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Abstract
Achieving specific framework structures and morphologies in zeolite synthesis is crucial for broad applications. This study 
addresses the limited understanding of surfactant effects on crystal imperfections and phase purity in LTA zeolite synthe-
sis, particularly under microwave-assisted conditions. We hypothesized that anionic, cationic, and non-ionic surfactants 
would significantly affect phase purity, morphology, crystallite size, and imperfections in LTA zeolites synthesized at vary-
ing microwave temperatures. Synthesized materials were characterized using powder X-ray diffraction, scanning electron 
microscopy (SEM), Raman spectroscopy, and Fourier transform infrared (FTIR) spectroscopy. Findings revealed that within 
the 100–150 °C microwave temperature range, all surfactants primarily yielded the LTA-type zeolite structure. However, 
a metastable phase was observed in materials synthesized at 130 °C with Sodium Dodecyl Sulfate (SDS), as indicated by 
reduced crystallinity and an additional Raman peak at 471 cm⁻1. This suggests that while the LTA framework remained 
predominant, symmetry disturbances at this temperature impacted TO₄ stretching vibrations, possibly leading to a partial 
deviation from phase purity. Surfactants significantly influenced phase purity, morphology, crystallite size, and crystal imper-
fections, with optimal phase purity achieved at lower temperatures (100–110 °C) for anionic and non-ionic surfactants and 
at higher temperatures (130–150 °C) for cationic surfactants. Crystallite sizes varied in a complex, temperature-dependent 
manner, suggesting further investigation into crystallization mechanisms. An inverse correlation between microstrain and 
crystallite size was observed across samples, except at 130 °C, likely due to added stress and supplementary crystal phases. 
This study establishes foundational knowledge for selecting surfactants to modify pore structures in hierarchical LTA zeolites 
and offers insights for designing LTA zeolites with tailored properties, addressing knowledge gaps, and advancing zeolite 
synthesis techniques.
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1  Introduction

Zeolites are microporous crystalline aluminosilicates, 
which exist naturally (as minerals) and can be synthesized 
in laboratories with different chemical compositions, pore 
topologies, and/or crystal sizes. The International Zeolite 
Association (IZA) database shows that around 250 such 
zeolitic structural types with unique framework topologies 
have been reported so far, thanks to the development of 
successful synthetic techniques [1]. Owing to this large 
versatility, zeolites have been utilized in a wide range of 
applications, including gas adsorption and separation [2], 
as catalysts [3], petrochemistry [4], biotechnological and 
medicinal applications [5], and so on.

Synthesizing zeolites with specific framework struc-
tures and desired morphology is a complex endeavor, yet 
essential due to the direct influence of these properties 
on their unique applications [6]. Achieving these specific 
characteristics often requires careful selection of synthesis 
conditions and parameters such as reactant composition, 
pH of the gel, aging conditions, crystallization temper-
ature, and duration [7]. However, in cases where these 
conditions alone cannot yield the desired structures, addi-
tives play a crucial role. These additives include metal 
cations, metal complexes, organic amines, organic qua-
ternary ammonium bases, and inorganic salts. They act as 
structure-directing agents (SDAs) or templates, effectively 

directing the framework structure of the zeolite towards 
the desired form. By residing within the cavities, they 
facilitate the formation of specific geometric configura-
tions and structures during the nucleation stage and subse-
quently stabilize these structures [8]. Among several types 
of templates/SDAs, surfactants are of much interest, and 
surfactant-templating is reported as one of the most effec-
tive synthetic strategies for designing well-defined porous 
materials like zeolites [9].

Zeolite A, among the most commonly used synthetic zeo-
lites, has been employed across a range of industrial sec-
tors. Zeolite A possesses a Linde Type A (LTA) structure 
according to the IZA. Primarily utilized in its sodium form 
(4A), its dehydrated chemical composition is represented 
by |Na12

+(H2O)27|8[Al12Si12O48]8 [10]. Linde Type A (LTA) 
zeolites can indeed be synthesized without the assistance 
of SDAs. However, there are instances where SDAs are 
employed, especially in the synthesis of high-silica (Si/
Al > 5) and pure-silica LTA variants, highlighting the ongo-
ing demand for various SDAs in LTA synthesis. Sun et al. 
reported a study where 4-methyl-2,3,6,7-tetrahydro-1H,5H-
pirido[3,2,1-ij]-quinolinium used as a dynamic structure-
directing agent at different concentrations in synthesizing 
pure-silica LTA and one of its closely competing zeolite 
type, pure-silica AST zeolite [11]. Furthermore, Schmidt 
et al. reported that the use of triquaternary organic structure-
directing agents can promote the formation of LTA zeolite in 
the germanosilicate or aluminophosphate reaction pathways 
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[12]. Therefore, it is evident that there remains a significant 
demand for various SDAs in the synthesis of LTA zeolite 
variants.

Another significant aspect of LTA zeolite synthesis is 
the use of surfactants as pore-modifiers in the synthesis of 
mesoporous and hierarchical LTA. For example, studies 
reported by Cho et al. and Feng et al. demonstrate the abil-
ity of organosilane surfactants respectively, [3-(trimethox-
ysilyl)propyl]-hexadecyl-dimethylammonium chloride [13] 
and [3-(trimethoxysilyl)propyl]-tetradecyl-dimethylammo-
nium chloride [14] in mesopore generation in LTA zeolite 
crystallization process. The most prominent finding of these 
studies was that organosilane surfactants in the gels had a 
significant impact on LTA phase crystallization in addition 
to mesopore formation, even though its role as an SDA had 
not been considered. Surfactant concentration significantly 
affected changes in LTA crystal properties, indicating that 
mesopores within the LTA zeolite may have induced imper-
fections in the LTA single crystals owing to surfactant pres-
ence [14]. This implies the necessity of comprehensively 
evaluating the influence of surfactants on the crystal proper-
ties of LTA when surfactants are used as modifiers. Almost 
all the reported research studies related to this have gener-
ally investigated the structural and morphological charac-
teristics of resulting LTA [15, 16]. However, investigations 
into how the crystal imperfections and LTA phase purity 
vary with different types of surfactants are not completely 
addressed. Recently, research efforts have been made to 
rationally synthesize zeolites with tunable porous proper-
ties using potential modifiers [17, 18]. Identifying additional 
surfactants that could serve as effective modifiers during 
LTA synthesis, without inducing phase transformations or 
defect formation, and ensuring a higher phase purity, is cru-
cial before their consideration for pore-modifying studies. 
Another fact is that in the last decade, microwave-assisted 
crystallization has been widely used since it offers advan-
tages over conventional hydrothermal synthesis such as high 
phase purity and short crystallization time [19]. Kannangara, 
et al. reported that the microwave approach was more effec-
tive in the microwave-assisted LTA synthesis over hydro-
thermal, when the anionic surfactant, SDS was employed 
as a particle size-controlling agent. However, they indicate 
that lower aging temperatures can lead to the formation of 
crystal phases such as sodalite [20]. This highlights the need 
to further investigate the influence of aging and crystalliza-
tion temperatures on the resulting properties of LTA such as 
phase purity and the possibility of phase transformations in 
the presence of different surfactants.

To address the aforementioned knowledge gaps, we pre-
sent a fundamental study aimed at understanding the effects 
of the presence of different anionic, cationic, and non-ionic 
surfactants on the properties of LTA zeolite during micro-
wave crystallization. To the best of our knowledge, this is 

the first time such an investigation has been presented and 
specifically, we focused on studying the variations in result-
ing properties of LTA such as phase purity, crystal imperfec-
tions, crystallite size, and phase transformations in a range 
of crystallization temperatures. We believe this knowledge 
will serve as a crucial foundation for future research, guid-
ing the selection of surfactants for synthesizing hierarchical 
and mesoporous LTA using surfactants as pore modifiers, 
synthesis of LTA variants such as high-silica and pure-silica 
zeolites using surfactants as structure-directing agents, as 
well as for the rational synthesis of LTA zeolites with tai-
lored properties. Overall, this study not only fills critical 
gaps in current knowledge but also provides a solid basis for 
future advancements in the synthesis and customization of 
LTA zeolites for specific applications.

2 � Experimental section

2.1 � Material synthesis

All the chemicals for zeolite synthesis were obtained from 
Sigma-Aldrich and used as received unless otherwise men-
tioned. Mainly, Sodium aluminate (NaAlO2) (As Alumina 
source), Sodium metasilicate (Na2SiO3.5H2O) (As silica 
source), Sodium Hydroxide (NaOH), and surfactants; SDS 
(CH3(CH2)11OSO3Na), Oleic acid, Tetrapropylammonium 
bromide (TPAB) and Hexadecyltrimethylammonium bro-
mide (HDAB), Triton, and polyethylene glycol (PEG) were 
used for the synthesis process. Deionized water (DI) was 
used in all cases.

A modified microwave synthesis method [20] was used 
to synthesize LTA in the presence of surfactants (Fig. 1). 
A hydrogel with a molar ratio of 4.0 SiO2:1.0 Al2O3:5.5 
Na2O:190 H2O was used. Microwave heating was used 
for zeolite crystallization and anionic (SDS and Oleic 
acid), cationic (TPAB and HDAB), and non-ionic (Triton 
and PEG) surfactants were used as the different types of 
surfactants. Samples synthesized in the presence of SDS, 
Oleic acid, TPAB, HDAB, Triton, and PEG at 100, 110, 
130, and 150 °C temperatures have called as SDS-100, SDS-
110, SDS-130, SDS-150, Oleic-100, Oleic-110, Oleic-130, 
Oleic-150, TPAB-100, TPAB-110, TPAB-130, TPAB-150, 
HDAB-100, HDAB-110, HDAB-130, HDAB-150, Tri-
ton-100, Triton-110, Triton-130, Triton-150, PEG-100, 
PEG-110, PEG-130, PEG-150, respectively in this paper. 
Initially, 50 mL of NaOH solution was prepared by adding 
the required amount of NaOH to DI water. 2.42 g of NaAlO2 
was added to the above mixture under continuous stirring 
to obtain a clear solution. Then, 10 mL of a 1 M surfactant 
solution was added to the above solution, followed by the 
addition of Na2SiO3⋅5H2O under vigorous stirring. The 
obtained homogeneous gel solution was allowed to age for 
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a certain time. Microwave heating was then carried out with 
900 W for 3 h (the MARS 6 Microwave Digestion System 
was used) at varying crystallization temperatures (100, 110, 
130, and 150 °C). Thereafter, the product was isolated by 
filtration, washed with DI water, dried, and calcinated at 
550 °C for 5 h.

2.2 � Material characterization

PXRD characterization was performed in a diffractometer 
(Rigaku Ultima IV, Japan) at 20 kV and 30 mA using Cu-Kα 
radiation at λ = 0.154 nm. Data were collected in the step 
scanning mode within the two θ angles of 0° to 90°. The 
surface morphology of synthesized zeolites was analyzed 
using scanning electron microscopy (SEM ZEISS EVO 15 
detector). A thin layer of gold is deposited onto the non-
metallic samples to improve conductivity. The samples were 
thoroughly dried before being placed in a high-vacuum 
environment for the analysis. For the Raman spectroscopic 
characterization, the Raman spectrometer (RENISHAW, 
UK) was used in the 100 to 3200 cm−1 range with a 514 nm 
laser excitation. For the FTIR characterization of zeolite 

samples, an IR spectrometer equipped with a DTGS (deu-
terated triglycine sulfate) detector (model iS50 Thermo 
Scientific, USA) was used in the transmission mode in the 
400–4000 cm−1 spectral range. The samples were prepared 
by grinding calcinated zeolites with KBr to make a pellet.

3 � Results and discussion

3.1 � Phase identification and structure confirmation

Powder X-ray diffraction (PXRD) was carried out to identify 
the crystalline phases present in synthesized zeolite and their 
percentage crystallinity. Figures 2A, B, 3A, B and 4A, B 
show the PXRD diffractograms of LTA zeolites synthesized 
by SDS, Oleic acid, TPAB, HDAB, Triton and PEG, respec-
tively. Clear diffraction peaks appeared at around 2θ = 7.20°, 
10.19°, 12.49°, 16.14°, 21.72°, 24.04°, 26.17°, 27.11°, 
29.94°, and 34.18° corresponding to the crystal planes of (2 
0 0), (2 2 0), (2 2 2), (4 2 0), (6 0 0), (6 2 2), (6 4 0), (6 4 2), 
(8 2 0), and (6 6 4) respectively (JCPDS number 43–142). 

Fig. 1   Graphical interpretation of the methodology for synthesizing LTA-type zeolite in the presence of various surfactants and crystallization 
temperatures
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This confirms the successful formation of LTA-type zeolites 
in the study [21].

Raman spectra of samples prepared by using SDS, 
Oleic acid, TPAB, HDAB, Triton, and PEG, are shown 
in Figs. 5A, B, 6A, B, and 7A, B, respectively. Peaks 
observed around 280, 338, 410, 490, and 990 cm−1 cor-
respond respectively, to the bending mode of the 8-mem-
bered Si–O–T ring, bending mode of the 6-membered 
Si–O–T ring, 4 membered Si–O–T ring, T–O symmetric 
stretching from the 4-membered ring, and asymmetric 
T–O stretching modes. This observation further supports 

the PXRD confirmation of LTA-type zeolite formation 
[22]. FTIR spectra of samples prepared by using SDS, 
Oleic acid, TPAB, HDAB, Triton, and PEG, are shown 
in the supporting information document (SF1–SF6). Peaks 
observed around 670, 1000, 1640, and 3400 cm−1 corre-
spond respectively, to symmetric Al–O stretches of LTA, 
asymmetric vibrations related to (Si, Al) O4 tetrahedral 
(internal) of LTA, OH bending vibrations, and OH stretch-
ing vibrations (Si–OH, Si–OH–Al, H–OH) further confirm 
the LTA zeolite formation in all cases [20].

Fig. 2   PXRD patterns of LTA 
zeolites synthesized in the pres-
ence of anionic surfactants of A: 
SDS, B: Oleic acid at different 
temperatures
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3.2 � Phase purity and crystal plane preference study

Some additional peaks with considerable intensities, which 
are irrelevant to the LTA phase identification, appeared in 
the PXRD patterns of several samples. These additional 
phases indicate the variation in the phase purity [23] of 
synthesized LTA zeolite with different surfactants and crys-
tallization temperatures. While these peaks were not visu-
ally prominent in the diffractogram due to their low relative 
intensities, their presence was confirmed through careful 
peak data examination. Table 1 lists the impurity phases, 

their relative intensities, and estimated phase purity for 
each sample. The overall LTA phase purity remains high 
(> 95%) in most cases, indicating the predominance of the 
target phase.

LTA phase purity of each sample was calculated 
according to the following equations [24] (see supporting 
information):

LTA phase purity = (100− Total percentage of each impure phase) %

Fig. 3   PXRD patterns of LTA 
zeolites synthesized in the pres-
ence of cationic surfactants of 
A: TPAB, B: HDAB at different 
temperatures
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where a and b are the absolute intensity of the diffraction line 
corresponding to the particular impure phase and the sum of 

% Of each impure phase = (a∕b) × 100%; the absolute intensities of all diffraction lines, respectively. 
Moreover, the relative crystallinity of synthesized zeolites 
was determined according to the following formula, using 
the peak area integration method [25], which separates the 
crystalline and amorphous contributions from the XRD pat-
tern (Table 1).

Relative crystallinity = (Area of crystalline peaks∕total area of crystalline∕amorphous peaks) × 100%

Fig. 4   PXRD patterns of LTA 
zeolites in the presence of non-
ionic surfactants of A Triton, B 
PEG at different temperatures
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In addition to phase purity, crystal phase transitions 
in zeolites occurring on heating can have a considerable 
dependence on crystallization temperature and surfactants 
used in the process [26]. Crystallization temperature is a 
highly important parameter in the process of zeolite synthe-
sis since its variation can affect factors such as nucleation 

[27], crystal growth [28], dissolution, formation, and trans-
formation of the precursor gel [29]. Further, the polymeriza-
tion reactions between the aluminate and polysilicate anions 
in the precursor gel and the phase transitions of metastable 
phases during the zeolite crystal formations can also be 
affected by the crystallization temperature [30]. As well as 

Fig. 5   Raman spectra of LTA zeolites in the presence of anionic surfactants of A: SDS, B: Oleic acid at different temperatures
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the crystallization temperature, surfactants would have an 
involvement in the nucleation and crystallization processes 
[9, 31]. In this study, SEM and Raman Spectroscopy were 
used to investigate the possibility of phase transformations 
during the process of LTA zeolite crystallization in the 

presence of surfactants at varying crystallization tempera-
tures under microwave irradiation. The variation in phase 
purity, the possibility of phase transitions with crystalliza-
tion temperature and different types of surfactants have been 
discussed in detail below.

Fig. 6   Raman spectra of LTA zeolites synthesized in the presence of cationic surfactants of A: TPAB, B: HDAB at different temperatures
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3.2.1 � Effect of anionic surfactants

When considering the PXRD results of the samples synthe-
sized in the presence of anionic surfactants (SDS and Oleic 
acid), the lower crystallization temperatures (100 °C and 
110 °C) have resulted in LTA without any other phases and 
with higher crystallinity. However, with the crystallization 

temperature increment (at both 130 °C and 150 °C tempera-
tures), SDS has led to the formation of the hydroxy-sodalite 
phase [32]. Oleic acid has resulted in the Offretite (OFF) 
phase [33] at 130 °C as an additional phase. At the high-
est temperature of 150 °C, no other additional phases were 
observed. All the peak data (peak positions and their cor-
responding crystal planes) of synthesized zeolites are listed 

Fig. 7   Raman spectra of LTA zeolites synthesized in the presence of non-ionic surfactants of A: Triton, B: PEG at different temperatures
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in ST1-ST6 tables in the supporting information document. 
Further, the relative intensities of the diffraction lines cor-
responding to the hydroxy-sodalite phase at 150 °C are con-
siderably lower than those at 130 °C (Table 1).

Therefore, it can be suggested that the intermediate tem-
perature of 130 °C has the highest effect on the formation of 
impure phases in the process of LTA crystallization in the 
presence of these two anionic surfactants, resulting in the 

lowest crystallinity values for the synthesized LTA zeolite. 
At lower temperatures, the kinetics of the crystallization pro-
cess are relatively slower. This allows for more controlled 
and gradual nucleation and growth of LTA zeolite crystals. 
The slower kinetics at lower temperatures favor the forma-
tion of a pure LTA phase because there is sufficient time for 
the precursor molecules to arrange themselves in the desired 
crystal structure. The higher crystallinity observed is a result 

Table 1   Additional diffraction lines that were observed in the diffractograms of synthesized LTA zeolite and their percentage crystallinity. (Not 
defined: no relevant zeolite phase identified)

Sample name Additional peak 
positions (2θ)

Relative inten-
sity (%)

Relevant phase identification Impure phase % LTA phase 
purity %

Crystallin-
ity (%) of the 
sample

SDS-100 – – – – 100 88.6
SDS-110 – – – – 100 88.0
SDS-130 13.91° 33.50 Hydroxy-sodalite 6.92 93.09 80.2

24.23° 34.00 Hydroxy-sodalite
SDS-150 14.02° 14.70 Hydroxy-sodalite 3.05 96.95 87.9

24.33° 15.80 Hydroxy-sodalite
Oleic-100 – – – – 100 81.1
Oleic-110 – – – – 100 85.5
Oleic-130 15.53° 2.50 Not defined 0.29 99.47 80.9

23.53° 2.00 Offretite (OFF) 0.23
Oleic-150 – – – – 100 84.4
TPAB-100 26.75° 3.00 Moganite/Keatite 0.34 98.92 82.9

15.49° 2.10 Weinebeneite (WEI) 0.23
11.76° 1.10 LTL 0.12
18.46° 1.40 Liottite 0.15
23.38° 2.20 Not defined 0.25

TPAB-110 – – – – 100 87.8
TPAB-130 – – – – 100 89.0
TPAB-150 – – – – 100 88.8
HDAB-100 – – – – 100
HDAB-110 – – – – 100
HDAB-130 13.99° 1.3 Hydroxy-sodalite 0.25 99.07 86.7

17.70° 2.8 Gmelinite (GME) 0.30
22.89° 3.4 Epistilbite (EPI) 0.37

HDAB-150 13.94° 9.4 Hydroxy-sodalite 0.63 98.73
17.64° 1.3 Gmelinite (GME) 0.27
22.81° 2.2 Epistilbite (EPI) 0.37

Triton-100 – – – 100 80.9
Triton-110 – – – 100 88.6
Triton-130 15.60° 2.00 Faujasite ASU-7 (ASV) 0.22 99.55 83.8

23.45° 2.10 Faujasite ASU-7 (ASV) 0.23
Triton-150 – – – 100 87.3
PEG-100 – – – 100 78.0
PEG-110 – – – 86.2
PEG-130 11.82° 1.4 Faujasite (FAU) 0.40 99.26 86.3

15.60° 2.3 Faujasite (FAU)
23.45° 3.0 Faujasite ASU-7 (ASV) 0.34

PEG-150 – – – 100 88.9
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of the orderly and more uniform growth of LTA crystals 
under these conditions. As the temperature increases, the 
kinetic energy of the molecules in the reaction mixture also 
increases leading to faster nucleation and growth of crys-
tals [34], but they can also result in less control over crys-
tal formation [35]. At 130 °C, the anionic surfactant SDS 
promotes the formation of the hydroxy-sodalite phase as an 
impurity. This may be due to the surfactant's unexpected 
interaction with the precursor molecules, leading to a dif-
ferent crystal structure, that would further need to be under-
stood through deep studies of their mechanisms. However, at 
150 °C, the higher temperature might disrupt the mechanism 
that leads to the formation of the hydroxy-sodalite phase, 
thereby inhibiting the impurity's formation indicating higher 
energy promotes the direct formation of LTA zeolite without 
impurities.

The intensity of diffraction peaks in PXRD analysis is 
directly related to the number of atoms in a specific crystal 
plane and their arrangement. PXRD quantitative analysis by 
peak intensity is a method used to determine the composi-
tion and quantify the amount of different crystalline phases 
in a sample [36]. In this study, the absolute intensities of 
the 10 most intense diffraction lines of LTA synthesized 
compared with each surfactant at 4 different temperatures 
to understand the growth variation of LTA characteristic 
crystal planes (see ST8-ST13 in the supporting information 
document). While this approach provides valuable insights, 
one limitation of this approach is the reliance on absolute 
intensities, which are influenced by variations in overall 
crystallinity between samples. This approach may introduce 
discrepancies when comparing crystal plane growth directly 
across different temperatures. Normalizing intensities rela-
tive to the most intense peak could provide a more accurate 
representation of relative growth trends. Additionally, fac-
tors such as instrumental variations and sample preparation 
inconsistencies may affect intensity measurements. Future 
work could normalize intensities to further minimize crystal-
linity effects. However, we believe the current findings pro-
vide meaningful insights into temperature-induced crystal 
growth, contributing to the understanding of crystal plane 
evolution.

When the absolute intensities of the 10 highest intense 
peaks were considered for the anionic surfactants of SDS 
and Oleic acid, at 130 °C both SDS and Oleic acid gave the 
lowest absolute intensity for all diffraction peaks. A decrease 
in intensity at 130 °C implies that certain crystal planes have 
been hindered in their formation, possibly due to surfactant 
interference such as adsorbing onto crystal surfaces, affect-
ing the growth of specific crystal planes [37]. Therefore, it 

can be suggested that this temperature, in conjunction with 
anionic surfactants, has influenced the crystal structure by 
potentially hindering the formation of major crystal planes. 
However, the highest absolute intensity of each LTA char-
acteristic peak was observed for the sample synthesized at 
the lowest temperature of 100 °C in the presence of SDS, 
while the highest temperature of 150 °C resulted in peaks 
with the highest absolute intensities in the presence of Oleic 
acid. This suggests that the formation of LTA crystal planes 
accelerates at the lowest temperature (100 °C) in the pres-
ence of SDS, whereas at the highest temperatures (150 °C) 
in the presence of Oleic acid. At the 130 °C intermediate 
temperature, the formation of LTA crystal planes is lowered 
in the presence of both anionic surfactants [38].

As shown in Fig. 2, the diffractograms of LTA syn-
thesized in the presence of anionic surfactants at 100 °C, 
110 °C, and 130 °C crystallization temperatures, the peak 
appeared corresponding to the (8 2 0) crystal planes at 
around 29.94° predominated. However, at the highest tem-
perature of 150 °C, the major peak corresponding to the (6 2 
2) crystal plane shifted to 23.99° [39]. The shift in the major 
peak indicates that the temperature sensitivity of the crystal 
structure of LTA zeolite [40]. This suggests a temperature-
driven alteration in the arrangement of atoms within the 
zeolite lattice with anionic surfactants. At 100 °C, 110 °C, 
and 130 °C, the presence of crystal plane (8 2 0) dominates, 
indicating a specific crystal plane preference at these temper-
atures. However, at 150 °C, the preference shifts towards the 
(6 2 2) crystal plane. These findings imply that the choice of 
crystallization temperature plays a crucial role in determin-
ing the preferred crystal plane and, consequently, the overall 
crystal structure, morphology, and properties of LTA zeolite 
when synthesized in the anionic surfactants’ presence.

To study the morphology of crystals formed in the pres-
ence of anionic surfactants, SEM. According to the SEM 
images shown in Fig. 8, zeolites synthesized in the presence 
of SDS at all temperatures except 130 °C were predomi-
nantly regular cubic crystals. LTA crystals formed at 100 °C 
and 110 °C crystallization temperatures were observed as 
regular cubic crystals with sharp edges and apexes but at the 
increased temperature of 130 °C, irregular or distorted cubic 
forms predominated [41]. This suggests that the symmetry 
of the TO4 units in the LTA zeolite has been disturbed [42] 
to some extent (Fig. 8C) at this temperature. At elevated 
crystallization temperatures, the increased thermal energy 
disrupts the symmetry of TO₄ (T = Si, Al) tetrahedral units 
in LTA zeolites, leading to bond length and angle distortions 
that affect crystal growth. This distortion creates anisotropic 
growth conditions, favoring certain crystal faces and result-
ing in morphological changes such as truncated cubic shapes 
at higher temperatures. The process aligns with surface 
energy minimization principles, where higher temperatures 
promote the growth of facets that reduce internal stress and 

Fig. 8   SEM images of zeolites synthesized in the presence of SDS; 
A: at 100 °C, B: at 110 °C, C: at 130 °C, D: at 150 °C and Oleic acid; 
E: at 100 °C, F: at 110 °C, G: at 130 °C, H: at 150 °C

◂
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overall surface energy. Studies on zeolite A and W have 
shown similar temperature-dependent growth mechanisms, 
supporting the link between thermal-induced framework dis-
tortion and altered crystal morphology [28, 43, 44].

According to the Raman spectra of the SDS-130 sam-
ple, as shown in Fig. 5A, the appearance of an additional 
peak at around 471 cm−1 can be attributed to the sym-
metry disturbance [45] because it may have interfered 
with the typical band corresponding to the TO4 stretching 
vibrations at 490 cm−1 [22]. Further, the comparatively 
decreased crystallinity (Table 1) also supports this obser-
vation which may have introduced defects and disrupted 
the crystal structure (to be discussed later under the crys-
tal defect study). However, this symmetry change cannot 
be directly attributed to a phase transition because there 
is no supporting evidence for LTA phase transitions at 
this temperature. Therefore, it can be suggested that the 
process has not gone to a new stable phase properly but 
to a metastable phase. In zeolite synthesis, a stable phase 
corresponds to the thermodynamic minimum, where the 
system's Gibbs free energy (ΔG) is at its lowest for given 
conditions, indicating maximum thermodynamic stabil-
ity. Conversely, a metastable phase exists at a local, but 
not global, minimum of Gibbs free energy, meaning it 
has higher ΔG compared to the stable phase but remains 
kinetically trapped in this state [46, 47]. Phase transforma-
tion in zeolite structure with increasing temperature can 
be explained by the Ostwald rule of stages, a phenom-
enon where kinetic pathways lead to the initial formation 
of a thermodynamically metastable structure that under-
goes a series of recrystallization steps to form structures 
with progressively higher stability. These transformations 
occur through the gradual dissolution of one phase with 
the simultaneous nucleation and growth of a second (more 
stable) phase [48]. In the SEM image of the SDS-150 zeo-
lite sample, again, the predominance of cubic crystals with 
sharp edges and apexes was observed. Therefore, accord-
ing to the above explanation, we can propose that, when 
the crystallization temperature increases from 130  °C 
to 150 °C, the metastable phase gradually dissolves and 
nucleation occurs to produce the proper LTA zeolite stable 
phase [49]. The free energy diagram in Fig. 9 demonstrates 
how the formation of LTA zeolite at different temperatures 
results in either a metastable or stable phase. At 130 °C, 
the system reaches a metastable LTA phase, which sits at 
a local free energy minimum. Although this phase exhibits 
crystallinity, it retains higher internal stress and defects 
compared to the stable phase. Upon increasing the crys-
tallization temperature to 150 °C, the system overcomes 
the energy barrier and reaches a lower global free energy 
minimum, forming stable LTA with reduced defects and 
sharper crystal morphology.

In contrast to SDS, the other anionic surfactant, Oleic 
acid, at both lower temperatures of 100 °C and 110 °C, 
has synthesized LTA zeolites with poorly grown edges 
and apexes. This suggests that, even though the lower tem-
peratures are sufficient to direct the crystallization process 
to the LTA phase in the presence of SDS, those tempera-
tures are not sufficient in the presence of Oleic acid for 
the proper formation of LTA. However, the absence of any 
additional XRD line other than LTA confirms that these 
two materials are still composed of LTA crystals, though 
they are not perfectly grown. At increased crystalliza-
tion temperatures (130 °C and 150 °C), edges and apexes 
have grown well, and crystal surfaces have smoothed. In 
the Oleic-150 sample, an 8-membered crystal structure 
was observed; however, at the 130 °C temperature, LTA 
crystals in between 6-membered and 8-membered crystal 
structures were observed.

When the Raman spectra of these LTA zeolites are con-
sidered, a peak that corresponds to TO4 stretching vibrations 
at around 490 cm−1 was broadened in the Oleic-130 and 
Oleic-150 spectra, and this can be attributed to the presence 
of 6-membered and 8-membered crystal structures in the 
Oleic-130 and Oleic-150 samples because their stretching 
frequencies are very close to each other and can overlap and 
cause peak broadening [50]. Other than the peak broadening, 
there are no considerable changes in the Raman spectra of 
the samples were observed, suggesting that no phase transi-
tions occurred at these temperatures in the presence of Oleic 
acid [51]. Therefore, it is clear that in the presence of both 
of these anionic surfactants, LTA zeolite crystallization does 
not undergo any stable phase transitions at 100, 110, 130, 
and 150 °C under microwave irradiation.

3.2.2 � Effect of cationic surfactants

Figure 3 depicts the PXRD patterns of LTA synthesized in 
the presence of cationic surfactants A: TPAB and B: HDAB 
at different temperatures. Similar to the appearance of dif-
fraction signals for the anionic surfactants (Fig. 2), the sig-
nals due to LTA zeolites also appeared at 2θ = 7.20°, 10.19°, 
12.49°, 16.14°, 21.72°, 23.99°, 26.17°, 27.11°, 29.94°, and 
34.18°. This indicates that the LTA zeolite was formed 
even in the presence of cationic surfactants. It has also been 
noted that some additional diffraction signals appeared in 
the PXRD patterns (Table 1). Further, in the presence of 
these two cationic surfactants, a contradictory observation 
has resulted. LTA synthesized at a lower crystallization 
temperature (100 °C) in the presence of TPAB resulted in 
LTA with impure phases namely, Moganite/Keatite/Liottite, 
Weinebeneite (WEI), LTL, and Liottite/Afghanite (AFG), 
LTA synthesized at higher temperatures (130 °C and 150 °C) 
in the presence of HDAB has resulted in additional peaks 
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corresponding to hydroxy-sodalite, Gmelinite (GME), Epis-
tilbite (EPI) [21].

The observed differences in the impurity phases of LTA 
zeolite synthesized in the presence of the two cationic sur-
factants at varying crystallization temperatures can be attrib-
uted to the distinct characteristics of the alkyl chains present 
in these surfactants. TPAB and HDAB have different alkyl 
chain lengths. TPAB has shorter propyl chains while HDAB 
has longer hexadecyl chains. The alkyl chains in surfactants 
play a crucial role in zeolite crystallization. The hydrophilic 
part of the surfactant promotes crystallization, while the 
long hydrophobic chains inhibit crystal growth, leading to 

distinct outcomes [52]. Therefore, according to the observed 
results, it can be proposed that shorter alkyl chains may lead 
to impure phases at lower temperatures, while longer chains 
at higher temperatures can result in different impurity phases 
at the tested conditions. When LTA is synthesized in the 
presence of cationic surfactant TPAB at lower temperatures 
(100 °C and 110 °C), it predominantly exhibits major crys-
talline planes (8 2 0). However, as the crystallization temper-
ature increases, a shift to major planes of (6 2 2) is observed. 
This behavior is similar to what's observed with anionic sur-
factants and indicates that TPAB, a cationic surfactant, influ-
ences the choice of major crystalline planes depending on 

Fig. 9   Proposed kinetic pathway for the LTA stable phase formation at 150 °C through a metastable phase at 130 °C: A Raman Spectrum of 
SDS-130 and B SEM image of SDS-130
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microwave temperature. In contrast, when HDAB is present, 
there is minimal variation in the major crystalline planes was 
observed, suggesting a consistent effect across temperatures 
used in this study. Notably, LTA synthesized at 100 °C in 
the presence of TPAB shows the lowest absolute intensities 
of major diffraction peaks, indicating that 100 °C may not 
be conducive for the formation of characteristic LTA planes 
with this cationic surfactant. On the other hand, both 130 °C 
and 150 °C result in the highest absolute intensities, signify-
ing that these temperatures are more favorable for LTA plane 
formation when cationic surfactants are present.

According to the SEM images shown in Fig. 10, zeolite 
materials synthesized in the presence of cationic surfactants 
exhibited a strong correlation with the PXRD results, pro-
viding valuable insights into the influence of different sur-
factants and crystallization temperatures on zeolite crystal 
morphology. In the case of TPAB-100, the crystals displayed 
a cubic shape. However, their surfaces were notably rough, 
and the edges and apexes were deeply truncated. This sug-
gests that a lower crystallization temperature is unfavorable 
for achieving well-developed LTA crystals in TPAB’s pres-
ence. As the temperature increased to 110 °C, 130 °C, and 
150 °C, the crystals' morphology improved, with sharper 
edges and apexes, indicating that TPAB promoted the 
formation of well-defined LTA crystals with temperature 
increment. Raman spectroscopy results can provide further 
insights into any phase transitions in this context.

In contrast, the HDAB-100 and HDAB-110 samples 
exhibited poorly developed LTA zeolite crystals. The 
SEM images of HDAB-100 showed the absence of 6- and 
8-membered structures, featuring only 4-membered cubes 
with rough surfaces, truncated edges, and apexes. At 
110 °C, there was a modest improvement in morphology, 
with somewhat sharper edges on the cubes, though surface 
imperfections persisted. The HDAB-130 sample, synthe-
sized at 130 °C, exhibited well-formed cubic LTA crystals 
(8-membered) with properly developed edges and apexes. 
This suggests that 130 °C remains favorable for LTA crystal 
formation, despite the emergence of additional PXRD peaks 
corresponding to other zeolite phases, without significantly 
affecting LTA crystal quality. However, at the highest crys-
tallization temperature of 150 °C, damaged LTA cubes were 
predominant in the SEM images, indicating that the forma-
tion of additional crystal phases adversely impacted LTA 
crystal growth at this elevated temperature in the presence 
of HDAB.

In the Raman spectra of LTA synthesized in the pres-
ence of cationic surfactants (Fig. 6), there was no observ-
able trend of peak broadening. Further, any additional peaks 

other than the characteristic peaks of LTA zeolite did not 
appear. Therefore, it can be concluded that in the presence 
of both of these cationic surfactants, LTA zeolite crystal-
lization does not undergo any stable phase transitions or 
any metastable phases at 100, 110, 130, and 150 °C under 
microwave irradiation.

3.2.3 � Effect of non‑ionic surfactants

Figure 4 shows the PXRD patterns of LTA zeolites syn-
thesized in the presence of non-ionic surfactants A: Tri-
ton and B: PEG at different temperatures. As with anionic 
and cationic surfactants, the formation of LTA zeolite was 
confirmed. In addition, the resulting LTA zeolite materials 
exhibited the formation of impure phases when subjected 
to an intermediate crystallization temperature of 130 °C. 
Both Triton and PEG samples exhibited the presence of 
Faujasite (FAU), where Triton led to ASV phases and 
PEG resulting in ASU-7 (ASV) phases [21]. Moreover, 
the primary crystalline phase predominantly appeared as 
(8 2 0) at lower crystallization temperatures, specifically 
at 100 °C and 110 °C. As the temperature increased to 
130 °C and 150 °C, a transition to the major crystalline 
plane (6 2 2) was observed.

The variation in the absolute intensity of the major LTA 
peak with temperature in the presence of non-ionic sur-
factants closely resembled the trend observed with cati-
onic surfactants, differing from that of anionic surfactants. 
Notably, at the intermediate temperature of 130 °C, the 
absolute intensities of LTA characteristic peaks were at 
their lowest for samples synthesized in the presence of 
Triton and PEG. In contrast, the highest intensity was 
observed at both the highest temperature of 150 °C and 
the lowest temperature of 100 °C. This indicates that LTA 
crystal plane formation is promoted at both extreme tem-
perature ends, while the intermediate temperature signifi-
cantly suppresses LTA crystal plane formation in the pres-
ence of non-ionic surfactants.

These findings are further corroborated by SEM results 
(Fig. 11). LTA zeolite crystals synthesized at 100 °C and 
150 °C exhibited typical 8-membered cubic crystals with 
well-developed edges and apexes when Triton and PEG 
were employed. However, SEM images of Triton-130 and 
PEG-130 showed the presence of only 4-membered cubes, 
aligning with the PXRD results that highlight the unfavora-
ble nature of 130 °C for LTA formation in the presence of 
non-ionic surfactants. Furthermore, Triton-110 and PEG-
110 images predominantly displayed 8-membered LTA 
cubes, albeit with comparatively rough surfaces and less dis-
tinct edges. This implies that increasing the crystallization 
temperature from 100 °C to 150 °C may have led to phase 
transitions or the presence of metastable phases at 110 °C 
and 130 °C when Triton and PEG non-ionic surfactants are 

Fig. 10   SEM images of zeolites synthesized in the presence of 
TPAB; A: at 100 °C, B: at 110 °C, C: at 130 °C, D: at 150 °C and 
HDAB; E: at 100 °C, F: at 110 °C, G: at 130 °C, H: at 150 °C

◂
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used. However, further confirmation was needed. Therefore, 
Raman spectroscopic characterization results we analyzed.

In the corresponding Raman spectra (Fig. 7), there was 
no observable trend of peak broadening. Further, any addi-
tional peaks other than the characteristic peaks of LTA zeo-
lite did not appear except the peak at 470 cm−1 in the Raman 
spectrum of Triton-150. However, the interference of this 
peak with the typical band corresponding to the TO4 stretch-
ing vibrations at 490 cm−1 is negligible (no considerable 
symmetry disturbance) since Triton-150 exhibited typical 
8-membered cubic crystals with well-developed edges and 
apexes as well as smooth crystal surfaces in its SEM images. 
Therefore, it can be concluded that in the presence of both of 
these non-ionic surfactants, LTA zeolite crystallization does 
not undergo any stable phase transitions or any metastable 
phases at 100, 110, 130, and 150 °C.

3.3 � Microstructural and crystal defects study

3.3.1 � Average crystallite size

Crystals are not able to become perfect since they do not 
expand to infinity in all dimensions, which produces XRD 
peaks instead of XRD lines. Therefore, no ideally perfect 
crystals exist due to their finite size, which causes broaden-
ing of the XRD lines. The main characteristics of crystalline 
materials extracted from the XRD peak intensity, width, and 
peak position (2θ) shifts are crystallite size and lattice strain. 
The size of the coherently diffracting domains is known as 
the crystallite size, and the average crystallite size of crys-
talline materials is calculated by Debye Scherrer’s formula, 
D = kλ/β cos θ, where D is the average crystallite size, λ 
is the wavelength of the X-ray (λ = 0.154184 nm), β is the 
full width at half maximum (FWHM) after correcting for 
instrumental peak broadening (β expressed in radians), θ is 
Bragg’s angle, and k is the Scherrer constant [53]. In this 
study, the average crystallite size was calculated using the 
Scherrer equation.

Generally, low crystallization temperatures are favored 
for nucleation over crystal growth and encourage the forma-
tion of crystals with a smaller crystallite size. At higher crys-
tallization temperatures, individual nano-crystals aggregate 
and cause the steady congregated agglomerates to form. This 
can be attributed to the dominant nucleation during crystal-
lization due to much slower crystal growth kinetics and dif-
fusion rates at lower crystallization temperatures [54]. Sur-
factants are employed in the zeolite crystallization process, 
minimize the Ostwald ripening, and facilitate a decrease in 
the crystallite size [55]. When dissolved in water, surfactants 

such as SDS form micelles, which are found to be slightly 
compressed (oblate ellipsoids), and with increasing tempera-
ture, their sizes tend to shrink, which facilitates the forma-
tion of crystals with smaller crystallite sizes. However, some 
surfactant molecules remain homogeneously mixed in water 
without participating in micelle formation [56]. The amount 
of this fraction is different for each surfactant, and this can 
be the reason for the variations in the average crystallite size 
of zeolites with different types of surfactants at crystalliza-
tion temperature variation.

Table 2 contains the average crystallite size of LTA zeo-
lites at 4 different crystallization temperatures. The aver-
age crystallite size variation with increasing crystallization 
temperature is presented in Figs. 12, 13, and 14 respectively 
for zeolites synthesized in the presence of anionic, cationic, 
and non-ionic surfactants. However, the obtained average 
crystallite sizes of each sample are fundamentally differ-
ent from the particle size observed in SEM images, which 
can represent agglomerates of multiple crystallites. In this 
study, while SEM images reveal larger particle sizes due 
to agglomeration, the XRD analysis accurately reflects the 
average size of individual crystallites within those particles. 
Both measurements are crucial for a comprehensive under-
standing of the material properties. Following the general 
tendency of crystallite size variation with temperature, the 
average crystallite size of zeolites in the presence of the 
surfactants Oleic acid and Triton increased with increas-
ing crystallization temperature. This can suggest that in this 
temperature range, there is no significant effect of a higher 
crystallization temperature on the micelle formation of Oleic 
acid and Triton. However, in the case of SDS, PEG, and 
HDAB, a remarkable change in D could be observed at a 
temperature of 130 °C. Zeolites synthesized at other tem-
peratures (except 130 °C) had higher D values, and those 
synthesized at 130 °C in these anionic and non-ionic sur-
factants showed a lower D value in the presence of SDS 
and PEG. That can be attributed to the decrease in micelle 
volume with increasing temperature up to 130 °C. However, 
increasing the average crystallite size of zeolites formed at 
a further increased temperature of 150 °C may be due to 
an increased surfactant fraction that does not participate in 
micelle formation. In contrast, zeolite synthesized in the 
presence of HDAB cationic surfactant at this intermediate 
temperature of 130 °C has led to an increase in the average 
crystallite size when compared with the other 3 tempera-
tures. This may be due to the crystal agglomeration at this 
intermediate temperature, which could not be overcome 
with the micelle formation by HDAB (due to the bulky alkyl 
groups) and may have been affected by the additional crystal 
phase formation at this particular temperature. However, the 
further increase in temperature to 150 °C has induced the 
lowering of the micelle size of HDAB and thus lowered the 
average crystallite size of zeolite. Moreover, in the presence 

Fig. 11   SEM images of zeolites synthesized in the presence of Tri-
ton; A: at 100 °C, B: at 110 °C, C: at 130 °C, D: at 150 °C and PEG; 
E: at 100 °C, F: at 110 °C, G: at 130 °C, H: at 150 °C

◂
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of the cationic surfactant TPAB, the average crystallite size 
of zeolites tends to increase with the crystallization tempera-
ture, but at the highest temperature of 150 °C, the D value 

was lower than that of zeolite at 130 °C. That means that, 
though the presence of TPAB does not significantly affect 
the crystallite size at 100, 110, and 130 °C, the micelle size 

Table 2   Average crystallite size and average microstrain of LTA zeolites at four different crystallization temperatures

Surfactant SDS Oleic acid TPAB HDAB Triton PEG

T (°C) D (nm) ε × 10–3 D (nm) ε × 10–3 D (nm) ε × 10–3 D (nm) ε × 10–3 D (nm) ε × 10–3 D (nm) ε × 10–3

100 84 1.37 83 1.35 80 1.71 73 1.67 85 1.30 86 1.27
110 85 1.32 83 1.35 85 1.39 68 1.88 86 1.31 86 1.28
130 78 1.62 85 1.50 89 1.30 84 1.35 87 1.38 85 1.55
150 84 1.34 87 1.37 88 1.35 73 1.71 89 1.30 89 1.28

Fig. 12   Variation of average crystallite size and average microstrain of LTA zeolites with the crystallization temperature in the presence of ani-
onic surfactants; A SDS; B Oleic acid

Fig. 13   Variation of average crystallite size and average microstrain of LTA zeolites with the crystallization temperature in the presence of cati-
onic surfactants; A TPAB; B HDAB
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of TPAB has lowered at 150 °C. Similarly in the case of the 
other cationic surfactant of HDAB, also lowered the average 
crystallite size.

3.3.2 � Crystal defects (imperfections) study

3.3.2.1  Average microstrain  The microstrain of crystal-
line materials is known as the d-spacing changes through-
out the domains, which have a dependency on the inter-
nal stresses and the material elastic constants. Due to the 
displacement of atoms that are arranged according to their 
referenced lattice points and the crystal lattice defects that 
take place throughout the domain, microstrains occur and 
result in peak broadening in XRD diffractograms. In other 
words, lattice mismatching and misfitting are the origin of 
the microstrain. The microstrain of crystalline materials is 
expressed as ε = β cot θ/4 where β is the full width at half 
maximum (FWHM) after correcting for instrumental peak 
broadening (β expressed in radians), θ is Bragg’s angle [57]. 
The kinetic and thermal energies of the molecules that are 
associated with the crystallization process of the materi-
als cause random crystal growth, which leads an internal 
residual stress (compression or tension), resulting in crystal 
deformation during the crystallization process [53].

Table 2 contains the average microstrain of LTA zeo-
lites at 4 different crystallization temperatures. The average 
microstrain and crystallite size variation with increasing 
crystallization temperature are presented in Figs. 12, 13, 
and 14, respectively for zeolites synthesized in the presence 
of anionic, cationic, and non-ionic surfactants. Microstrain 
is highly dependent on the crystallite size of materials. It 
generally has an inverse relationship to the crystallite size, 
and as a thumb rule, we can say that microstrain increases 

gradually with decreasing crystallite size. This can be 
described as follows: When the volumes occupied by the 
atoms arranged in the agglomerates that form from the crys-
tallites decrease with decreasing crystallite size, the total 
surface area of the crystalline material tends to increase. 
This can cause a decrease in the crystal plane position shift 
and, therefore, a reduction in the microstrain of the mate-
rial. In other words, the coalescence of adjacent particles 
tends to decrease the free volumes at the grain boundaries 
and, in turn, lower the crystal defects, including the micro-
strain of materials [58]. According to the obtained results, 
this general trend has been followed by LTA zeolites syn-
thesized with the aid of all surfactants except the anionic 
surfactant Oleic acid and the non-ionic surfactant Triton. 
When the crystallization temperature increased from 110 °C 
to 130 °C, the average crystallite size of zeolite synthesized 
with the above surfactants decreased; however, their aver-
age microstrain also decreased, following a proportional 
relationship with the average crystallite size. This deviation 
from the general trend can be due to some supplementary 
stress applied to the crystal lattice of zeolite at this particu-
lar temperature [59]. Moreover, the formation of additional 
crystal phases at this temperature of 130 °C (Table 1) can 
have caused crystallite cracks and contributed to this sup-
plementary stress.

3.3.2.2  Dislocation density  Dislocations are known as the 
most important type of crystal defects that may be generated 
due to internal stresses of crystalline materials. These are 
the linear imperfections that occur in the slipped planes and 
act as boundaries between un-slipped and slipped regions in 
the planes of materials. When stress is applied to the crystal 
domain, the formed dislocations react with a driving move-

Fig. 14   Variation of average crystallite size and average microstrain of LTA zeolites with the crystallization temperature in the presence of non-
ionic surfactants; A Triton; B PEG
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ment. The length of dislocation lines per unit volume of the 
crystal is defined as the dislocation density of materials and 
is known to have an important role in the rigidity, stiffness, 
ductility, and strength of materials [60]. Therefore, these 
types of defects have to be controlled. Crystallite formation, 
crystallite size, and the morphological features of the mate-
rials influence the dislocation density, which can be easily 
calculated by the Williamson–Smallman equation, δ = 1/D2 
where D is the value of the crystallite size [61].

Figure 15 depicts the dislocation density variation of LTA 
with the crystallization temperature for the different struc-
ture-directing agents. According to Fig. 15, it is clear that 
the dislocation density of zeolites varies with the crystalliza-
tion temperature almost similarly in the presence of Oleic 
acid, TPAB, and Triton. For those zeolites, the dislocation 
density tends to decrease with the crystallization tempera-
ture. When compared with the other three temperatures, a 
sudden decrease in the dislocation density is observed in the 
zeolite-synthesized at 130 °C in the presence of HDAB. In 
contrast, a sudden increase can be observed for the zeolite 
synthesized at the same 130 °C temperature, in the presence 
of SDS interstitial vacancies [62].

The value of the dislocation density represents the vacant 
spaces between the crystalline clusters or crystallite agglom-
erations. Therefore, the decreasing value of the dislocation 
density can be attributed to the improvement of the crystal-
lization process of the samples, the diminishing of the free 
volumes, and the reduction of the Based on this fact, it can 
be suggested that the intermediate temperature of 130 °C has 
a positive effect on the crystallization process in the pres-
ence of the cationic surfactant HDAB and a negative effect 
in the presence of the anionic surfactant SDS. Further, the 

crystallization temperature increment has contributed to the 
improvement of the crystallization process in the presence of 
Oleic acid, TPAB, and Triton since the dislocation density 
has decreased in the presence of these surfactants.

4 � Conclusions

In conclusion, PXRD, Raman, FTIR, and SEM analysis con-
firmed that the inclusion of any of the surfactants namely, 
SDS, Oleic Acid, TPAB, HDAB, Triton, and PEG in the 
reaction mixture does not affect crystal phase transitions 
between 100 and 150 °C under microwave irradiation, con-
sistently yielding LTA-type zeolite. Interestingly, the study 
revealed a metastable property of the SDS-130 LTA mate-
rial. However, the presence of surfactants notably influenced 
phase purity, crystal morphology, average crystallite size, 
and imperfections at particular microwave temperatures. 
Optimal phase purity and morphology were attained at lower 
temperatures (100 and 110 °C) when using anionic and non-
ionic surfactants, whereas these properties were achieved 
at higher temperatures (130 and 150 °C) with cationic sur-
factants. These conclusions are supported by changes in 
dislocation density in HDAB-130 and SDS-130 zeolites, 
reflecting improvements in crystallization processes under 
high and low temperatures, respectively. Further, the study 
reveals a consistent inverse correlation between microstrain 
and crystallite size in LTA zeolites synthesized with vari-
ous surfactants over a range of crystallization temperatures, 
though exceptions were observed at 130 °C. In summary, 
this study highlights the complex relationship between sur-
factants, temperature, phase purity, morphology, and crys-
tal defects in LTA-type zeolite synthesis, calling for further 
exploration of crystallization mechanisms and their impli-
cations for optimizing LTA-type zeolite production. This 
research establishes a foundation for choosing surfactants 
to alter pore structures in hierarchical and mesoporous LTA 
zeolites, and for methodically designing LTA zeolites with 
tailored properties. It addresses existing knowledge gaps and 
sets the stage for future advances in zeolite synthesis.
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