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Abstract

The present study consisted of a comparative investigation of crystallite size
and microstrain through the analysis of X-ray diffraction peak broadening of
analcime synthesized by the hydrothermal method. Several characterization
techniques, including X-ray diffraction (XRD), scanning electron microscopy
coupled with energy-dispersive spectroscopy (SEM/EDS), Fourier transform
infrared spectroscopy (FTIR), and X-ray fluorescence (XRF), were employed
to characterize the synthesized material. XRD analysis revealed the presence
of a single phase corresponding to analcime. SEM analysis revealed a trapezo-
hedral or deltoidal icositetrahedral morphology, while EDS confirmed the
presence of the expected elements accross the analyzed regions, with some lo-
cal variations in their relative abundances. XRF analysis demonstrated the alu-
minosilicate nature of the material with a Si/Al ratio of 2.8, while FTIR spec-
troscopy revealed absorption bands in the range 500 - 1000 cm™, characteristic
of zeolitic materials. Several XRD peak broadening analysis methods were ap-
plied, including the Scherrer, Monshi-Scherrer, Williamson-Hall, size-strain
plot, Halder-Wagner, and modified Warren-Averbach methods. The results
highlight significant differences in crystallite size and microstrain values, aris-
ing from the assumptions specific to each model. The Scherrer and Monshi-
Scherrer methods provided crystallite size estimates ranging from 75.47 nm to
98.71 nm. The UDM, USDM, and UDEDM approaches of the Williamson-
Hall method revealed crystallite sizes of 158.54 nm, 149.46 nm, and 155.21 nm,
respectively, with corresponding microstrain values of 0.931 x 1073, 0.902 x
1073, and 0.924 x 107°. The Halder-Wagner, size-strain plot, and modified
Warren-Averbach methods yielded crystallite sizes of 115.54 nm, 115.54 nm,
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and 128.38 nm, respectively, and microstrain values of 1.02 x 1073, 6.26 x 1073,
and 8.13 x 107
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1. Introduction

Zeolites are microporous crystalline aluminosilicate materials characterized by an
open framework structure containing cavities and channels occupied by ex-
changeable ions (Na*, K*, Ca?*) and water molecules. Among these materials,
analcime is widely used because of its ion-exchange capacity, catalytic, and ad-
sorption properties [1]-[3]. Hydrothermal synthesis is the most commonly em-
ployed method for the preparation of synthetic analcime, as it reproduces the nat-
ural formation conditions while allowing precise control of parameters such as
temperature, treatment time, and the chemical composition of the initial hydrogel.
It is described as a dissolution-recrystallization process involving aluminosilicate
precursors. The formation of analcime is strongly influenced by the Si/Al molar
ratio, the base concentration, and the dissolution-recrystallization rate of these
precursors [4]. The existence of hybrid mechanisms combining classical and non-
classical pathways involving amorphous aggregates or aluminosilicate gels has
been highlighted by several studies [5]-[8]. These observations challenge the sim-
plified view of homogeneous crystal growth and emphasize the critical role of nu-
cleation stages. The literature review reveals significant variability in crystallite
sizes and morphologies under similar synthesis conditions. Crystallite size and
lattice microstrain are strongly influenced by the synthesis conditions. One study
reported that the average crystallite size of analcime can reach approximately 150
nm depending on the hydrothermal conditions and the structure-directing agents
employed [9]. In this context, the estimation of crystallite size can no longer be
regarded as a simple descriptive measurement, but rather as an indirect tool for
understanding the material formation mechanisms. Therefore, the characteriza-
tion of these microstructural parameters mainly relies on the analysis of X-ray
diffraction profiles, where peak broadening may arise from the combined contri-
butions of crystallite size and lattice microstrain. However, several mathematical
approaches and methods, such as the Scherrer, Williamson-Hall, Size-Strain Plot,
Halder-Wagner, and Warren-Averbach methods, have been employed in numer-
ous studies [10]-[13]. In this context, the Scherrer method is the simplest and most
widely used approach for estimating the average crystallite size from diffraction
peak broadening without considering the contribution of strain. The Williamson-
Hall method is one of the most commonly applied approaches for estimating crys-
tallite size, stress, lattice strain, and strain energy density. This method is subdi-

vided into three models: the uniform deformation model (UDM), the uniform
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stress deformation model (USDM), and the uniform deformation energy density
model (UDEDM) [14] [15]. The size-strain plot and Halder-Wagner methods in-
troduce a more realistic modeling of diffraction profiles by assuming specific dis-
tributions (Gaussian and Lorentzian) of size and strain effects, thereby improving
the reliability of the extracted parameters. Finally, the Warren-Averbach method,
based on the Fourier analysis of diffraction profiles, constitutes a more rigorous
approach that allows the separate determination of coherent domain size and mi-
crostrain distribution [16]-[18]. However, this method requires high-quality ex-
perimental data and more complex mathematical processing, thereby limiting its
systematic use. Despite the diversity of these methods, few comparative studies
have been devoted to the critical evaluation of these different approaches applied
to hydrothermally synthesized analcime. In this context, the objective of the pre-
sent study is to investigate the microstructural properties (crystallite size and lat-
tice microstrain) of synthetic analcime through the analysis of X-ray diffraction
peak broadening using the Scherrer, Monshi-Scherrer, Williamson-Hall (UDM,
USDM, UDEDM), size-strain plot, Halder-Wagner, and modified Warren-Aver-
bach approaches.

2. Expérimentation

2.1. Hydrothermal Synthesis of the Zeolitic Material

The zeolitic compound was synthesized by mixing 1.64 g of sodium aluminate
with 50 mL of an aqueous sodium hydroxide solution at a concentration of 0.103
g/mL. After 10 minutes of stirring, 11.1 mL of sodium silicate was added to the
previous solution under vigorous magnetic stirring to form the gel. After 24 hours
of aging, the formed aluminosilicate gel was transferred into an autoclave, which
was then placed in an oven at 105°C for 8 days. After crystallization, the obtained
product was recovered, washed with distilled water until pH = 9, and dried at 95°C
for 24 hours.

2.2. Characterization Methods of the Synthesized Powder

The synthesized product was analyzed using several techniques. X-ray diffraction
(XRD) measurements were carried out using an X’Pert3 Panalytical powder dif-
fractometer employing Cu Ka radiation with wavelengths of (AKal = 1.54059 A;
AKa2 = 1.54441 A). The data were collected under the following experimental
conditions: 5 <26<50°, A26=0.02°, 45 kV and 100 mA. Phase identification was
performed using the QualX software with the COD database. Rietveld profile re-
finement was carried out using the FullProf program (version: March 2021). The
profile function used was the Thompson-Cox-Hastings pseudo-Voigt convoluted
with axial divergence asymmetry. The average crystallite size and microstrain
were estimated using the Scherrer, Monshi-Scherrer, Williamson-Hall, Halder-
Wagner, Size-Strain Plot, and modified Warren-Averbach methods. The instru-
mental broadening of the XRD peaks was determined using a crystalline silica

standard, for which an instrumental FWHM, Bustumenta, 0f 0.071° was measured
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for the (1 1 1) reflection at 260 = 28.4°. The instrumental contribution was cor-
rected using a Gaussian deconvolution procedure according to

B et = Boos = Blumenal » Where Bus is the observed FWHM. The profiles of the
individual XRD reflections were fitted in OriginPro 2024 software using a Gauss-
ian function to determine the peak positions and FWHM values. Only well-re-
solved reflections without significant overlap with neighboring peak were consid-
ered for the microstructural analysis and subsequent fitting procedures. The mor-
phology and local elemental chemical composition were investigated using a Reg-
ulus 8100 scanning electron microscope coupled with energy-dispersive spectros-
copy. Fourier-transform infrared analysis was performed on a Thermo Scientific
Nicolet iS50 FTIR spectrophotometer scanning the range from 500 to 4000 cm™.
The elemental composition was determined using a Thermo Fisher Scientific X-

ray fluorescence spectrometer.

2.3. XRD Data Analysis
2.3.1. Scherrer and Monshi-Scherrer Methods

The Scherrer method is the simplest and most rapid approach for estimation the
average crystallite size, as it neglects the contribution of lattice microstrian to X-
ray diffraction peak broadening. This size is calculated using Equation (1) [14]
[19] [20].

K-

D:ﬁcose )

The Monshi-Scherrer method is a modified form of the Scherrer equation. In

this approach, Equation (1) is linearized to yield the following expression Equa-

tion (2) [20]:
K-A 1
lnﬂ—ln( D }Lln(cos@j (2)

With D: average crystallite size (nm); K: Scherrer constant (K = 0.9); A: X-ray

wavelenght (nm); £ full width at half maximum (FWHM) corrected for instru-

mental broadening, in radians; & Bragg’s angle in radians.

2.3.2. Williamson-Hall Methods

Williamson-Hall method considers X-ray diffraction peak broadening as a com-
binaison of crystallite size and lattice microstrain contributions. These mi-
crostrain are attributed to the presence of point defects, grains boundaries, and
stacking faults [21] [22]. This broadening is defined as follows:

ﬂhkl = ﬂsize + ﬂstrain (3)
Three models are derived from the Williamson-Hall method [20] [22] [23],

namely:

a) Uniform Deformation Model

This model assumes that lattice microstrain is uniformly distributed in all crys-
tallographic directions throughout the crystal, resulting in isotropic peak broad-

ening. It is expressed by Equation (4) [13]:

DOI: 10.4236/ampc.2026.169019

336 Advances in Materials Physics and Chemistry


https://doi.org/10.4236/ampc.2026.169019

F. Ngoro-Elenga et al.

B 0056’:%./1+4gsin¢9 (4)

where ¢is the lattice microstrain.

b) Uniform Stress Deformation Model

Unlike UDM, USDM takes into account the anisotropy of Young’s modulus,
thereby providing a more realistic description of the lattice deformation condi-
tions. The stress associated with lattice microstrain is assumed to be uniform
across all crystallographic directions, while explicitly incorporating the contribu-
tion of microstrain within the crystals. The following Equation (5) represents
Hooke’s law, which describes a linear relationship between strain and stress:

Y ®

where o is the stress, ¢ is the anisotropic microstrain and Yy is the modulus of
elasticity or Young’s modulus. By substituting & with its expression from relation
5, the Williamson-Hall model can be rewritten as Equation (6) [24]:

B, cos0="2 149 ing 6)
hkl

For cubic systems, Young’s modulus is given by Equation (7)

1 1 (WK +I°7 + 1
_=S11_2(S1|_Slz _ES44]X S 2 a2 7)
Ikl (h +k”+1 )
With:
S, = G, +GCy :S, = —Cy :S,, :L
(CII_CIZ)(C11+2C12) (CII_CIZ)(C11+2C12) C44
where:

G, G, Gy and 81, 812, Su are the stiffness constants and the elastic compli-
ances of cubic analcime zeolites, respectively. The values of the elastic constants
Cjhave been reported in references [25] [26]; those used in this study are as fol-
lows: Gi; = 112.5 GPa, G, = 33.4 GPa, Cyy = 27.9 GPa [25].

¢) Uniform Deformation Energy Density Model

Unlike the UDM and USDM approaches, which assume isotropy and a linear
relationship between strain and stress, respectively, the UDEDM approach con-
siders the anisotropic deformation of the crystalline lattice in all crystallographic
directions. This deformation is caused by the strain energy density [14] [22] [27].
This model, therefore, relies on the anisotropy of Young’s modulus Y, Equation
(8) gives Hooke’s law relating the anisotropic strain energy density (u) to the

stress. After rearrangement, the Williamson-Hall model can be expressed as Equa-

tion (9)
2 thl
u=g® 8
5 (8)
K-A 2u
cosd =——+4sinf- [— 9
ﬂhkl D Y ( )
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2.3.3. Size-Strain Plot Method

The Size-Strain Plot method allows the estimation of crystallite size and lattice
strain by assuming that the broadening of the diffraction profile results from a
combination of Lorentzian and Gaussian functions Equation (10), associated with

crystallite size and microstrain, respectively.
B =B+ Bs (10)

where f; and Bgare the full widths at half maximum of the Lorentzian and Gauss-
ian functions, respectively. The relationship used to estimate the crystallite size
and lattice strain by the Size-Strain Plot method is expressed by Equation (11) [10]
[14] [28].

2

K-2
) =—<dfk,~ﬂhk,-0039)+% (11)

(dhkl * P -c0s 0

2.3.4. Halder-Wagner Method

In contrast to the size-strain plot method, which assumes that broadening due to
crystallite size follows a Lorentzian function and that due to strain is described by
a Gaussian function, the Halder-Wagner method assumes that XRD peak broad-
ening is a symmetric Voigt function [29], i.e., a convolution of a Lorentzian func-
tion and a Gaussian function [30]. In this case, Equation (12) gives the full width

at half maximum:
ﬂhzkl = ﬁLﬂhk} + ﬂé (12)

The relation used to determine the crystallite size and lattice strain, according
to the Halder-Wagner method, is given by Equation (13) [22] [31]:

2
B _ K-2 B : 1452 (13)
2tan @ D \4tan@-sin@

2.3.5. Modified Warren-Averbach Method

The Warren-Averbach method, based on the Fourier analysis of XRD peak pro-
files, enables the separation and quantification of crystallite size and lattice mi-
crostrain [20] [32]-[34]. A modified equation derived from this approach Equa-
tion (14) [20] [35] [36] was proposed without employing Fourier series analysis.

2
Pu 2 P ), o5, (19
tan° ¢ D\ tan@sin@

3. Results and Discussion

3.1. Structural Parameter

The XRD pattern of the synthesized product (Figure 1) reveals the presence of a
pure phase consisting solely of analcime (COD card 00-900-8207), with space
group I a -3 d and lattice parameter a = 13.74079 A, characterized by peaks at 26
(°)=15.76, 18.22, 24.20, 25.90, 30.48, 31.86, 33.20, 35.74, 36.96, 40.42, 41.52, 42.60,
44.68, 47.68, and 48.64. All peaks were indexed and correspond respectively to the
reticular planes (211),(220),(321),(400),(332),(422),(431),(521),(44
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0),(532),(620),(541),(631),(640), and (6 3 3). The most intense peak
corresponds to the (4 0 0) plane; this feature has also been reported by [37] [38].
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Figure 1. XRD pattern of synthetized zeolite.

3.2. Rietveld Refinement

Figure 2 shows the observed and calculated profiles along with their difference

profile. The Rietveld refinement yielded agreement factors of Rp = 12.1% and Rwp

= 12.6%, indicating a satisfactory overall fit between the experimental and calcu-
lated profiles [39] [40]. The low value of Rprg = 3.1% reflects the good quality of
the structural model. However, the relatively high GoF value of 10.9 suggests a

discrepancy between the experimental data and the refined model; this deviation

may indicate the presence of contributions not accounted for in the refinement,

such as preferred orientation effects, microstrain, or the presence of minor sec-

ondary phases [41] [42]. The low value of Rexp = 3.8 indicates the high quality of

the experimental data.
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Figure 2. Experimental, calculated XRD pattern and their difference for Rietveld refine-
ment of synthetized zeolite sample.
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3.3. Crystallite Size and Lattice Microstrain Estimation

Although 15 reflections were indexed in the XRD pattern, only 12 sufficiently in-
tense reflections were selected for the microstructural analysis. The (620), (541),
and (631) reflections were excluded because of their very low intensities, which

prevented reliable determination of their FWHM values.

3.3.1. Scherrer and Monschi-Scherrer Methods

The average crystallite size is obtained from the slope of the plot of Inf as a func-
tion of In(1/cos@). The Scherrer and Monshi-Scherrer methods (Figure 3 and Fig-
ure 4) yield crystallite sizes of 56.46-98.84 nm (with an average of 75.47 nm) and
98.71 nm, respectively (Figure 3 and Figure 4).

z Average crystallite size : 75.47 nm
4 o
i
=
< 3
N’
-
=
=
=]
O,
14
0 | \

40 50 60 70 80 90 100 110
Crystallites size D (nm)

Figure 3. Scherrer method.

=599 y=7.72849x - 6.56799

Adj. R2=0.91356
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Inp

-6.3
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—6.5 1 (Y

[ ® Monshi-Scherrer method
Linear fit

—6.6

T T T T
0.00 0.02 0.04 0.06 0.08 0.10
In(1/cos0)

Figure 4. Monshi-Scherrer method.

3.3.2. Williamson-Hall Method
a) Uniform deformation model (UDM)

The linear fit (Figure 5) of f,,,-cos@ versus 4sinf enabled the determina-
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tion of the average crystallite size from the intercept (KA/D = 8.74588 x 10™),
while the latiice microstrain was directly obtained from the slope (¢=9.31 x 107).
The resulting average crystallite size was found to be 158.54 nm. The positive value
of the microstrain indicates that the strain is of a tensile nature [11] [22].

b) Uniform stress deformation model (USDM)

The Young’s moduli corresponding to the Miller indices of cubic analcime were
calculated using Equation (7) and are reported in Table 1. The linear fit of the plot
of B, -cos@ versus 4siné/Y,, , shown in Figure 6, enabled the average crys-
tallite size to be estimated from the intercept (KA/D = 9.38071 x 10™*). The result-
ing average crystallite size is approximately 149.46 nm. The slope, corresponding
to o= 0.0698 GPa, was used to determine the lattice microstrain (£=9.024 x 10™%)

Table 1. Young’s moduli corresponding to the Miller indices of cubic analcime.

h k 1 Y (GPa)
2 1 1 77.369
2 2 0 77.369
3 2 1 77.369
4 0 0 97.182
3 3 2 73.411
4 2 2 77.369
4 3 1 77.369
5 2 1 84.745
4 4 0 77.369
5 3 2 77.369
6 4 0 79.775
6 3 3 77.369

¢) Uniform deformation energy density model (UDEDM)
The intercept of the linear fit of the plot of f,,-cos@ as a function of

4sin6- fi (Figure 7), given by KA/ D = 0.0008933, yielded an average
hkl

crystallite size of approximately 155.21 nm. The slope Ju =0.00575 was used to
estimate the anisotropic strain energy density &z = 3.306 x 10~> GPa. By rearrang-
ing Equation (8), the microstrain value £ was determined to be approximately 9.24

x 107, corresponding to a stress of o= 0.0712 GPa.

3.3.3. Size-Strain Plot Method

The linear fit of the experimental data of the plot of (d,fk, - B - €OS 9) versus
(dyy - By - c0s 19)2 , presented in Figure 8, enabled the crystallite size and lattice
strain to be estimated from the slope (K°A/D = 0.0012) and the intercept (£/4 =
9.80678.107°), respectively. The calculated crystallite size and lattice strain are
115.54 nm and €= 6.26 x 107, respectively.
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Figure 5. UDM.
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Figure 7. UDEDM.
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B B
the linear fit of the plot of L versus ——

3.3.4. Halder-Wagner Method

2
The linear fitting of the plot of P as a function of L
2tan@ 4tan@-sin @

derived from the experimental data (Figure 9) made it possible to estimate the
crystallite size and lattice strain from the slope (KA/D = 0.0012) and the intercept
(48 = 4.12991 x 1079). The calculated crystallite size and strain are D = 115.542
nm and €= 1.02 x 107, respectively.

0.00007

y=0.0012 x + 9.80678E-6

Adj. R?=0.97956
0.00006 -

0.00005 -

0.00004

(dy %Py c050)?

0.00003

0.00002 -

° @® Size - Strain Plot
Linear fit

0.00001

T T T T T T T T T
0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
(dhigByyaxcos)

Figure 8. Size-Strain plot.
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Figure 9. Halder-Wagner.

3.3.5. Modified Warren-Averbach Method

The slope A/ D=0.0012 and the intercept ( 25<52> =1.65196x107"), obtained from

——, as shown in Figure 10,
tan @ tan #sin 0

enabled the estimation of crystallite size and lattice strain. The calculated crystal-

lite size and lattice strain are 128.383 nm and 8.13 x 107, respectively.
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Figure 10. Modified warren-averbach method.

Analysis of the diffraction peak broadening data (Figure 11) revealed a pro-
nounced dependence of the crystallite size and lattice microstrain values on the
analytical method employed. The estimated crystallite sizes ranged from 75.47 to
158.54 nm, whereas the corresponding microstrain values were on the order of
10™* - 107. Similar discrepancies have been widely reported in the literature,
demonstrating that these analytical approaches may yield significantly different
results for the same material [21] [23] [43]. This variability primarily reflects the
distinct theoretical assumptions underlying each method rather than intrinsic dif-
ferences in the material itself. The Scherrer and Monshi-Scherrer methods pro-
duced the smallest crystallite sizes, namely 75.47 and 98.71 nm, respectively,
which is consistent with the fact that these approaches neglect the contribution of
lattice microstrain [21]. In contrast, the Williamson-Hall models, namely UDM,
USDM, UDEDM, yielded the lagest crystallite sizes of 158.54, 149.46, and 155.21
nm, respectively, owing to the explicit separation of size and strain-induced
broadening. However, these models rely on assumptions of isotropic deformation
(UDM) or simplified elastic approximations (USDM ans UDEDM), with may
substantially influence the calculed values. Consequently, these results should be
regarded as model-dependent estimates rather than absolute physical quantities.
The Size-strain plot and Halder-Wagner methods produced similar crystallite
sizes of approximately 115.54 nm, indicating good internal consistency in the
treatment of diffraction peak broadening. This agreement suggest that these ap-
proches may provide a more realistic estimate of the average coherent domain size
[31] [44] in nanocrystalline materials such zeolite. The modified Warren-Aver-
bach method yielded an intermediate crystallite size of 128.38 nm, lying between
the estimates obtained using the Scherrer-type and Williamson-Hall approaches.
For analcime, these results are consistent with a highly crystalline framework
while also indicating the presence of local lattice distortions and point defects [45]

[46]. The calculated microstrain values were relatively low, on the order of 107 -
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107, and exhibited good consistency in the terms of magnitude. These low indicate
the pressence of moderate internal lattice strain while suggesting that the associated
structural imperfections remain limited and do not significantly disrupt the long-
range crystalline order, in agreement with the overall high crystallinity of the syn-
thesized analcime. Overall, the differences observed among the various analytical
methods primarily arise from their underlying modeling assumptions and their in-
trinsic sensitivity to the respective contributions of crystallite size and lattice strain
to diffraction peak broadening. Within this context, the size-strain plot and Halder-
Wagner methods appear to provide the most reliable estimates of the average co-
herent domain size, whereas the Scherrer and Williamson-Hall methods may rea-
sonably be regarded as providing the lower and upper bounds of the crystallite size
estimation, respectively. Finally, the crystallite sizes determined in this study should
be interpreted as the diffraction coherence domain size, corresponding to the crystal

regions that diffract coherently with the synthesized analcime. (Figure 11)
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Figure 11. Correlation crystallite size - strain.

3.4. Microscopie Scanning Electron Microscopy Coupled with
Energy-Dispersive Spectroscopy

Figure 12 and Figure 13 present the SEM micrographs and the results of the EDS
analysis of the synthesized product. Figure 12(a) and Figure 12(b) show homo-
geneous particles with spherical shapes. The observation of Figure 12(c) and Fig-
ure 12(d) shows a trapezohedral or deltoidal icositetrahedral morphology, char-
acteristic of analcime [47]-[49], whose particle size (Figure 14) ranges from 6.97
to 14.79 pum, with an average particle size of 11.7 pm (Figures 12-14).

3.5. Infrared Spectroscopy

Figure 15 shows the infrared spectrum of the synthesized product, and the ob-
served bands are consistent with those reported in the literature. The band at 619
cm™ is attributed to the T-O-T (T = Si or Al) bending vibration [50] [51]. The
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Figure 13. SEM-EDS of synthetized compound.
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band at 730 cm™ corresponds to the external symmetric vibration of T-O-T link-
ages. The broad band around 965 cm™ is assigned to the asymmetric stretching
vibration of T-O bonds [50] [52]. The band at 1633 cm™ is related to the bending
vibration of OH groups from water molecules located within the zeolite mi-
cropores. In contrast, the absorption band around 3599 cm™ is associated with
the O-H stretching vibration of silanol groups and adsorbed water molecules [50]
[52] [53].
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Figure 15. Infrared spectrum of the synthesized compound.

3.6. X-Ray Fluorescence

Figure 16 presents the chemical composition of the synthesized product. The data
indicate that the material is predominantly an aluminosilicate, with a high silicon

content or silica (Si: 61.9% or SiO,: 58.9%). The proportions of aluminum or alu-
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mina (Al: 22.2% or Al,O;: 24.2%) and sodium or sodium oxide (15.3% or Na,O:
16.7%) are also significant. The Si/Al ratio of 2.8 suggests the formation of an

analcime-type zeolite [54].

4., Conclusion

In this study, a zeolitic powder was synthesized via a hydrothermal route at 105°C.
The obtained powder was characterized using X-ray diffraction (XRD), scanning
electron microscopy coupled with energy-dispersive spectroscopy (SEM-EDS),
infrared spectroscopy (IR), and X-ray fluorescence (XRF). The XRD analysis
revealed that the synthesized compound crystallizes in a cubic system with the
space group Ia-3d. SEM-EDS, FTIR, and XRF analyses confirmed the formation

0.5% 0.3%

el .
B ALO,
I Na,0
[ Traces

(a) elemental composition (b) oxide composition

Figure 16. Chemical composition of the compound synthesized.

of analcime. The Scherrer and Monshi-Scherrer methods yielded crystallite sizes
ranging from 75.47 nm to 98.71 nm. The Williamson-Hall method, using the uni-
form deformation model (UDM), uniform stress deformation model (USDM),
and uniform deformation energy density model (UDEDM), provided crystallite
sizes of 158.54 nm, 149.46 nm, and 155.21 nm, respectively, along with corre-
sponding microstrains of 0.931 x 1073, 0.902 x 107, and 0.924 x 10~°. Furthermore,
the Halder-Wagner, size-strain plot, and modified Warren-Averbach methods
yielded crystallite sizes of 115.54 nm, 115.54 nm, and 128.38 nm, respectively, with
associated microstrains of 1.02 x 1073, 6.26 x 1073, and 8.13 x 107 Overall, this
study demonstrates that both crystallite size and microstrain are strongly depend-

ent on the analytical method used.
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