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Abstract 5 

 6 

The synthesis of zeolite in forms suitable for industrial applications is of great importance, 7 

mainly as ion exchange material, molecular sieves, adsorbents and catalyst. This paper deals 8 

with synthesizing zeolite P using waste kaolinite as starting material (from Brazilian industry 9 

ores). The material was characterized by chemical element analysis (FRX), X-ray diffraction 10 

(XRD), scanning electron microscopy (SEM), infrared and Raman spectroscopies. With 11 

promissory results, although traces of other zeolitic products, such as Zeolite LTA and Zeolite 12 

Y, the XRD characteristic peaks attributed to the formed zeolite were confirmed by the 39-0219 13 

(NaP1) cards of JCPDS. The synthesis products are of interest as they can be used in several 14 

environmental applications. The prepared material was used as a catalyst in the 15 

photodecolorization process of Remazol Golden Yellow (RNL) dye in aqueous solution under 16 

UV irradiation. 17 

 18 

Keywords: Low-temperature synthesis, kaolin waste, fluoride media, zeolitic products. 19 

 20 

1. Introduction 21 

 22 

In Brazil, in three regions (south, north and northwest) stands out for having the most important 23 

international kaolin deposits for the paper and ceramics industries. During the processing steps 24 

for purifying raw kaolin, waste is produced and stored in settling ponds which occupy large 25 

area. This situation presents a problem due to the impact on the environment. Kaolin waste is 26 

unsuitable for use in paper-making industries; however, this material has the potential of being 27 

used in other applications, such as: alumina production, refractories, pozzolans and synthesis of 28 

zeolitic materials [1]. Zeolites are crystalline aluminosilicates with a 3-dimensional, open anion 29 

framework consisting of oxygen-sharing TO4 tetrahedral, where T is Si or Al. Their framework 30 

contains interconnected voids wich can be occupied with adsorbed molecules or cations. The 31 

general empirical formula is Mx/nAlxSi2-xO4, mH2O where n is the valence of the exchangeable 32 

cation M, m water content and 0≤x≤1. The flexibility of the zeolite Si-O-Si bond explains the 33 

fact that more than 200 structures have been determined. Since the pioneering work [2] the 34 

conditions for zeolite synthesis have changed little. Zeolite synthesis has been extensively 35 

reviewed in several books and literature on this subject is abundant [3-5]. The general method of 36 

zeolite production involves dissolving an aluminium source (metal or oxide) into an alkaline 37 

solution. Most zeolites probably could be obtained at temperatures <100 °C in alkaline 38 

solutions. This is generally the case for zeolites with low Si/Al ratios. However, in order to 39 

reduce reaction times (especially for zeolites with high Si/Al ratios) and to control crystallite 40 

sizes, morphologies and compositions, some syntheses are performed at temperatures >100 °C 41 

under autogeneous pressure in autoclaves. Typical precursor materials include: SiO2 and Al2O3 42 

sources, mineralizer and structure directing agents (SDAs). Other synthetic variables 43 

including the source of the inorganic precursors, the mineralizing agent (OH
-
 or F

-
) and the 44 

reactant concentrations have also resulted in new crystalline materials. Corma, 2004, using F- as 45 

mineralizing agent allows one to carry out the synthesis at lower pH than when using OH
-
, and 46 

opens new possibilities such as: the incorporation of elements in the framework which have low 47 

solubility in alkaline medium, adequate stability of many possible templates in this medium, 48 

expanding the number of potential templates especially when working with concentrated gels 49 

[6]. Finally, the synthesis in the presence of fluoride produces high silica zeolites with a smaller 50 

number of defects than in alkalin media and also one has the possibility of growing single 51 

crystals large enough for direct structure determination [7-15]. 52 
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Additionally, several groups have reported a catalytic role of fluoride species for silicate 53 

hydrolysis and condensation [16]. Kim et al. (2004) developed the synthesis of zeolite beta in 54 

fluoride media under microwave irradiation as an efficient and fast route of synthesis. The 55 

synthesis of crystalline aluminosilicate zeolites can be carried out from clay minerals [1-2, 17-56 

20]. Previous work has shown that the improvement of the properties of the kaolinite by 57 

chemical methods is difficult due to its low reactivity. It is not significantly affected by acid or 58 

alkaline treatments, even under strong conditions [21-27]. Therefore, kaolinite is usually used 59 

after calcination at temperatures between 550-950 °C [28] to obtain a more reactive phase 60 

(metakaolinite) under chemical treatments, with the loss of structural water and associated 61 

reorganization of the structure. Several authors have reported the synthesis of kaolinite- and 62 

metakaolinite-based zeolitic materials [29-34]. Zeolite P can be synthesized from various silica-63 

aluminium sources and methods, for examples, using Brazilian kaolin from various sources at 64 

100 °C in 4 days, by the alkaline fusion procedure [35]; from coal fly ash by agitation at 120°C  65 

[36] or from sodium aluminate and sodium silicate solution by hydrothermal treatment in 66 

microwave oven [37]. The characterisation and crystal chemistry of NaP zeolites has been 67 

controversial for many years. Owing to what was referred to by Hansen et al., it has been 68 

difficult to distinguish between different NaP phases and to understand their composition and 69 

structure. Although all P zeolites are characterised by the same framework topology, which is 70 

the GIS net (named after the natural zeolite gismondine), the formula, symmetry and structure 71 

of samples of different composition—which means samples of different Si–Al ratio, Na content 72 

and hydration level—were found to be difficult to establish. The main reason for this state of 73 

affairs is the high flexibility of the Si–Al linkage in a framework, which has been described 74 

being ‘the most open (tetrahedral) framework type generated so far [38-39].  A phase called Na-75 

P1 was refined in I4 [40]. For this phase, a unit cell content of  Na6Al6Si10O32·12H2O was 76 

adopted. Barrer et al. [41] claimed apparently three polymorphs of zeolite Na-P: cubic (Na-P1), 77 

tetragonal (Na-P2) and more rarely orthorhombic (Na-P3). Na-P1 has been described as being 78 

body-centered tetragonal with a unit cell of pseudo-cubic geometry. Many salient features of 79 

zeolites dynamics and structure can be deduced from vibrational spectroscopy data, such as 80 

infrared (IR) and Raman spectroscopy, and the two kinds of spectroscopies are often 81 

complementary [42-43]. In zeolite science Raman spectroscopy seems rather underdeveloped 82 

compared with infrared spectroscopy. Therefore, the main purpose of this study was to 83 

synthesize zeolite NaP using kaolin waste from the northwest region as the main source of 84 

silicon and aluminium, improving crystallization time for lower values at low temperature. The 85 

characterization by XRD, FRX, SEM, TG/DTA, Raman and FTIR supported this work. Other 86 

primary objective was to determine the activity catalytic for decolorization and mineralization 87 

extents of dye wastes. Reactive azo dyes are the largest group of organic dyes with –N=N– 88 

group as a chromophore in the molecular structure. They represent more than a half of the 89 

global dye production especially because of their wide usage in dyeing industries due to the 90 

simple dyeing procedure [44, 45]. Normally zeolites have applications in many technological 91 

fields such as catalysis and wastewater treatment [46]. Zeolites can serve as hosts to activate 92 

transition metal ions, offering a unique ligand system with multiple types of coordination for 93 

cations. Zeolites are three-dimensional aluminosilicates containing exchangeable cations that act 94 

as Lewis acid sites. The framework oxygen atoms of alkali exchanged zeolites bear partial 95 

negative charge and behave as Lewis base [47]. Zeolite P which was synthesized in this paper 96 

has a Si/Al ratio of 3.5 which is located in the range of 1–5 for zeolite P. 97 

 98 

2. Experimental 99 

 100 

2.1. Materials 101 

 102 

Kaolin waste was used as the starting material for this work, after steps grinding by mechanical 103 

milling. This material well crystallized, fine grained (≤ 74 µm) is the silica and alumina sources 104 

used in the synthesis of zeolites. Without contaminants (muscovite and quartz), kaolinite 105 

[Al2SiO5(OH)4] may be a good alternative to reuse. Thus, economic advantages would be 106 

obtained over chemical reagents used in processes to obtain zeolites that are relatively 107 
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expensive. Metakaolinite (Al2Si2O7) was obtained from calcination of kaolinite at 700 °C  for 3 108 

h. Other reagents used in the activation of the starting materials were: sodium fluoride, NaF 109 

(99%, Fluka) and distilled water. Dye RNL, C16H18N4O10S3Na2, were kindly provided by a 110 

textile manufacturer located in Brazil. The YR chemical structure is shown in Fig.1 111 

 112 

 113 

 114 

 115 

 116 

 117 

Figure 1. Chemical structure of Remazol Yellow Gold RNL dye. 118 

 119 

 120 

2.2. Synthesis 121 

 122 

Low-temperature zeolite synthesis (modified standard procedure established by IZA) involves 123 

pre-treatment and mild-temperature thermal treatment under reflux at approximately 100 °C. In 124 

the first step, 12,7 g of metakaolinite was mixed with a sodium fluoride, prepared by dissolving 125 

10,4g of NaF pellets in 87,7 mL of distilled water. The resulting synthesis slurry was aged at 50 126 

°C by stirring the mixture for 4 h. After this ageing, the slurry then underwent a thermal 127 

treatment by heating at a temperature of approximately 100 °C under reflux system for 96 h. At 128 

the end of the thermal treatment, the synthesised solid product was washed with deionized water 129 

until the rinsing water reached a pH of about 9. The solid product was washed and centrifuged 130 

at 3500 rpm he was reached and dried at 105 °C overnight. 131 

 132 

2.3. Methods and Characterization 133 

 134 

Powder X-ray diffraction patterns were recorded on a SIEMENS D5000 diffractometer using 135 

CuKα1 radiation and the 2θ range between 5–50°, degree 2θ at 0.1° intervals and a counting 136 

speed of 0.05°/s.  and operating at 40 KV and 30 mA. The mineral phases present in the sample 137 

were identified by comparison with the Joint committee on powder diffraction standards – 138 

International centre for diffraction (JCPDS-ICD) reference library that was supplied with the 139 

XRD instrument. 140 

The major oxides and trace elements in solid residue feedstock were measured by X-ray 141 

fluorescence (XRF) spectroscopy, using a RIX 3000 model, wavelength dispersive spectrometer 142 

(Rigaku), with six crystals and a rhodium X-ray tube target. To prevent interaction of the X-rays 143 

with air particles, samples were analysed within a vacuum. 144 

The infrared analyses were carried out in a MB 102 Bomem spectrometer in the 4,000-400 cm
-1

 145 

region (mid-infrared), scan and 4 cm
–1

 resolution, using a diffuse reflectance cell. 146 

The Raman analyses were done in a spectroscopy  were measured by a Renishaw inVia Raman 147 

Microscope with an argon laser operating at 512 nm as the excitation source.  148 

The synthesized Zeolite P were coated with gold and the morphology was analyzed by Scanning 149 

Electron Microscopy (SEM) using a Shimadzu SSX-550 Super Scan Scanning Electronic 150 

Microscope, with energy dispersive spectrometer (EDS), at 5.0 keV.  151 

The characterization of the precursor (kaolin) was performed by thermogravimetry (TG) and 152 

differential thermal analysis (DTA), using a TA Instruments SDT 2960 thermal analyzer. 153 

Samples of about 10 mg were heated at 10 °C min−1 up to 1000 °C, in an air atmosphere, inside 154 

alumina pans, with a flow rate of 100 mL min
−1

.  155 

 156 

2.4. The photocatalytic activity 157 

 158 

Photodecolorization experiments were performed with a photocatalytic reactor system (Figure 159 

2). During the photocatalytic tests, 10.0 mg of the zeolite P powders was added to a Petri dish 160 

containing 15.0 mL of a 10 ppm aqueous solution of RNL with no stirring. All of the analyses 161 

were performed in triplicate at pH = 6.0. Experiments were conducted in a 10 x 10 x 100 cm3 162 
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lab-made reactor for 5 h using a UVC lamp (λ = 254 nm), SuperNiko, model ZG-30T8. 163 

Evaluation of the adsorption and of the photocatalysis was performed by measurement of the 164 

discoloration percentage. The decolorization of Remazol dye was analysed by UV–vis 165 

spectrophotometer (UV-2550 Shimadzu). The analysis of the resulting solution was performed 166 

after centrifugation and filtering of the suspension. The discoloration percentage was obtained 167 

from the band at 410 nm, which is assigned to the =N=N- bond, i.e., the azo bond. The values 168 

were calculated using a calibration (based on Beer’s law were established with the absorbance 169 

and the concentration of dye) curve obtained from the intensity of the absorption band at 410 170 

nm of solutions with known concentrations of RNL. Discoloration due to photolysis was 171 

subtracted from the discoloration percentage. 172 

 173 

 174 

Figure 2. Apparatus used in the photocatalytic test. 175 

 176 

 177 

3. Results and discussion 178 

 179 

The thermal decomposition of kaolinite is illustrated in the Figure 3. Both TGA and DTA traces 180 

indicate a three stage desorption process. At < 150 oC, low temperature release of absorbed 181 

water in pores, on the surfaces, (water desorption), which depends on the nature of the kaolinite 182 

and the degree of disorder of stacking, and the corresponding weight loss amounts were about 183 

13%. Between ∼150–400 °C, a weight loss that can be correlated with a pre-dehydration process 184 

takes place as a result of the reorganization in the octahedral layer, first occurring at the OH of 185 

the surface. After dehydration, kaolinite goes through a pre-dehydroxylation state, at 400-650 186 

ºC. According to literature [48], between ∼400–650 °C, the kaolinite dehydroxylation occurs, 187 

with the transformation to a non-crystalline phase, metakaolinite. Although the thermal 188 

transformation of kaolinite has been investigated for many years, controversy about the process 189 

of dehydroxylation (elimination of the OH groups from the kaolinite structure) remains.  190 
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 191 

Figure 3. TG/DTG curves between 10-1000 oC for kaolinite. 192 

 193 

The elemental analysis of sample was conducted by X-ray fluorescence spectrometer (XRF). 194 

This analysis was chosen instead of other techniques due to its simpler sample preparation, 195 

ability to determine some non-metals and improved precision. The chemical composition of the 196 

kaolin waste was determined by means of element chemical analysis by using the X Ray 197 

Fluorescence (XRF) technique, and it is shown in Table 1. As can be seen from Tab. 1, the 198 

kaolin sample with SiO2, Al2O3 and K2O, as the major constituents and content of Fe2O3 less 199 

than 1%. The amount of SiO2 and Al2O3 within zeolite was lower when compared to waste 200 

kaolin. This is may be due to the dissolution of aluminium-silicate in glass phase into alkaline 201 

solution during alkaline treatment and the aluminate and silicate ions are condensed to form an 202 

aluminosilicate gel, which is prematerial of zeolite crystal, covering the other surface of waste 203 

kaolin and so, aluminate and silicate ions are not supplied  from waste kaolin due to its coverage 204 

onto the particle surface. An increase in Na2O contents of the products is caused by captured 205 

sodium ions, to neutralize the minus charge on aluminate in zeolite structure when zeolite 206 

crystal is formed [49]. The amount of Mg, Fe, Ca, K and others, which are impurities, were 207 

reduced. This indicated that this impurities were dissolved into alkaline solution during alkaline 208 

treatment. Zeolites contain natural molecular water as an intracrystalline fluid, which can be 209 

removed by elevated temperature and evacuation. The water can normally be re-adsorbed by 210 

exposing the crystal to water vapour. The water content of sample which corresponded to the 211 

loss of ignition. In this case, extra amount of sodium content which was introduced into the 212 

zeolite by exhaustively exchange enhanced the water re-adsorption. The observation concluded 213 

that the water content partially attributed to the cation types and their amount present in the 214 

zeolite. In this study, the SiO2/Al2O3 ratio is equal to 3.5 mol, the X-ray diffraction analysis 215 

shows the presence of zeolite NaP in the synthesized sample as evidenced from reflections of 216 

low intensity near 2θ = 12.4, 17.8, 21.7, 28.2, 33.3, 35.76, 38.01, 42.20 and 44.18. This result 217 

indicated that the solid residue from kaolin processing was successfully converted into zeolite-P 218 

structure with no amorphous materials. While the peaks positioned in 34.77, 42.19, 42.85 may 219 

be zeolite A (LTA) or 34.69, 42.14 and 42.66 zeolite Y (Figure 4). 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 
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Table 1 - Chemical composition of the starting material (waste kaolin) and Zeolite P 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

Figure 4: XRD pattern Zeolite-P synthesised at 100 °C. + others zeolitics phases 255 

 256 

 257 

Table 2 - Result of Qualitative Analysis of Zeolite P 258 

 259 

Phase name Formula Space group DB card number 

Zeolite P1, syn Na6Al6Si10O32 (H2O)12 82 : I-4 01-071-0962 

Zeolite LTA Na12Al12Si12O48 (H2O)27 226 : Fm-3c 01-073-2340 

Zeolite Y, syn Na6.28D44.23 227 : Fd-3m,choice-2 01-079-1419 

 260 

Constituents 
kaolin Zeolite-P 

Weight determined (%) 

SiO2 66.93 38.5 

Al2O3 24.2 18.7 

K2O 6.91 1.5 

Fe2O3 0.46 0.6 

Na2O 0.39 11.9 

MgO 0.34 0.2 

MnO 0.22 0.1 

P2O5 0.14 tr 

CaO 0.08 0.6 

TiO2 0.07 0.2 

SO3 0.03 0.2 

ZnO 0.017 0.0104 

NbO 0.011 0.0085 

ZrO2 0.043 0.0084 

Cl                      0.064 0.444 

SrO 0.0035 tr 
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Scanning electron microscopy (SEM) was used to observe the morphology, size and shape of 261 

crystals in the zeolitic material synthesised. The energy dispersive X-ray spectroscopy (EDS) 262 

analyser (Phenom desktop Scanning Electron Microscope) that was coupled to the SEM was 263 

used to identify the chemical composition of a specific area of a sample. The SEM of zeolite 264 

NaP1 (Fig. 5) showed aggregates with no specific shapes (spherical particles appearance). 265 

Particle sizes of about 5 µm of diameter were obtained with a wide particle size distribution - 266 

the diameter of the smallest particle could be less than 2 µm. The chemical composition by EDS 267 

analysis indicates that the zeolite product was rich in aluminium, silica, oxygen and sodium, 268 

characteristic of a typical zeolite P. The presence of magnesium indicates its possible 269 

incorporation into the zeolite crystal lattice framework from the starting material (solid residue). 270 

 271 

 272 

 273 

 274 

 275 

  276 

 277 

 278 

 279 

 280 

Figure 5: Zeolite-P synthesised at 100 °C. (a) Scanning electron micrograph  (b) EDS spectra. 281 

Figure 6 illustrates the Raman spectrum of Zeolite P with an Si/Al ratio of 3.5. The bands 282 

appear at 280, 328, 398, 480 and 508 cm-1 [50]. There is a correlation between the ring sizes and 283 

the Raman spectra of crystalline zeolites. Structures that are built-up of four-membered rings as 284 

the smallest buildin block exhibit the Raman band around 480-520 cm-1. One of these is zeolite 285 

NaP (gismondine) built-up of four-membered rings as the smallest building unit. The strongest 286 

band at 508 cm
-1

 is assigned to the bending mode of the characteristics 4-membered rings. 287 

Zeolites containing exclusively even numbered rings (4MR, 6MR, 8MR, 10MR or 12MR) have 288 

Raman frequencies of 390 and 460cm-1 and the other band around 500 cm-1. Therefore, the basic 289 

assignment of the bands in Raman Spectra for zeolite P should be similar to the one for zeolites 290 

A, X and Y. The band at 480 cm-1 is assigned to the bending mode of 4-membered Si–O–Al 291 

rings. All these results can be influenced and attributed to the difference in the Si/Al when 292 

compared with other zeolites with similar symmetries [51].  293 

 294 
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 295 

Figure 6: Raman Spectra of Zeolite-P synthesised at 100 °C. 296 

 297 

Infrared spectroscopy (Figure 7) is another sensitive tool to explore the local chemical 298 

environment of atoms. NaP zeolite shown the bending vibration of TO4 (T = Si, Al) was 299 

recorded at around 430–580 cm
−1

, this bands are related to the deformation mode of the same 300 

bonds. The symmetric stretching vibrations of zeolite NaP framework structure of Si–O and  301 

Al–O were noticed at, 669 and 710 cm−1 [52]. A medium shoulder at 868 cm-1 for zeolite NaP1. 302 

In addition, one T-O symmetrical stretching for external linkage as indicated by 740 cm
-1

. [53]. 303 

According to Huo et al.[54], frequencies near 1000 cm
–1

 are ascribed to asymmetric stretching 304 

of bonds Si–O or Al–O. These bands are close to 1000 cm-1 in the, which in turn is a feature Si-305 

O-Al bond of the tetrahedron TO4 and confirm the presence of zeolitic material [55]. The bands 306 

with a maximum at 1646 cm
–1

 are peculiar of vibrations of functional groups of OH type and are 307 

ascribed to water with zeolitic nature. Similar behavior was found by Albert et al. [56]. Flanigen 308 

et al [7] preview this bands for zeolite P:  309 

 310 

 311 

Figure 7: FT-IR spectra of Zeolite-P synthesised at 100 °C. 312 

 313 

 314 
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UV-vis spectra of the RNL solutions after photocatalytic test under irradiation in time interval 315 

of 15 min are presented in Figure 8. The decrease of absorption spectra and therefore 316 

absorbance of samples is indicated by decolorization of the dye, in applied conditions, due to 317 

the decrease in the concentration of dye. Since there are partial peaks appearing in the UV–vis 318 

spectra the dye isn’t completely degraded, but, there was a softening of the bands located at 238 319 

and 292 nm (3-amine-acetanilide group) [57]. Confirmation of the structure undergoes this 320 

process can be confirmed through the IR or chromatographic analysis dye. Azo and 321 

chromophore group's band (411 nm) has intensity decreased, demonstrating that the zeolite P in 322 

study presents some activity to the photodegradation process. This adsorption does not lead to 323 

the breaking of the -N=N- bond, and discoloration is simply related to the decrease in the 324 

concentration of the RNL adsorbed onto the catalyst after its removal from the solution [58]. A 325 

comparison of discoloration due to adsorption and discoloration due to photocatalysis reveals 326 

that the percentage increased 17.2%. 327 

 328 

 329 

 330 

Figure 8: UV–visible absorption spectra of the textile dye, RNL, after photocatalysis in the 331 

presence of NaP irradiated with UV light, comparing to that of the blank. 332 

 333 

4. Conclusions 334 

 335 

In summary, kaolin wastes from Seridó of Brazilian northwest region refined by mechanical 336 

milling and thermally activated is a promising source of silicon and aluminum for the synthesis 337 

of zeolite NaP. Mineralogical analysis of the final zeolitic product not showed the presence of 338 

others feedstock phases of solid residue, which indicated complete change. The synthesised 339 

zeolite NaP was tested for photocatalytic degradation of Remazol Yellow Gold (commercial azo 340 

dye). This work demonstrates this materials showing significant potential for using as a 341 

photocatalytic material for effluent treatment. 342 

 343 
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