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Abstract 

Rietveld method was used to conduct a texture refinement analysis for Linde type 

A zeolite prepared by hydrothermal conditions of 100 ºC for 4 h. Material 

Analysis Using Diffraction software, which is an open access/user-friendly 

software, was used to accomplish the analysis using the observed X-ray 

diffraction data. This study shows the feasibility of using Material Analysis Using 

Diffraction software for zeolite analysis because it has not been applied for 

zeolite before. Implementation of this software for the texture refinement analysis 

for zeolite can contributes to the field of zeolite preparation in term of adding 

more reliability to the experimental results. The X-ray diffraction results of the 

prepared zeolite concur well with the standard Linde type A zeolite. All 

parameters calculated by Rietveld refinement method for the prepared zeolite 

were close enough to those for the standard zeolite A. Also, ImageJ software was 

used for image analysis to obtain the average particle size for zeolite A sample. 

Keywords: Characterization, Crystal structure, Linde type A zeolite, Rietveld 

method, Texture analysis, X-ray diffraction. 
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1.  Introduction 

Zeolites are crystalline microporous aluminosilicates with an open framework 

structure of three-dimensional tetrahedral units generating a network of pores and 

cavities having molecular dimensions [1, 2]. Zeolite structures consist of [SiO4]4- 

and [AlO4]5- tetrahedra, which are linked from their corners by shared oxygen 

atoms [3, 4]. The isomorphous replacement of Si4+ by Al3+ produces a net negative 

charge in the framework, which is neutralized by easily exchangeable alkali and 

alkaline earth metal cations (sodium, potassium, calcium, etc.) occupying the pores 

and cavities of zeolite [5-9]. Zeolite structure strongly depends on the presence of 

these inorganic cations within a reaction mixture [10]. The molar composition of 

SiO2 and Al2O3 are the controlling factor that determines the types of zeolites, 

which can be produced such as; zeolite A, X, Y, P and sodalite [11]. 

A was first synthesized by a hydrothermal crystallization process. As explained 

by Ghasemi et al. [12], Zeolite Linde Type A (LTA) zeolite, NaA zeolite or as called 

as zeolite A, with an ideal composition of Na12Al12Si12O48 ≤ 27H2O, is one of the 

most important synthesized zeolite. The effective pore diameter depends on the type 

and position of the compensation cations in zeolite structure [13]. Due to the 

outstanding properties of LTA zeolite such as adsorption, ion exchange and porosity 

properties, it is commonly used as adsorbents, ion exchangers (water softeners and, 

etc.), catalysts and zeolite membranes in various applications such as household 

products, aquaculture and petrochemical-related industry [14, 15]. According to 

Xing-dong et al. [16], zeolites properties and utilization in various applications are 

significantly affected by the morphology and size distribution of zeolite crystals. 

Zeolite framework structures, as recognized very early by zeolite scientists, 

are vital for the understanding of zeolite chemistry. Framework-type has been 

used to classify zeolitic materials. Basically, a framework type describes the way 

in which, the tetrahedral atoms (T-atoms) of the framework connect in the highest 

possible symmetry [17]. Zeolites have economic importance, thus scientists focus 

their work on the understanding of the crystal structures, the formation of zeolites 

and finding the relation between crystal structure and properties.  Understanding 

zeolite synthesis processes have gained a great concern as it provides many 

visions into the mechanism steps. Hence, many important achievements can be 

resulting in this understanding, such as new zeolites for specific purposes can be 

produced, new synthesis techniques can be developed and zeolite industrial 

production can be optimized [18]. It is essential to deeply understand the 

nucleation and growth processes occurring during zeolite synthesis for the 

development of improved zeolites structure [19]. Based on a study by Lee et al. 

[20], the enhancement of the zeolite performance can be conducted by enhancing 

the zeolite structure characteristics. 

X-ray powder diffraction is the most common technique used on a routine basis 

by the zeolite scientists for determining the zeolite structure as well as its purity. 

Using a powder diffraction pattern as a “fingerprint” in the identification of 

synthesis products is the most common application. Several features of a powder 

diffraction pattern can be of interest to a zeolite scientist as these features can be 

relatively easily explained to obtain further useful information. The features of 

powder diffraction pattern can be positions, relative intensities and widths of 

apparent peaks as well as the pattern background [21, 22]. The structure of 

microporous molecular sieves can be deduced and refined from high-quality X-ray 
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powder diffraction data by applying the Rietveld analysis method [17]. H. M. 

Rietveld in 1967 made an important contribution using X-ray powder patterns to 

show the possibility of using the whole pattern, including the overlapped lines to 

refine crystal structures [23]. 

The Rietveld method is a least-squares refinement, which depends on varying 

atomic structural, background and peak profile parameters until the calculated pattern 

best matches the observed pattern (experimental pattern). According to Lutterotti et 

al. [24] and Wenk et al. [25], literature have presented in different studies that 

Rietveld texture analysis was also conducted using synchrotron diffraction images 

and Charge Coupled Devices Camera (CCD) or an image plate detector [26]. Rietveld 

refinement for texture analysis is meaningfully conducted from powder XRD data 

because much more information can be elicited than conventional peaks 

identification methods. Also, it allows characterization of unit cell dimensions, 

crystallite sizes/shapes, micro-strain in a crystal lattice, atomic coordinates/bond 

lengths, substitutions/vacancies, phase quantities and texture effects [27, 28]. 

An accurate powder diffraction intensity data collected at constant step 

intervals of 2θ, a starting model that is reasonably close to the actual crystal 

structure and a model that accurately describes the peak shape and width as a 

function of 2θ are the essential requirements for a Rietveld structure refinement 

[29]. For zeolite structure analysis, the Rietveld method has been successfully 

applied to solve a great number of structural problems concerning zeolite 

frameworks topology, occupancies of cation sites, coordinates of the lattice, the 

templates or guest molecules position and the position of clusters introduced into 

the structure [30]. The quantity minimized in a Rietveld refinement is given by 

values called R-factor Eq. (1): 

𝑅 = ∑ 𝑤𝑖𝑖 (𝑌𝑖𝑜 − 𝑌𝑖𝑐)
2                  (1) 

where Yio and Yic are the observed and calculated intensities at step i (the 2θ angle) 

and wi is the weight given to step i, which generally equals the square root of the 

observed intensity. The observed intensity at each step in a diffraction pattern consists 

of contributions from Bragg peaks and the background at that step [29]. A reasonably 

good starting model of the zeolite structure is required to conduct the fitting process 

as the system has a high degree of freedom with respect to the parameters that can be 

varied such as, unit cell parameters, preferred orientation, atomic coordinates and 

parameters of the profile function [17]. 

Other quantities namely Rp, Re, Rwp and X Eq. (2) to (5) respectively are used to 

evaluate the progress of a Rietveld refinement and the agreement between the 

measured and calculated patterns. 

𝑅𝑝 =
∑ |𝑌𝑖𝑜−𝑌𝑖𝑐|𝑖

∑ 𝑌𝑖𝑜𝑖
                  (2) 

𝑅𝑒 = √
𝑛−𝑝

∑ 𝑤𝑖𝑌𝑖𝑜
2

𝑖
                  (3) 

𝑅𝑤𝑝 = √
∑ 𝑤𝑖(𝑌𝑖𝑜−𝑌𝑖𝑐)

2
𝑖

∑ 𝑤𝑖𝑌𝑖𝑜
2

𝑖
                  (4) 

𝑋 =
𝑅𝑤𝑝

𝑅𝑒
                   (5) 
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where the numerator of Rwp is the function being minimized, so Rwp is the most 

significant agreement factor and it has values below 12% for typical adequate 

refinements. The “expected” R index (Re) can be defined for n total observations with 

a model that has p parameters. The X index is the ratio of Rwp to Re, known as the fit 

goodness, which is used to measure how well the calculated model matches the 

observed data [29]. 

In case of perfect refinement and correct weighted data, X value has to be 1. When 

the parameters justified by the quality of the data are less than the parameters that the 

model has, the value of X has to be less than 1. However, the inappropriate model is 

indicated by X value of 1.7. Evaluating the quality of a refinement data also requires 

examination of different plots and chemically reasonable values of bond angles, bond 

lengths (or coordination distances) and occupancy factors of the atoms in the final 

structure [17, 29]. Rietveld method has been implemented with General Structure 

Analysis System (GSAS), but this implementation is restricted with a limited number 

of crystal structures [31]. However, Rietveld method via Analysis Using Diffraction 

(MAUD) software package, which is freely affordable software based on JAVA, 

grants sophisticated Rietveld analysis and algorithms for desired orientation [32]. It 

has been a challenge and target for zeolite scientists to discover new phases of zeolite 

with comprehensive information about crystal structure characteristics and 

frameworks topology. 

This work deals with Rietveld refinement analysis conducted for LTA zeolite 

using X-ray diffraction data with a special focus on the methods of structure solution. 

MAUD software was used for Rietveld refinement analysis to obtain specific 

structural characteristics of LTA zeolite crystals. ImageJ software was also used for 

SEM image analysis. 

2.  Experimental work 

2.1. Chemicals 

The chemicals, which were used in this work were hydrous sodium metasilicates 

(Na2SiO3.9H2O from Acros Organic), anhydrous sodium aluminate (55-56%wt 

Al2O3 from Riedel-deHaën), sodium hydroxide (NaOH pellets 99.9%wt from 

Fisher Scientific) and deionized water. 

2.2. Preparation and characterization of zeolite A 

The literature presents a somewhat wide range of reaction compositions, which 

have been used to prepare zeolite A. As mentioned by Howell [33], Zeolite A with 

a gel composition of 4.145 Na2O: 1 Al2O3: 2 SiO2: 240 H2O was prepared according 

to the ranges; SiO2/Al2O3 of 0.8-3, Na2O/SiO2 of 1.3-2.5 and H2O/Na2O of 35-200. 

As reported by Robson [34], the hydrothermal method used to prepare zeolite A 

was approximately based on the procedures. The mother gel was prepared by 

dissolving 0.347 g of sodium hydroxide pellets in 20 g deionized water and then 

the produced solution was divided into two equal parts. The first part was gently 

mixed with 2.793 g hydrous sodium metasilicates while the second part was mixed 

with 0.914 g anhydrous sodium aluminate. After 15-30 min, silica solution was 

poured into the alumina solution and left under homogenously mixing for 20-30 

min until formation of a thick creamy gel. Then the produced gel was placed in a 

Teflon-lined autoclave and crystallized at 100 ºC for 4 h. After quenching of the 
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autoclave, the product was recovered, filtered, washed with deionized water until 

the pH of the washing solution goes below 9 and then dried at 50-80 °C. The sample 

of the synthesized zeolite was characterized by X-ray Powder Diffraction (XRD), 

Scanning Electron Microscopy (SEM) and Energy Dispersive Analysis by X-ray 

(EDAX). 

The characterization of zeolite was conducted using model Miniflex by Rigaku 

X-ray analytical instrumentation with CuKα radiation source (λ = 1.5418 A), voltage 

= 30 kV, current = 30 mA, step size = 0.03º, scan speed = 3º min-1, 2θ = 5-45º and 

total time ~ 20 min. SEM and EDAX measurements were conducted using model 

FEI Quanta 200. The sample was coated with gold by a sputter coater for SEM 

imaging, while EDAX analysis was carried out without coating the sample. 

3.  Results and Discussion 

Figure 1 shows the XRD pattern of zeolite A prepared, where, 26 peaks were 

identified from this figure for conducting texture refinement analysis via Rietveld 

method. As shown in Fig. 1, all peaks present are sharp with well-defined 

diffraction at all the range of 2θ indicating a high degree of crystallinity and 

structurally ordered product. 

 
Fig. 1. XRD pattern of 4A zeolite crystallized at 100 ºC for 4 h. 

The morphology of the synthesized zeolite A is shown in Fig. 2, which presents 

the SEM image of the prepared sample. The zeolite sample shows a distinct cubic 

morphology with sharp edges. Based on studies on ImageJ [35], the particle size of 

zeolite crystals was analysed from the SEM image using ImageJ software (National 

Institute of Health). The ImageJ software is user-friendly open source software, 

which is used for image analysis. The image was first adjusted as shown in Fig. 3 

using the software, where the background appears in a white colour and the crystals 

appear in a black colour. The average particle size of zeolite was found as 2968 A. 
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The results of the elemental analysis conducted for zeolite A sample by EDAX 

are listed in Table 1. Where the Si/Al ratio of the sample was 1.14 with a standard 

deviation of 0.008. 

  

Fig. 2. SEM image of 4A zeolite 

crystallized at 100ºC for 4 h. 

Fig. 3. SEM image of 4A zeolite 

modified by ImageJ. software. 

Table 1. Elemental analysis of zeolite a conducted by EDAX. 

Element Si Al Na O Si/Al 

Wt.% 22.154 19.41 11.844 46.59 1.1412 

Standard deviation 0.533 0.334 0.915 0.690 0.008 

As stated by Lutterotti [36], the characterization of zeolite crystal structure was 

conducted via Rietveld refinement method combined with MAUD software, version 

2.26, which was used for the analysis. The Rietveld method uses the calculated 

diffraction patterns to model the crystal structure [28]. Rietveld texture analysis using 

MAUD software is mainly based on X-Ray diffraction data and it generates a feasible 

separation of the overlapping peaks, therefore, it resolves the problem of imprecise 

determination of structure resulting from the broad and totally overlapped diffraction 

peaks [27, 28]. Consequently, appearing of noise and absence of clarity in the XRD 

data and extensively overlapped peaks is the major drawbacks of this method. The 

calculated patterns with the adjusted measured pattern data of the prepared zeolite 

provide the structural parameters and the diffraction profile. According to the 

Structure Commission of the International Zeolite Association (IZA-SC) [37], Zeolite 

Structures database were refined with the standard zeolite data. The adjusted 

parameters were lattice parameters (a), atomic positions and occupancy. The refined 

parameters were the scale factor, background (Pi), shift lattice parameters, profile 

half-width parameters, isotropic displacement parameters and strain anisotropy 

factor. A four-degree polynomial, shown in Eq. (6), was used as the background 

function suggested by MAUD software. The constant values of the modified 

background are listed in Table 2. The data were drawn with a linear intensity scale 

mode and the least square method was used for the fitting. 

P = b0+b1X+b2X2+b3X3+b4X4               (6) 

Reed and Breck [38] solved the LTA zeolite crystal structure with space group 

Pm_33m with a ¼ 12.3A. Later, Gramlich and Meier [39] showed that the LTA 

zeolite is better described in space group Fm_33c with a ¼ 24.6A. The pseudo-voigt 

function was used to model the peak profile [40] and it was carried out with space 
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group Fm_33c. Le Bail [41] applied the structure-independent approach for this 

purpose, by which, the Rietveld refinements in this work focuses on the determination 

of the lattice parameter. The lattice parameter is presented in Table 2. 

Values of R index were calculated by the software to check the quality of the 

refinement for the Rietveld refinement method. The calculated R index values listed 

in Table 2 were less than 0.15, which indicates a good refinement result. There were 

no impurities detected in the prepared zeolite as given by software where the sample 

was 100% LTA zeolite. Figure 4 shows a comparison between the observed pattern 

of the sample and the fitted data obtained using MAUD software. The red line is the 

fitted formula of the least square method, while the peak position of the reference and 

the prepared sample is below the diffraction pattern. Figure 4 also exhibits a good 

data fitting between the pattern and the fitting profile. 

Bosnar et al. [10] and Bronic et al. [42] obtained the density of the prepared 

zeolite, which was refined from the standard zeolite A database file. It has a value 

of 2.01879 g/cm3 compared with 2 g/cm3. The cell length of the sample crystal 

was 24.614 A, while cell length for the standard zeolite crystal was 24.6 A with 

an error of 5%. A comparison between a standard zeolite A and a prepared zeolite 

A based on the values and error estimated for the refinement method is presented 

in Table 3. Popa [43] rule is a compatible approach with the Rietveld refinement 

method, which was used to calculate the crystal size and microstrain for 

anisotropic crystal. Popa model approach for the anisotropic microstructure 

analysis has a value of -0.001115088 with an error% of 2.2928756 E-4. The 

particle crystallite sizes of catalysts were calculated in the assumption of the 

isentropic model, it was equal to 3143.734 A. Figure 5 shows the lattice crystal 

predicted by the MAUD software; where it shows a cubic structure with 

molecules distributed all over the lattice. 

Table 2. Values of parameters and  

error estimated for the refinement method. 

Parameter type Symbol Value Error% 

Background Po 178.63431 6.6147556 

 P1 -17.46209 1.3438451 

 P2 0.9770485 0.09012897 

 P3 0.022221243 0.002404153 

Cell length, A a 24.6 5 

Lattice angle  - 90 0 

R index Rwp 0.14296974 - 

 Rp 0.11070305 - 

Table 3. The values of parameters and  

error estimated for the refinement method. 

Parameter 

type 

Standard 

zeolite A 

Prepared 

zeolite A 

Fm _33c _33c 

Cell length, A 24.6 24.614 

Density, g/cm3 2 2.01879 
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Fig. 4. A comparison between the observed pattern 

and the fitted data obtained using MAUD software. 

 
Fig. 5. Predicted crystal shape of LTA zeolite given by MAUD software. 

4. Conclusions 

The results introduced in this work show the feasibility of using MAUD software for 

zeolite analysis, which has not been applied for zeolite before. Rietveld refinement 

method using MAUD successfully confirmed preparation of pure zeolite A by 

hydrothermal treatment. The XRD results of the prepared zeolite matched well with 

that of standard LTA zeolite. All parameters that calculated using the Rietveld 

refinement method was close enough to the standard zeolite A. Zeolite particle size 

obtained using Rietveld refinement was very close to the value of particle size 

obtained via ImageJ software. 
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Nomenclatures 
 

a Lattice parameters or Cell length, A 

Po Background parameter 

P1 Background parameter 

P2 Background parameter 

R R-factor 

Re The expected R index 

Rp R index based on Eq. (2) 

Rwp R index based on Eq. (4) 

wi Weight given to step i 

Yio Observed intensities at step i 

Yic Calculated intensities at step i 

X Fit goodness 
 

Greek Symbols 

 Angle of reflection, Deg. 

λ Wave length, A 
 

Abbreviations 

CCD Charge Coupled Devices  

EDAX Energy Dispersive Analysis by X-ray 

GSAS General Structure Analysis System  

IZA-SC Structure Commission of the International Zeolite Association 

LTA Lined Type A  

MAUD Material Analysis using Diffraction 

SEM Scanning Electron Microscopy 

XRD X-ray Diffraction 
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