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Abstract The stability of the clinoptilolite-rich tuff from

Oaxaca (México) treated with acid phosphate solutions at

pH values from 0 to 6 at 70 �C was investigated with base

on the dealumination of the zeolitic material and the

effective ion exchange capacity property. The aluminum of

the natural zeolite was determined by both atomic absorp-

tion spectroscopy and near infrared spectroscopy developed

in this work. The effective cation exchange capacity (Ef-

CEC) of the clinoptilolite-rich tuff was determined based on

the method described by Ming et al. According to the

experimental data, the pH of the phosphate solutions

influences the stability of the clinoptilolite-rich tuff. The

dealumination of the zeolitic material at pH 0 follows a first

order kinetic model. It was also found that the EfCEC is the

lowest and the material loses crystallinity at the same pH.

The presence of phosphorous in the zeolitic material is

observed after the treatment with the acid phosphate solu-

tions. Therefore, the treatments of clinoptilolite-rich tuff

from Oaxaca with the acid phosphate solutions modify its

characteristics depending on the acidity of the aqueous

media and consequently its stability varies.

Keywords Clinoptilolite � Acid-treatment � Phosphate �
Stability

Introduction

The elimination of heavy metals from phosphoric acid wet-

process has been the principal objective of many research

works to obtain a high-purity acid for use in the production

of fertilizers as well as other chemical products [1, 2].

The purification process of phosphoric acid and phosphate

varies depending on the industrial quality requirements, for

example the elimination of colorless impurities such as iron

and vanadium from phosphoric acid or phosphates for the

food industry. Several processes, among them ion exchange,

chemical precipitation, ultrafiltration, membrane separation,

inverse osmosis, and electrodialysis [3–5], have been used to

eliminate impurities from phosphoric and phosphate. How-

ever, most of them are expensive and difficult to implement.

Natural materials such as zeolites have been considered as

alternative adsorbents to remove heavy metals from polluted

water [6]. Zeolites are microporous crystalline solids with

well-defined structures, which have been used in various

fields such absorption, separation, ion exchange, and catal-

ysis. The main reason for the interest in natural zeolitic

materials is the increasing demand for inexpensive ion

exchange and adsorbent materials by energy production,

pollution control, and metal recovery. One of the most

investigated zeolites is the clinoptilolite because it is abun-

dant around the world [7–13]. This zeolite could be used as

an alternative for the removal of contaminants in phosphoric

acid production or in the treatment of wastewaters generated

by the phosphate industry.

There are papers about the characteristics and properties

of clinoptilolite to remove pollutants from water [14–19],
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however, the removal of pollutants from acid phosphate

media or wastewater generated by the phosphate industry

by clinoptilolite-rich tuffs is unknown. For this reason, the

aim of this paper was to evaluate the stability of the clin-

optilolite after its contact with an acid phosphate media

(pH values between 0 and 6) at 70 �C, considering the

effect of the pH on the zeolitic structure, the kinetics of the

zeolitic dealumination after the acid phosphate treatment,

as well as the changes on the effective cation exchange

capacity (EfCEC) of the clinoptilolite-rich tuff. The char-

acterization of the zeolitic material after the treatment with

acid phosphate solutions was also discussed in this work.

Experimental

Materials

The natural zeolite used in this work was: clinoptilolite

from Etla, Oaxaca, México (NZO) between the parallels

97�130 to W and 17�140 to N. This zeolite was received in

rock form. It was crushed and sieved (10 meshes). The

average grain size had a diameter of 1.7 mm.

Acid treatment

The phosphoric acid (PA) used in this work was 85% pure

reagent grade. The components of this reagent are reported

earlier [20].

An aqueous solution of pH 0 was prepared with this

phosphoric acid with a ratio 1:1 (PApH 0). The sodium

phosphate solutions were prepared based on the phosphate

production as follows: 600 mL of phosphoric acid solu-

tions at pH 0 were put into a glass reactor with a heat cover

and aliquots of 800, 980, or 1200 mL of 5 M sodium

hydroxide solution was slowly added with agitation

(150 rpm) and heating at 70 �C to obtain the phosphate

solutions at pH 2, 4, and 6, respectively. In this work, these

solutions are named as PSpH 2, PSpH 4, and PSpH 6.

A sample gram of NZO was treated with each phosphate

solutions, maintaining a liquid–solid relation of 10, at a

temperature of 70 �C with mechanical agitation for 24 h.

Then the solid samples were washed with distilled water

and dried at 60 �C during 5 h.

Dealumination

Quantification of aluminum in phosphate solution

The phosphate solutions obtained at the end of the NZO

treatment were analyzed with an atomic absorption

spectrometer for the aluminum quantification. For this

purpose an aliquot was taken from the solution, then it was

digested with hydrochloric acid and a few drops of nitric

acid. Deionized water was added to make 50 mL of the

acid solution. The aluminum was determined by atomic

absorption using the same Perkin Elmer 3100� Spec-

trometer at a wavelength of 309.3 nm.

In order to compare the amount of aluminum leached

from the zeolitic material due to the acid phosphate treat-

ment, the initial amount of aluminum in the zeolitic rock

was determined by complete acid digestion using a mixture

of fluoric, chloric, and perchloric acids in a ratio of 1:1:1,

in a microwave stove with close atmosphere. The alumi-

num was determined by atomic absorption as was

mentioned elsewhere.

Correlation between dealumination of the zeolite

and structural bonds of its crystalline network

A Near-IR Analyzer Antaris Nicolet spectrometer was

employed to determine main functional groups of the zeolitic

rock, sweeping the wavelength from 14,000 to 4,000 cm-1.

The NZO samples after the acid treatment were put inside a

2 mL glass vial and placed in the Antaris carousel.

To distinguish those bands associated with aluminum

phases from those associated with silicon, c-alumina samples

were heated from 90 to 500 �C, removing water and taking

into account what could be the predominant phase for alu-

minum by overlapping those spectra with zeolite’s spectra.

After the Si and Al phases were identified, sample

spectra were fed to the software to follow the dealumina-

tion of the acid treated zeolite. A calibration curve of 40

points, 10 repetitions of four different pH treatments, using

the first derived spectrum under the main component

regression method was used [21].

Dealumination kinetic of natural zeolite

In order to carry out the kinetic studies of the dealumination

of natural zeolite, 0.25 0.50, 0.75, 1.00, 1.25, and 1.50 g of

the zeolitic rock were weighed and treated with a phosphoric

acid solution at pH 0, at 70 �C for 3, 9, 18, and 24 h. Later,

the aluminum was quantified in the remaining solution.

Effective cation exchange capacity

The EfCEC was determined based on the method described

by Ming et al. [22]. This method consists of the following:

1 g of each zeolitic sample was weighed, including both

the reference as well as the previously acid treated mate-

rials. Each sample was put in contact with 10 mL of 1 N
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sodium acetate at pH 5 buffer solution (room temperature)

for 18 h, and then the supernatant fractions were separated

by decantation. The solid samples were put in contact twice

with 20 mL of 1 N KCl at pH 7 for 18 h at room temperature,

and later the supernatant fractions were separated. The solid

samples were washed repeatedly with distilled water, until

eliminating chlorides completely. Approximately 100 mg of

the washed samples were put in contact with 5 mL of 0.2 N

CsCl at room temperature. After 6 h, the supernatant frac-

tions were separated. The solid samples were once again put

in contact twice with 5 mL of 0.2 N CsCl at room tempera-

ture and a sounding was taken for 10 min, after which the

remaining solutions were placed in a 100 mL volumetric

flask to determine the potassium content that was removed

from the ion exchange sites of the zeolite. The potassium was

determined by atomic absorption at a wavelength of

766.5 nm. The EfCEC was expressed by the potassium

removed in milliequivalents by gram of natural zeolite.

Characterization

Scanning electron microscopy

For scanning electron microscopy observations, the samples

were mounted directly on the holders and covered with sput-

tered gold and then observed at 10 and 25 keV in a JEOL JSM-

5900 LV electron microscope. The microanalyses were carried

out by electron dispersive spectroscopy (EDS) using a DX-4

system coupled to a Phillips XL30 electron microscope.

The microscopic observations were made by placing the

previously acid treated zeolitic samples on a carbon strip

adhered to an aluminum sample holder and later covered with

gold. In order to carry out the corresponding analysis, a

PHILLIPS XL30� electron microscope was used. The

microanalyses were carried out by EDS using a DX-4 system.

X-ray diffraction

The X-ray diffraction patterns of each sample were

obtained using a SIEMENS D500� difractometer, coupled

to a X-ray tube with a Cu anode.

Results and discussion

Dealumination

Correlation between the loss of aluminum and the

structural bonds of the zeolitic crystalline network

Because clinoptilolite is an aluminum and siliceous oxide

combination, in order to identify the correspondence of the

aluminum bands, c-alumina was used as a comparison

material.

Infrared spectrums of c-alumina before and after heating

at 500 �C, identified the main absorption bands and can be

observed in Fig. 1. The band found at 5,172 cm-1 is

associated with Al–OH because this band practically dis-

appears after heating. A similar result was obtained with

the band found at 6,852 cm-1, however, the bands found at

4,462 and 7,315 cm-1, which are associated with alumi-

num oxide (Al–O), were observed after the thermal

treatment of the zeolitic material.

In order to make a better association between the NIR

bands observed from the zeolitic material with that of the

c-alumina, the samples were put under thermal treatment at

different temperatures. When the temperature increases,

the before mentioned bands diminish and the bands cor-

responding to aluminum oxide increase. In the same Fig. 1,

the natural zeolite spectrum is observed and it is similar to

c-alumina with the exception of a small band found at

4,462 cm-1, which is attributed to the Al–O–Si interac-

tions because of the composition of the zeolitic material.

We will discuss this association later, because if dealumi-

nation of the zeolitic rock occurs due to acid treatments,

then one can expect that this band will undergo modifica-

tions and as a consequence the aluminum will be present in

the acid solution.

Similar results were found for the natural zeolite ther-

mally treated at 500 �C (Fig. 2), with that mentioned

before for c-alumina, where a band is observed at

7,315 cm-1 which is similar to the band observed in the

thermally treated c-alumina samples (Fig. 1). Another

peculiarity is that the bands at 5,230 and 7,061 cm-1 of the

thermally treated natural zeolite diminish considerably in

their area in comparison with the same bands of the non

thermally treated zeolitic material. This indicates that these

bands can be associated with Si–O–H groups present in the

natural zeolite.

Fig. 1 NIR spectra of NZO (a), c-alumina (b) and c-alumina

thermally treated at 90 �C (c), 200 �C (d), and 500 �C (e)
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The NIR analyses of the ZNO samples treated with

phosphate solutions at pH values from 0 to 6 confirm that

when the pH value of the phosphate solution diminishes,

the band at 4,462 cm-1 diminishes as well (Fig. 3). As was

mentioned above, this band belongs to the functional group

Al–O–Si, which indicates that the NZO undergoes a dea-

lumination process, with the most significant at a pH value

of 0.

Table 1 shows the functional groups associated with the

different vibrations based on the analysis of the NIR

spectrum of c-alumina and NZO before and after the acid

treatment.

A calibration curve for the NIR was constructed from

the aluminum concentrations obtained by the atomic

absorption analyses, which allowed it to analyze the per-

centage of aluminum present in the reference zeolitic

material as well as in the zeolitic material treated with the

different phosphate solutions (pH values from 0 to 6),

considering the intensity of the absorption band at

4,462 cm-1 associated with the Al–O–Si vibration. The

calibration curve presents a correlation of 0.9968, with an

error of 3% that corresponds to the difference between the

real values with respect to the calculated values.

Figure 4 shows the comparison between the aluminum

concentrations in the NZO after contact with the phosphate

solutions at different pH values obtained by near infrared

spectroscopy and atomic absorption spectroscopy. These

results were validated with the aluminum concentration in

the zeolitic material without treatment. The results show

the high correlation between the both techniques, NIR and

AA ([0.99) and the importance to quantify with high

confidence level the aluminum content of the zeolites with

no digestion of the samples using a spectroscopy technique.

Dealumination kinetics of natural zeolite

The aluminum concentration in the NZO is gradually

diminished when increasing the contact time with the

phosphate solution at a pH value of 0 (Fig. 5), until losing a

considerable amount of aluminum. In the untreated zeolitic

material, it was found 5.3 wt.% before acid treatment and

after the acid phosphate treatment at pH 0 it was found

3.5 wt.% at 24 h of contact time. However, when this

zeolitic material is put in contact with phosphate solutions

at pH values from 2 to 6, this behavior was not observed

and the amount of aluminum remains unaltered in the

Fig. 2 NIR spectra of NZO thermally treated at 500 �C

Fig. 3 NIR spectra of NZO (a), NZOpH 0 (b), NZOpH 2 (c), NZOpH 4

(d), and NZOpH 6 (e)

Table 1 Functional groups of the NZO identified by NIR

Wavenumber (cm-1) Functinal group

4,462 Al–O–Si

5,070 Al–O–H

5,230 Si–O–H

Si–O–Si

6,820 Al–O–H

7,061 Si–O–H

Si–O–Si

Fig. 4 Aluminum content in the NZO treated with acid phosphate

solutions at pH values between 0 and 6, determined by atomic

absorption (u AA) and near infrared spectroscopy (j NIR)
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zeolitic material during the acid treatment. Li et al. [23]

found that Al3+ leached from the clinoptilolite under acidic

conditions, reaching a concentration of 13,000 mg kg-1 at

pH 1 for 144 h. This represented around 11% of Al in the

clinoptilolite structure. In the case of the present work the

Al leached from the zeolitic material corresponds to 33.7%

at pH 0 for 24 h. This result suggests taht the dealumina-

tion of the clinoptilolite depends of the nature and

precedence of the natural zeolite [20, 24–26].

It is important to mention that in most cases, the initial

weight of the zeolitic samples (from 0.25 to 1.25 g) do not

influence the dealumination process of the natural zeolite,

maintaining a relation mass to volume of 10:1 (Fig. 5).

It was found that the dealumination kinetic behavior of the

zeolitic material at pH 0 is described by the first order kinetic

model [27] which follows the equation: ln ½Al� ¼ �ktþ
ln ½Al�o;where [Al] represents the amount of aluminum in the

zeolitic material after the contact time t with the acid phos-

phate solutions. [Al]o is the initial concentration of

aluminum in the zeolitic material before the acid treatment, k

represents in this work the dealumination rate constant and it

was equal to 0.0145 h-1 with a r2 = 0.9258 (Fig. 6).

Effective cation exchange capacity

The EfCEC of the NZO is modified after the treatment with

phosphate solution as can be observed in Table 2. The

EfCEC is lost after the acid treatment of the zeolitic

material for solutions with pH values of 0 and 2, equivalent

to 22.7 and 8.2%, respectively. This behavior is attributed

to the Al leached from the zeolitic structure and conse-

quently a decationitation of the zeolitic material is also

observed [20, 23]. However, at pH values of 4 and 6 an

increase of the EfCEC it was observed corresponding to

10.9 and 14.4%, respectively. This behavior can be

explained because at pH values of 4 and 6, the NZO was

treated with phosphate sodium acid solutions, favoring the

exchange of the Na+ ions from the solution for the ions

from the zeolitic material, increasing the content of this ion

in the zeolitic material and for this reason the EfCEC is

improved [28].

Characterization

Scanning electron microscopy

The energy spectrum obtained from the NZO reveals the

presence of O, Si, Al, Na, K, Fe, Ca, and Mg (Fig. 7), as

Fig. 5 Dealumination of 0.25 g (u), 0.50 g (j), 0.75 g (m), 1.00 g

(s) and 1.25 g (+) NZO after contact with acid phosphate solution at

pH 0 into a period of 24 h

Fig. 6 First order kinetic model to describe the dealumination of

NZO treated with acid phosphate solution at pH 0 as a function of

time

Table 2 Effective cation exchange capacities of NZO and NZO

treated with acid phosphate solutions

Sample EfCEC

(meq/g)

NZO 1.10

NZOpH 0 0.85

NZOpH 2 1.01

NZOpH 4 1.22

NZOpH 6 1.26

Error of ±0.05 meq/g

J Incl Phenom Macrocycl Chem (2008) 61:93–100 97

123



expected, because the zeolitic material is constituted by

crystalline aluminosilicates and other components such as

quartz [7, 29]. The NZO samples that were in contact with

phosphate solutions at different pH values also contain the

previous elements and phosphorus in all the cases. For

comparison purposes, EDS analyses obtained for the zeo-

litic samples after treatment with phosphate solutions at pH

0 and 6 are shown in Fig. 8. This result was not expected,

because the zeolitic rock is a cationic and non-anionic

exchanger PO3�
4

� �
; however, phosphates could be adsorbed

in the surface of the material with the components of zeo-

litic rock. It is important to mention that the natural zeolite

contains aluminum as a structural component and iron as an

associated mineral, therefore both could be establish inter-

actions Al–P or Fe–P, in similar way than in other materials

according with the pH of the media [30–32].

It is important to mention that sodium and iron were lost

from the NZO after its contact with phosphate solution at

pH value of 0 because the signals corresponding to the

energies of these elements are not observed in the EDS

spectrum (1.05 and 6.3 keV for sodium and iron, respec-

tively). In this case the sodium should be considered as an

extra framework ion from the zeolite network, however the

iron content between 1.7 and 2.2 wt.% (Figs. 7 and 8) is

associated as a mineral compound of the zeolitic rock such

as ferrite, Fe2O3 [7, 29].

The difference between the aluminum content obtained

by EDS analyses (Figs. 7 and 8) and by atomic absorption

spectroscopy (Fig. 4) is due to in the first case is consid-

ering a semiquantitative technique, this means that it is

possible to obtain the surface elemental composition in a

very specific area of the sample because is a punctual

analyses however the variability of the composition

between one area to another could be higher, and in the

second case, it is a quantitative technique because in that

case is considered the bulk of the sample.

X-ray diffraction

Figure 9 shows that the major component of the zeolitic

rock from Oaxaca (NZO) is clinoptilolite (JCPDS 25-1349

card) and quartz (JCPDS 33-1161 card) in a minor quantity

is found.

Fig. 7 EDS analyses of NZO

Fig. 8 EDS analyses of NZOpH 0 (a) and NZOpH 6 (b)
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Fig. 9 X-ray diffraction patterns of NZO (—) and NZOpH 0 (……)
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The X-ray diffraction patterns of the NZO treated with

phosphate solutions at pH values between 2 and 6 are

similar to that obtained for the untreated NZO, however,

for a pH value of 0 there are differences in relation to the

crystallinity of the sample, because there is a change in the

basal line of the X-ray diffraction pattern that was not

observed in the other cases (Fig. 9). Indeed, when the

crystallinity of zeolitic samples was determined before and

after treatment with phosphate solution at the different pH

values it was found that the NZO put in contact with a

phosphate solution at pH value of 0, approximately 9% of

its crystallity it was lost in comparison with the zeolitic

sample without treatment. However, the NZO treated with

phosphate solutions whose pH values were 2, 4, and 6, no

changes in the crystallinity of the zeolitic material were

observed.

Conclusions

The treatment of clinoptilolite-rich tuff from Oaxaca with

the phosphate solutions modifies their characteristics

depending on the acidity of the aqueous media. At pH 0,

the dealumination of the clinoptilolite takes place, it loses

crystallity and its EfCEC diminishes. When the pH is

increased to 4 or 6, changes in the crystallinity are not

observed and the amount of aluminum is similar to clin-

optilolite-rich tuff without treatment, but the EfCEC is

slightly increased. The dealumination behavior of the

zeolitic material is described by the first order kinetic

model.

The clinoptilolite-rich tuff adsorbs phosphates after the

treatment of this material with acid phosphate solutions at

pH values between 0 and 6.

In this work, a reliable NIR spectroscopic technique was

development to quantify the aluminum in the clinoptilolite-

rich tuff after the acid phosphate treatments.
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