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Synthesis and Characterization of Zirconium
Titanium Hydroxy Ethylidene Diphosphonate
and Its Application in Separation of Metal Ions

Rakesh Thakkar and Uma V. Chudasama
Applied Chemistry Department, Faculty of Technology and Engineering,
The M. S. University of Baroda, Vadodara, Gujarat, India

Abstract: A novel hybrid ion exchanger, zirconium titanium hydroxy ethylidene
diphosphonate (ZTHEDP), of the class of tetravalent bimetallic acid (TBMA)
salt has been synthesized by the sol gel route. ZTHEDP has been characterized
for ICP-AES, TGA, FTIR, and XRD. Chemical resistivity of ZTHEDP in var-
ious media—acids, bases, and organic solvents have been assessed. lon exchange
capacity (IEC) and the effect of calcination (100°C to 500°C) on IEC has also
been studied. The distribution behavior of metal ions Co**, Ni**, Cu**, Zn**
(d-block), Cd**, Hg**, Pb*", Bi*" (heavy) and La’*, Ce**, Th**, UO3" (f-block)
towards ZTHEDP has been studied and the distribution coefficient (K,)
evaluated in aqueous as well as various electrolyte media/concentrations. Based
on differential selectivity, the breakthrough capacity (BTC) and elution behavior
of various metal ions towards ZTHEDP, a few binary and ternary metal ion
separations have been carried out.
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Received 2 January 2009; accepted 20 April 2009.

Address correspondence to Dr. Uma V. Chudasama, Professor, Applied
Chemistry Department, Faculty of Technology and Engineering, The M. S.
University of Baroda, Vadodara — 390 001, Gujarat, India. Tel.: (O) +91-
9426344434; Fax: (O) +91-265-2423898. E-mail: uvcres@gmail.com

3088



08:56 25 January 2011

Downl oaded At:

Synthesis and Characterization of Zirconium Titanium 3089

INTRODUCTION

Toxic metals have an adverse effect on human activities. Water pollution
due to wastewater originating from industrial and mining wastewaters is
one of the most significant environmental problems (1). The removal and
recovery of toxic/heavy metals is an area of current interest and a chal-
lenging task for the environmentalist (2). Major objectives for the
removal of metals from aqueous solutions are toxicity removal which
entails an environmental aspect and recovery of valuable metals which
involves a technological aspect (3).

Amongst various processes developed to remove metal ions from waste
water, it is observed that at low concentrations, the removal is more effec-
tive by ion exchange (4,5). Ion exchangers have played a prominent role in
water processing for the chemical and nuclear industries and also used
extensively for the removal and recovery of metal ions. Further, different
types of metal pollutants from chemical process industries necessitates find-
ing new ion exchangers, that have good ion exchange capacity (IEC), stabi-
lity towards temperature, ionizing radiation, and oxidizing solutions and
that are capable of removing toxic substances from aqueous effluents (6).

Tetravalent metal acid (TMA) salts, possess the general formula
MV)(HXOy,), - nH>O, where M(IV)=Zr, Ti, Sn, Th, Ce etc., and
X=P, W, Mo, As, Sb, ectc. They possess structural hydroxyl protons,
the H" of the -OH being the exchangeable sites. A number of cations
can be exchanged with H" due to which TMA salts possess cation
exchange properties. TMA salts have emerged as promising advanced
materials owing to their high thermal and chemical stability, resistance
towards ionizing radiations, as well as its important applications as ion
exchangers, in separation science (7-9).

Mixed materials of the class of TMA salts, i.e., compounds contain-
ing two different anions and a cation (4,10-12), exhibited improved
ion-exchange properties and selectivity for particular metal ions, com-
pared to their single salt counterparts. Mixed material containing two dif-
ferent cations and an anion referred to as tetravalent bimetallic acid
(TBMA) salt, zirconium titanium phosphate (ZTP), synthesized by us
exhibited improved IEC compared to their single salt counterparts, zirco-
nium phosphate and titanium phosphate (13). The thermodynamics and
kinetics of ion exchange (14,15), the distribution behavior of metal ions
and binary and ternary metal ion separations have been studied, using
ZTP and its utility as an ion exchanger established by us (16).

Mixed inorgano-organic hybrids have been attracting significant
attention as a new class of materials, since the combination/cooperative
interaction between the inorganic and organic component have the
potential to provide improved/tunable properties (17-19). Hybrid
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Figure 1. Structure of hydroxy ethylidene diphosphonic acid (HEDP).

materials with a rigid inorganic backbone and flexible organic groupings,
possessing functionalities that bear protons (-OH, —-COOH, -SO;H)
are synthesized with an aim to modify the number of structural/
exchangeable protons that reflects on the IEC values.

Zirconium phosphate and titanium phosphate of the class of TMA
salts have shown a number of advantages as an ideal host lattice for
the development of new/hybrid materials (20,21). In the tetrahedral
moiety of phosphoric acid, PO(OH)3, if H or OH is replaced by R (where
R =alkyl/aryl possessing ionogenic groups such as —OH, —-COOH,
—SO3H), phosphonic acids are obtained, which when treated with tetra-
valent metals such as Zr, Ti, Sn, Th, Ce, etc., give rise to novel metal phos-
phonates. Sol-gel processing is a promising route to synthesis of metal
phosphonates using a “Chimie Douce,” low temperature approach.
Using the sol-gel route, it is possible to introduce a large variety of
organic moieties bearing ionogenic groups into an inorganic matrix.

In the present endeavor, a novel hybrid ion exchanger, zirconium
titanium hydroxy ethylidene diphosphonate (ZTHEDP) of the class of
TBMA salt has been synthesized and characterized. The structure of
hydroxy ethylidene diphosphonic acid (HEDP) is presented in Fig. 1.
The distribution behavior of metal ions Co**, Ni**, Cu*", Zn>" (d-block),
Cd*", Hg*", Pb*", Bi’" (heavy) and La*", Ce*", Th*", UO3" (f-block)
towards ZTHEDP has been studied and the distribution coefficient (K,)
evaluated in aqueous as well as various electrolyte media/concentrations.
Based on differential selectivity, the breakthrough capacity (BTC) and
elution behavior of various metal ions towards ZTHEDP, a few binary
and ternary metal ion separations have been carried out.

EXPERIMENTAL
Synthesis of ZTHEDP

A solution containing 0.1 M TiCly and 0.1 M ZrOCl, - 8H,0 in 10% w/v
H»SO4 (100 mL) was prepared, to which 200mL, 0.1 M HEDP solution
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was added dropwise (flow rate, 1 mL-min~') with continuous stirring.
After complete precipitation, the gel obtained was stirred for further
3 h, filtered, washed with conductivity water for the removal of adhering
ions (chloride and sulphate), and dried at room temperature. The mate-
rial was then broken down to the desired particle size [30-60 mesh
(ASTM)] by grinding and sieving. Five grams of this material was taken
and treated with 50mL, 1 M HNOj for 30 minutes with occasional shak-
ing. The sample was then separated from the acid by decantation and
treated with conductivity water for the removal of the adhering acid. This
process (acid treatment) was repeated at least five times. After final wash-
ing, the material was dried at room temperature. This material was used
for further studies.

Physico-Chemical and Ion Exchange Characterization

Physical characteristics such as percentage moisture content, bulk den-
sity, true density, void volume fraction, concentration of fixed ionogenic
groups, and the volume capacity of the ion exchanger were studied
according to literature methods (22,23).

Appearance

The synthesized material was physically observed for color, shape, size,
opacity, transparency, luster etc.

Percentage Moisture Content

The percentage moisture content of an exchanger is the ability of the
exchanger to hold moisture. For the determination of the percentage
moisture content, ZTHEDP (~1 g) was allowed to stand in distilled water
for 24 h. The material was then filtered and dried at room temperature to
remove the surface moisture and weighed. This material was dried at
110°C for 4 h and reweighed after cooling in a desiccator. The percentage
moisture was calculated using the formula, %solid = (weight of dried
material /weight of material before drying) x 100 and %moisture content =
100 —%solid.

Apparent/Bulk Density (Do)

The bulk density is the weight of the wet resin per unit volume. The den-
sity is specific for each resin and is dependent on the type of exchanger
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and ionic form. For density measurements, the exact weight of the
exchanger was taken in a calibrated glass column. After backwashing,
the water was drained and the exchanger was allowed to settle. The
apparent density is determined using the equation, apparent density =
weight of ion exchanger/volume of ion exchange bed.

True Density (Dj)

The true density was determined by taking a definite amount of
ZTHEDP in a previously weighed specific gravity bottle (). The bottle
was again weighed along with the ion exchanger (7;). The bottle was now
filled with water along with ion exchange material and weighed (W).
The weight of the specific gravity bottle containing water is also noted
(W,). The true density is calculated using the equation, D, =
(VI/I - W)/(I/Vn - I/Viw) + (VV, - W)

Void Volume Fraction

The void volume fraction was calculated using the formula,
void volume fraction = 1 — D,/ Dje.

Concentration of Fixed Ionogenic Group (C,)

The concentration of fixed ionogenic group for ZTHEDP was calculated
using the equation, C, = dj, x (100 — % moisture) x IEC/100.

Volume Capacity of the Resin (Q)

The volume capacity of the exchanger was evaluated using the formula,
0 = (1 — void volume fraction) x C,.

Chemical Stability

The chemical resistivity of the materials in various media-acids (HCI,
H,SO4, HNO3), bases (NaOH and KOH), and organic solvents (ethanol,
benzene, acetone, and acetic acid) was studied by taking 500 mg of

ZTHEDP in 50mL of the particular medium and allowed to stand for
24 h. The change in color, nature, and weight was observed.
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pH Titration Curve

Acid sites in a material can be titrated against an alkali hydroxide (used
for neutralization) and a salt solution of same alkali metal (used as a sup-
porting electrolyte). 500 mg of the material was placed in NaCl (0.1 M,
100mL) solution. This solution mixture was titrated against the NaOH
(0.1 M) solution. After the addition of every 0.5mL of titrant, sufficient
time was provided for the establishment of the equilibrium, till the pH is
constant. A pH titration curve is obtained by plotting the pH versus the
volume of NaOH.

Ion Exchange Capacity (IEC)

The Nat ion exchange capacity (IEC) for materials were determined by
the column method (24). The column was prepared in a burette, provided
with glass wool at the bottom. It was filled half way with distilled water,
preventing air traps. 0.5g of the ion exchanger was accurately weighed
and transferred through a dry funnel. The water inside the column was
kept at a level of about 1 cm above the material. A 250 mL solution of
sodium acetate was added into the column and the elution was carried
out at a flow rate of 0.5mLmin"'. The eluant was collected in a
500 mL conical flask and then titrated against 0.1 M NaOH solution.
The IEC of the exchanger in milli equivalent per gram (meq - g~ ') is given
by, av/w where ‘@’ is the molarity of the NaOH solution, ‘v’ is the volume
of NaOH required for titration, and ‘w’ is the weight of the exchanger.
The effect of calcination on IEC was studied by calcining several 1 g
portions of the material for 2 h in the temperature range 100-500°C with
100°C intervals in a muffle furnace, cooling them to room temperature,
and determining the IEC by the column method (24) as described above.

Distribution Studies

The distribution studies for metal ions, Co**, Ni**, Cu>*, Zn**, Cd**,
Hg”", Pb>", Bi*", La*", Ce*", Th*", and UO3" were carried out by batch
method (25). 100 mg of the exchanger ZTHEDP was equilibrated with
20mL of 0.001 M metal ion solution for 24 h at room temperature. The
metal ion concentration before and after sorption was determined by
EDTA titration, AAS or UV-Visible Spectrophotometer (26,27). Distri-
bution studies have been carried out in aqueous as well as various electro-
Iyte media (NH4sNO;, HNO;, HCIO4, and CH3;COOH) of varying
concentration (0.02 and 0.20 M). The distribution coefficient (K,) is
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evaluated using the expression, K;,=({— F)/Fx V/W (mL - g 1) where,
I=total amount of the metal ion in the solution initially; F=total
amount of metal ions left in the solution after equilibrium; V= volume
of the solution; W=weight of the exchanger. Each K, determination
was repeated three times and in all cases the deviation from the mean
was not greater than +0.05mL-g .

Breakthrough Capacity (BTC), Elution Studies, and Separation Studies

For the breakthrough capacity, elution, and separation studies, 0.5g of
the ion exchanger, ZTHEDP, was taken in a glass column (30 x 1cm),
washed thoroughly with deionized water, and the flow rate adjusted to
0.5mL-min~'. 5mL fractions of each individual 0.001 M metal ion solu-
tion was passed through the column and the effluent collected, till the
amount of metal ion concentration was the same in the feed and the efflu-
ent. The metal ion concentration was determined quantitatively by
EDTA titration, AAS, or UV-Visible Spectrophotometer (26,27).

A breakthrough curve was obtained by plotting the ratio C,/C,
against the effluent volume, where C, and C, are the concentrations of
the initial solution and effluent respectively. BTC is calculated using
the formula (C,V10w))/ W, where C, is the concentration of the metal
ion (molL™"), Vaowy is the volume of the metal ion solution passed
through the column when the exit concentration reaches 10% of the
initial concentration in mL, and W is the weight of the exchanger in g.

For elution studies, the column was prepared as above. The metal ion
(0.001 M, 5mL) was loaded onto the column. The metal ion loaded was
eluted with reagents like HNO;, HCIO4, CH;COOH, and NH4NOj; of
0.5M and 1 M concentration. The amount of metal ion recovered i.e.,
%E (percentage elution), was calculated as, %E=(C,/C,) x 100, where
C, is the concentration of the metal ion in the eluted solution, and C,
is the concentration of the metal ion loaded onto the column.

For binary or ternary separations, the column was prepared as
above. The mixture of the metal ions (0.001 M, 5mL of each metal
ion) to be separated was loaded on it, maintaining a flow rate of
0.5mL-min~'. The separation was achieved by passing suitable eluants
through the column. For a given metal ion pair, the eluant was selected
based on the separation factor, calculated using the K, values of the
respective metal ions in different electrolyte media. The electrolyte media,
in which the separation factor was the highest, was selected as the eluant.
The percentage recovery of each metal was calculated using the formula,
Y%recovery = (concentration of metal ion eluted/concentration of metal
ion loaded) x 100.



08:56 25 January 2011

Downl oaded At:

Synthesis and Characterization of Zirconium Titanium 3095

RESULTS AND DISCUSSION

Characterization of ZTHEDP by various physico-chemical and instru-
mental methods have been presented in Table 1. A plot of pH versus
the number of milliequivalents of OH™ ions, is termed as the “pH titra-
tion curve” or the “potentiometric curve,” which gives an idea regarding
the acidic nature of the material, weak or strong (22). The pH titration
curve for ZTHEDP is presented in Fig. 2 which shows that ZTHEDP
is a weak cation exchanger.

The Na™ ion exchange capacity (IEC) of ZTHEDP evaluated at room
temperature is found to be 2.26meq - g~ (24). The IEC (at room tempera-
ture) of the calcined samples of ZTHEDP at 100, 200, 300, 400, 500°C were
found to be 1.52,0.16,0.08,0.21,0.22 meq - g~ ' respectively. The IEC values
decrease upto 300°C which could be attributed to the loss of adhered moist-
ure and condensation of structural hydroxyl groups. Further, IEC increases
slightly for the samples calcined at 400°C and 500°C. This may be due the
fact that, at this temperature, the organic moiety decomposes, leading to
the formation of active carbon that may contribute to IEC. This is evidenced
by the change in color of the calcined samples to black.

Table 1. Characterization of ZTHEDP

Properties Observation

Appearance Light yellow hard granules

Percentage moisture content 12.54 £0.01%

Apparent density 0.83+0.01g-mL™!

True density 1.924+0.01 g-mL™!

Void volume fraction 0.57+0.01

Concentration of fixed ionogenic group 3.8040.01 mmol - g~

Volume capacity of the resin 1.6540.01 meq - mL™!

pH titration curve Weak ion exchanger

Ion exchange capacity (IEC) 2.26+0.03meq- g !

Chemical stability-Acids (maximum 36 N H,SO,, 16 N HNO;,
tolerable limits) 11.3N HCI

Chemical stability-Bases (maximum 0.25N NaOH, 0.25N KOH
tolerable limits)

Chemical stability-Organic solvents Ethanol, benzene, acetone, and

acetic acid

ICP-AES
Elemental analysis Zr:Ti:P=1:1:3.5

XRD

Nature of material Amorphous
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Figure 2. pH titration curve of ZTHEDP.

A study of the chemical resistivity/stability of ZTHEDP in acid,
base, and organic solvents (ethanol, benzene, acetone, acetic acid, etc.)
media is both useful and important while using the materials for various
applications in varied environments. The results presented in Table 1
shows maximum tolerable limits in the particular media. No leaching,
change in color, nature, and weight was observed, indicating good chemi-
cal stability of ZTHEDP in acids and organic solvents media. However,
in the base media, above the maximum tolerable limit, the material was
completely soluble. This study also gives an idea about the medium, in
which separation could be carried out.

The FTIR spectra of ZTHEDP (Fig. 3) exhibits broad bands in the
region ~3400cm ™' which is attributed to asymmetric and symmetric —
OH stretches. A sharp medium band at ~1620cm " is attributed to aquo

Ml
?Mﬂ ‘J\y\\/
i wmm "/\VWWI 500°C
@ /“_\Wﬂ'\ﬁ\/_/\\
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f—] 2
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/\
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Figure 3. FTIR spectra of ZTHEDP as synthesized (at room temperature) and
calcined from 100 to 500°C.
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(H-O-H) bending. A band in the region ~1050 cm ™' is attributed to the
presence of P=O stretching. A medium intensity band at 1400cm ™! is
attributed to the presence of J(POH) (28). These bands indicate the pre-
sence of structural hydroxyl groups/exchanging sites (H* of the -OH) in
ZTHEDP. A combination of bands at ~1450cm ™' and ~1375cm ' is att-
ributed to J,sCHj3 and 6,CH3, respectively. Further, from FTIR spectra of
calcined samples (Fig. 3), it is observed that the intensity of the peaks at
~3400cm " and ~1620cm ™!, representative of the —OH group dimin-
ishes as the calcination temperature increases. This is also in keeping with
IEC values that decrease as the calcination temperature increases.

Thermal behavior of several TMA salts have been investigated and
generally examined for loss of moisture ~80°C, loss of external water
molecules, in the range ~100-180°C and in the range ~180°C—400°C
and above, for condensation of the structural hydroxyl groups (the
H* of the ~OH being exchange sites for cation exchanger, herein). The
Thermogram (Fig. 4) of ZTHEDP, exhibits two regions of weight
loss. First weight loss, ~12% within the temperature range 30-120°C, is
attributed to the loss of moisture/hydrated water. The second weight loss
upto ~23.85% within the temperature range 120-600°C is attributed to
condensation of the structural hydroxyl groups as well as the decomposi-
tion and the dissociation of organic moieties.

Based on the elemental analysis (ICP-AES) and thermal analysis
(TGA) data ZTHEDP has been formulated as Zrg4;Tig 59(CoHg.
P,07); 7- 3H,0 respectively using the Alberti and Torracca formula (29).

It is well known that metals have toxic effects. The main sources of
occurrence of transition, heavy and rare earth metal ions in waste waters
is due to electroplating, mining, pharmaceutical, battery, paint and pig-
ments, textile, automotive, and aeronautical industries. These metals
are known to exhibit toxic effects in humans such as asthma, lung, kidney

1007

Weight (%)

=
0 100 200 300 400 500 600

Temperature (OC)

Figure 4. Thermogram of ZTHEDP.
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and tissue damage, liver mal-functions, anemia, nervous disorders, and
cancer.

Selectivity/affinity of a particular metal ion towards an ion exchan-
ger depends on

1. the ion exchanger
2. the exchange media and
3. the exchanging metal ion.

With respect to the ion exchanger, the factors responsible are particle
size, the presence of functional groups that indicate the nature of the
exchanger weak or strong, the ion exchange capacity, the degree of cross
linking, and the structure and complexity of the ion exchanger. With
respect to exchange media, the factors responsible are concentration,
pH, and the nature of the electrolyte, weak or strong, as well as the tem-
perature (30). With respect to metal ion the factors are ionic radius,
atomic number, pKj; (K, =hydrolysis constant), and the ionic charge
on the metal ion. Higher valent ions have more affinity for the exchanger.
Over and above these three factors the exchange process itself, i.e., the
rate of exchange and equilibrium also play an important role in determin-
ing the selectivity. On immersing the exchanger in solution, an equili-
brium is established between the exchanger and the electrolyte solution,
the rate of exchange depending on the size of the exchanging ion
and the grain/particle size of the exchanger. The smaller the size of the
cation, the greater is the tendency to be hydrated and the greater the
hydrated ionic radii. Larger ions being less hydrated, less energy is uti-
lized for dehydration of the metal ions to occupy a site on the exchanger,
which plays a prominent role in determining the selectivity of metal ions
(31). The overall effect is a result of the contribution of the above-
mentioned factors. Depending on the predominant factor, the affinity
of metal ions towards the ion exchanger varies in each case.

The distribution coefficient (K,;) values evaluated for various metal
ions towards ZTHEDP has been presented in Table 2. In general, it is
observed that the K; values are lower in high concentration of electrolyte
and vice versa. Further, the K, values in strong electrolyte media are
lower as compared to weak electrolyte and aqueous media. This may
be attributed to the high competition amongst ions for exchange in strong
electrolyte media.

The observed selectivity order amongst d-block metal jons is Ni*"
(0.72A)> Co** (0.72A)> Zn*" (0.74A)> Cu>* (0.74 A); amongst heavy
metal ions, Pb’* (1.44A)>Cd*" (0.97A)>Hg>" (1.10A)>Bi*"
(0.96 A) and amongst f-block metal ions, Ce>* (1.11 A) > La>* (1.15A) >
Th*" (0.96 A) > UO,>" (1.03 A), values in parenthesis being ionic radii of
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respective metal ions. According to the Bonner series (32), the expected
selectivity order for d-block metal ions is Ni** > Cu?* > Co?* > Zn?*;
amongst heavy metal ions Pb>" >Hg?" >Cd*" > Bi’" and amongst
f-block metal ions Ce** > La*" > Th*" > UO3". The observed selectivity
order for most of the metal ions studied can be on the basis of the size of
ions and hence the nature of hydration as explained above. Discrepancy
in case of Cu?" and Cd*" could be attributed to complexing the
ability /stability constant of metal ion with the functional groups (HEDP
in the present case) of the exchanger. Pb>" having the highest ionic radii
amongst all the metal ions studied, exhibits high selectivity. Th*" with
higher valence shows lower affinity due to larger hydrated ionic radii
while UO3" shows low affinity due to lower valance.

The most promising property of ZTHEDP is its high selectivity for
Pb>" as well as all the transition metal ions (Ni**, Co?**t, Zn>", Cu?",
and Cd*"). Further, the K, values are exceptionally high in the present
case compared to earlier work carried out using TMA salts (4,10,33-39).

A plot of C,/C, vs. effluent volume is presented in Fig. 5. Break-
through capacity (BTC) (determined by breakthrough curve, refer to sec-
tion titled “BTC, separation and Elution studies”), is the dynamic
capacity or the operating capacity of a known amount of ion exchange
material towards the metal ions in a column in operating condition. K,
values also give an idea of affinity of the metal ion towards the ion
exchanger. Therefore, it is expected that the selectivity order based on
the K, values and BTC should be the same. The selectivity order based
on the BTC values amongst d-block metal ions is Cu®">Co*" >
Ni*" > Zn>", amongst heavy metal ions Pb®">Cd*">Hg*" >Bi’",
and amongst f-block metal ions Ce*" > Th** > UO3" > La**. The discre-
pancy observed compared to the selectivity order based on the K, values,
could be explained to be due to the fact that K, is determined by a batch
process (static), where less amount of exchange material (0.1 g) and suffi-
cient equilibrium time (24 h) is provided to ensure complete exchange,
while BTC is determined by a column process (dynamic), where the com-
plete exchange of a particular metal ion depends mainly on the rate of
exchange and contact time as well as the flow rate of the feed solution
through the column, the bed depth, the selectivity co-efficient, the particle
size, the temperature, etc.

Elution behavior of various metal ions towards ZTHEDP has been
presented in Table 3, and it is observed that the metal ion recovery is
in the range 77-99%. The higher the concentration of the eluant the better
is the recovery of the metal ion. Acids in general, are better eluants; how-
ever, | M HNOj; is the best eluant for all metal ions. The study shows
that, metal ion exchange and elution are easy and possible on the
ZTHEDP exchanger using the above-mentioned electrolytes.
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Figure 5. Breakthrough curves for (a) d-block (b) heavy and (c) f-block metal ions.

A study on the distribution behavior of metals ions in aqueous as
well as in various electrolyte media gives an idea about the possible bin-
ary metal separations as well as the eluants that could be used for separa-
tion. The separation factor «, the rate at which two constituents separate
on a column, is given by, o =K;;/K», where K;; and K, are the distribu-
tion coefficients of the two constituents being separated, also provide a
guideline for metal separation. The efficiency of an ion exchange separa-
tion depends on the condition under which o has a useful value, or influ-
encing in a direction favorable to separation. Since, « is the ratio of the K,
values of the constituent counter ions, the K,; values are determined under
the expected solution conditions on the selected ion exchange material.
For a given metal ion pair, the eluant was selected based on the separa-
tion factor calculated, using K, values of the respective metal ions in dif-
ferent electrolyte media. The electrolyte media, in which the separation
factor was the highest, was selected as the eluant. The greater the devia-
tion of o from unity, the better is the separation.
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Table 4. Binary separations of metal ions using ZTHEDP

Metal ion (mg)

Separations ——  Recovery
achieved o=Ky /Ky Eluant Loaded Eluted (%)
Cu?* - Co** 149  0.5M CH;COOH (Cu**) 320 231 7221
1.0M HNO; (Co*") 295 245  83.02
Cu®" — Ni** 1.51 0.5M HNO; (Cu*") 320 218  67.99
1.0M HNO; (Ni**) 295 248  83.98
Cu*t — Zn*t 1.34  0.5M CH;COOH (Cu**) 320 222  69.23
0.5M HNO; (Zn**) 325 280  86.03
Co?* — Ni** 1.1 0.5M HNO; (Co*") 295 225  76.43
1.OM NH,NO; (Ni*") 295 249 8432
Co*" — Zn?** 1.12 0.5M NH4NO; (Co®") 295 231 7822
0.5M HNO; (Zn) 32.5 28.6  87.89
Ni** — Zn** 1.13 0.5M NH,NO; (Ni**) 295 260  88.04

0.5M HNO; (Zn**) 325 299  92.11

Pb>* - Cd*+ 11.00  1.0M CH;COOH (Pb*") 103.5 653  63.11
1.0M HCIO, (Cd**") 56.0 427  76.23

Pb>" — Hg**™  178.38 0.5M CH;COOH (Pb*") 103.5 62.5  60.34
1.0M HCIO4 (Hg*")  100.5 777  77.31

Pb>* - Bi*t 373.58  0.5M CH;COOH (Pb**) 103.5 66.7  64.42
1M CH;COOH (Bi**) 1045 818 783l

Cd** - Hg*" 16.22 0.5M HNO; (Cd*") 56.0 421 7526
0.5M CH;COOH (Hg>") 100.5 73.6  73.28

cd*t - Bi*t 33.96 0.5M HCIO, (Cd*") 56.0 414  73.99
0.5M CH;COOH (Bi*") 1045 818  78.26

Hg’" - Bi** 2.09 0.5M HCIO, (Hg>") 100.5 767  76.36
0.5M CH;COOH (Bi**) 1045 808  77.28

Th** — La** 1.16 0.5M CH;COOH (Th*") 116.0 88.5  76.33
0.5M HCIO, (La*") 69.5 481  69.21

Th*t — ce** 272  0.5M CH;COOH (Th*") 1160 872  75.16

1.0M HCIO, (Ce*h) 700 471 6722
Th*' - UO3" 2.52 0.5M HNO; (Th*") 116.0 896  77.22
1M HNO; (UO3") 1190 956  80.36

Ce*t — La** 2.36 0.5M NH,OH (Ce**) 70.0 47.8  68.27
1.0M HCIO, (La**") 69.5 502  72.19
Ce*t - uo3* 6.87 0.5M HNO; (Ce*™") 70.0 48.6  69.44
1M HNO; (UO3") 119.0 963  80.96
La’t — UO3" 2.91 0.5M HNO; (La*™") 69.5 495  71.25

0.5M NH,NO; (UO3")  119.0 97.7  82.11

o= K,/ Kz, where K;1 and K, are K; values of metal 1 and metal 2 in aqueous
media.

%recovery = (concentration of metal ion eluted/concentration of metal ion
loaded) x 100.

Maximum deviation in % Recovery = £3%.
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K, values suggest the possibilities for many important binary separa-
tions. Based on the separation factor o (K, in aqueous media), binary
separations for all possible metal ion pairs have been carried out. The
details of binary separation studies are presented in Table 4 and the plots
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Figure 6. Binary metal ion separation of (a) d-block (b) heavy and (c) f-block
metal ion pair using ZTHEDP.
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of the percentage metal removal vs. the eluate volume are presented in
Fig. 6. For ternary separation, each case from d-block, heavy, and
f-block metal ions have been studied. The details of the studies are pre-
sented in Table 5 and the plots of percentage metal removal vs. the eluate
volume are presented in Fig. 7.

35 40

304 }4}4 > 35<—> ><—>
% 30

20 %

E20

—15 3
g 51
£
E <
;10 =10

5 Pb* ca* 5 [P Hg"

0 4 — 0 — 4~ —

0

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Volume of eluent (mL)

b(i)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Volume of eluent (mL)

b (ii)

50 50
— Pl b  plile—— >
4 ol 40
- 3% -3
30 30
25 25
s B0
3 3
S15 St
=10 =10
Pb* Bi* ca* Bi**
5 5
I — T+ O+
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 15d
Volume of eluent (mL) Volume of eluent (mL)
b(iii) b(iv)
50 50
4 1 > | |« > 45&—} P 4>
9%
4 40
- 3% 35
30 30
25 25
s B0
3 3
S15 St
=10 =10
5 He B 5 ca* g
I————— — ¢ O—— 4+ —
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Volume of eluent (mL)

b(v)

Figure 6. Continued.
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An efficient ion exchange separation may be influenced by the load
of the metal ion, the eluant used for separation, flow rate of electrolyte,
pH, the temperature, the nature of ion exchange material, the particle
size, and the length of the column, Other factors responsible for observed
peak shapes/elution curves are the distribution coefficient (K,), the
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Table 5. Ternary separations of metal ions using ZTHEDP

Metal ion (mg)

Separations achieved Eluant Loaded Eluted Recovery (%)
0.5M NH,NO; (Cu**) 32.0 21.9 68.45
Cu?t — Zn*t - Ni*t 0.5M HCIO,4 (Zn”) 32.5 21.2 65.33
0.5M HNO; (Ni**) 29.5 18.4 62.26
0.5M HCIO, (Hg*") 100.5 67.6 67.22
Hg?* — Cd®* — Pb**  0.5M HNO; (Cd*") 560 353 63.12
1.0M HNO; (Pb>H) 103.5 60.2 58.19
0.5M HNO; (La*") 69.5 38.3 55.12
La*t — Th3t — ce* 0.5M HCIO,4 (Th4+) 116.0 61.9 53.36
1.0M HNO; (Ce*™) 700 359 51.29

Y%recovery = (concentration of metal ion eluted/concentration of metal ion
loaded) x 100.
Maximum deviation in %Recovery = £3%.

retardation factor (R), the retention volume (V,), the column capacity,
and the temperature.

In binary and ternary separations, the separation efficiency is
indicated by

1. percentage recovery and

2. peak shapes/elution curves of the constituent metal ions, in terms of
Langmurian/non-Langmurian which indicates how well one metal
ion is separated in the presence of another metal ion.

When a solution containing metal ions is passed through a column con-
taining an exchanger, based on differential affinity, the various species get
strongly or weakly bound on the exchanger. During the elution process, pure
electrolyte is eluted first, followed by weakly bound species, and finally the
strongly bound species. The separation efficiency depends on differential
migration of metal ion in a mobile/stationary phase. Deviations are
observed referred to as “zone spreading,” caused by diffusion of metal ion
in a stationary phase (eddy diffusion), the concentration gradient in the
stationary/mobile phase (longitudinal diffusion), and mass transfer of metal
ion in the stationary phase (exchanger), and the mobile phase (electrolyte).

Generally, for single ion elution, symmetrical bell shaped curves are
observed.

Further tailing effects are attributed to

1. high K, values (due to which the metal ion is retained for long time on
stationary phase) and
2. irregular or non controlled flow.
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Figure 7. Ternary metal ion separation using ZTHEDP.
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From Fig. 6, it is observed that in binary metal ion separations, in
all cases, two distinct elution curves are observed (Langmurian type),
indicating good separations.

In binary separations for d-block ions, the separation efficiency is in
the range 68-92%. Though the separation factor is less in case of transi-
tion metal ion pairs, the separation is found to be quite efficient. In
most cases, Zn>" exhibits efficient separation in terms of metal recovery
(86-92%); however, tailing is observed. Further, for the metal ion pair
Ni** — Zn?*, good metal recovery (86-92%) is observed.

In binary separations for heavy metal ions, the separation efficiency
is in the range 60-78%. Amongst metal ion pairs, Pb*" — Cd*" and
Cd** — Bi’" exhibit good efficiency in terms of peak shape. For
heavy metal ions, irrespective of metal ion pairs, Cd>" (74-76%), Hg>*
(73-77%), and Bi*" (77-78%) recoveries are obtained. Poor metal ion
recovery (60-64%) in case of Pb*" is probably due to high K, value. This
is also supported by the tailing observed in the elution curves. This obser-
vation is also in keeping with the selectivity order based on K, values,
Pb>* > Cd>* > Hg?" > Bi**. Higher K, values indicate less recovery.

In binary separations for f-block metal ions, the separation efficiency
is in the range 67-82%. Good separations are observed for all the metal
ion pairs, particularly, Th*" — La*" and La’* — UO3" in terms of peak
shapes as well as metal ion recovery. Ce>" elution curves show tailing
effect, attributed to high K, value amongst the f-block metal ion studied.
UO?" having a low K, value, exhibits good metal recovery and a symme-
trical peak shape in all cases.

In ternary separations, for d-block (Cu?* — Zn*" — Ni*"), heavy
(Hg>" — Cd*" — Pb*") and f-block (La** — Th*" — Ce*") metal ion separa-
tions are in the range 62-68%, 58-67%, and 51-55% respectively. In all
cases, three distinct peaks are observed; however, with tailing effects
for every metal ion eluted. Probably the separation process becomes
complex, attributed to the loss of metal ions during the changeover of
the eluant, interference of metal ions, pH, simultaneous elution of two
or more metal ions with the same eluant, and lastly, experimental errors
involved in the determination of metal ions in the presence of other ions,
etc. Overall, good separations are observed (particularly in binary
system) and recovery is quantitative and reproducible in all cases.

CONCLUSIONS

ZTHEDP exhibits preparative reproducibility, good IEC, and is both
chemically and thermally stable, which are important characteristics
for materials to behave as cation exchangers. Further, it exhibits high
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selectivity for Pb>" as well as transition metal ions (Ni**, Co*", Zn*",
Cu?", Cd*"). Efficient metal separations carried out using ZTHEDP
indicate good potential for this material to be used as a cation exchanger.
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