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Abstract: This study investigates the structural and adsorption characteristics of channel- and cage-
type zeolites obtained through lithium extraction. Through XRD, FT-IR spectroscopy, and adsorption
isotherm analyses, distinct adsorption behaviours of CH4 and CO, were observed in both zeolite types.
Cage-type zeolites exhibited higher adsorption capacities attributed to their structural advantages,
highlighting the importance of structural framework selection in determining adsorbent efficacy. The
presence of structural defects and an amorphous phase influenced adsorption behaviours, while
thermodynamic data underscored the role of adsorbate properties. Kinetics studies revealed the
influence of the structural framework on CHy adsorption and CO, adsorption kinetics. Analysis
of adsorbate-adsorbent interactions demonstrated robust interactions, particularly with LPM16-Y.
These findings offer insights into the potential applications of zeolites in gas adsorption processes,
emphasising the importance of structural properties and adsorbate characteristics in determining
adsorption performance.

Keywords: lithium extraction by-product; cage-type zeolite; channel-type zeolite; CH4 /CO, competitive
adsorption

1. Introduction

The extraction of lithium from beta-spodumene involves a series of chemical processes,
including acid leaching, calcination, and solubilisation with chemical additives containing
actinides, resulting in the production of Li;COj3 and a silica-aluminous residue. Chen and
co-workers recently outlined various methods for lithium extraction from beta-spodumene,
yielding Si- and Al-rich aluminosilicate residue alongside residual lithium in exchange-
able ion form. They proposed utilising this aluminosilicate residue post-extraction for
synthesising molecular sieves, specifically zeolites [1].

Zeolites are well known for their microporous structures and serve as efficient ad-
sorbents across multiple industries, aiding in the separation of gases such as CH,, NH3,
H5S, Ny, Op, and CO; [2]. Despite extensive research on microporous zeolites of FAU
and MOR topology, the understanding of the interplay between the structure, adsorption
characteristics, and physicochemical properties of these materials remains incomplete,
especially concerning gas adsorption at ambient or slightly elevated temperatures [3].

Gas adsorption studies are essential for comprehending processes like gas separation,
purification, and storage. Factors such as Si/ Al ratio, crystallinity, pore size, and surface
area, alongside adsorbate properties, influence gas adsorption characteristics [4—6]. There-
fore, elucidating the relationship between different zeolite structures, including channel-
and cage-like configurations, and diverse adsorbents is critical.

This study presents the synthesis of zeolites of FAU and MOR topologies through
a modified lithium extraction procedure, where lithium salt and zeolite are recovered
as the primary product and by-product, respectively. Subsequently, a comprehensive
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structural characterisation of these materials is conducted to provide insights into channel
and cage-type structures.

2. Materials and Methods

Beta-spodumene, provided by Companhia Brasileira de Litio (CBL), with a Si/Al
molar ratio of 2.6, was utilised. Its chemical composition is detailed in Table 1. Reagents
utilised include aluminium hydroxide (99+%, Dindmica) (Dindmica, Sao Paulo, Brazil),
ammonium bicarbonate (99+%, Synth) (Synth Chemical, Bologna, Italy), demineralised
water, Aerosil 200 fumed silica (99.8%, Sigma) (Sigma-Aldrich, St. Louis, MO, USA), sodium
carbonate (99.5%, Dindmica), and sodium hydroxide (98+%, Sigma).

Table 1. Chemical analysis of the beta-spodumene sample (wt%).

Component SiO, Al,O3 Li,O Fe, O3 K,O Others
Content (%) 68.97 22.31 6.43 0.92 0.42 <0.40

The experimental process is outlined in Figure 1. A strategic approach was devised
for lithium recovery while promoting a by-product with zeolite characteristics: to produce
a by-product akin to FAU zeolite, the procedure commenced with the reflux digestion of
approximately 1.0 g of ground beta-spodumene in 50 mL of 0.75 mol/L NaOH solution
at 80 °C for around 4 h. The resulting paste was mixed with a solution containing about
3.0 g of AI(OH)3 to adjust the final Si/Al ratio (SAR) (or any alternative source of alu-
minium to adjust the SAR of the desired zeolite from the initial beta-spodumene) along
with 1.0 g of Na,CO; dissolved in 50 mL of 2.0 mol/L NaOH solution and left under
moderate agitation for 30 min. The resulting gel, with an approximate molar composition
of 10NayO:1Al,03:50r115i0,:170H,0:0.2Li, O, was then subjected to treatment in a Teflon-
lined autoclave at 90 °C for 6 h under static conditions. To facilitate the recovery of lithium
salt during the leaching phase, ammonium salt was added to the supernatant at room tem-
perature, followed by filtration, gentle stirring, and overnight drying at 60 °C to precipitate
LipCO;3 crystals from the filtrate and recover zeolitic solids from the slurry retained on the
filter paper; the cooled autoclaved solution underwent solubilisation with approximately
3.5 g of NH4HCOj3 at room temperature for 4 h. The solution was then filtered and washed
until the supernatant reached a pH < 8, followed by overnight drying in an oven to obtain
a zeolite by-product resembling zeolite X (designated LPM16-X) and similar to zeolite
Y (LPM16-Y) when approximately 1.8 g of AI(OH)3; was used in stage 2. Similarly, to
produce a by-product with the characteristics of mordenite zeolite, the procedure utilised
approximately 1.0 g of ground beta-spodumene refluxed in 50 mL of 1.2 mol/L NaOH
solution. Subsequently, around 21.4 g of aerosil silica was added to the autoclaved gel
with a molar composition of 6Na,O:1Al,03:30510,:765H,0:0.2Li,O, followed by exposure
to 150 °C for 48 h in a Teflon autoclave. After treatment with NH,HCQO3, filtration, and
oven drying, the resulting by-product comprised a MOR-type zeolite (LPM17). In general,
lithium recovery rates were achieved through recirculation of the mother liquor from the
filtered lithium bicarbonate solutions, yielding a lithium content of 290 mg/L without
further enrichment.

The structural properties of the zeolites were characterised using XRD (PANalytical
CUBIX, X'Celerator) (Malvern Panalytical, Worcestershire, UK), SEM (JEOL, JSM 6300
model with Link-Isis) (JEOL Ltd., Tokyo, Japan), and FI-IR (Nicolet 710 FT-IR Spectrometer)
(Thermo Fisher Scientific, Waltham, MA, USA) to aid in understanding their adsorption
and gas—zeolite interaction characteristics. The intensities of specific diffraction peaks
in the sample were compared to those of a commercial standard sample to calculate
relative crystallinity (the synthesised zeolites were compared with commercially available
NaX, NaY, and mordenite). The SAR data of our faujasite and mordenite samples were
inferred from the unit cell parameter obtained in XRD patterns and a combination of
techniques primarily involving intensity ratios of the characteristic peaks in XRD patterns
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and subsequently confirmed through energy dispersive X-ray spectroscopy (EDS elemental
analysis) of samples recovered in stage 4 [7]. Specifically, peak intensities corresponding to
the mordenite structure were employed for this calculation, ensuring that the estimate was
specific to our synthesised mordenite phase. Physicochemical properties of the microporous
solids, such as specific surface area, micropore volume, mesopore and macropore volume,
pore size, and distribution, were determined from N; adsorption data using a Micromeritics
Model TriStar 3000 (Micromeritics Instrument Corporation, Norcross, GA, USA) and the
BET equation. Surface area (BET method) and average pore diameters for the zeolite
samples (BJH adsorption) were calculated using the ASAP 2020 physisorption analyser’s
software (Version 2.00). Each zeolite underwent vacuum pretreatment at 673 K for 2 h
to remove water and other sorbed materials. The solid samples were then weighed in a
sample tube, cooled to 77 K (liquid nitrogen temperature), and exposed to nitrogen gas
at low pressure (gradually increasing to 1 bar) to measure the volume of gas adsorbed at
equilibrium (cm3/g) against the partial pressure of the adsorbate (p/p,). Gas adsorption
characteristics were analysed using methane (CHy) and carbon dioxide (CO,) as adsorbates,
with measurements including capacity (gravimetric method using thermal gravimetric
analyser—PerkinElmer, TGA) (PerkinElmer, Waltham, MA, USA), rate, and isotherms
of gas adsorption at 298 K, assessing gas—solid interactions by measuring the amount of
adsorbed gas in mol per gram of solid adsorbent (mmol/g).

Beta-spodumene
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Figure 1. Flowchart of the experimental procedures used in this study.

3. Results and Discussion
3.1. Structural Framework

The structural framework of each material recovered in stage 4 after drying was
assessed by comparing the XRD patterns of the samples with simulated patterns [8], shown
in Figure 2. The XRD patterns of materials LPM16-X and LPM16-Y resemble faujasite
topology (hence only one XRD pattern is shown). Materials LPM16-X and -Y differ in
terms of SAR, with LPM16-X having a SAR of 2.4 and LPM16-Y a SAR of 5.0, both in
the sodium form. In contrast, the patterns of material LPM-17 resembled the topology of
sodium mordenite, showing a SAR of approximately 18 [9], significantly higher than that
predicted by the gel composition.
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Figure 2. XRD patterns of the by-products resulting from the process illustrated in Figure 1.

The IR spectra of the zeolite by-products in the 1400400 cm ! region underwent
analysis (see Figure S1 and Table S1 Supplementary Materials).

Two classes of characteristic vibrations were identified: internal vibrations, insensitive
to structural variations, and vibrations linked to external connections between tetrahedra,
sensitive to the structural framework [8]. The stretching band at 950-1250 cm~!, which is
SAR-sensitive, shifts to a lower frequency with increasing Al content. This information is
depicted in Supplementary Figure S1, where the highest wavenumber elongation modes
are assigned to SAR = 13.6 (1097 cm~!) and SAR = 4.5 (1035 cm™!) for LPM16-Y and
LPM16-X, respectively [10]. Additionally, a double ring presence in the 540-585 cm !
region, independent of SAR, was observed [11]. Other bands associated with the structure’s
topology, attributed to external binding modes, appeared near 1050-1150 cm ™! in the
asymmetric stretching region [10].

The XRD patterns, FT-IR spectra, and morphology (Supplementary Figure S2) aided
in classifying the obtained materials into two groups: (i) cage-type zeolites (LPM16-X
and LPM16-Y), possessing an internal pore system of interconnected cavities, and (ii) a
channel-type zeolite (LPM17), characterised by a two-dimensional channel system.

3.2. Physicochemical Properties

In the Supplementary Materials (Figure S3), the N, adsorption isotherms of cage- and
channel-type zeolites are presented. The experimental isotherm for the channel-type zeolite
(LPM17) exhibits a type I isotherm with a slight slope at the end, indicating the presence of
a mesoporous or external area [5]. Conversely, the adsorption isotherms for the cage-type
zeolites demonstrate a rapid increase in adsorbed amount followed by a plateau at higher
pressures, indicative of a limited volume of the adsorbed phase due to microporosity [12].
Additional data on the area of micropores, volume, and mean pore diameter are provided
in Table 2. The results suggest structural differences between the zeolite types, which
influence their adsorption behaviour.

The calculated area encompasses both micropore and outer-surface areas, providing
space for gas molecule adsorption. This confirms a larger surface area for cage-type zeolites,
consistent with data reported by Zeolyst International for FAU (760-885 m?/g) [12]. This
variance can be attributed to the complexity of surface area access, influenced by pore
blockage, resulting in the lower nitrogen adsorption observed in channel-type zeolites [5].
The one-dimensional pore network of mordenite structures presents more pore blockages
than the open three-dimensional structural configurations found in faujasites [13]. Conse-
quently, faujasites offer advantages in terms of surface area and pore volume, facilitating
greater adsorbent accumulation and absorption within the cage structure.
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Table 2. Adsorption isotherm data, micropore area, volume, and mean pore diameter.
RC!? Surface Area (m?/g) Pore Volume (cm3/g) APD 2
By-Product o

(%) BET Micropore Micropore Meso/Macro (nm)
LPM16-X 79 552.4 539.5 0.20 0.022 1.48
LPM16-Y 83 833.1 808.6 0.29 0.026 1.58
LPM17 100 505.1 452.9 0.17 0.070 2.96

1 Relative crystallinity; 2 average pore diameter.

Additionally, these structures exhibit relatively smaller mean pore diameters compared
to channel-type zeolites, attributed to faujasites” ability to maintain microporosity [8]. The
larger pore diameter observed in channel-type zeolites arises from the presence of meso-
and macropores, contributing to the total pore volume. The average pore size accounts for
both micropore and meso-macropore dimensions [12].

3.3. Gas Adsorption Capacity

The assessment of CHy and CO, adsorption capacity on cage- and channel-type
zeolites at 323 K and 1 bar was conducted (Figure 3). The results indicate that cage-type
zeolites exhibit superior adsorption capacity compared to channel-type zeolites, with a
consistent trend observed across LPM16-X > LPM16-Y > LPM17 for CH4 and LPM16-Y >
LPM16-X > LPM17 for CO,. Though no explicit factors justify the variation in adsorption
capacity between the gases, CH4 shows relatively higher adsorption than CO,, possibly due
to the structural and physicochemical properties of the adsorbents elucidated in this study.
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Figure 3. CH, and CO; adsorption capacity in channel- and cage-type zeolite by-products.

Equally important to adsorption capacity is the total accessible volume. The FAU
topology boasts one of the largest accessible volumes among framework structures (27.4%
of the IZA database), more than double that of the MOR topology (12.27%). While this
information directly explains the variance in gas adsorption capacity between LPM16 and
LPM17 zeolites, we will maintain a focus on distinguishing between channel and cage
structures throughout the text.
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Cage-type structures outperform channel-type structures, likely due to the presence
of supercage and sodalite cages that encapsulate adsorbents within the structure [14].
However, the interconnected pore network between channels and cages can influence
adsorbate diffusivity, where deposition within channels can impede diffusion and gas
molecule adsorption [9].

The adsorption capacity of cage-type structures at 323 K and 1 bar surpasses that
of channel-type structures, attributed to higher gas molecule penetration into the cage
structure, enhancing adsorptive capacity. These affirmations align with Qin and co-
workers’ (2017) suggestion that cage-type structures act as storage containers for polyatomic
molecules based on pore size [12].

The relationship between pore size, surface area, and the adsorption capacity of
CH4 and CO; in various zeolites is illustrated (Figure 4). Variations in pore size and
surface area significantly impact gas adsorption capacity, with faujasite structures (LPM16-
X and LPM16-Y) exhibiting superior adsorption capacity compared to channel-type zeolite
(LPM17) due to their larger pore and cage sizes mitigating significant pore blockage. Despite
the theoretical expectation of higher surface area and pore volume leading to increased
adsorption capacity, mordenite LPM17 exhibits relatively high surface area (505 m?/g)
and pore volume (0.17 cm3/g) but does not adhere to this pattern, possibly due to the
confinement effect of zeolite structures [15]. Additionally, factors such as pore wall aperture
and structure, interaction between surface atoms and diffusing molecules, and channel
connectivity influence CH4 and CO, adsorption [16,17].
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Figure 4. Relationship between pore size, surface area, and adsorption capacity of CHy and CO,.

3.4. Adsorption Isotherms

The adsorption isotherms for CHy and CO; on cage-type zeolites at 298 K are depicted
in Figure 5. The shapes of these curves vary based on the type of adsorbate. Notably, CH,
exhibits a higher affinity for adsorption compared to CO,, as indicated by the significant
increase in CHy adsorption at different pressure levels. Interestingly, CO, adsorbs at
least ten times less than CHy, despite their similar kinetic diameters (0.38 nm for CHy
and 0.33 nm for CO,), allowing them to pass through the pore openings of zeolites. This
difference in affinity between CH4 and CO; in type X and Y zeolites can be attributed to
structural charges and cation effects, along with the distinction between cage and channel
structures. The polar nature of CO, facilitates strong interaction with the negative structural
charges balanced by cations in low-SAR zeolites like faujasites. Conversely, nonpolar CHy
is less favoured in these environments [18,19].
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Figure 5. CH, and CO; adsorption isotherms.

3.5. Adsorption Kinetics

The adsorption dynamics of CHy and CO, in cage- and channel-type zeolites are
illustrated in Supplementary Figure S4, providing valuable insights into their distinct
adsorption kinetics. In cage-type zeolites (LPM16-X and LPM16-Y), CH, adsorption shows
a gradual, nearly linear increase over time, in line with prior research, such as that of
Grifone and co-workers (2021), who suggested that CH4 adsorption primarily results
from a confinement effect within the zeolite structure rather than interactions with acidic
sites [20]. Conversely, CO, adsorption displays convex curves for both zeolite groups.
Initially, the adsorption rate is relatively sluggish, followed by a rapid ascent until reaching
a plateau, indicating that CO, molecules initially bind to robust sites within the zeolite
structure, likely influenced by COys quadrupole moment, before occupying outer structural
sites [19]. This disparity in uptake rates between materials LPM16 and LPM17 is partly
attributed to the three-dimensional connections between FAU cages, whereas the channels
in MOR topology are one-dimensional.

Fractional adsorption curves (q/qm) were utilised to further elucidate the adsorp-
tion characteristics, revealing the influence of the zeolite’s structural framework and the
properties of the adsorbates. Analysis of initial adsorption rates and equilibrium times,
summarised in Supplementary Table S2 and in Figures 6 and 7, offers insights into how
molecules interact with zeolites of varying frameworks and physical-chemical properties,
critical for understanding the efficiency of the adsorption process.
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Figure 6. Effects of pore volume and surface area on the initial CHy and CO, adsorption rate of cage-
and channel-type zeolite by-products.
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Figure 7. Effects of pore volume and surface area on the CHy and CO, equilibrium time of cage- and
channel-type zeolite by-products.

During the initial adsorption stage (Figure 7), both LPM16-X and LPM16-Y zeolites
exhibit higher adsorption rates compared to LPM17 for both gases, suggesting the presence
of preferential adsorption sites on the zeolitic surface, potentially including cationic sites
and defects within the zeolite structure [21]. Furthermore, the slower adsorption of CHy
compared to CO, may be attributed to differences in molecular structural orientation [19].
While high initial adsorption rates do not necessarily translate to high adsorption capaci-
ties, factors such as the size of the adsorbate molecule relative to micropore size and the
resistance to diffusion significantly influence the overall adsorption process [16]. Equilib-
rium time data (Figure 7) reveal that CO, reaches equilibrium faster than CHy, indicating
potential interactions between sodium cations and CO, molecules. Moreover, zeolites with
larger surface areas and pore volumes exhibit longer equilibrium times, possibly due to
adsorbates transitioning between adsorption sites before final adsorption occurs [22,23].
The presence of defects in zeolites resulting from the lithium extraction process also plays
a crucial role in influencing the adsorption process. Zeolites with larger pore sizes tend
to have longer equilibrium times, likely due to the presence of defects within the zeolite
structure [4]. In contrast, channel-type zeolites achieve equilibrium in less than 50 min,
probably due to the specific pore network system and strong molecule-zeolite interactions
within the channels.
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3.6. Adsorbate—Adsorbent Interaction

The FT-IR spectra of adsorbed CH,4 molecules, depicted in Supplementary Figure S5
within the regions of 3200-2800 cm~! and 1500-1200 cm ™!, emphasise the asymmetric
band peaks (3040-2970 cm ') and symmetrical peaks (1380-1335 cm™!) [24]. During
gas adsorption, the interaction between molecules and a solid surface is influenced by
experimental conditions (temperature and pressure), gas type, and the surface properties of
the adsorbent. In macroporous materials, the dominant interaction is adsorbate-adsorbate,
while in microporous materials, adsorbent-adsorbate interaction prevails [25,26]. This
interaction is reflected in the asymmetric and symmetric bands visible in the FT-IR spectra
due to electrostatic forces such as C-Na, H-O, Si-C, O-Na, O-Si, and C-O between CH4 and
CO; molecules and zeolites [11].

The peak observed at approximately 3020 cm~! indicates the asymmetric band of
adsorbed CHy, signifying the free rotation of adsorbed molecules around a single axis
perpendicular to the adsorbent’s surface [11]. Notably, peak intensities in cage-type zeolites
(LPM16-X and LPM16-Y) are more pronounced and distinct than those in channel-type
zeolites (LPM17). The presence of supercages within faujasite structures (LPM16-X and
LPM16-Y) affords greater freedom for adsorbed molecules to rotate, experiencing a symmet-
ric field formed by the zeolite pore walls [27]. Conversely, the appearance of the symmetric
band peak around 1365 cm~! suggests weak adsorbate-adsorbent interaction in channel-
type zeolites. In contrast, FT-IR spectra for cage-type zeolites exhibit clearer asymmetric
and symmetric band peaks due to the confinement effect, indicating a stronger CHy—zeolite
interaction [12,28].

4. Conclusions

The innovative approach presented here has proven effective in obtaining faujasite
and mordenite zeolites while facilitating the recovery of lithium from beta-spodumene
in the form of Li,COj3. The evaluation of these distinct zeolite structures underscores the
superior adsorption capabilities of cage-type structures (LPM16-X and LPM16-Y) compared
to a channel-type zeolite (LPM17). It was noted that the presence of structural defects
resulting from synthesis enhances the availability of active sites, although the presence of
an amorphous phase restricts gas adsorption in LPM17. Thermodynamic data elucidate the
influence of adsorbate properties, such as the nonpolar nature of CHy and the quadrupole
moment of CO,, on adsorption. In distinguishing between the affinities of CHy and CO; in
type X and Y zeolites (LPM16), structural charges and cationic effects play a more significant
role than the distinctions between cage and channel structures. Specifically, the polar nature
of CO, promotes strong interaction with negatively charged structural sites balanced by
cations in low-SAR zeolites. Furthermore, the variation in absorption rates between LPM16
and LPM17 materials can be partly attributed to the three-dimensional connections among
FAU cages, while MOR topology channels are one-dimensional.

5. Patents

The invention patent resulting from the work reported in this manuscript was issued
under record number BR102018016312-4.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/min14050526/s1, Figure S1: FI-IR spectra of zeolite by-
products; Figure S2: SEM images: (a) beta-spodumene; (b) LPM16-X; (c) LPM16-Y; and (d) LPM17;
Figure S3: Experimental isotherms for cage- and channel-type zeolites; Figure S4: CH, and CO,
fractional uptake curves of cage- and channel-type zeolites at 323 K and 1 bar; Figure S5: FT-IR spectra
of CHy adsorbed on cage- and channel-type zeolites at 293 K and 1 bar; Table S1: Structural groups
detailed via FI-IR spectroscopy; Table S2: Initial adsorption rate, equilibrium time and adsorption
capacity of CHy and CO, on cage- and channel-type zeolites.
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