cm™. The 0.45 A
carbon-coated particle has the highest and most intense peak when
compared to the other samples. (b) Alumina peak at 3610 cm™. The
raw particle has the highest peak position, while the acid treated par-
ticle has the lowest and least intense. The clean and 0.45 kA car-
bon-coated particle have nearly identical peak positions.

suited for microporous materials, and is the method used in this study to calcu-
late the pore size and surface area of the material [22]. Table 1 shows properties
of zeolite that determine its adsorption capacity: pore diameter, pore volume,

and overall adsorption surface area.
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Table 1. Surface area, pore volume, and average pore width of each zeolite specimen.

. Surface Area Pore Volume Average Pore
Zeolite . .
(m*g™) (cm®g™) Width (&)
Raw zeolite 10.39 0.005 7.16
Clean zeolite 15.15 0.034 10.24
H>SO4 treated 108.50 0.032 5.31
Carbon coated zeolite 160.05 0.044 5.31

The carbon coating on the zeolite surface appears to have increased the sur-
face area of the material in its natural state more than tenfold (from 10.38 to
160.05 m*g™). Other studies report having similar metal organic frameworks
that often have surface areas exceeding 500 m?-g™ [23] [24]. Additionally, these
particles come nowhere near the surface area of ordinary activated carbon
frameworks, which can be near 2000 m?*g™" as reported in some studies [25].
Pore volume also increased from 0.00557 to 0.0446 cm’-g!, which is a large in-
crease by almost a factor of 10. The average pore radius decreased from 7.16 to
5.305 A, which indicates that the treatment was effective in opening incredibly
small void spaces commonly referred to as micropores in the framework. This
would explain why the average pore radius decreased, but the overall pore vo-
lume increased drastically [26]. This agrees with comparison of isotherms of
both raw particles and coated particles (Figure 4). The almost vertical portion of
the curve for the coated material extends up to about 25 cm’, indicating more
volume is being accounted for by micro pores in this sample, which fill at lower
pressures.

Enhanced adsorption properties are evidenced by SEM image (Figure 5),
which depicts typical elongated features of zeolite and smaller particles, which
are the result of the acid treatment and carbon coating. In addition, SEM images
suggest that particles are homogeneously coated as dark areas can be consistent-
ly observed.

EDS data (summarized in Table 2) quantifies the impact the treatments have
on the overall Si and Al concentrations of the raw material, clean material,
H,SO, treated, and carbon-coated zeolite samples. The mass percentage and
atomic percentage of each constituent of the zeolite can be determined. In this
case, we are primarily concerned with the Si/Al ratio of each sample, which in-
crease after the e-beam coating.

The acid treatment produced the highest overall Si/Al ratio and had the lowest
Al% by mass. These results support the theory that the acid treatment should
dealuminate the zeolite. The carbon coated material re-aluminated the sample
and brought the Si/Al ratio close to what it was for the raw material (3.95 Si/Al
originally to 4.12 Si/Al with the carbon coated sample). Additionally, the indi-
vidual Si % and Al % returned to similar percentages compared to the raw ma-

terial.
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Figure 4. Isotherm of raw material (a) and coated material (b). Notice how the almost
vertical portion of the curve for the coated material extends up to about 25 cm?, indicat-
ing more volume is being accounted for by micro pores in this sample, which fill at lower
pressures.

Figure 5. SEM images of the e-beam treated par-
ticles at 20x magnification.

Table 2. Atomic % and weight % of Al and Si for each sample. The graphene sputtering
not only restored the Si/Al ratio of the clean material but increased it to from 12.803 to
13.685.

. Al Al Si Si Si/Al mass
Zeolite . . . . .
atomic %  weight %  atomic % weight % ratio
Raw Zeolite 5.38 7.65 21.17 30.23 3.95
Clean Zeolite 1.85 2.59 22.80 33.16 12.80
Acid Treated 1.18 1.78 15.52 24.36 13.69
Carbon coated zeolite 5.18 7.31 20.51 30.13 4.12

Thermal analyses were performed on the carbon-coated zeolite sample and
compared alongside a clean and acid-treated zeolite sample for reference. The
TGA curves for each sample (Figure 6) are very similar which suggests that the
thermal properties between them are somewhat related depending on the tem-
perature range.

The carbon-coated zeolite exhibits a smaller weight loss at temperatures
greater than 250°C compared to the acid-treated and clean zeolite samples. Each

zeolite sample shows a large drop in weight loss percentage at temperatures up
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Figure 6. TGA plot of carbon coated, clean, and acid-treated zeolite.

to 150°C - 175°C which is most likely due to the desorption of free water mole-
cules trapped inside the pores of the zeolite framework. The carbon-coated zeo-
lite lost 5.75% mass while the clean and acid-treated samples lost 5.25% and
5.09% from room temperature up to 175°C. At 500°C, the carbon-coated zeolite
loses 8.65% of its initial weight while the clean and acid-treated samples lose
9.96% and 9.18%.

This shows that the carbon-coated zeolite samples are slightly more thermally
stable at higher temperatures when compared to the clean and acid-treated zeo-
lites but not by much. A similar study including TGA analysis on zeolite/carbon
activated composites by Lakhera [27] shows a similar decrease in weight at
around 10% - 13% between this temperature range. A study was done by Masika
and Mokaya [28] where TGA was performed on zeolite-templated carbons
showed a decrease in percent weight loss between 23% - 90% but at higher tem-
peratures greater than 400°C. Between the temperature range of 400°C - 550°C it
appears the weight loss is attributable to the combustion of the carbon compo-
nent associated with the zeolite framework.

This study focuses on the fabrication of the new material and characterization
and not on applications. Even though financial analysis has not been performed,
we expect the cost of the material to be high considering the sophisticated depo-
sition utilized in the fabrication process. Given the properties of the new materi-
al we expect it to be suitable for sensors and specialized filtration materials. Fu-
ture work includes investigation of potential industrial applications of these

treatments and its commercial viability.

4. Conclusion

FTIR results showed that the raw material does in fact have a higher concentra-
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tion of Al bonds within the framework and that the acid treatment is effective in
dealumination of these materials. In addition, FTIR profile was significantly
more prominent on the e-beam treated particles, followed by clean, closely fol-
lowed by raw, and the acid treated particle had the most diminished Si-O-Si
peak. This implies that the sulfuric acid treatment not only significantly impacts
the framework of the Al bonds, but also reduces the dominance of the Si bonds
within the silica framework. The final e-beam treatment increased the overall
adsorption surface area from 10.386, to 160.05 m*g™, more than a tenfold in-
crease. The reduction in D/G band intensity and increased D/G peak broadness
from pure graphite compared to the coated zeolite specimens is evidence that
there is a degree of carbon bonding disorder occurring during the deposition
process. The carbon-coating not only restores this crystallinity, but re aluminates
the zeolite, and brings the Si/Al ratio close to what it was for the raw material.
The carbon coating also restores the bulk of the inter framework Si that was
present in the raw material. Future work includes investigation of industrial ap-

plication of the new material and its commercial viability.
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