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A B S T R A C T   

This work presents a novel and cost-effective procedure that improves the reactivity of kaolinitic clay particles 
toward the generation of millimetric hard-core/zeolitized-shell units. The obtained particulate material is ready 
to use as ion exchanger beads in a fixed adsorption bed. Starting from properly activated, millimeter-sized clay 
units, the transition of their external surface towards a new crystalline ordering could be induced. The Na2CO3 
alkaline activation treatment applied to previously calcined clay particles allowed obtaining different levels of 
NaAlSiO4 polymorphs on the external surface of the particles, which are easily transformed to zeolitic products. 
By varying the synthesis conditions, FAU and LTA zeolite structures were successfully obtained on the surface of 
hardened particles, reaching conversions close to 90%. The starting clay, pretreated clays, and products obtained 
after hydrothermal synthesis were characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and energy dispersive X-ray microanalysis (EDX). The versatility of the method is exemplified in 
obtaining adsorbents specifically designed for the retention of Cd2+ and Ni2+ contaminating ions. A total removal 
of Cd2+ and Ni2+ was achieved at 150 min from initial 40 ppm solutions, being 98% and 94% from initial 120 
ppm solutions for cadmium and nickel, respectively.   

1. Introduction 

Zeolites are microporous materials mainly consisting of an ordered 
arrangement of [SiO4]4− and [AlO4]5− tetrahedral entities. Zeolitic 
frameworks contain channels and cavities commonly occupied by 
exchangeable alkali and/or alkaline earth cations such as Na+, K+, and 
Ca2+ [1]. Different synthesis procedures have been used to transform 
aluminosiliceous materials into zeolite structures, those involving hy
drothermal or microwave treatments being the most usual [2–5]. Be
sides, low-cost raw materials such as kaolin clays, fly ash, volcanic ash, 
waste glass, and rice husk, among others, could be efficiently used for 
obtaining zeolite products [6–10]. Using these nonconventional starting 
materials, an important challenge is to improve their conversion into 
zeolite-type structures by applying different activation treatments aimed 
at achieving an increase in their intrinsic reactivity and minimizing the 
presence of non-zeolitic phases in the final product. 

Furthermore, excessive and improper use of water causes the 
degradation of natural environments, turning them into inadequate 
sources for satisfying social, commercial, and agricultural human needs 
[11,12]. The current water crisis highlights the lack of basic sanitation in 
water treatment, limiting its access to populations and spreading dis
eases [13]. Therefore, it is important to improve the existing water 
purification treatments by developing affordable and accessible purifi
cation techniques. 

The unique properties of zeolites such as ion exchange, adsorption, 
thermal stability, and porous structure make them suitable for being 
used in the development of a multiplicity of novel technologies. Among 
them, it is possible to highlight the synthesis of advanced solids or 
membranes for water and air purification [14–18]. The first step in the 
most common methodologies used for obtaining zeolitic adsorbent 
materials consists of the hydrothermal synthesis of a micrometer-sized 
powder formed by zeolitic individual crystals or small agglomerates. 
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The subsequent step is to form the powder into pellets or beads of 
various sizes to ensure the packing of fixed beds during wastewater 
treatment processes [19]. However, obtaining low-cost, macroscopic, 
attrition-resistant and high zeolitized particles is a challenging task [20]. 

In this work, a methodology for the surface zeolitization of milli
metric kaolin particles from clay deposits located in Buenos Aires 
Province, Argentina, was proposed. A selected millimeter-sized fraction 
of the raw clay was submitted to a series of thermal and hydrothermal 
treatments in order to obtain a zeolitized surface layer grown onto a 
hard clay core. The proposed methodology seems to be appropriate for 
obtaining kaolin-based adsorbent beads for packed-bed columns, 
avoiding the crystal agglomeration step. The novelty of the proposed 
method is based on the use of a low-cost natural clay to obtain a 
millimeter-sized adsorbent product, ready to use as a cation exchanger 
in packed-bed columns, avoiding the need to form spheres or pellets by 
extrusion. 

2. Experimental 

2.1. Raw material 

Granulated clay from kaolinitic deposits, located in Tandil, Buenos 
Aires, Argentina, was used as raw material. The clay was sieved, and the 
fraction with particle size between 4.76 and 8 mm was separated from 
the bulk. These natural clay grains were designated as sample C0. The 
chemical composition was obtained by EDX. 

2.2. Pretreatments and hydrothermal synthesis 

2.2.1. Calcination and alkaline activation 
For increasing both the hardness and the reactivity toward zeolite 

crystallization of the clay, the C0 sample was submitted to two 
sequential steps: calcination and alkaline activation. 

In the first instance, C0 fractions were heat-treated in static condi
tions (5 ◦C/min) for 2 h at different temperatures: 800 ◦C, 960 ◦C, 
1100 ◦C, and 1200 ◦C. The samples were named C1, C2, C3, and C4, 
respectively. 

Subsequently, the reactivity of the clay samples was increased by 
alkaline fusion using 50 wt% Na2CO3 (Biopack, p.a.). The mixtures of 
calcined clay and Na2CO3 were homogenized by sonication for 400 s, 
and then heat-treated at 800 ◦C for 2 h (5 ◦C/min) [21]. The activated 
samples were labelled as C5, C6, C7, and C8, respectively. Table 1 
summarizes the identification of the samples and the treatment 
conditions. 

2.2.2. Hydrothermal synthesis 
Each activated sample (5 g) was placed in contact with the synthesis 

solution in a polypropylene reactor, under stirring (30 min), and aged at 
room temperature for 48 h without stirring. The Al/Si ratio of the syn
thesis mixture was adjusted considering that the Al3+ and Si4+ amounts 
present in the clay were completely available. In order to obtain the two 
most representative zeolitic adsorbents, NaA and NaX, the correspond
ing synthesis mixtures with the adequate stoichiometry were prepared 
(reaction mixture A and reaction mixture X respectively). The selected 
molar ratios were obtained by adding the suitable amounts of reagents 
such as NaOH (Carlo Erba), deionized water, and NaAlO2 (commercial 
Alum powder, 36.5% Al2O3, 29.6% Na2O, 33.9% H2O). 

Afterwards, the synthesis mixtures were placed in a conventional air 
oven at the selected temperature (90 ◦C for mixture X and 100 ◦C for 
mixture A). The progress of the synthesis was followed by taking ali
quots at different reaction times (3, 6, and 16 h). The obtained samples 
were washed with deionized water and dried in a conventional air oven 
at 50 ◦C. Table 2 summarizes the synthesis conditions and nomenclature 
used for labeling each of the samples taken during the hydrothermal 
synthesis. 

2.3. Cation exchange process 

The zeolitized sample with the highest content of zeolite A (sample 
C5A6h) was used to evaluate its efficiency as ion scavenger in the puri
fication of aqueous solutions contaminated with Cd2+ and Ni2+ species. 
Solutions were prepared using cadmium chloride 1-hydrate (CdCl2⋅H2O, 
Biopack) or nickel sulfate 6-hydrate (NiSO4⋅6H2O, Biopack). The ion 
exchange experiments were carried out at two different solid/liquid 
ratios (S/L), by adding 1 or 3 g of zeolitized clay to 1000 mL of cadmium 
or nickel solutions containing 40 and 120 ppm, respectively. Each cation 
exchange was carried out at 25 ◦C using an uncovered batch reactor 
made of polypropylene under continuous slight stirring, taking samples 
at different exchange times. The evolution of the pH value of the ex
change solution was recorded for each of the different tests. The ob
tained samples were filtered, and the concentration of cadmium and 
nickel in the liquid phase was determined by atomic absorption spec
troscopy (AAS). The removal efficiency was calculated. 

Removal effiency=
C0 − C1

C0
x 100%  

where C0 is the initial heavy metal cation concentration (ppm) and C1 is 
the residual heavy metal cation concentration after cation exchange at a 
determined time (ppm). 

2.4. Physicochemical characterization 

The mineralogical compositions of C0, its pretreated/activated 
derived samples, as well as those corresponding to the products obtained 
at different times during the hydrothermal synthesis, were determined 
by XRD. Diffraction patterns were obtained from 5 to 40 ◦2θ using a 
Philips PW3710 powder diffractometer with CuKα radiation of 1.5406 
Å, using a step width of 0.04◦2θ, step time of 10 s, and a Ni-filter. 
Compound identification was performed using Match! and Jade MDI 

Table 1 
Sequential treatment conditions.  

Treatment Time Temperature and samples 

Heat treatment 2 h 800 ◦C 960 ◦C 1100 ◦C 1200 ◦C 
C1 C2 C3 C4 

Alkaline activation 2 h 800 ◦C 800 ◦C 800 ◦C 800 ◦C 
C5 C6 C7 C8  

Table 2 
Synthesis conditions and nomenclature used for identifying the samples during the hydrothermal crystallization.   

Time (h) SiO2/Al2O ratio Na2O/H2O ratio Na2O/Al2O3 ratio Samples 

Hydrothermal synthesis Mixture X 0 6 0.03 9.8 C5X0h C6X0h C7X0h C8X0h 

3 6 0.03 9.8 C5X3h C6X3h C7X3h C8X3h 

6 6 0.03 9.8 C5X6h C6X6h C7X6h C8X6h 

16 6 0.03 9.8 C5X16h C6X16h C7X16h C8X16h 

Mixture A 0 1.4 0.03 3.4 C5A0h C6A0h C7A0h C8A0h 

3 1.4 0.03 3.4 C5A3h C6A3h C7A3h C8A3h 

6 1.4 0.03 3.4 C5A6h C6A6h C7A6h C8A6h 

16 1.4 0.03 3.4 C5A16h C6A16h C7A16h C8A16h  
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software. The XRD patterns for Rietveld refinements were acquired from 
5 to 80 ◦2θ using a Bruker Advance D8 powder diffractometer with CuKα 
radiation of 1.5406 Å, using a step width of 0.02◦2θ, step time of 0.5 s, 
and a Ni-filter. The Rietveld method [22] was performed using TOPAS 6 
software to obtain the quantitative percentages of the crystalline com
ponents in the different solid samples analyzed. The crystalline phases 
and zeolite types were determined by comparing diffraction profiles 
with published data (PDF, Powder Diffraction File). Using the Rietveld 
refinement, the wt% crystalline composition of the samples was deter
mined. An initial model for Rietveld refinement was built using crys
tallographic data from the Structure Commission of the International 
Zeolite Association (IZA-SC) and Crystallography Open Database (COD). 
According to the crystalline compounds identified in the X-ray diffrac
tion patterns, the following crystallographic information files were used 
as a starting point: zeolite LTA NaA hydrated, zeolite FAU NaX hydrated, 
and zeolite Na-P1 hydrated from IZA-SC; nepheline (ID 8104311), 
mullite (ID 9010159), anatase (ID 1530151), quartz (ID 9009666), and 
hydroxysodalite (ID 1536465) from COD. 

Furthermore, particle size and morphology were determined by 
using a Philips 505 scanning electron microscope (SEM). The semi
quantitative chemical analysis composition of the starting material was 
carried out by EDX using an EDX Prime 10 Spectrometer. 

3. Results and discussion 

3.1. Natural clay 

The X-ray diffraction pattern of the natural clay (C0) showed the 
reflections of hydroxylated aluminosilicates (Al2Si2O5(OH)4.nH2O) such 
as halloysite (PDF# 29-1487) and kaolinite (PDF# 80-0885). The re
flections of quartz (PDF# 83-2465) and cristobalite (PDF# 82-1403) 
were also detected (Fig. 1). The C0 pattern presented width-varying 
reflections, indicative of a sample having a dissimilar degree of crys
tallinity or nonuniform crystallite size. Additionally, the background 
between 17 and 30 ◦2θ indicated the coexistence of an amorphous 
phase. 

The composition (wt%) estimated by EDX chemical analysis was 
SiO2 = 61.9; Al2O3 = 36.4; TiO2 = 1.5; and CaO = 0.2. 

3.2. Pretreatment 

3.2.1. Calcination 
The crystalline composition of the original clay, sample C0, was 

notoriously altered by the heat treatment. Fig. 2 shows the X-ray 
diffraction patterns of the samples C1, C2, C3, and C4 obtained after C0 
calcination at 800, 960, 1000, and 1200 ◦C, respectively. Depending on 
the temperature, the calcination produced a collapse of the lattice order 
that increased the amorphous fraction or a topotactic transformation of 
the natural clay to a new crystalline configuration. 

At 800 ◦C, the complete dehydroxylation of halloysite to give rise to a 
disordered sheet-like structure was observed [23]. Up to 960 ◦C, 
kaolinite was still present, but a decrease in the characteristic reflections 
occurred. This resistance to dehydroxylation could be attributed to the 
reaction mechanism being controlled by the thermal diffusion into the 
kaolinitic structure. The defective nature of clay, indicated by the width 
of the kaolinite reflections in the X-ray diffraction pattern (Fig. 1), would 
explain why the heat transfer in the boundary layer outside the crys
tallites becomes the dehydroxylation rate-limiting factor. 

Thus, the increase of background (amorphous halo) in the angular 
region 1 < 2θ◦ < 30 up to 960 ◦C was produced by dehydroxylation of 
halloysite and also by a fraction of kaolinite, which was transformed into 
disordered structures or metastructures. Close to 960 ◦C, the appearance 
of a harder structure corresponding to amorphous premullite, which 
could also contribute to an increase in the amorphous phase, was also 
expected [2,23]. Besides, cristobalite (PDF# 82-1403) from natural clay 
and anorthite (PDF# 71-0788) reflections were present in this range of 
temperature. 

Furthermore, from 1100 ◦C, new diffraction peaks were identified as 
mullite (PDF# 74-2419) and nepheline (PDF# 35-0424). At this tem
perature, the decrease in quartz reflection intensities could be attributed 
to the transition towards cristobalite. The mechanism of the change from 
β-quartz to cristobalite is not fully known, but according to Ref. [24] the 
transformation starts from 1300 ◦C through an amorphous intermediate 
state produced by the breaking of the bonds in quartz, followed by the 
complete transition to cristobalite at about 1700 ◦C. Nevertheless, in our 
studies cristobalite formation was detected from 1100 ◦C. This fact could 
be explained on the basis that alkaline cations such as Ca2+ present in 

Fig. 1. X-ray diffraction patterns of natural clay, sample C0.  Fig. 2. X-ray diffraction patterns of C0 after being heat-treated at different 
temperatures. 
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the natural clay could catalyze the transformation from quartz to cris
tobalite. According to Ref. [25], alkaline compounds start melting at a 
temperature well below the melting point of silica, and the phase tran
sition occurs through a fluid-mediated reaction. These liquids spread 
into the solid phase, leading to an accelerated decomposition of quartz 
along with a rapid nucleation and growth of cristobalite. 

The nucleation of harder structures was due to the contribution of 
the amorphous phase. Non-crystalline -Al-O-Si- groupings act as inter
mediate towards the polymorphic transformation of cubic mullite and 
hexagonal nepheline, in a process that confirms the topotactic concept in 
kaolinite transformation [26]. Reflections corresponding to these crys
talline species (cristobalite, mullite, and nepheline) became clearer and 
more intense once the thermal pretreatment reached 1200 ◦C. The 
solid-solid transformation of quartz into cristobalite was corroborated 
by the decrease in the intensities of the peaks at ◦2θ = 21 and 26. Then, 
the increase in crystallinity of the solid at this temperature could be 
attributed to a solid-solid transformation, in which mullite and nephe
line continue to grow at the expense of meta-aluminosiliceous species. 

3.2.2. Alkaline activation 
C1, C2, C3, and C4 were subjected to alkaline activation for 2 h at 

800 ◦C. The X-ray diffraction patterns recorded after this process are 
shown in Fig. 3. 

The samples previously heat-treated at relatively low temperatures 
(C5 and C6) showed the formation of nepheline and low-carnegieite 
(PDF# 11-0221) after activation with Na2CO3. Those pretreated at 
higher temperatures (samples C7 and C8) produced low-carnegieite as a 
new phase, coexisting with nepheline, mullite, and cristobalite. For all 
samples, the background halo became less intense after alkaline acti
vation. This fact indicates that the amorphous clay components pro
duced in the first calcination were transformed into NaAlSiO4 
polymorphs (nepheline and low-carnegieite) due to Na2CO3 action [21]. 

Furthermore, Na2CO3 calcination at 800 ◦C and 960 ◦C reduced the 
XRD intensities corresponding to quartz, while kaolinite peaks were still 
present at 800 ◦C and 960 ◦C. Small reflections corresponding to a non- 
reacting fraction of Na2CO3 (PDF# 37-0451) were additionally detected 
in the treated clay. 

3.3. Zeolite transformation 

3.3.1. Crystallization from batch composition type X 
Synthesis conditions for the hydrothermal conversion of samples 

C5X, C6X, C7X, and C8X were adjusted to promote the synthesis of NaX 
zeolite. 

Fig. 4 shows the evolution of the X-ray diffraction patterns of samples 
C5X and C6X, pretreated at lower temperatures (800 ◦C and 960 ◦C, 
respectively). As expected, the reflections corresponding to Na2CO3 
decreased markedly after the ageing step. For both samples, the moni
toring of the reaction by XRD allowed the detection of remaining quartz 
and a fraction of unreacted nepheline during the whole transformation. 

The growth of zeolitic crystals was clearly evidenced after 3 h of 
hydrothermal reaction. For the zeolitization of C5X, although the molar 
ratios were adjusted for obtaining NaX zeolite (Na88Al88

Si104O384⋅220H2O, PDF# 39-0218), the diffraction patterns exhibited 
the formation of NaA (Na96Al96Si96O384•216 H2O, PDF# 39-0222) as 
the main zeolitic component. The preferential formation of zeolite A 
could be attributed to the high aluminum availability promoted by the 
amorphous fraction generated after the pretreatments. 

For sample C6X, the transformation into zeolite X was complete at 3 
h of reaction. The pre-mullite formation reduced the alumina reactivity, 
and the treated clay was converted into the more siliceous FAU struc
ture, a material characterized by a Si/Al molar ratio higher than 1 and 
lower in aluminum content compared to zeolite A. Extended times 
showed the reflections of both zeolites, NaA and NaX. Furthermore, low- 

Fig. 3. Diffraction patterns after alkaline fusion with Na2CO3 of samples C5, 
C6, C7, and C8. 

Fig. 4. Diffraction patterns obtained at 0, 3, 6, and 16 h of reaction for samples (a) C5X and (b) C6X. A: zeolite NaA, X: zeolite NaX, HS: zeolite hydroxysodalite.  
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intensity peaks of hydroxysodalite (PDF #42-0216) were found in the X- 
ray diffraction patterns of C5A3h and C6A16h. 

For samples C7X and C8X, the XRD analysis (not shown) indicated 
the formation of a mixture of X and A from the beginning of the hy
drothermal reaction. Besides, reflections associated with the presence of 
mullite and quartz remained constant throughout the synthesis process. 
Particularly, relatively minor conversions into zeolite products were 
obtained due to the stable aluminosiliceous arrangement provided by 
mullite, which reduces the availability of Si and Al for constructing the 
FAU or LTA frameworks. 

An in-depth look at the X-ray diffraction patterns for all the samples 
after 16 h of crystallization (Fig. 5) allowed corroborating that the 
NaAlSiO4 polymorphs presented different stability against the alkaline 
conditions of the synthesis reaction: nepheline reflections were found in 
all samples, while those corresponding to low-carnegieite disappeared 
after 3 h of reaction. 

3.3.2. Crystallization of batch composition type A 
Synthesis conditions for the hydrothermal conversion of samples 

C5A, C6A, C7A, and C8A were adjusted to promote the crystallization of 
zeolite NaA. It was observed that in all the samples, NaA was identified 
as the main zeolitic product coexisting with other minor phases (zeolite 
X, P, and HS) whose appearance depended on the progress of the reac
tion. This synthesis evolution can be appreciated in Fig. 6, where the X- 
ray diffraction patterns obtained at different reaction times for samples 
C5A and C8A, pretreated at the minimum and maximum temperatures 
(800 ◦C and 1200 ◦C, respectively), are shown. 

It is worth noting that zeolite formation was affected by the tem
perature used in the initial calcination pretreatment (Fig. 6). Comparing 
the X-ray diffraction patterns obtained at 3 h of reaction (Figs. 6a and 
3h) it is clearly observed that C5A showed intense NaA reflections, while 
NaA crystallization was not observed in C8A (Figs. 6b and 3h). Similarly 
to the evolution noted in the zeolite X crystallization, the mullite and 
premullite formation occurring at high-temperature activations 

Fig. 5. Diffraction patterns obtained after 16 h of hydrothermal crystallization 
from batch composition type X. 

Fig. 6. Diffraction patterns obtained at 0, 3, 6, and 16 h of reaction for samples (a) C5A and (b) C8A. A: zeolite NaA, HS: hydroxysodalite, P: zeolite P.  

Fig. 7. Diffraction patterns obtained after 16 h of hydrothermal crystallization 
from batch composition type A. 
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provides physical hardness properties to the clay grains but reduces the 
availability of the silicon and aluminum nutrients needed for the sub
sequent zeolitization, retarding the hydrothermal crystallization. 

Also, the quartz present in the clay as well as the mullite and cris
tobalite formed after calcination at 1200 ◦C remained unchanged during 
the hydrothermal transformation. Besides, as occurs in the crystalliza
tion of batch composition type X, the reflections of sodium carbonate 
decreased after the ageing stage. 

After 16 h of reaction, the production of NaA zeolite as an exclusive 
phase was only obtained starting from C5A, while the other samples 
generated zeolite mixtures A and X. Fig. 7 shows XRD analysis for the 
samples C5A to C8A, at 16 h of hydrothermal reaction. Also, the pres
ence of low-intensity reflections of hydroxysodalite and zeolite P was 
observed, indicating the beginning of a further transformation of the 

metastable structures NaX and NaA into NaP and HS. 
It was very interesting to note that from the analysis of the diffraction 

patterns obtained after the alkaline activation step (Fig. 3), sample C5 
contains nepheline, low-carnegieite, and a high halo of amorphous 
material. These compounds were not found in sample C516h. It can be 
inferred that the mentioned components undoubtedly acted as available 
sources of aluminum and silica for zeolite growth, increasing the stoi
chiometric Al2O3/SiO2 ratio, favoring NaA zeolite crystallization. 
Contrarily, above 960 ◦C, aluminum was retained in the pre-mullite and 
mullite structures, diminishing the Al2O3/SiO2 ratio and conducting the 
synthesis towards the formation of NaX and zeolite mixtures. 

3.4. Zeolite quantification 

As an example of the quantification data obtained, the experimental 
and calculated powder diffraction profiles of C5X16h are shown in Fig. 8. 

Crystalline peaks corresponding to calcium-containing species were 
absent. Quartz and mullite were quantified in all samples, ratifying their 
resistance to zeolitization. The prevalence of nepheline changed during 
the course of the reaction. Besides, a low proportion of hydroxysodalite 
was observed. 

The component weight percentages of samples C5X, C6X, C7X, and 
C8X at 3, 6, and 16 h of reaction time are summarized in Table 3. 
Weighted profile R-factor (Rwp) and goodness-of-fit (Gof) fit well with 
the experimental data [27]. 

Starting from sample C5X3h, the crystallization of NaA proceeded 
very fast, resulting in a product containing NaA as the main product 
(83.2%) after 3 h of hydrothermal reaction. At longer reaction times, the 
generation of NaX and HS zeolites was favored. The starting mixture 
composition in this case was formulated using the molar ratios recom
mended for obtaining NaX zeolite, therefore it can be assumed that the 
effective chemical ratios in the initial mixture differed from those 

Fig. 8. Rietveld refinement of sample C5X16h, with thermal pretreatment of 
800 ◦C and obtained at 16 h of hydrothermal reaction. 

Table 3 
Weight percentage (wt%) of crystalline phases obtained from mixture X at 3, 6, and 16 h.  

Sample NaA NaX Na-P1 Nepheline Hydroxysodalite Other phases Rwp Gof 

C5X3h 83.2 – – 9.2 5.4 2.2 6.01 1.69 
C5X6h 83.9 – – 6.1 8.6 1.4 6.25 1.80 
C5X16h 84.8 0.7 – 4.4 8.7 1.4 5.86 1.71 

C6X3h – 12.4 – 50.5 – 37.1 6.83 1.93 
C6X6h 7.0 22.7 – 38.5 – 31.8 8.46 2.47 
C6X16h 15.0 21.2 – 26.6 15.9 21.3 10.18 2.97 

C7X3h 2.9 2.9 – 15.3 1.3 77.6 6.38 1.71 
C7X6h 7.9 4.1 – 9.9 10.0 68.1 6.25 1.70 
C7X16h 11.9 6.3 2.5 7.8 15.6 55.9 7.61 2.13 

C8X3h 9.7 0.9 9.4 5.3 7.1 67.6 6.89 1.8 
C8X6h 8.6 0.7 5.0 2.9 4.8 78 6.74 1.84 
C8X16h 7.9 0.6 3.6 2.5 10.2 75.2 4.99 1.37  

Table 4 
Weight percentage (wt%) of crystalline phases obtained from mixture A at 3, 6, and 16 h.  

Sample NaA NaX Na-P1 Nepheline Hydroxysodalite Other phases Rwp Gof 

C5A3h 83.4 – – 7.0 3.7 5.9 6.19 1.75 
C5A6h 88.9 – – 4.0 2.6 4.5 5.77 1.7 
C5A16h 88.6 – – 4.3 4.0 3.1 5.26 1.52 

C6A3h 36.0 – – 21.4 10.3 32.3 5.77 1.59 
C6A6h 45.3 – – 18.4 8.1 28.2 4.98 1.39 
C6A16h 44.2 0.5 11.3 12.5 7.5 24.0 5.04 1.43 

C7A3h 4.2 – – 28.8 – 67 6.43 1.7 
C7A6h 15.5 – – 13.0 – 71.5 6.36 1.77 
C7A16h 29.5 1.5 8.3 9.5 – 51.2 5.24 1.45 

C8A3h 2.3 – – 12.7 – 85 14.19 3.57 
C8A6h 12.8 – 4.8 7.1 – 75.3 5.73 1.55 
C8A16h 18.9 0.4 11.2 1.8 5.9 61.8 6.32 1.72  
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theoretically estimated. Sample C6X contained NaX type zeolite only 
when the reaction time was 3 h; as time increased, the production of NaA 
was evident. For C7X and C8X samples, zeolitic mixtures were quanti
fied including the production of Na-P1 zeolite. 

The maximum zeolite conversion for NaX was achieved in sample 
C6X16h, which contains 21.2% of NaX zeolite and 15% of NaA zeolite. 
This result confirmed that the high content of mullite modifies not only 
the zeolite phase distribution but also the elapsed time for an appre
ciable crystallization. 

Table 4 lists the weight percentages obtained from the crystalline 
refinement of samples C5A, C6A, C7A, and C8A. For samples thermally 
pretreated at 800 ◦C, NaA was readily formed, 83.4% of NaA was 
detected after 3 h of hydrothermal reaction. The conversion was quite 
similar to that achieved for sample C5X3h, reaching 88.6% at 16 h of 
reaction. In samples C6A, C7A, and C8A, the conversion into NaA 
increased with the reaction time, and a slight crystallization of NaX, HS, 
and NaP1 zeolites was verified for relatively longer times. As was 
described before, the high mullite content in samples C7A and C8A 
could affect the zeolitization process by altering silica and alumina 
availability. 

3.5. Morphological transformation 

The starting clay and samples after the pretreatment and hydro
thermal steps were characterized by SEM (Fig. 9). Natural clay consisted 
of particles with no defined shape and size. The surface showed high 
roughness and also small adhering particle aggregates, Fig. 9a. 

The morphological change of the natural clay after calcination and 
alkaline activation can be observed in Fig. 9b. After being heated at 
1100 ◦C, the surface of the clay grains was notoriously modified. A 

significant growth of new small entities attached to the external surface 
of the original grains was observed. This new surface feature could be 
the result of the previously mentioned heating-induced topotactic 
transformation. 

Furthermore, samples C5 and C6 underwent different morphological 
changes after the hydrothermal treatment. The clay surface was covered 
with cubic zeolitic crystals, corroborating that the applied pretreatments 
facilitated the conversion of intermediate phases into zeolites. Particu
larly, in samples C6X6h (Fig. 9c) and C5A6h (Fig. 9d), the entire surface 
of the clay was covered by zeolitic crystals, justifying the high zeolite 
conversions obtained, almost reaching 90% in sample C5A6h (Fig. 9d). It 
is important to note that an intergrowth of zeolite NaA and NaX crystals 
was observed, with a size on the order of 1–1.5 μm. 

Fig. 9. SEM micrographs of selected solid samples. (a) original clay C0, X1000; (b) pretreated clay, X5000; (c) sample C6X6h, X4000; and (d) sample C5A6h, X4000.  

Table 5 
Evolution of [Cd(II)] in the aqueous phase at 25 ◦C.  

Time (min) S/L = 1 S/L = 3 S/L = 3 

40 ppm 40 ppm 120 ppm 

0 40 40 120 
1 3.6 3.2 9.3 
5 3.1 2.8 5.8 
20 2.8 2.1 4.2 
60 2.1 1.6 3.8 
120 1.5 1.3 3.1 
150 – – 2.7 
24 h – – 2.5  
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3.6. Cation exchange 

In order to evaluate the potential application of the zeolitized 
products, sample C5A6h (presenting the highest conversion to zeolite A) 
was used to estimate the cadmium and nickel removal from aqueous 
solutions. 

Tables 5 and 6 show the evolution of cadmium and nickel concen
trations in the liquid phase during the ion exchange experiments. 

According to these results, the concentration of both metals in the 
solution decreases significantly at short exchange times. As expected, 
the cation exchange for both metals becomes faster and more effective at 
the higher solid/liquid ratio. In the first minute, the amount of cadmium 
decreased to 3.6 ppm when 1 g of zeolite was used (Table 5, column S/L 
= 1, 40 ppm) and to 3.2 ppm (Table 5, column S/L = 3, 40 ppm) for 3 g 
of zeolite. Regarding the nickel exchange, after only 1 min the metal 
concentration was reduced to 6.7 ppm using 1 g of zeolite (Table 6, 
column S/L = 1, 40 ppm) and to 4.9 ppm for 3 g of zeolite (Table 6, 
column S/L = 1, 40 ppm). After 150 min, 100% removal efficiency was 
reached for both cations. 

In relation to the tests carried out using a higher concentration (120 
ppm), the results also showed appreciable metal removals at short ex
change times. After 1 min, the Ni concentration decreased to 67 ppm 
(Table 5, column S/L = 3, 120 ppm), while the Cd concentration 
markedly decreased to 9.3 ppm (Table 6, column S/L = 3, 120 ppm). At 
150 min, 98% and 94% removal efficiency was reached for cadmium 
and nickel, respectively. It is observed that high removal percentages 
were achieved in all cases, comparable to those reported in Ref. [28], in 
which a synthesized zeolite obtained from fly ash was used. The pH of 
the initial cadmium and nickel solutions was 3.5–4. It is worthy to note 
that as the different exchange experiments occurred, the pH increased 
up to values always below 7. It is inferred that precipitation of cadmium 
and nickel could rarely occur. 

These results are promising, the products obtained in this way could 
be used directly for adsorption in packed bed columns, ensuring the 
mechanical stability of the material and minimizing pressure drop. 
Studies about the in-use mechanical stability of the synthesized particles 
along with the evaluation of their efficiency as ion exchange materials in 
a fixed adsorption bed are in progress. 

4. Conclusions 

The procedure presented in this work could be considered as a 
general methodology for obtaining hardened millimeter-sized clay 
particles covered by an adsorbent zeolitic coating. 

The pretreatments applied to the clay take advantage of different 
transformation routes belonging to these kaolinite-based materials, 
which comprise dehydration, generation of metastable phases, and T-O- 
bond rearrangement, including structural collapse. The results suggest 
that high conversions of zeolite NaA and NaX can be achieved under 
suitable conditions. The high efficiency obtained in the removal of Cd2+

and Ni2+ indicates that it would be possible to use these millimeter-sized 
solids in packed bed-columns for pollutants adsorption. Studies about 
the mechanical stability of the hard-core/zeolitized shell obtained and 

their evaluation as ion exchange materials in a fixed adsorption bed are 
in progress. 
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