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A B S T R A C T

This study presents the environmentally sustainable synthesis of zeolites from solar-calcined kaolin and hal
loysite, emphasizing their application in CO2 capture due to their distinctive porous structures and chemical 
attributes. Expanding upon prior research that utilized solar energy for kaolin calcination, we now explore 
halloysite as an alternative clay mineral for zeolite production and CO2 capture. Employing a solar simulator, 
halloysite was calcined at temperatures ranging from 700 to 1000 ◦C, resulting in the synthesis of zeolites 4A and 
13X via hydrothermal methods. The synthesized zeolites were characterized using X-ray diffraction (XRD), low 
angle XRD (LA-XRD), transmission electron microscopy (TEM), and field-emission scanning electron microscopy 
(FE-SEM), and Brunauer–Emmett–Teller (BET) surface area measurements. Notably, the presence of Al-Si spinel, 
which crystallizes at elevated solar calcination temperatures, persisted within the zeolite 13X matrix, inducing a 
secondary mesoporous phase. The observed hysteresis in 13X samples, rather than confirming the mesoporous 
character of zeolite 13X, indicates a tandem effect of mesoporous Al-Si spinel with microporous zeolite 13X, 
exemplifying systems known as micro/mesoporous zeolitic composites (MZCs). The correlation obtained be
tween the interplanar distances calculated from LA-XRD and pore size distributions acquired from the BJH 
desorption branches highlights LA-XRD as an alternative analysis method for assessing mesoporosity. While the 
microporosity of Al-Si spinel possessing 13X samples positively correlates with CO2 capture performance, mes
oporosity appears to have minimal impact. Among the zeolites synthesized using solar energy, zeolite 4A (LTA) 
demonstrates superior CO2 capture capability, achieving an adsorption capacity of 2.15 mmol/g at 25 ◦C and 1 
bar. This study highlights the potential of solar energy in producing eco-friendly zeolites from kaolin and hal
loysite for improved CO2 capture, advancing sustainable environmental solutions.

1. Introduction

Kaolinite and halloysite, as clay minerals, have pivotal roles in 
diverse industries, including ceramics, chemicals, and food production 
as well as in the creation of geopolymers, geopolymer-based composites, 
zeolites, and intercalates (Bundy, 1993; Zhang et al., 2020; Buyondo 
et al., 2022). The transformations occurring during the thermal treat
ment of kaolin (clay which is rich in kaolinite mineral) and halloysite, 
and their mechanisms and kinetics, have been extensively investigated 
using various methods. During the calcination of kaolin and halloysite, 
distinct thermal processes occur at different temperature ranges. 
Dehydroxylation takes place at 450–700 ◦C, converting the clay into its 

reactive amorphous meta phase. The clay material goes through an Al-Si 
spinel crystallization at elevated temperatures of 925–1050 ◦C resulting 
in the simultaneous formation of amorphous silica (Ptáček et al., 2010). 
Upon calcination, these minerals transform into their respective 
meta-forms, exhibiting enhanced reactivity and porosity (Bakera and 
Alexander, 2019). This thermal alteration not only broadens their utility 
in the synthesis of advanced materials like zeolites but also highlights 
their significance in sectors demanding high-performance, environ
mentally sustainable materials (Novembre et al., 2011; Belviso et al., 
2013; Kirdeciler and Akata, 2020). When the transition from raw to 
calcined states is achieved by solar calcination, it unlocks new poten
tials, paving the way for innovations in environmental remediation, 
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industrial processes, and green technology developments.
The urgent need to address global warming has driven the 

advancement of zeolites, crystalline hydrous aluminosilicates, as highly 
efficient and cost-effective porous adsorbents for CO2 capture, 
leveraging their unique 3D frameworks and microporous nature 
(Sanz-Pérez et al., 2016). Their exceptional attributes, such as extensive 
surface area, high porosity, and adjustable acidity, render them vital in 
carbon dioxide capture technologies, especially in selectively adsorbing 
CO2 from various gas streams, including flue gases and ambient air 
(Zhang et al., 2024). Zeolites’ well-defined pore structure enables the 
selective adsorption of CO2 molecules, crucial for effective carbon di
oxide capture, while their surfaces can be modified to enhance CO2 af
finity through ion-exchange processes for improved interaction (Kumar 
et al., 2020). Importantly, zeolites sustain their structural integrity 
under the high temperatures often found in industrial gas streams, 
making them ideal for carbon capture and sequestration (CCS) appli
cations (Boer et al., 2023). Their ability to be regenerated, allowing for 
repeated CO2 adsorption and desorption cycles, underscores their eco
nomic feasibility for large-scale carbon management. Ongoing research 
is dedicated to refining zeolite structures for maximal CO2 uptake, 
devising economical synthesis methods, and incorporating zeolite-based 
systems into existing industrial frameworks, with material science in
novations continuously enhancing their CO2 capture efficiency and 
selectivity. Before moving on to the efficiency and selectivity of the 
zeolites, cost-effective, green, and sustainable synthesis of zeolites 
should be addressed.

The escalating demand for zeolites, driven by their critical role in 
catalysis, gas separation, and CO2 capture, necessitates the development 
of environmentally sustainable production methods. Traditional zeolite 
production techniques often rely on energy-intensive calcination of 
clays, which depend on nonrenewable resources and result in significant 
CO2 emissions. In contrast, solar calcination as a novel approach offers a 
greener alternative, leveraging renewable solar energy to reduce the 
environmental footprint.

This study distinguishes itself from conventional zeolite 13X syn
thesis methods through several key innovations. Unlike traditional ap
proaches that often rely on structure-directing agents (SDAs) and 
additional silica sources, our method eliminates the need for these extra 
components, simplifying the synthesis process and reducing associated 
costs and environmental impacts (Maschmeyer and van de Water, 2006; 
Martínez T. et al., 2019). A notable feature of our zeolite 13X samples is 
the mesoporosity induced by the presence of Al-Si spinel, formed during 
high-temperature solar calcination. This approach contrasts with the 
traditional methods of inducing mesoporosity through organic tem
plates or post-treatments (Groen et al., 2004; Chen and Ahn, 2014; 
Qoniah et al., 2015; Sachse et al., 2017; Panda et al., 2020). Further
more, our approach utilizes solar-calcined clay as the precursor, as 
opposed to the ultra-pure, expensive chemicals typically used in zeolite 
synthesis. The use of solar energy presented in this work not only pro
vides a sustainable and eco-friendly alternative to fossil fuel-based 
calcination but also underscores the practicality and cost-effectiveness 
of our method. These innovations collectively enhance the perfor
mance and sustainability of the synthesized zeolites, particularly in 
applications such as CO2 capture.

In a recent study published by our research group, solar energy was 
demonstrated for metakaolin production at high temperatures, a viable 
precursor for synthesizing zeolites 4A and 13X (Pasabeyoglu et al., 
2023). This novel approach, leveraging a solar-heated rotary kiln, 
enabled the transformation of kaolin at temperatures between 700 and 
1000 ◦C. Our findings reveal that metakaolin obtained through solar 
calcination facilitates the synthesis of high-quality zeolites, demon
strating a sustainable and energy-efficient alternative to conventional 
methods reliant on fossil fuels.

Building on previous research that pioneered the use of solar energy 
for kaolin calcination, we extend our investigation to halloysite, 
exploring its potential as an alternative feedstock for zeolite production 

and CO2 capture. Halloysite was subjected to solar calcination using a 
solar simulator, with temperatures ranging from 700 to 1000 ◦C, to 
achieve the necessary dehydroxylation process for transforming hal
loysite into a reactive meta phase. The solar calcined halloysite was then 
utilized as a precursor for synthesizing zeolites 4A and 13X through 
optimized hydrothermal methods without any addition of extra silica 
source or structure directing agents (SDA). The synthesized zeolites 
underwent rigorous characterization using X-ray diffraction (XRD) and 
low-angle XRD (LA-XRD) for phase identification, transmission electron 
microscopy (TEM), and field-emission scanning electron microscopy 
(FE-SEM) for morphological analysis, and Brunauer–Emmett–Teller 
(BET) surface area measurements to assess porosity. Additionally, the 
CO2 adsorption capacity of the synthesized zeolites was evaluated at 
ambient conditions (25 ◦C and 1 bar) to determine their suitability for 
carbon capture applications.

The results not only confirm that solar-calcined halloysite is an 
effective precursor for zeolite synthesis comparable to kaolin but also 
highlight the CO2 capture capability of these solar-produced zeolites, 
contributing to the broader objective of sustainable and eco-friendly 
zeolite synthesis and application. In addition, the presence of Al-Si 
spinel within the zeolite 13X matrix, resulting from high-temperature 
solar calcination, introduces a secondary mesoporous phase that can 
potentially enhance the material’s adsorption properties. This work 
emphasizes the potential of solar calcination as a viable and environ
mentally conscious route for the mass production of mineral-derived 
precursors for value-added products, with implications for both zeolite 
synthesis and CO2 capture technologies.

2. Materials and methods

2.1. Materials and synthesis

The clay samples halloysite and kaolin used for solar calcination 
were obtained commercially from Turkey. The chemical compositions of 
halloysite (H) and kaolin (K) were analyzed using Rigaku ZSX Primus II 
X-ray fluorescence spectrometer (XRF). Halloysite and kaolin primarily 
consist of silicon dioxide (H: 44.0 wt%, K: 46.1 wt%) and alumina (H: 
39.4 wt%, K: 38.3 wt%). The Si/Al molar ratios of halloysite and kaolin 
were calculated to be 0.95 and 1.02, respectively.

Solar calcined (SC) clays were obtained using a solar simulator and a 
rotary kiln located in Deutsches Zentrum für Luft-und Raumfahrt (DLR), 
Cologne, Germany. Details of the solar simulator calcinations can be 
found in previous work (Pasabeyoglu et al., 2023). The rotary kiln (3 
rpm) was loaded with 1 kg of halloysite and heated using lamps with a 
maximum power input of 5.6 kW. The temperature was controlled using 
thermocouples, and the power was adjusted to either reduce or maintain 
the temperature for 2 h. Afterward, the lamps were turned off, and the 
material was removed once it cooled. SC samples were named HSC for 
halloysite and KSC for kaolin followed by average bed temperature 
(avgT).

SC clays were used as both SiO2 and Al2O3 sources and the zeolite gel 
formula used in synthesis from HSC was 2.04SiO2:1Al2O3:3.14
Na2O:110H2O following a standard hydrothermal synthesis 
(Pasabeyoglu et al., 2023). Sigma Aldrich Chemicals provided the so
dium hydroxide (NaOH) pellets. Deionized water (DDW) was obtained 
by distilling running tap water using a water purification system (Milli-Q 
system, ≤18 Ω). The predetermined quantities of NaOH (2.53 g) and 
DDW (19.76 g) were combined with HSC (2.70 g) to create a gel in a 30 
ml high-density polyethylene (HDPE) bottle. The gel was then aged for 4 
h in a water bath at 60 ◦C with continuous agitation. This was followed 
by 4 h of static reaction in a preheated oven at 100 ◦C. The resulting solid 
particles were centrifuged, washed, and dried overnight. Zeolite samples 
were denoted Z-HSC-avgT and Z-KSC-avgT for halloysite and kaolin, 
respectively.
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2.2. Characterization methods

Powder X-ray diffraction (PXRD) patterns were determined by a 
Rigaku Miniflex instrument operating at 40 kV and 15 mA. Low-angle 
XRD measurements were acquired with Rigaku Ultima IV operating at 
40 kV and 30 mA with Parallel Beam geometry, adjusted slits, and CuKα 
radiation. The morphology of the samples was characterized by the 
scanning electron microscopy (SEM) using a FEI Quanta 400 instrument 
equipped with an energy-dispersive X-ray spectroscopy (EDX). Trans
mission electron microscopy (TEM) analysis was performed with a JEOL 
JEM-2100F operated at 200 kV. Samples were suspended and sonicated 
in ethanol for 5 min, then dropped on a carbon film-covered copper grid. 
Nitrogen adsorption–desorption isotherms, surface area, pore size dis
tribution, and pore volume were determined through nitrogen adsorp
tion–desorption measurements at − 196 ◦C using a Quantachrome 
Autosorb 1-C instrument. Prior to measurements, the samples were 
outgassed in vacuum at 250 ◦C for 8 h. The total surface area was 
calculated using the BET method. The pore size distribution in the 
mesopore range was analyzed using the Barrett–Joyner–Halenda (BJH) 
model based on the desorption branch of isotherms. Mesopore volume 
was calculated by subtracting the micropore volume (calculated by the t- 
plot method) from the total pore volume, which was determined from 
the amount of N2 adsorbed at P/P0 = 0.99. All characterizations of raw 
materials and final products were conducted at the Middle East Tech
nical University (METU) Central Laboratory in Turkey.

2.3. CO2 capture measurements

The compact and fully automated catalyst characterization system, 
CatLab-2, developed by Specson Instruments (specsoninstruments.com), 
was utilized to conduct CO2 capture measurements, as depicted in Fig. 1.

This system is equipped with five Bronkhorst Mass Flow Controllers 
(MFCs) and a fixed-bed quartz tubular reactor measuring 220x10 × 8 
mm, which is connected to an SRS RGA 200 mass spectrometer for the 
capability of analyzing gases in real-time. Additionally, the system fea
tures an integrated furnace capable of reaching temperatures up to 900 
◦C, facilitating high-temperature pre-treatments to eliminate water from 
the porous structures.

In a standard procedure for capturing CO2, 300 mg of the sorbent is 
placed inside a quartz reactor. Before proceeding with the adsorption 
tests, each sorbent sample undergoes a thermal activation process. This 

involves heating the sample to 350 ◦C with an argon flow of 100 stan
dard cubic centimeters per minute (sccm) for 2 h. Following this, the 
sample is cooled to ambient temperature and allowed to stabilize under 
a continuous argon flow for an additional 60 min. This outgassing phase 
is essential for eliminating previously adsorbed gases and moisture 
within the sorbent’s pores. Subsequently, a mixture containing 2% CO2 
in argon gas is introduced into the reactor at a flow rate of 20 sccm, 
maintaining room temperature and a pressure of 1 bar for 3 h. 
Throughout this experiment, the mass spectrometer continuously tracks 
the m/z 44 signal, providing real-time data for the dynamic break
through curves, as illustrated in Fig. 2.

To calculate total CO2 capture capacity in mmol/g, we routinely 
perform blank experiments with the same recipe without including the 
sorbent material. These blank tests are crucial for accounting for any 
inherent delays in the breakthrough curves that might arise from the 
design of the reactor or the length of the tubing extending from the Mass 
Flow Controllers (MFCs) to the mass spectrometer, effectively removing 

Fig. 1. Schematic of the analysis unit. 5 different gases can be mixed at a certain ratio and fed into reactor at constant flow or directly by-passed to analyzer for 
calibration by switching 3-Way valves. Reactor furnace can be set up to 900 ◦C and the temperature is monitored by K-type thermocouple. Outlet gas mixture is 
analyzed in real-time by residual gas analyzer.

Fig. 2. Experimental outputs of each parameter during typical CO2 capture 
analysis. (a) CO2 breakthrough curve based on QMS intensity of 44 a.m.u 
signal, (b) temperature reading from K-type thermocouple standing just 5 mm 
above the sorbent material, (c) and (d) CO2 and Ar gas flow in sccm during the 
analysis. CCA refers to the CO2 Capture Area and S refers to the calibration.
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background influences. The CO2 capture calculation is based on the 
integration of calibrated area (S) generated by a certain concentration of 
CO2 (2% diluted in Ar) gas at constant 20 sccm flow. Calibrated area (S) 
refers to the amount of total CO2 gas flowing for a certain period of time 
(i.e. 10 min) and can be calculated by equation (1): 

S=
(0.987atm × Vtotal)

(
0.082057 L × atm × mol− 1 × K− 1

)
× 298.15K

(1) 

where Vtotal is: 

Vtotal =10 min × 20
cm3

min
CO2 in Ar ×

2
100 

S value is used as a reference for the calculation of total CO2 quantity 
based on CO2 capture area (CCA) value specific for each sorbent mate
rial. Captured CO2 quantity can be calculated by equation (2): 

Captured CO2 Quantity=CCA ÷ S ×
1g

300 mg
(2) 

3. Results and discussions

3.1. Characterization of the halloysite and metahalloysites

The XRD pattern of the halloysite used in this study is depicted in 
Fig. 3a. The halloysite was characterized by prominent peaks at 11.9◦

(2θ), 19.94◦ (2θ), and 24.42◦ (2θ), corresponding to d-spacings of 7.4, 
4.5, and 3.6 Å, respectively, and representing the (001), (100), and 
(002) reflection planes (Card # 00-029-1487). The presence of a 
diffraction peak at 11.9◦, corresponding to a 7.4 Å interplanar distance 
(d), confirms the mineral as halloysite-7 Å. In addition to the halloysite 
peaks, the XRD pattern also exhibited reflection peaks of quartz (Card # 
01-089-8937) as an impurity. Quantitative analysis of the halloysite 
sample indicated a composition of >90 wt% halloysite.

The microphotograph captured by the field emission scanning elec
tron microscopy (FE-SEM) (Fig. 3b) shows that the halloysite exhibited a 
tubular shape and a one-dimensional (1-D) hollow tube structure with 
consistent diameter. The tube diameters generally varied between 
approximately 40 to 100 nm, with the lengths averaging between 0.2 
and 0.5 μm. The FE-SEM-EDX (Field Emission Scanning Electron Mi
croscopy with Energy-Dispersive X-ray Spectroscopy) analysis con
ducted on halloysite sample was depicted in the same figure. From this 
data, the Si/Al was calculated to be 0.94, which corroborates closely 
with the ratio of 0.95 obtained from X-ray fluorescence (XRF) spec
troscopy. This consistency in Si/Al ratios from independent analytical 
methods substantiates the reliability of the elemental composition 
findings for the halloysite samples under study.

The XRD patterns of metahalloysites show a diffuse halo pattern 

indicative of amorphous metahalloysite, composed of free silica inter
spersed with alumina or silica-alumina phases (Fig. 4a) (Chakraborty 
et al., 2003). Calcined halloysites were fully transformed into meta
halloysites, as evidenced by the lack of halloysite peaks. Quartz peaks 
were present in all patterns. At 870 ◦C, nanocrystallites of Al-Si spinel 
(gamma-alumina type) began to form, indicated by peaks at 37.4◦, 
45.90◦, and 66.94◦ (Fig. 4b). These peaks correspond to the (311), (400), 
and (440) planes of gamma alumina, respectively, with a Halder-Wagner 
crystallite size of 4.4 nm (Urbonavicius et al., 2020). The formation of 
Al-Si spinel occurs in the temperature range of 925 ◦C–1050 ◦C, 
accompanied by the generation of amorphous silica, potentially 
increasing the Si/Al ratio in metahalloysite (Ptáček et al., 2010, 2013; 
Yuan et al., 2012; Chauffeton and Wallez, 2022). As metahalloysite 
breaks down at high temperatures, the resulting crystalline Al-Si spinel 
would reduce the accessible alumina content. Simultaneously, liberated 
amorphous silica might serve as a silica source during zeolite synthesis 
nucleation.

3.2. Characterization of the zeolites

Fig. 5 showcases the crystal morphology of the synthesized zeolites. 
The FE-SEM images for zeolites synthesized from halloysite calcined at 

Fig. 3. (a) XRD pattern of halloysite and b) Scanning electron micrograph and EDX analysis of the halloysite (H: Halloysite, Q: Quartz).

Fig. 4. (a) XRD patterns of metahalloysites and (b) an enlarged view high
lighting the formation of Al–Si spinel (GA: gamma alumina (Al-Si spinel), 
Q: Quartz).
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700 ◦C, 820 ◦C, and 850 ◦C (Fig. 5a, b, c) illustrate the development of 
cubic crystals with smooth exteriors, each measuring roughly 2 μm 
across, displaying features typical of the LTA (Linde Type A) structure. 
For the sample labeled Z-HSC-870 (Fig. 5d), there was an evident 
presence of a combination of zeolite types 4A and 13X, corroborating the 
findings from XRD analysis. The cubic crystals of zeolite 4A appeared to 
be exfoliated, which may account for the reduced crystallinity per
centage deduced from the XRD results. Furthermore, the SEM images for 
the Z-HSC-890 and 1000 samples (Fig. 5e and f) reveal the octahedral 
crystalline form of zeolite 13X. The estimated particle size of the product 
is approximately 2 μm, with the formed zeolite crystals aggregating into 
conglomerates.

Fig. 6a displays the XRD patterns of the zeolite products synthesized 
from halloysite calcined using solar energy. The products obtained from 
halloysite calcined at 700 ◦C, 820 ◦C, and 850 ◦C yielded high-quality 
zeolite 4A products (Card # 04-009-4857) with a crystallinity exceeding 
98%. Quartz was the only impurity, quantified at <5 wt%. The analysis 
revealed that zeolites synthesized from samples that were in meta forms 
exhibited nearly uniform quality, indicating that high-quality zeolite 4A 
can be effectively synthesized from metahalloysites produced across a 
broad spectrum of calcination temperatures when utilizing solar re
actors. With the solar calcination temperature reaching 870 ◦C, a blend 
of zeolite 4A and zeolite 13X (Card # 00-038-0240) was produced. 

Notably, an increment in the calcination temperature led to a predom
inant formation of zeolite 13X, virtually eliminating the presence of 
zeolite 4A.

Fig. 6b illustrates that the blend sample Z-HSC-870 lacked any 
discernible diffraction patterns attributable to Al-Si spinel, in contrast to 
the samples Z-HSC-890 and Z-HSC-1000, which are composed purely of 
zeolite 13X and exhibit a pronounced spinel structure. Notably, the in
tensity of the spinel features escalated with increasing calcination 
temperature, implying the incorporation of spinel structures within the 
13X zeolite matrices. Fig. 7 conducts a comparative analysis between the 
solar-calcined halloysite precursors and their resultant zeolite synthesis 
products. This comparison shows that the spinel content within the 
precursor of the blend sample HSC-870 was likely consumed during the 
zeolite synthesis process, as evidenced by the absence of spinel structure 
peaks in the synthesized material. Conversely, in the diffraction pattern 
of Z-HSC-890, the (400) plane of the spinel was distinctly observable, 
though with diminished visibility of other crystallographic planes, 
whereas in Z-HSC-1000, all characteristic peaks of the spinel structure 
were preserved, highlighting the differential impact of calcination 
temperature on the spinel phase retention within the synthesized 
zeolites.

Reflecting on the synthesis using solar-calcined kaolin, both studies 
indicate that high-quality zeolite 4A can be produced across a broad 

Fig. 5. SEM images of (a) Z-HSC-700, (b) Z-HSC-820, (c) Z-HSC-850, (d) Z-HSC-870, (e) Z-HSC-890, (f) Z-HSC-1000.

Fig. 6. (a) XRD patterns of the synthesized zeolites and (b) an enlarged view highlighting the presence of Al-Si spinel (GA: gamma alumina (Al-Si spinel)) in 
the zeolites.
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range of calcination temperatures using solar reactors. The halloysite- 
derived zeolites tend to have slightly higher crystallinity percentages 
compared to those derived from kaolin. An increase in calcination 
temperature leads to a transition from zeolite 4A to 13X in both cases, 
though the specific temperatures at which these transitions occur differ 
slightly. The findings imply that both kaolin and halloysite can be 
effective precursor materials for synthesizing high-quality zeolites using 
solar calcination, with specific temperature thresholds guiding the 
resultant zeolite type and quality.

To investigate the occurrence and distribution of spinel within 
zeolite 13X, TEM images of the Z-HSC-890 sample are presented in 
Fig. 8. The TEM image (Fig. 8a) displayed zeolite 13X crystals pre
dominantly exhibiting a well-defined octahedral morphology, confirm
ing the SEM images, indicative of their crystalline nature. The edges of 
the crystals appear sharp, with smooth faces, suggesting a high degree of 
crystallinity. Adjacent to the zeolite crystals, there were patches of 
material with a contrasting appearance, indicating the presence of a 
secondary phase such as spinel (Fig. 8b). These inclusions were distin
guishable by their different sizes, appearing as agglomerated nano
clusters, which have different orientations as fringes visible in high 
magnification (Fig. 8c). Accompanying SAED (Selected Area Electron 
Diffraction) pattern (Fig. 8d) revealed diffused rings arranged in a spe
cific geometric pattern, confirming the nanocrystalline nature of the 
spinel.

The effect of Al-Si spinel was also observed in the textural charac
teristics of the zeolites. Fig. 9 shows the N2 adsorption-desorption iso
therms of the synthesized zeolites. It’s important to acknowledge that 
the presence of Na+ cations within the unit cell of zeolite LTA is known 
to restrict access to the zeolite’s micropores for N2 molecules (Cho et al., 

2009). Consequently, when assessing zeolite 4A using N2 physisorption, 
one can anticipate finding markedly low values for both the specific 
surface area and micropore volume (Palomino et al., 2010). Therefore, 
the N2 adsorption-desorption isotherms for the samples Z-HSC-820, 
Z-KSC-740, Z-KSC-800, and Z-KSC-860, which consisted solely of pure 
zeolite 4A, were presented purely for illustrative purposes. All the other 
samples exhibited a very sharp initial rise in the quantity of N2 adsorbed 
at relative pressures below 0.05 P/P0, indicative of micropore filling. 
Blend samples Z-HSC-870 and Z-KSC-940 exhibited characteristic Type I 
(b) isotherm which was observed in materials that feature a wider range 
of pore sizes, encompassing larger micropores and potentially small 
mesopores (less than approximately 2.5 nm) (Thommes et al., 2015). 
Z-HSC-890 sample which had small amount of Al-Si spinel deviated from 
Type I(b) isotherm at high pressure range with a hysteresis. This type of 
hysteresis is called H4, and the adsorption branch now represents a 
combination of Types I and II isotherms, with the significant absorption 
at low relative pressures (P/P0) linked to micropore filling. H4 hysteresis 
loops are commonly observed in materials such as aggregated zeolite 
crystals, certain mesoporous zeolites, and micro-mesoporous carbon 
structures (Thommes et al., 2015). As the Al-Si spinel crystallization 
became dominant in samples Z-HSC-1000 and Z-K-960, the type of 
isotherms turned into Type IV(a) isotherm in which capillary conden
sation was accompanied by some type of H3 hysteresis. In a recent study, 
empanada shape hysteresis obtained for some amorphous aluminosili
cates was catalogued as H3(b), similar to samples as mentioned earlier 
showing an inflection point P/P0 ~ 0.87 and closure at P/P0 ~ 0.5 
(Baldovino-Medrano et al., 2023). The proposed hysteresis type is 
effectively applicable to the Z-HSC-1000 and Z-K-960 samples, demon
strating that the nanocrystalline Al-Si spinel is the cause of the hysteresis 
observed. It’s important to recognize that the observed hysteresis in 13X 
samples does not confirm the presence of mesoporous zeolite 13X; 
rather, it suggests a combined influence of the nanocrystalline meso
porous Al-Si spinel and microporous zeolite 13X, as identified through 
TEM analysis. This type of system where zeolite crystals are supported 
on a material that is typically mesoporous is known as micro/
mesoporous zeolitic composites (MZCs) or in short, zeolite composites 
(Pérez-Ramírez et al., 2008; Vu et al., 2016; Singh et al., 2021).

Table 1 presents the textural properties of zeolites derived from 
solar-calcined kaolin and halloysite. It was observed that with increasing 
crystallinity in 13X zeolites, the mesopore volume decreased, resulting 
in microporosity percentages of 68%, 71%, and 87.5% for Z-KSC-960, Z- 
HSC-1000, and Z-HSC-890 samples, respectively. The multipoint BET 
surface areas of these 13X zeolites were consistent with existing litera
ture values. The control sample, Z-KSC-980, which contained no zeolites 
but only Al-Si spinel and quartz, exhibited no microporosity, a low 
surface area, and predominantly mesopores.

Pore diameters derived from the BJH method’s desorption branches 
and interplanar distances from low-angle XRD (LA-XRD) were compared 
in Fig. 10. LA-XRD has long been recognized as a rapid, non-destructive 
technique for assessing mesoporosity and pore size distribution in 

Fig. 7. XRD patterns of the precursor metahalloysites and the synthesized zeolites from them at calcination temperatures (a) 870 ◦C, (b) 890 ◦C, (c) 1000 ◦C to show 
Al-Si spinel presence in the zeolites.

Fig. 8. TEM images of (a) and (b) Z-HSC-890 sample consisted of zeolite 13×
and Al-Si spinel, (c) high magnification TEM image of Al-Si spinel fringes, and 
(d) selected area diffraction (SAED) recorded from (c).
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zeolitic materials, complementing traditional methods (Fenelonov et al., 
1999; Ishii et al., 2013; Sachse et al., 2017; Yassin et al., 2021). It was 
worth noticing that these two methods were complementary to each 
other on the zeolites’ pore size estimations in our study. Given in 
Fig. 10a and d, Z-HSC-820 zeolite 4A sample showed a pore size 

distribution in the range of 6–11 nm, even though the zeolite 4A was 
known to be microporous. This phenomenon can be explained by the 
intercrystalline mesoporosity, often introduced during the course of 
crystallization generally generated by the aggregation of zeolite nano
crystals (Xue et al., 2012; Feng et al., 2013; Li et al., 2015; Hartmann 

Fig. 9. The N2 adsorption-desorption isotherms of (a) Z-HSC samples and (b) Z-KSC samples.

Table 1 
Textural properties of synthesized zeolites.

Sample STotal (m2/g)a SExt (m2/g)b SMicro (m2/g)b VTotal (cc/g) VMeso (cc/g)c VMicro (cc/g)b Microporosity (%) XRD phases and zeolite crystallinity %

Z-KSC-940 327 58 269 0.13 0.02 0.11 85 4A, 56.6 
13X, 62.4

Z-HSC-870 555 38 517 0.22 0.01 0.21 95 4A, 45.3 
13X, 69.6

Z-KSC-960 527 153 374 0.22 0.07 0.15 68 13X, 91.4
Z-HSC-1000 476 174 302 0.17 0.05 0.12 71 13X, 93.9
Z-HSC-890 596 71 525 0.24 0.03 0.21 87.5 13X, 96.2

Z-KSC-980 65 65 – 0.26 0.26 – 0 Al-Si spinel and quartz

a Multipoint BET.
b t-Method.
c Estimated by subtracting Vmicro from total pore volume.

Fig. 10. Barrett–Joyner–Halenda (BJH) pore size distributions (PSD) and interplanar distances from low-angle XRD (LA-XRD) of (a) (e) Z-HSC-820, (b) (f) Z-HSC- 
870, (c) (g) Z-HSC-890, (d) (h) Z-HSC-1000, respectively.
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et al., 2021; Indira and Abhitha, 2022).
In the Z-HSC-870 blend, where the spinel structure was nearly ab

sent, the pore size distribution (PSD) exhibited a minor peak at 6–9 nm 
(Fig. 10b–f). This minor peak indicates the presence of small mesopores. 
Conversely, the emergence of Al-Si spinel was marked by a distinct rise 
in the PSD curve from 5 nm onwards, as observed in both Z-HSC-890 and 
Z-HSC-1000 samples (Fig. 10c–g, d, h). This rise covers a broad range of 
pore sizes, suggesting that the formation of Al-Si spinel contributes to 
the development of a more diverse mesoporous structure. Notably, in 
the Z-HSC-1000 sample, the PSD was narrower and more defined 
compared to Z-HSC-890, reflecting a more uniform pore size distribu
tion. The non-local density functional theory (NLDFT) pore size distri
bution model was also applied to the Z-HSC-890 and Z-HSC-1000 
samples, as shown in SI-1 and SI-2, respectively. Although NLDFT pro
vides a more detailed analysis of micro-mesoporous structures, the 
mesopore size distribution derived from the BJH desorption branch re
mains the standard for zeolites (Ojeda et al., 2003; Chen and Ahn, 2014; 
Lixia Bao, Peifeng Gao, 2020). In this study, both methods yielded 
consistent results for the synthesized samples.

Similar observations were made for the Z-KSC samples. For the Z- 
KSC-800 sample, which primarily consisted of zeolite 4A, a d-spacing of 
13 nm indicated intercrystalline mesoporosity, although this was not 
prominently reflected in the PSD (Fig. 11a and b). As calcination tem
peratures increased, the Z-KSC-940 sample began to show a PSD that 
aligns with both Fig. 11a and b, indicating the development of meso
pores. The Z-KSC-960 sample, identified as zeolite 13X, exhibited a 
broad PSD distribution in Fig. 10a. However, the pore diameter derived 
from the BJH method’s desorption branch showed a narrower distri
bution, with a dominant pore size of 6 nm, suggesting a more uniform 
mesoporous structure.

3.3. CO2 adsorption performance

The breakthrough curves based on dynamic CO2 adsorption on ten 
kaolin and halloysite-based zeolite samples are shown in Fig. 12. These 
curves were recorded under exposure to a 2% CO2 in Ar mixture at 
ambient conditions. The red dashed line, intercepting the time axis at 
the 13,080th second, represents the gas switch point from only Ar to the 
2% CO2 mixture. The red circles on each curve indicate the points where 
the first CO2 signal was detected by the QMS. The time interval between 
the dashed line and the red circle, during which no CO2 signal is 
detected, demonstrates the filling of the available pore volume of each 
porous sorbent material. This interval reflects the CO2 adsorption ca
pacity and efficiency of the different zeolite samples.

The comparative analysis of the breakthrough curves was used to 
give insights into the dynamics of CO2 adsorption on these materials. For 
the 4A zeolite samples represented in Fig. 12a, a long delay between the 
gas switch (red dashed line) and the onset (red circle) may suggest a 

large micropore volume and/or a more effective adsorption affinity. The 
interval before CO2 was detected following its introduction to the zeolite 
serves as an indicator of how readily the CO2 molecules enter and are 
taken up by the zeolite’s pores. A longer delay suggests that the CO2 is 
interacting with and being adsorbed by the zeolite’s internal structure 
rather than merely occupying the space at the pore entrances. This delay 
can be attributed to a larger pore volume, which allows more CO2 to be 
adsorbed before it becomes detectable by the QMS, and a stronger 
adsorption affinity, whereby CO2 molecules are more effectively 
captured by the zeolite’s active sites. Furthermore, the rate of CO2 
diffusion into the zeolite is a key factor; a longer delay may indicate 
slower diffusion. While slower diffusion might seem less efficient, it can 
signal that more extensive adsorption is taking place within the mate
rial’s structure, suggesting that the CO2 is being thoroughly incorpo
rated into the zeolite, and not just on its surface. The slope of the 
breakthrough curves following the initial CO2 detection provides insight 
into the rate at which the zeolite approaches its maximum adsorption 
capacity. A gradual increase hints at a controlled rate of CO2 adsorption, 
likely due to the zeolite having a significant pore volume that requires a 
longer duration to reach full CO2 saturation. Observing this less steep 
trajectory in the curves of 4A zeolite samples implies a moderated 
adsorption rate, a characteristic that could be strategically advantageous 
for prolonged and steady CO2 sequestration, ensuring consistent capture 
over an extended period. Saturation is reached when the curve levels off, 
indicating that no further increase in CO2 is detected, and the zeolite is 
fully saturated with CO2. A longer time to reach this saturation plateau 
suggests a larger adsorption capacity. Generally, the 4A zeolite samples 
exhibit a faster response to CO2 adsorption, while the blend (Z-HSC-870, 
Z-KSC-940) and 13X samples (Z-HSC-890, Z-HSC-1000, Z-KSC-960) in 
Fig. 12b have a more gradual adsorption process, likely due to their 
different pore structures and compositions.

The examination of CO2 adsorption efficiency across different zeolite 
types reveals a clear distinction in performance based on structural 
characteristics, as demonstrated in Fig. 13. Starting with the 4A zeolites, 
their higher CO2 capture capacity stands out as a significant feature. This 
capacity is largely attributed to their uniform microporous structure, 
which facilitates dense packing and efficient utilization of adsorption 
sites. The 4A zeolites’ inherent crystalline framework, occupied with 
Na+ sites, creates an environment for strong electrostatic interactions 
with CO2 molecules, thus optimizing CO2 uptake (Indira and Abhitha, 
2022). The 4A samples show a remarkable capability to adsorb more 
CO2 per gram than the other zeolites tested, reaching the highest value 
of 2.15 mmol/g. Z-KSC-960 and Z-HSC-1000, which have microporosity 
percentages of 68% and 71%, respectively, demonstrate a trend where a 
lower percentage of microporosity corresponds to a reduced CO2 cap
ture capacity. This is likely due to the fewer micropores available for 
CO2 to adsorb onto, resulting in quicker saturation and a reduced overall 
capacity for CO2 capture. In contrast, Z-HSC-890, with a higher 

Fig. 11. (a) Interplanar distances from low-angle XRD (LA-XRD) and (b) Barrett–Joyner–Halenda (BJH) pore size distributions (PSD) of Z-KSC samples.
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microporosity percentage of 87.5%, shows an improved CO2 capture 
capacity. This aligns with the expectation that more micropores provide 
more sites for CO2 to adsorb, enhancing the capture efficiency (Fig. 14). 
Moreover, the presence of a mesoporous spinel structure within these 
zeolites creates a micro-meso composite, which offers a unique combi
nation of small micropores and larger mesopores. This dual porosity can 
influence the diffusion dynamics of CO2, potentially enhancing the 
capture capacity and affecting the breakthrough delay as CO2 molecules 
have multiple pathways and sites for adsorption.

Fig. 15 presents an intriguing comparison of CO2 adsorption capac
ities among a series of zeolite samples, with an observable trend related 
to the composition of the zeolite type, particularly the proportion of 

zeolite 4A present until micro-meso zeolitic composites of zeolite 13X 
samples change the interaction between saturation and breakthrough 
adsorption capacities. Robust saturation adsorption capacities were re
flected in the blue bars, and substantial, yet lower, breakthrough ca
pacities in orange were observed in Fig. 15. This pattern is consistent 
with the known properties of 4A zeolites—high microporosity leads to 
an extensive capacity for CO2 adsorption, but not all of this capacity is 
exploited at the breakthrough point. The blend samples, Z-HSC-870 and 
Z-KSC-940, demonstrate the impact of combining 4A with 13X zeolites. 
Here, the presence of 13X begins to assert its influence, potentially of
fering a broader range of pore sizes which contributes to a different 
adsorption behavior compared to the pure 4A samples. These samples 
show a high overall saturation capacity but a marked reduction in 
breakthrough capacity, suggesting a more complex adsorption pathway 
that extends beyond the initial breakthrough phase. Upon reaching Z- 

Fig. 12. Dynamic CO2 adsorption breakthrough curves of 44 a.m.u signal recorded residual gas analyzer under continuous 20 sccm 2% CO2 gas flow of (a) zeolite 4A 
samples and (b) 4A + 13X and 13X samples. Red dashed-line vertical to the x axis corresponds to gas switch point from Ar to 2% CO2. Red circles pinned on CO2 curve 
represents the point where CO2 signal rise up. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 13. Comparative analysis of CO2 adsorption characteristics in various 
zeolite samples. Breakthrough delay times (bar chart, left axis) are displayed for 
zeolite types 4A (blue), 4A + 13X mixtures (green), and 13X with potential 
mesoporous structures (yellow). The CO2 capture capacity for each sample is 
depicted by the connected data points (line graph, right axis). (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

Fig. 14. Relationship between CO₂ capture capacity (mmol/g) and micropo
rosity (%) for various kaolin and halloysite-based zeolite samples.
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HSC-890, where 4A is no longer a component, a significant decline in 
both saturation and breakthrough capacities was observed. This sug
gests that while the 13X zeolites and their mesoporous spinel structures 
contribute positively to the adsorption process, they are less effective 
than 4A zeolites in terms of overall CO2 capture. The close-ratio between 
saturation and breakthrough capacities in these samples indicates a 
more uniform adsorption process, likely due to the mesopores facili
tating rapid access and saturation of CO2 within the material.

Fig. 16 provides a summary of the CO2 capture capacities of different 
sorbent materials across a range of solar calcination temperatures, 
extending from roughly 700 ◦C–1000 ◦C. It distinguishes two categories 
of sorbent performance, indicated by black (Z-HSC) and red (Z-KSC) 
lines. Notably, the “no zeolite, GA + Q” sample, exhibits minimal CO2 
capture capability, underscoring the pivotal role of zeolites in the 
adsorption process. As the calcination temperature of the clays in
creases, the zeolite type changes from 4A to 13X, and CO2 capture 
performances decrease. The graph effectively illustrates how different 
sorbent materials are affected by temperature in the context of CO2 
capture, which is vital for the optimization of these materials for CO2 

capture applications.
The performance of our zeolites was contextualized within the 

existing literature in Table 2, revealing both consistencies and variances 
that call attention to the complex interplay between zeolite type, syn
thesis conditions, and clay mineralogy in determining CO2 uptake effi
ciency. Our findings indicate that the CO2 capture capacity of 4A zeolites 
synthesized in this work aligns closely with the capacities of 4A zeolites 
reported in the literature, suggesting that our synthesis approach yields 
materials with competitive adsorption properties. However, there re
mains a slight deviation when compared to commercial 4A zeolites, 
potentially attributed to differences in porosity, surface area, impurities, 
and the presence of active sites essential for CO2 adsorption.

The performance of 13X zeolites synthesized from the minerals 
demonstrated a broader range of CO2 uptake capacities, aligning with 
the variability observed in the literature. The variability underlines the 
sensitivity of 13X zeolites to the specific details of synthesis and post- 
synthesis treatments, suggesting that optimization in these areas could 

Fig. 15. Comparison of saturation and breakthrough adsorption capacities for 
zeolite samples. The bar graph displays the CO2 adsorption capacities at satu
ration (blue bars) and at breakthrough (orange bars) for various zeolite sam
ples. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 16. The influence of solar calcination temperature on the synthesized zeolite type and CO2 capture capacity.

Table 2 
CO2 capture capacity of zeolite 4A and 13X at 25 ◦C and 1 bar.

Clay Mineral Zeolite Type CO2 Uptake (mmol/ 
g)

Ref.

Kaolinite 13X 2 (Garshasbi et al., 
2017)

Feldspar 13X 1 (Garshasbi et al., 
2017)

Bentonite 13X 1 (Garshasbi et al., 
2017)

Bentonite 13X 4.79 (Chen et al, 2014)
Kaolinite 13X 2.09 Jia et al. (2024)
– Commercial 4A 3.64 Chen and Ahn (2014)
– Meso 4A 2.95 Chen and Ahn (2014)
– Commercial 

13X
3.36 Sun et al. (2024)

Kaolinite 4A 2.4 Cecilia et al. (2022)
Halloysite 13X 4.3 Lu et al. (2022)
Basalt Rock 4A 1.9 Hwang et al. (2018)
Kaolinite 4A 2.09 This work
Kaolinite 13X 1.02 This work
Halloysite 4A 2.15 This work
Halloysite 13X 1.64 This work
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lead to significant improvements in CO2 capture performance. It must be 
clearly stated that all 13X samples except ours given in Table 2 had gone 
through alterations to make the precursor clay suitable for 13X syn
theses, such as acid treatments, the addition of high-grade commercial 
silica, alkali fusion, and organic templates. Notably, the lower CO2 up
take observed in our 13X samples compared to the highest values re
ported in the literature points towards the potential for further 
enhancement through post-synthesis modifications such as ion exchange 
and surface modifications. Replacing the cations (e.g., Na⁺ in 4A and 
13X) with other cations such as Ca2⁺, Li⁺, or Mg2⁺ can enhance CO₂ 
adsorption by increasing the electrostatic interaction between CO₂ 
molecules and the zeolite framework (Chen et al., 2017; Boer et al., 
2023; Shrotri et al., 2024). Amine modification of zeolites has gained 
attention as a promising approach for CO₂ adsorption at low pressures 
(Panda et al., 2019). The synergistic interaction between amine groups 
and CO₂, along with the use of mesoporosity-inducing templates, makes 
zeolites highly effective materials for carbon dioxide capture (Boer et al., 
2022).

The reversibility of CO2 capture is crucial for practical applications of 
sorbent materials. The highest CO2 capture sample Z-HSC-850, satu
rated with CO2, was investigated for regeneration using high-flow Argon 
flush and temperature-programmed desorption (TPD) experiments. 
Initially, CO2 adsorption was followed by a high-flow (200 ml/min) 
Argon flush to remove weakly adsorbed CO2 species from the material’s 
surface and internal cages. SI-3a shows the delay observed when 
switching from a 20 ml/min CO2 flow to a 200 ml/min Argon flow, with 
the shaded area indicating that approximately 96% of the captured CO2 
was removed during the flush. For complete regeneration, the sample 
was heated to 750 ◦C to remove chemically bound CO2 species such as 
monodentate and bidentate carbonates. The TPD profile (SI-3b) 
revealed two primary desorption peaks at 160 ◦C and 280 ◦C, confirming 
the effective removal of the remaining CO2. This demonstrates that CO2 
storage in Z-HSC-850 is highly reversible under ambient conditions, 
with the majority (~96%) desorbed at room temperature using an Argon 
flush. The small fraction of CO2 requiring higher temperatures (up to 
280 ◦C) for desorption indicates that the material can be regenerated 
with relatively low energy input, enhancing its commercial viability for 
sustainable CO2 capture and storage applications.

This work highlights the promising potential of solar-driven zeolite 
synthesis from clays, which, with targeted advancements mentioned 
above, could not only compete with but also surpass market-available 
alternatives. Such an approach lays the foundation for an industry 
focused on “green” zeolites, starting a new era of sustainable and eco- 
friendly solutions.

4. Conclusion

In this study, we have systematically investigated the CO2 capture 
capacities of 4A and 13X zeolites synthesized using various clay min
erals kaolin, and halloysite. By using a solar simulator, we have suc
cessfully synthesized zeolites 4A and 13X, exhibiting outstanding CO2 
adsorption capacities, notably for zeolite 4A which presented an 
adsorption capacity of 2.15 mmol/g at 25 ◦C and 1 bar pressure. 
Through extensive characterization and CO2 capture studies, we have 
also highlighted the role of Al-Si spinel within the zeolite 13X matrix in 
creating a secondary mesoporous phase, which, while interesting, 
showed minimal influence on the breakthrough adsorption CO2 capture 
performance. Furthermore, our work has established LA-XRD as a potent 
alternative method for the assessment of mesoporosity in zeolitic ma
terials, paving the way for future research and practical applications. 
This research underlines the importance of temperature control during 
the calcination process, which has been shown to critically affect the 
type of zeolite synthesized and their subsequent CO2 capture capacities. 
By harnessing solar energy for calcination, we have not only mitigated 
the environmental impact of zeolite synthesis from clays but also used 
these solar-produced zeolites for CO2 capture. The findings of this study 

reinforce the promising nature of solar-driven processes for producing 
zeolites from halloysite and kaolin, which, with further optimization, 
could lead to the creation of advanced materials for environmental 
remediation and greenhouse gas reduction. It opens new horizons for the 
synthesis of “green” zeolites and sets a precedent for sustainable prac
tices in material science and engineering, highlighting the potential of 
solar energy in addressing critical environmental challenges.
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