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Abstract This work assesses the use of modified natural
clinoptilolite as an adsorptive material for separation and
preconcentration of trace amounts of zirconium ions. A
simple, rapid and economical method was developed for the
preconcentration of trace amounts of zirconium in aqueous
medium using 1-(2-pyridylazo)-2-naphthol as a complexing
agent. Effect of sample pH, flow rate of sample and elution
solutions, breakthrough volume and interference of several
ions were studied. Determination of zirconium was made by
ICP-AES technique. The sorption was quantitative in the
pH range from 3.0 to 4.0, whereas quantitative desorption
occurred instantaneously with 2 mol L' hydrochloric acid.
Linearity was maintained between 0.05 and 9.0 pg mL ™.
Relative standard deviations range from +0.9% to +2.3%
(n=5). The detection limit was 0.1 ng mL™". Because of
good recovery (>97%), this method is suitable for precon-
centration and determination of zirconium in effluents
containing trace amount of zirconium.

Keywords Preconcentration - Zirconium - Solid-phase
extraction - Clinoptilolite - 1-(2-pyridylazo)-2-naphthol
Introduction

Zirconium is extensively used in chemical industries where
corrosive agents are employed, because it is exceptionally

Electronic supplementary material The online version of this article
(doi:10.1007/s00604-009-0273-9) contains supplementary material,
which is available to authorized users.

H. Faghihian (<)) - M. Kabiri-Tadi

Department of Chemistry, University of Isfahan,
Isfahan 81746-73441, Iran

e-mail: h.faghih@sci.ui.ac.ir

resistant to corrosion by many common acids, alkalis and
also other agents. It is also used in vacuum tubes, steels as
an alloying agents, surgical appliances, photoflash bulbs,
explosive primers, rayon spinnerets, lamp filaments, etc.
Zirconium is superconductive at low temperatures and is
used to make superconductive magnets which offer a
possibility of realizing direct large-scale generation of
electric power [1].

Solid-phase extraction (SPE) is one of the most
important methods for separation and preconcentration of
trace elements in samples [2—4]. Solid-phase extraction of
heavy metal ions from aqueous solutions are preferentially
used as compared to other preconcentration techniques,
mainly due to its simplicity, low cost, contaminant free and
adaptation to flow injection techniques [5-7]. Many
different types of adsorbents such as thiol cotton [8]
activated carbon [9], cellulose [10], solvent-impregnated
resins [11], microcrystalline naphthalene [12], Amberlite
XAD-2 resin [13], alumina [14], silica [15], agar [16], clays
[17] and zeolite [18, 19] have been used for SPE.

Zeolites are porous crystalline aluminosilicates having a
uniform pore structure framework comprising [SiO4]* and
[AlO4]°” tetrahedral units. T atoms (Si, Al) are joined by an
oxygen bridge, thus resulting in the general framework
formula (AlO,)(Si05),—, Where n is the number of
tetrahedrals per unit cell, and x<n/2. Since aluminum is
trivalent, every AlO, unit carries a negative charge, which
is compensated by a positive charge associated with a
cation [20, 21]. Due to their unique structure, zeolites and
modified zeolites have been utilized for the pollution
control of heavy metal ions [22] and organic pollutants
[23], separation processes [24], solid-phase ion exchange
[25] and ion selective electrode [26, 27].

One of the reagents that have been widely used as
analytical reagent is 1-(2-pyridylazo)-2-naphtol (PAN)
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which reacts with many metallic ions, producing colored
complexes that are usually insoluble in water but soluble in
organic reagents, like chloroform, benzene and carbon
tetrachloride [28]. Cheng and Bray [29] first utilized PAN
as an analytical reagent and it has recently been immobi-
lized on solid supports [30], ion exchange resins [31],
polyurethane foam [32] and naphthalene [33].

In this work, PAN is immobilized on hexadecyltrime-
thyleammonium-coated clinoptilolite. Then, the sorbent is
used for separation and preconcentration of trace amounts
of zirconium in aqueous samples prior to their determi-
nations by ICP-AES.

Experimental
Apparatus and reagents

All chemical reagents used in this study were of analytical
reagent grade (AR Grade). All solutions were prepared in
double distilled water. Solutions of zirconium were pre-
pared by dissolving known quantities of zirconium tetra-
chloride (ZrCly) in distilled water. Working solutions were
prepared daily from the stock solution by appropriate
dilution with distilled water. A 0.05% solution of PAN in
ethanol was prepared. Natural clinoptilolite was collected
from Semnan deposits in Iran. It was crushed and
pulverized in mortar and sieved to particle sizes of 100—
224 um. The powder was refluxed in water to remove
soluble salts, then washed and dried at 110°C. The powder
was stored in a desiccator over saturated NaCl solution in
order to maintain a constant vapor pressure during the
whole period of the experiments. Integra-XL ICP-AES
from GBC Company was used for zirconium measurement.
A Metrohm model 691 pH meter with a combined glass
electrode was employed for measuring the pH of the
solutions. FTIR spectra of the samples were obtained by a
Nicolet Impact 400D Model spectrophotometer (Nicolet
Impact, Madison, USA) using the KBr pressed disk
technique. For KBr pellet, 1 mg of zeolite and 100 mg of
KBr were weighted, ground in an agate mortar, and pressed.
Spectra were recorded in the wave number range from 400 to
4,000 cm '. Thermogravimetric analysis was performed
using Mettler, TG-50 thermal analyzer from ambient
temperature to 900°C at a heating rate of 10°C min ' in air
condition. The flow rate of influents for column experiments
was adjusted with PLG-peristaltic pump manufactured by
Desaga (Germany).

Sample preparation

The sample taken from Zayanderood river or tap water was
filtered through a 0.45 pm filter paper and transferred to a
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100 mL polyethylene bottle. pH of the sample was adjusted
to pH=4.0 with 0.1 mol L' HCI or 0.1 mol L™" NaOH.

Preparation of modified clinoptilolite
Surfactant modification of clinoptilolite

Natural zeolite was characterized by X-ray diffraction and
thermal methods of analysis. X-ray diffraction pattern was
taken by a Bruker, DSADVANCE X-ray diffractometer
using Cu K« radiation. Na, K, Ca, Si, and Al contents of
the sample were determined by a Bruker, S4PIONEER X-
ray fluorescence spectrometer [34].

Na-form of clinoptilolite was used for surfactant modi-
fication. 5.0 g of the purified zeolite was shaken with
100 mL solution of 1 N NH4CI at 60°C for 72 h. The solid
(NH,"-form) was filtered, washed and dried at 110°C. Then
NH,-form was calcinated at 450°C for 2 h to prepare H-
form. Na form was prepared by shaking 5.0 g of H-form of
zeolite with 100 mL of 1 mol L™! solution of NaNO; at
60°C for 72 h. The solid was separated, washed with
distilled water, dried at 110°C and stored in the desiccator.
Hexadecyltrimethyle ammonium bromide (HDTMABT)
was used for modifying the zeolite surface. Modified
zeolite was prepared by shaking 5.0 g of Na-form of
clinoptilolite with 100 mL of 50 mmol L' HDTMABr at
30°C for 24 h and then the adsorbent was washed with
water and dried at room temperature overnight.

Preparation of PAN-coated clinoptilolite column

HDTMABTr coated clinoptilolite (1.0 g) was added to a
funnel-tipped glass tube (10x1 cm) as a column. Then
10 mL of 0.05% PAN solution in ethanol was passed
through the column at a flow rate of 0.2 mL min . Excess
reagent was washed thoroughly with distilled water.

FTIR and thermoanalysis characterization

The FTIR spectra, TG and DTG curves of the zeolite are
presented in Electronic Supplementary Section Fig. S1 and
S2.

General procedure
Batch method

To obtain the equilibration time, a series of solution
containing 10 mg zirconium ions were transferred in
10 mL beakers and the pH value was adjusted to the
desired value with 0.1 mol L™' HCl and 0.1 mol L™' NaOH.
Then the volume was adjusted to 10 mL with double
distilled water, 1 g of PAN modified zeolite was added to
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Fig. 1 Effect of the pH on the adsorption of zirconium ions

each sample, and the mixture was shaken vigorously for
different period of time (2—30 min). After centrifugation,
the concentrations of the zirconium ions in the solution
were directly measured by ICP-AES. The equilibration time
of 10 min obtained from the experiment, showed that the
adsorption process is kinetically fast and application of
column method is possible.

Column experiment

An aliquot of zirconium solution containing 0.25 to 45 ug
zirconium was taken in a 50 mL beaker. The total volume
of the metal ion solution was approximately 30 mL. The pH
of solution was adjusted. This solution was then passed
through the column at a flow rate of 2.0 mL min ™. Finally,
the column was washed with 10 mL of deionized water.
The adsorbed metal ions on the column were eluted with
50 mL of 2 mol L' HCI solution at a flow rate of
1.0 mL min'. The eluent was collected in a 5.0 mL
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Fig. 2 Effect of eluent concentration on the recovery of zirconium ions
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Fig. 3 Breakthrough curve of modified clinoptilolite for zirconium
ions

volumetric flask. The final solution was aspirated directly
into the ICP-AES against a blank prepared in the same
manner, but without the addition of zirconium ions.

Results and discussion
Effect of reaction parameters

The reaction parameters were investigated with initial
solutions containing 1.0 ug mL™" of zirconium. Adsorp-
tions were carried out at different values of pH, while
keeping the other variables constant. It was found that
zirconium was quantitatively adsorbed on modified zeolite
in the pH range of 3.0-4.0 (Fig. 1). In pH<3.0 the electrons
of oxygen and nitrogen of PAN is attracted by H;O" and in
pH>4.0 zirconium ions form hydroxide species. In subse-
quent studies, the pH was maintained at approximately 4.0.

To study the effect of the zirconium concentration on the
column efficiency, the volume of the aqueous phase
containing 1 ug mL™" of zirconium was varied in the range
of 20-800 mL under the optimum conditions. It was
observed that the recovery was almost 100% up to
650 mL of the aqueous phase. A number of eluents were
examined for desorption of metal ions from the column.
Organic solvents cannot be used as eluent, because of

Table 1 Tolerance limits of several ions for the recovery of 5 ug Zr
(results giving <4% error)

Species Tolerance limit mass ratio®
Na', CI", CH;COO™ 5,000
K, Ca®", Mg®", NH," 2,000
Fe*', Cu*, Zn*", Cr*", Pb*", A" 10-25

#Mass ratio: foreign ion/zirconium ion
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Table 2 Recovery test of zirconium in a water samples

Sample Zr(IV)added/pg Zr(IV)found/pg Efficiency % R.S.D. % (n=5)°
Tap water” 0.00 N.D.¢
0.100 0.104 104 +1.42
0.200 0.197 98.5 +1.05
0.300 0.292 97.3 +2.03
River water 0.00 N.D.¢
0.100 0.096 96 +1.50
0.200 0.190 95 +2.10
0.300 0.305 101.7 +1.14

#Sample volume, 600 mL
®Mean and SD related to five determinations
°N.D. < Detection limit

removing the PAN reagent from the column. Preliminary
observations indicated that HCIl is the best eluent. The
concentration of hydrochloric acid was varied from 0.1 to
3.5 mol L' and it was observed that the optimum
recoveries of zirconium ions were obtained in the 2.0—
3.5 mol L™ concentration range (Fig. 2). In another set of
experiments, the volume of eluent was varied in the range
of 1-15 mL under the optimum conditions. Lowest volume
with the best recovery (>98%) was found to be 5.0 mL.
Therefore, 5.0 mL of 2 mol L™! HCI solution was used for
elution. The enrichment factor (130) is calculated as the
ratio of the maximal sample volume (650 mL) to the
minimal eluent volume (5.0 mL).

The flow rate of the sample was varied from 0.1 to
5.0 mL min '. The highest value of recovery was obtained
up to 2.5 mL min"". Therefore a flow rate of 2.0 mL min "
was recommended in all experiments. The flow rate of the
eluent was varied form 0.1-1.4 mL min'. It was found that
desorption was approximately complete in the interval of
0.1-1.0 mL min"". Therefore, a flow rate of 1.0 mL min ™"
was recommended in all experiments.

Calibration and sensitivity

Calibration curve under the optimized conditions was linear
between 0.05-9.0 pg mL ™" of zirconium in the final solution

with correlation factor of 0.9993. Five replicate measure-
ments on the solutions containing of 0.9 and 5.4 pg mL™
zirconium in the final solution gave relative standard
deviations of +1.5% and +1.8%, respectively. The detection
limit was 0.1 ng mL™'. Sample volume was 30 mL.
Detection limit was calculated from the equation:

DL =3S,/m

where Sy, is the standard deviation of blank and m is the
slope of calibration curve.

Sorption capacity of modified zeolite for zirconium

The sorption capacity of the PAN-coated clinoptilolite was
evaluated. In this case, a column containing 1.0 g of modified
zeolite was used and different volumes of zirconium solution
(50 ug mL™") were passed through it until zirconium was
detected in the solution. The breakthrough curve has been
presented in Fig. 3. The modified zeolite had a sorption
capacity of 1.15 mg of zirconium per gram which was
calculated according to the following equation:

Q= Viy xCy

Vo, is volume related to C/Cy,=0.01 where C and C, are
zirconium concentration in effluent and influent solutions.

Table 3 Comparative data from previously reported solid-phase extraction method for zirconium determination

Ligand/ adsorbent Measurement technique Sample Enrichment LOD (ng mL™") RSD (%) Reference
volume (mL) factor

Quinalizarin/ octadecyl silica-polyethylene ICP-AES 25 330 40 1.6 [35]
8-Hydroxyquinoline/ vinyl polymer resin ~ ICP-MS 250 50 0.15 2-4 [36]

Surface imprinted amino-functionalized ICP-AES 400 200 0.14 1.49 [37]

silica gel
5-Br-PADAP UV-Vis. 150 100 0.2 43 [38]
PAN/ HDTMA-Br coated clinoptilolite ICP-AES 50 130 0.1 0.9-2.3 Present work
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Interferences, recovery and accuracy tests

Various salts and metal ions were added individually to a
solution containing 5.0 pg of zirconium ions and the
general procedure was applied. The tolerance limit was set
as the concentration ratio of foreign substances to zirconium
required to cause a +4% error. The obtained results are given
in Table 1. There are no observed any interfering effect on
the determination of zirconium. Some of these ions (Fe>",
Cu®*, Zn*", Cr’*, Pb*", AI’") have lower tolerance limit.
This is attributed to complexation of these ions with the
reagent.

Finally, the applicability and reliability of this precon-
centration method for the analysis of Zr was investigated in
tap water and Zayanderood river water sample. First, 30 mL
water sample was passed through the column at optimal
conditions by proposed procedure and it was shown that the
concentration of Zr was lower than the limit of detection of
our method. Then, for studying the matrix effect on the
method efficiency, various amount of zirconium was spiked
to water sample and the proposed method was applied for
these new samples. The summarized results are presented in
Table 2. The results show that the recoveries of the spiked
sample are good and at >95% confidence level.

The column was used for 15 adsorption-desorption
cycles and the data showed that the column can be used
only 8 times for quantitative preconcentration and determi-
nation of zirconium (recovery >97%). Although we can use
15 times if recovery >92% can be acceptable.

To study the accuracy of the method, zirconium ICP
standard (NIST ZrOCl, in HCl 7% 1,000 mg L") was
used. The result showed that there was no significant
difference between certified and obtained concentration of
Zr (999.45+1.02).

Conclusions

A solid-phase extraction method using clinoptilolite for the
preconcentration of trace amounts of zirconium in aqueous
sample solutions was investigated. The trace element is
adsorbed onto a column of PAN-coated clinoptilolite. The
metal ions are quantitatively desorbed with 2 mol L'
hydrochloric acid. The main advantages of this procedure
are: (1) Natural clinoptilolite is very cheap; (2) The
preparation of the extraction system is simple and fast; (3)
The column can be used several times because of remaining
the PAN reagent in the surfactant modified zeolite during the
desorption of zirconium; (4) A good enrichment factor (130)
can be achieved. The achieved recovery (measured by
standard addition technique) shows that the proposed
procedure is fairly accurate. The proposed procedure was
applied for zirconium determination in water sample.

Comparative data from some literature on preconcentration
studies for determination of zirconium are summarized in
Table 3. The detection limit of the proposed method is
better than the methods in Table 3. According to literature,
selectivity of proposed method in the case of some ions
such as K", Ca*", Mg*", NH4*, Na", CI", and CH;COO" is
very good or comparable with some works in which Zr
have been preconcentrated on the other sorbents.
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