ISSN: 2000-4568
Journal of Advanced

Chemical Engineering

OPEN @ ACCESS Freely available online

Research Article

Separation and Determination of Zirconium from Environmental Water
Samples Using Extractant Impregnated Resin

Dipak J. Garole!?", Sandesh R. Tetgure!, Bharat C. Choudhary!, Pramod P. Patil!, Amulrao U. Borse!’,

Surendra Prasad?

IDepartment of Chemical Sciences, North Maharashtra University, Jalgaon 425001, Maharashtra, India ZDepartment of Geology
and Mining, Government of Maharashtra, Nagpur 440010, India; 3Department of Biological and Chemical Sciences, School of

Agriculture, Geography, Environment, Ocean and Natural Sciences, The University of the South Pacific, Suva, Fiji

ABSTRACT

In the present study, a novel and rapid extraction method using Extractant Impregnated Resin (EIR) prepared by
impregnating Amberlite XAD-4 resin with Isonitroso-4-Methyl-2-Pentanone (IMP) was evaluated for separation and
spectrophotometric determination of Zr*" with arsenazo III at 670 nm. The optimization of various parameters
influencing the sorption of Zr** in column and batch methods was carried. Zr** was quantitatively sorbed at pH 3.5
and recovered 99.2 + 0.6% using 10 mL of 0.1 M oxalic acid as eluent in column method. The pre-concentration
factor 200 with breakthrough volume 2000 mL and reusability up to 90 cycles were achieved with EIR. Experimental
data were evaluated using the kinetic and isotherm models to explain the sorption mechanism of Zr** by EIR. The
sorption equilibrium and kinetic data were best fitted in Dubinin-Radushkevich isotherm and pseudo second order,
respectively. The mean energy (Epr) of 11.47 kJ/mol for the sorption process suggested chemisorption of Zr#* by
EIR. The application of the developed method was assessed for Zr** extraction and determination in synthetic
mixtures, tap, well and seawater samples. Overall, the experimental results of EIR strongly supported its potential as a
future adsorbent for the extraction and determination of zirconium from water samples.
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INTRODUCTION

Zirconium (Zr) is one of the important elements because of its
use in the field of ceramic and nuclear industries, dental
materials, surgical appliances, explosive primers, filaments, etc.
[1-3]. It has been used extensively in water moderated reactors
due to its inherent properties like low neutron absorption cross-
section, excellent corrosion resistance at moderately elevated
temperatures, strength, ductility, and ease of fabrication [4]. In
addition, it is an ideal material for nuclear power stations as it
does not absorb neutrons [5,6]. Considering these potential uses
of Zr, its determination and recovery are extremely important
from an environmental perspective. However, direct
determination of Zr is still challenging and the problem becomes

more strengthened due to limitations of instrumental techniques

and interference effects [7]. As a result, its selective separation
and pre-concentration prior to analysis has been an important
technique [8]. Various pre-concentration methods like solvent
extraction [9,10], ion-exchange [11,12], ion imprinting polymers
[13,14] and cloud point extraction [15,16] have been developed
for its tracelevel analysis. Liquid-liquid separation of Zr and
hafnium from nitric liquor has also been used in order to obtain
nuclear grade zirconium oxide using Tributyl Phosphate (TBP) as
extractant [17]. Solvent extraction techniques using Methyl
Isobutyl Ketone (MIBK) and TBP have also been extensively
used in industrial separation and recovery of Zr [18,19].
However, these organic solvents have inherent limitations like
solvents loss due to evaporation, environmentally non-benign,
high aqueous solubility that forms an emulsion, disposal of
spent liquid waste, as well as increasing interest in the user
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health has prompted us to develop an alternative eco-friendly
and economical method for separation of the analyte Zr.

Solid Phase Extraction (SPE) method has been gaining attention
of researchers as practical and environment friendly separation
of many organic and inorganic analysts [20-22]. Few SPE based
methods have also been developed for Zr separation from the
aqueous media and its determination at trace and ultra-trace
levels [23-29]. Therefore, there has been increased interest to
develop different types of adsorbents having high affinity, rapid
adsorption rate, reusability, and the maximum adsorption
capacity for analytes including Zr [30,31]. SPE based methods,
particularly the impregnated sorbents, offer combined
advantageous features of both; liquid-liquid extraction and ion
exchange resins [32]. The extractant impregnated sorbents are
easy to prepare where polymeric matrix resins are impregnated
with an extractant having strong affinity for the selective ions
[33]. In our previous work, extractant impregnated sorbents have
been found to be promising materials for pre-concentration and
determination of rare earth elements like uranium and thorium
as well as heavy metals like nickel [34-36]. These extractant
impregnated sorbents possessed good mechanical stability,
reusable up to 80 cycles, and were able to pre-concentrate ultra-
trace level of analytes of interest. Thus, to improve further
sensitivity and reusability, the extractant Isonitroso-4-Methyl-2-
Pentanone (IMP) was impregnated on Amberlite XAD-4 resin,
characterized, and systematically investigated to devise the
optimum conditions for the separation of Zr**. Therefore, in
continuation of our study, the present study reports a systematic
investigation for the sorption behavior of Zr** by Extractant
Impregnated Resin (EIR) using column and batch mode
followed by its spectrophotometric determination in different
samples.

MATERIALS AND METHODS

Materials and instrumentation

A stock solution of 1.0 mg/mL Zr** was prepared by dissolving
an appropriate quantity of Zirconyl Nitrate Monohydrate (ZrO
(NO3);.H,O) (AR grade) purchased from Loba Chemie in
slightly acidified Double Distilled Water (DDW). The working

solution containing 20 pg/mL of Zr**was prepared by

Table 1: Optimum conditions for sorption of Zr** by EIR.
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appropriate dilution. Amberlite XAD-4 resin (20-60 mesh size,
surface area 750 m?/g) was purchased from Supelco, Sigma
Aldrich and cleaned by single washing sequentially with
methanol, DDW, 1 M HNOj;, water, 1| M NaOH, and DDW
(till pH comes to neutral) to remove impurities and dried well
before use. Arsenazo III (AR grade) was obtained from SD fine
chemicals (India) and prepared 0.1% aqueous solution for
spectrophotometric determination of Zr**. HCI solution of pH
3.5 was used to precondition the column.

Systronics digital pH meter 335 with a combined glass electrode
was used for pH measurements. A Shimadzu 2450 UV-visible
spectrophotometer with a 1 cm quartz cell was used for
spectrophotometric determination of Zr**. A glass column (150
mm length-10 mm internal diameter, ]-Sil make, India) was used
for column studies. An orbital shaker, model BTI 39, from Bio-
Technics India was used for batch experiments.

Experimental

The EIR was prepared and characterized using our earlier
reported method. Briefly, an equal amount of extractant
isonitroso-4-methyl-2-pentanone (lg) and the treated Amberlite
XAD-4 resin (1g) were mixed in 20 mL methanol as a diluent for
5 hrs using an orbital shaker. Thus obtained EIR was oven dried
to remove excess diluent followed by washing with dilute HCI
and DDW. Then EIR was subjected to batch adsorption-
desorption cycles for Zr** All sorption and desorption
experiments for Zr** removal was performed in triplicate at 298

K.
Experimental for column method

The EIR 100 mg was packed in a glass column having glass wool
as support. The column was preconditioned with 25 mL of pH
3.5 solution of HCL This was followed by Zr** sorption by
passing a 25 mL aqueous solution containing 20 pg Zr** at
optimized pH (3.5) with an optimum flow rate of 2 mL/min.
The sorbed Zr** was desorbed using 10 mL of 0.1 M oxalic acid
at the flow rate of 0.2 mL/min. Then Zr*'was analyzed
spectrophotometrically with arsenazo III at 670 nm [37]. The
optimum conditions for sorption of Zr** are summarized in

Table 1.

Parameters Optimum conditions
Aqueous phase pH 3.5

Flow rate for sorption (mL/min) 2

Concentration of oxalic acid for desorption 0.1M

Flow rate for desorption (mL/min) 0.2

Pre-concentration factor 200

Breakthrough volume (mL) > 2000
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Relative standard deviation (%) <0.6
Average recovery (%) 98.5
Reusability cycles 90

Experimental for batch method

Batch mode experiments were performed to get insights into the
sorption behavior of Zr* by EIR. 100 mg of EIR was pre-
conditioned with 25 mL of pH 3.5 solution of HCl in 125 mL
stoppered glass bottles i.e., shaking vessels. This was followed by
the sorption of 25 mL Zr** solutions at different concentrations
in the range of 4 mg/L-800 mg/L on preconditioned EIR. The
sorption process was performed by shaking glass bottles for 40
min at 150 rpm and then allowed to settle for 10 minutes. The
EIR was separated from the aqueous phase using Whatman
filter paper no. 42. After sorption, recovery of Zr** was achieved
using 10 mL of 0.1 M oxalic acid while shaking for 30 min at
100 rpm. The concentrations of Zr** before and after sorption
were determined by spectrophotometrically with arsenazo III at
670 nm [37]. The amount of Zr*" adsorbed per unit weight of
EIR, gt (mg/g) at time t was calculated using equation (1) where
Cp and C, are the initial and liquid-phase concentrations of Zr**
(mg/L) at time t, respectively, V is the volume (L) of Zr*
solution and m is the mass (g) of EIR.

g =(Co-C) V'/'m (1)

RESULTS AND DISCUSSION

Plausible extraction mechanism

The schematic illustration of a plausible mechanistic pathway
for the sorption-desorption of Zr** by EIR is shown in Figure 1.
As Amberlite XAD-4 resin has hydrophobic nature, it attracts
the hydrophobic tail of the extractant molecules, which results
in impregnation of resin by extractant. Step I show conditioning
of EIR at pH 3.5 with HCI solution. After conditioning, Zr**
forms a complex with the hydrophilic head of the extractant and
results in sorption of Zr** (step II). This sorption is then
followed by desorption step III, in which eluting agent (10 mL
0.1 M oxalic acid) forms a stronger complex as zirconium oxalate
and results in desorption of sorbed Zr**. Thereafter, washing
EIR material is reused for additional further sorption-desorption
cycles.

] Adv Chem Eng, Vol.14 Iss.2 No:1000332

Figure 1: Schematic illustration of plausible mechanistic for sorption-
desorption of Zr** by EIR.

Column method
Optimization of pH

Sorption study of Zrt* was found to be pH dependent.
Therefore, sorption behavior from the analyte phase was studied
in the pH range 1-6 using column mode under the experimental
conditions: 25 mL aqueous solution containing 20 pg Zr** at
the flow rate 2 mL/min and 10 mL eluent phase of 0.1 M oxalic
acid at the flow rate 0.2 mL/min. The results of the pH
dependence study are shown as a plot of percentage recovery
against pH in Figure 2, which shows that initially the sorption
increased with increasing pH 1 to 3. Then the highest sorption
was quantitative between pH 3-4. Further increase in pH
showed a drastic decrease in the sorption of Zr*" up to pH 6.
Therefore, pH 3.5 was considered as the optimum pH and used
for further studies.

I recovery (%)

65 - - - -
1.0 2.0 3.0 4.0 5.0 6.0
prH
Figure 2: Effect of analyte phase pH on the sorption in terms of
recovery of Zr** under the conditions: 25 mL analyte solution
containing 20 pg Zr** and 10 mL eluent of 0.1 M oxalic acid at the
flow rate 0.2 mL/min.
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Effect of flow rate and volume

The frequency of analysis by column method in SPE depends on
the flow rate of the analyte solution. Thus, the aqueous phase
flow rate optimization was carried out by varying its flow rate
from 0.5 to 3.5 mL/min. The result on the variation of flow rate
is shown in the form of the plot of Zr** recovery against flow
rate in Figure 3. It was observed that Zrt'was quantitatively
sorbed from 0.5 mL/min to 2.5 mL/min flow rate. On
increasing the flow rates beyond 2.5 mL/min indicated a drastic
decrease in the sorption of Zr**. Hence, the sample flow rate of 2
mL/min was considered optimum for further studies.

714~ recovery (%)

90 L L
0.5 1.5 15 35

Flow rate (mL/min)

Figure 3: Effect of flow rate on the sorption of Zr** under the
experimental conditions: 25 mL analyte solution containing 20 pg
Zr**, pH 3.5 and 10 mL eluent of 0.1 M oxalic acid at the flow rate
0.2 mL/min.

The Pre-concentration Factor (PF) is the major parameter for
defining the superiority of a SPE method. It is given by the ratio
of the maximum volume (mL) from which the analyte can be
quantitatively recovered to the volume of eluent (mL) used for
desorption of the analyte Zr**. Therefore, to optimize PF,
different volumes of the analyte solutions (10 mL to 2000 mL)
containing 20 pg Zr**, were passed through the column at pH
3.5. The results in terms of the plot of Zr*" recovery against
sample volume is presented in Figure 4. The recovery of Zr#*
was found to be quite quantitative (99.2 + 0.6%) up to 2000 mL
of analyte solution.

OPEN @ ACCESS Freely available online

Therefore, the optimum PF for the method was found to be 200,
where the eluent volume used was 10 mL.
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Figure 4: Effect of analyte volume on the sorption of Zr** under the
experimental conditions at the different volume of analyte solutions
containing 20 pg Zr** at the flow rate 2 mL/min, pH 3.5 and eluent
10 mL of 0.1 M oxalic acid at the flow rate 0.2 mL/min.

Optimization of eluent phase parameters

The optimization of the eluent phase was carried out using
different acids such as HCI, HNOj;, H;SO4, HCIO,,
CH;COOH, and oxalic acid (H,C;04) with their varied
concentration from 0.01-4 M where recovery of Zr*" was
performed as its sorption. Table 2 summarizes the results due to
different eluent with different parameters studied for recovery of
Zr* using EIR in column mode. Table 2 clearly shows that the
quantitative recoveries of 99.1 = 0.3% and 99.2 + 0.6% were
achieved using 10 mL of 2 M H;SO4 and 0.1 M H;C;0,,
respectively, at the flow rate of 0.2 mL/min. However, the
higher concentration of H;SOy4 resulted in leaching, i.e., removal
of extractant solvent from resin, and ultimately showed the
diverse effect on reusability of EIR. Therefore, 10 mL of 0.1 M
H,C,04 at the flow rate of 0.2 mL/min was used as an
optimum eluent for further study. The recovery of Zr*" using
H,C,04  was to formation of
oxalate complex during desorption step III, as shown in
plausible mechanism.

possible  due zirconium

Table 2: Summary of eluent phase study using different acids with their varied concentrations.

Concentration? Recovery + RSD (%)
M]
HCl HNO; H,SO, HCIO, CH;COOH H,C,0,

0.01 03+£173.2 2.1+28.1 389+ 1.0 1.0 £ 34.6 0.6 = 132.4 674 £ 0.7
0.1 3.7+16.7 9.9 +4.38 64.6 £ 0.9 2.5+25.0 48+1.3 99.2 £0.6
0.5 10.7+£2.9 36.8+0.9 775+ 1.1 1.4 £ 24.6 13.3+6.2 96.9 £ 0.4
1 27.1+0.7 47.0+0.8 90.9 £0.3 1.0+ 13.6 293 +2.1 93.9+0.9
1.5 248+ 1.5 329+1.6 94.1£0.9 0.5+ 69.6 233 +2.1 90.4 + 0.8
2 18.7+1.5 247+ 1.7 99.1£0.3 0.8 £ 1323 147 + 2.4 87.0 £ 0.4

] Adv Chem Eng, Vol.14 Iss.2 No:1000332



Garole D], et al.

OPEN @ ACCESS Freely available online

3 119+ 1.1 171+ 1.7 98.8 +0.3 0.4 +115.0 10.2 £+ 10.6 82.0+0.8
4 0.8+1145 6.6 £ 11.2 99.8 £0.3 0.4+114.3 7.8+17.3 76.8 +0.7
Eluent: 0.1IM H,C,0,

Flow rate® (mL/min) Recovery + RSD %  Volume*® (mL) Recovery + RSD (%) Recovery + RSD (%)

0.2 99.2 £ 0.6 5 88.2 +0.8 88.2 +0.8

0.4 96.6 + 0.5 10 99.2 + 0.6 99.2 + 0.6

0.6 94.7 £ 0.6 15 99.2 +0.5 99.2 +0.5

0.8 90.1 £0.9

1 86.5 +0.4

Note: 210 mL different eluents with different concentrations (M) were used at flow rate 0.2 mL/min.

b10 mL of 0.1 M H,C,04 was used at different flow rates.

Different volumes (mL) of 0.1 M H,C,04 were used at the flow rate 0.2 mL/min.

Stability test of column

The stability study of EIR was essential to establish the number of
cycles for which the same EIR material could be used for
successive and quantitative sorption and desorption process. The
stability of EIR was calculated by passing a 25 mL sample solution
containing 20 pg Zr** through the column, and the analyte Zr#*
was recovered with 10 mL of 0.1 M HjC;Oy4, the results are
presented in Figure 5. It was observed the column was relatively
stable up to 90 cycles with 97.0 + 0.9% recovery of Zr**, which
confirmed very high reusability and consistency of the developed

EIR (Figure 5).
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Figure 5: Stability test of the column using 25 mL solution
containing 20 pg Zr** at the flow rate 2 mL/min, pH 3.5 and 10
mL eluent of 0.1 M oxalic acid at the flow rate 0.2 mL/min.
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Effect of foreign ions

In general, real samples comprise of a matrix which can interfere
in the analysis of the analyte. Therefore, setting up limits of
interference for most commonly co-existing ions is one of the
important parameters in developing SPE method. A known
amounts of co-existing ions were added to 25 mL of the aqueous
solution containing 20 pg of Zr* and recovery experiments were
carried out using the developed column method. The tolerance
limit was set as the maximum concentration of the foreign ions,
which caused an approximately + 2% relative error in the
quantitative recovery of Zr*". The results obtained shown in

Table 3 show that the alkali and alkaline earth metal ions like.

Na+, K+, Ca?* and Mg?* had the highest tolerance limit up to
5000 pg. Some p-and d-block cations (Pb?*, Mn?*, Zn%*, Cd?*,
V> Cr3*, Crf*, Ni*, Co?*, AIP*, Cu?*) had good tolerance limit
in the range 1500 pg-400 pg. The anions of inorganic and
organic acids have resulted in a good tolerance limit in the range
of 5000 pg-100 pg. Rareearth element interference was also
studied, and many of them had low tolerance limits in the range
of 300 pg20 pg. Th*, V4, and Fe’* had shown serious

interference in Zr** sorption at 20 pg.



Table 3: Interference study of some common co-existing ions in the sorption of Zr** by EIRa.

OPEN a ACCESS Freely available online

Foreign ion Tolerance limit (pg) Foreign ion

Tolerance limit (png)

Foreign ion

Tolerance limit (pg)

Cations Rare earths Anions

Na*, K*, Ca?*, Mg?* 5000 Nd3* 300 EDTA, NO* 5000
Cd? 1500 Dy**, Cet*, Pr?*, Sm>* 150 SO4%, PO> 3000
PbZ*, Vo 1000 La%*, Gd**, Y3* 100 Cl 1000
Zn?*, Mn?*, Cr?* 750 Sc3* 50 Oxalate 300
Sr* 600 uor 50 ClO* 200
Crf, Ni*, Co®*, AP, 500 Th# 20 Tartarate, Citrate, 150
Ca?*, Ba?* CH;COOr

Cu?*, Mg?* 400 SCN- 100

V4 and Fe* Interfere at 20 pg

Note: *Aqueous phase as 25 mL solution containing 20 pg Zr** at the flow rate 2 mL/min, pH 3.5 and eluent 10 mL of 0.1 M oxalic acid at the

flow rate 0.2 mL/min.

b Th** was masked with 1 mL 0.01 M EDTA.

Batch method

Evaluation of batch parameters

The first parameters evaluated in the batch method were
shaking time and shaking speeds which are concerned with the
environmental utility of SPE method developed for the sorptive
removal of Zr** by EIR. The effect of shaking time was
investigated from 5-120 minutes while shaking speed was in the
range 50-200 rpm for Zr** sorption, i.e., extraction at pH 3.5

with initial Zr** concentration of 0.8 pyg/mL (e, 20 pg in 25

mL). The investigation results on shaking time and shaking
speed optimization for Zr** sorption on EIR are shown in Figure

6. Initially, the sorption increased with contact time as well as
shaking speed. It was observed that at 50 and 100 rpm shaking
speeds, the sorption equilibrium time was 100 and 80 minutes,
respectively and decreased as the shaking speed was increased.
Figure 6 clearly shows that at the shaking speed of 150 and 200
rpm, equilibrium time came down to 40 minutes. Therefore, a
shaking speed of 150 rpm and a shaking time of 40 minutes

were taken as optimized conditions for further batch study.

J Adv Chem Eng, Vol.14 Iss.2 No:1000332
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Figure 6: Effect of shaking time and shaking speed on
Zr* sorption involving 25 mL solution containing 20 pg Zr#

*at pH 3.5 and eluent 10 mL of 0.1 M oxalic acid.
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Kinetic behavior

The kinetic models like pseudo-first order, pseudo-second order,
and the Weber-Morris pore diffusion [38] were used to explain
the sorption behaviour of Zr** by developed EIR. The pseudo-
first order, pseudo-second order, and the Weber-Morris pore
diffusion models used in this study are shown in equations (2),
(3), and (4), respectively where q., q, ki, ko, kig and C are
amount of sorbed solute at equilibrium condition (mg g?), the
amount of sorbed solute (mg g!) at any time t (min), pseudo-first
order rate constant (min'!), pseudosecond order rate constant
(¢ mg! min), is the intraparticle diffusion model rate constant
(mg ¢! min?), and intraparticle diffusion constant related to
boundary layer thickness, respectively [39-41].

log (g - g7) = log g-- K1#/2.303 (2)
tg: = L/K2q2+tigef 3)
g=Ka (') + C )

The pseudo-first order and pseudo-second order rate equations
(2) and (3), respectively, were used to explain the adsorption
process of Zrt* from the liquid phase [42]. The pseudofirst
order plot of log (qeqy) against time (t) is shown in Figure 7a
showed the correlation co-efficient, R2=0.9936. However, the
pseudo-second order plot of (t/q,) against time (t) (Figure 7b)
was found to be strictly linear with a higher correlation co-
efficient (R?=0.9975) than obtained in the case of pseudo-first
order model. The values of q. determined from pseudo-first
order and pseudo-second order plots were found to be 0.0345
mg/g and 0.203 mg/g, respectively (Table 4). In addition, the q.

OPEN 8 ACCESS Freely available online

(cal) value obtained from pseudo-second order equation was in
agreement with the experimental value of q. (0.201 mg/g).
Therefore, the pseudoAfirst order model cannot describe the
mechanism of Zr** sorption process developed by EIR. However,
higher value of R? and quite close values of calculated and
experimental g, signpost the applicability of pseudo-second order
kinetics to describe Zr* sorption process by developed EIR and
confirmed that the adsorption process was surface reaction
controlled with chemisorption involving valence forces through
sharing or exchange of electrons between adsorbent and

adsorbate (Figure 7) [43].

log (g,-g) =-0.0171- 1.4623
R:=0.9936

£g.= 4.936-T.6066
R*=0.9975

loglact),

40
s 15 25 35

2 Time ¢ (min)
Time £ (min)

Figure 7: Different kinetics model plots: (a) Pseudo-first
order, (b) Pseudo-second order and (c) Weber-Morris pore
diffusion.

Table 4: Summarized results of kinetic behavior with respect to pseudo-second order, pseudo-second order and the Weber-Mortris

pore diffusion model.

Pseudo-first order e (mg gV K1 (min't) R?
0.0345 0.039 0.9936

Pseudo-second order e (mg gh) K> (g mg! min) R?
0.203 3.203 0.9975

Weber-Morris pore diffusion Kiq (mg ¢! min'V/2) C R?
0.0053 0.1607 0.9956

The diffusion of the sorbate into the interior pores of the resin
bed is a generally slow process. The existence of such pore
diffusion and determination of whether this pore diffusion is
the rate determining step in the adsorption process was
confirmed by the Weber-Morris pore diffusion or internal
diffusion model [44]. A straight line with an intercept on the y-
axis was observed in the Weber-Mortris plot (Figure 7c), which
suggested that rapid Zr*'sorption by EIR was governed by both
surface diffusion and pore diffusion process. The correlation co-
efficient (R?=0.9956) and intercept (C=0.1607; Table 4)
obtained from the Weber-Morris plot confirmed two different
rate of mass transfer in the initial and final stages of sorption.

] Adv Chem Eng, Vol.14 Iss.2 No:1000332

This also indicated some degree of boundary layer control,
which implied that intra-particle diffusion was not only the rate-
controlling step.

Isotherm behavior

The adsorption isotherms for Zr*'sorption by EIR were
obtained with different concentrations in the range of 4-800
mg/L at 298 K. The experimental results obtained are shown in
Figure 8a in terms of plot of sorption capacity (q.) against the
concentration of Zr**. From the sorption capacity curve for Zr**
sorption by EIR, q. (exp) value was obtained as 24.28 mg/g. The
form Freundlich, and Dubinin-

linear of Langmuir,
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Radushkevich (D-R) isotherm models shown in equations (5),(6),
and (7), respectively, were applied to correlate the experimental
data [45]. In these models, Ce, qe, qm, 9s, K¢, Kpgr, b, n, Epr and
€ are solute aqueous concentration at equilibrium (mg/L),
amount of solute sorbed per unit weight of sorbent at
equilibrium (mg/g), Langmuir isotherm constant related to
sorption capacity (mg/g), Dubinin-Radushkevich isotherm
constant related to sorption capacity (mg/g), Freundlich
isotherm constant related to sorption capacity ((mg/g)/(mg/L)n),
Dubinin-Radushkevich constant related to the mean free energy
of sorption (mol%/kJ?), Langmuir constant related to energy or
net enthalpy of sorption (L/mg), Freundlich isotherm constant
related to sorption intensity of the sorbent, mean energy of
sorption process, and Dubinin-Radushkevich isotherm constant
related to Polanyi potential calculated by
equation (e=RT In(1+1/C.)) at temperature (T in K) using the
gas constant (R=0.00813k]/mol K1), respectively (Table 5).

Celge = Celgmt Ligmb (3)
log ge= 1/nlog Co+log KF (6)
In g.=In g—Kpre’ (M
Epr = 1/(2Kpr)*” (2
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Figure 8: Plots of (a) Sorption capacity curve (b) Langmuir
(c) Freundlich and (d) Dubinin-Radushkevich isotherm models.

Table 5: Isotherm parameters obtained from Langmuir, Freundlich and D-R models at 298 K.

Langmuir Am (mg/g) b (L/mg) R?
28.9 0.0072 0.9921

Freundlich K (mg/g) n R?
1.234 211 0.9919

DR q, (mg/¢) Kpg (mol?/ KJ?) Epg (KJ/mol) R2
25.27 0.0038 11.47 0.992

The calculated parameters for three different isotherm models
have been shown in Table 5. Langmuir model assumes that a
monolayer sorption occurs at energetically equivalent sites. The
plot of C./q. against C, in Langmuir isotherm was found to be
linear over the whole concentration range of 4-800 mg/L with
correlation co-efficient, R2=0.9921 (Figure 8b). Furthermore,
values of q, and b were calculated from the slope and intercept
of the plot of Langmuir isotherm (Figure 8b) and were found to
be 28.9 mg/g and 0.0072 L/mg (Table 5), respectively. Although
the results could be well fitted and q,, value calculated; this is
not the best model to be used for Zr** sorption with EIR. This is
because the Langmuir model is applicable for homogeneous
adsorbents, while EIR is a heterogeneous adsorbent, as has been
characterized in the present study.

The applicability of the Freundlich isotherm model to the
experimental data was important as this isotherm involves the
sorption on a heterogeneous surface like EIR. This isotherm
assumes that when the adsorbate concentration in the solution
increases, its concentration on the adsorbent surface also
increases. The Freundlich constants, K¢ and n were calculated
from the intercept and slope of the Freundlich isotherm plot of
log q. against log C. (Figure 8c) and found to be 1.234 mg/g
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and 2.11 mg/g, respectively (Table 5). The value of Freundlich
constant (n) obtained was between 1 and 10 which confirmed a
high sorption potential of EIR.

The D-R isotherm is based on the adsorption in micropores
leading to pore-filling rather than layer by layer surface coverage,
and it is applied to estimate the mean free energy of adsorption
(€), which is the energy required to transfer one mole of an
adsorbate to the surface from infinity in solution. The value
obtained for Epr using the D-R plot of log q, against & (Figure
8d) was 11.47 KJ/mol, which suggested that the sorption of Zr**
by EIR involved a chemical sorption pathway. The sorption
capacity g (cal) obtained from the D-R plot was found to be
25.27 mg/g (Table 5), which is in excellent agreement with g,
(exp.) (24.28 mg/¢g) obtained from the sorption capacity curve.

Analytical applications
Zt** determination from synthetic mixtures

The developed method was applied for the determination of
Zr* at trace level in different synthetic mixtures (Table 6) as
recovery of Zrt* from 25 mL matrix. Table 6 shows that Zrt
could be quantitatively determined from complex matrices. Th**
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was co-extracted with Zr**, but its separation was achieved by
masking Th*" in an aqueous phase using 1 mL of 0.01 M
EDTA.

Table 6: Determination of Zr** from some synthetic mixtures.

OPEN a ACCESS Freely available online

Recovery of Zr** (%) + RSD

Composition of synthetic mixture (25 mL)

Present method ICP-OES method
Y3* 10 pg, V°* 20 pg, La®* 40 g, Zr** 20 pg 99.4 +0.5 100.8 + 1.7
Ca?* 30 pg, Th*" 15 pg, Cd%* 30 pg, PbZ* 30 99.2 +0.3 101.4 £ 6.1
pg, Zrt 20 pg
Mg?* 50 pg, Y3+ 10 pg, Th*" 10 pg, AI>* 30 99.4 0.8 102.4 + 1.7

pg, Zr** 20 pg

Note: "Th** was masked with 1 mL of 0.01 M EDTA.

Determination of Zr*from water samples

The developed column method was validated through checking
recovery of Zr**from spiked water samples. All water samples
were iso-kinetically collected in polyethylene bottles from
different areas of Jalgaon and Mumbai (Maharashtra, India) and
filtered through a membrane filter with a pore size of 0.45 mm.
Then 25 mL of each of the water of samples were spiked with

Table 7: Recovery of Zr** from different spiked water samples.

different amounts of standard Zr** solution as shown in Table 7.
The spiked samples were then subjected to the developed
column method for the determination of Zr*" and the recoveries
of Zr*" are reported in Table 7. The results show the quantitative
recovery of Zr*" in the range of 99.4%-100.0% from spiked
water samples.

Present method

ICP-OES

Samples (25 mL) Zr* Added (g L'Y) Found £ SD (ugL'!)  Recovery + RSD (%)  Found # SD (ugL!)  Recovery + RSD (%)
Tap water 0 BDL BDL BDL BDL
0.2 0.199 + 0.001 99.4 £0.6 0.198 + 0.004 99.0+2.0
0.4 0.400 + 0.002 100.0 £ 0.5 0.398 + 0.0 99.5+0.0
Well water 0 BDL BDL BDL BDL
0.2 0.199 £ 0.001 99.4 £ 0.6 0.200 + 0.003 100.0 + 1.7
0.4 0.400 + 0.002 100.0 £ 0.5 0.393 +0.012 98.4£3.0
Sea water 0 BDL BDL BDL BDL
0.2 0.199 = 0.001 99.4 £0.3 0.199 + 0.001 99.7£0.5
0.4 0.400 + 0.002 100.0 + 0.5 0.385 +0.014 96.1 £3.5

Note: BDL: Below Detection Limit.

CONCLUSION

The present study confirmed that the impregnation of
Amberlite XAD-4 resin by extractant IMP is quite significant for
the pre-concentration and determination of Zr*". Modification
of resin resulted in the heterogeneous surface covered by
extractant and was utilized for sorption of Zr** by chemisorption
pathway. Sorption was quantitative at pH 3.5 with the flow rate
of 2 mL/min and sorbed Zr** easily recovered 98.5 + 0.6% with
0.1 M oxalic acid (10 mL) at the flow rate 0.2 mL/min. The
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kinetics of the sorption process was well described using pseudo-
second order model. The maximum sorption capacity of EIR for
Zr*" was calculated to be 25.27 mg/g using the D-R isotherm
model. Based on the outcomes of the current work, the
prepared EIR can be used as a promising adsorbent for the
treatment of wastewaters containing Zrt* upto 90 cycles.
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