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Poly(vinylphosphonic acid-co-methacrylic acid) microbeads were synthesized by suspension polymer-
ization, and their indium adsorption properties were investigated. The obtained microbeads were
characterized by Fourier transform infrared (FT-IR) spectroscopy and scanning electron microscopy
(SEM). The microbeads were wrinkled spheres, irrespective of the components, and their sizes ranged
from 100 to 200 pm. The microbeads were thermally stable up to 260°C. As the vinylphosphonic acid

(VPA) content was increased, the synthetic yields and ion-exchange capacities decreased and the water
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uptakes increased. The optimum synthetic yield, ion-exchange capacity and water uptake were obtained
at a 0.5 mol ratio of VPA. In addition, the maximum adsorption predicted by the Langmuir adsorption
isotherm model was greatest at a 0.5 mol ratio of VPA.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Indium and its compounds have a wide range of industrial appli-
cations whose rapid development has increased their consumption
[1]. However, indium is widely dispersed in nature and only typ-
ically found at low concentrations in some zinc, copper and lead
sulfide ores. Therefore, the development of indium recovery tech-
nology is in demand. Furthermore, indium wastewater is suspected
to be carcinogenic to humans, and it is known that indium and
its compounds induce cytotoxicity in several animal experiments
[2,3]. Hence, the interest in indium recovery is not only increasing
in the field of rare metal recovery but also in that of heavy metal
elimination.

Several studies on methods for indium recovery have
been reported, including liquid-liquid extraction (LLE) [4], co-
precipitation [5], solid-phase extraction [6], electroanalytical
techniques [7,8] and ion exchange methods. The primary disadvan-
tage of LLE is the loss of extractant into the aqueous phase, which
may result in economic limitations and environmental hazards.
The other indium recovery technologies also exhibit disadvantages,
such as a high solvent-recovery cost, environmental and health
hazards and time-consuming processing methods. lon exchange
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methods are simpler than the other technologies and have the
advantage of a low recovery cost.

A few investigations on metal recovery using ion exchange have
been reported. Fortes et al. reported indium adsorption onto ion
exchangers that contained different organic functional groups, such
as iminodiacetic acid, diphosphonic acid and aminophosphonic
acid [9]. Mendes and Martins reported the adsorption of nickel and
cobalt onto some commercially available chelating ion-exchange
resins [10]. However, most researchers involved in indium recovery
using ion exchange have only reported its adsorption proper-
ties on commercially available ion exchange resins. In this study,
microbeads were prepared as ion exchangers by suspension poly-
merization, and their adsorption properties were investigated.

Suspension polymerization has been widely used in industrial
applications to produce specialty polymer particles, such as ion-
exchange resins, chromatographic separation media and supports
for enzyme immobilization. Suspension polymerization is a suit-
able polymerization technique for the production of large polymer
beads, typically in the range of 5-1000 wm [11]. Numerous reports
on the preparation of ion-exchange resins by suspension poly-
merization have appeared in the literature. Lin et al. reported
the synthesis of p-(w-sulfonic-perfluoroalkylated)polystyrene ion-
exchange resin by suspension polymerization [12], and Coutinho
et al. described the preparation of a pellicular ion-exchange resin
[13].

In this study, the microbeads were synthesized by suspension
polymerization using vinylphosphonic acid (VPA) and methacrylic
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Fig. 1. A schematic mechanism for the synthesis of poly(vinylphosphonic acid-co-methacrylic acid).

acid (MAA) as monomers and poly(ethylene glycol) diacrylate
(PEGDA) as a crosslinking agent. VPA has a chelate which allows
exchanging In3* and it is possible to synthesize by radical polymer-
ization due to its vinyl group. However, VPA is very expensive and
VPA alone make a synthesis yield decrease. On the contrary, MAA
allows a yield to increase and furthermore its weak acid group,
—COOH, helps ion-exchange capacity to increase. Therefore, in this
study, the basic properties of ion exchange beads at a different VPA
content were investigated. Furthermore, the adsorption properties
and thermodynamic properties of the best condition’s sample were
examined. The structure and morphology of the microbeads were
confirmed by Fourier transform infrared (FT-IR) spectroscopy and
scanning electron microscopy (SEM).

2. Experiment
2.1. Materials

VPA (90%) and MAA (99.5%) (used as monomers) and PEGDA
(My, =258) (used as the crosslinking agent) were obtained from
Sigma-Aldrich Co. (New York, USA). Benzoyl peroxide (BPO, 75%)
(used as an initiator) and poly(vinyl alcohol) (PVA) (used as a
stabilizer) were purchased from Lancaster (Morecambe, England)
and Junsei (Tokyo, Japan), respectively. 1-(2-Pyridylazo)-2-naphtol
(PAN) and ethylene diamine tetraacetic acid (EDTA) (used as an
indicator and as a titrant, respectively) were purchased from
Sigma-Aldrich Co. (New York, USA) and Samchun Co. (Seoul,
Korea), respectively. Twice-distilled water, toluene and ethanol
were used as solvents.

2.2. Preparation of poly (VPA-co-MAA) ion-exchange microbeads

Different monomer ratios of poly(VPA-co-MAA) were synthe-
sized by suspension polymerization. Fig. 1 shows the structures
of the monomers and poly(VPA-co-MAA). The polymerization was
conducted in a 500 mL three-neck round-bottom flask equipped
with a mechanical stirrer (IKA® RW20 digital, IKA company, Osaka,
Japan), a condenser, a nitrogen inlet, a thermometer and a drop-
ping funnel. VPA, MAA and PEGDA were dissolved in a mixture of
distilled water and PVA at 65°C. The solution was placed under
continuous strong agitation until all of the monomers were com-
pletely dissolved. BPO (as an initiator) and toluene were then added
to the solution with a dropping funnel. The polymerization was per-
formed inairtight equipment at 65 °C and maintained for 1-2 h with
stirring (750 rpm). Table 1 shows the mole ratios of the syntheses.

The synthetic yield of the microbeads was determined by Eq.
(1):

Wa

Syntheticyield (%) = W
m

x 100 (1)
where Wy is the weight of the clean and dry polymer beads (g), and
W is the initial weight of the monomer (g).

2.3. The characterization of poly(vinylphosphonic
acid-co-methacrylic acid)

The structures of the poly(VPA-co-MAA) samples were charac-
terized using FT-IR (IR Prestige-21, Shimadzu, Kyoto, Japan). Discs
containing 1 mg of sample and 150 mg of KBr were prepared on a
press using a 60-70 kN compression force. The FT-IR spectra were
collected over a wavenumber range of 4000-600 cm~; the resolu-
tion was 4cm~!, and 20 scans were taken.

The elemental analysis of poly(VPA-co-MAA) was performed
with energy-dispersive X-ray spectroscopy (EDS, JSM-7000F, JEOL,
Akishima, Japan), which was attached to the scanning electron
microscope (SEM). Incident electron-beam energies from 0.5 to
30keV were used. In all cases, the beam was at a normal incidence
to the sample surface and the measurement time was 100s. All of
the surfaces of the samples were covered with osmium using the
ion sputtering method.

The thermal decomposition behaviors of the microbeads were
investigated using TGA (TA Instruments Q500, New Castle, DE, USA)

Table 1
Synthesis conditions of poly (vinylphosphonic acid-co-methacrylic acid).
Sample code Monomer Crosslinking agent Stabilizer Initiator
(mole ratio)
VPA MACc PEGDA PVA BPO

VMP00-3 0.00 1.00 30wt% 0.01wt% 0.01wt%
VMP02-3 0.25 0.75

VMPO05-3 0.50 0.50

VMP07-3 0.75 0.25

VMP10-3 1.00 0.00

VMPO00-4 0.00 1.00 40wt

VMP02-4 0.25 0.75

VMPO05-4 0.50 0.50

VMPO07-4 0.75 0.25

VMP10-4 1.00 0.00

VMPO00-5 0.00 1.00 50 wt%

VMP02-5 0.25 0.75

VMPO5-5 0.50 0.50

VMPO07-5 0.75 0.25

VMP10-5 1.00 0.00
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in a range from 25 to 600°C at a heating rate of 10°C/min under a
nitrogen atmosphere.

2.4. Water uptake and cation-exchange capacity

The dried sample was immersed in water for 24 h. The sample
was removed from the water and wiped with absorbent paper to
remove excess water adhered to the surface. The sample was then
weighed on a balance. The water uptake was calculated by Eq. (2):

Water uptake (%) = (Way — Wa) x 100 (2)
Wy
where W,y and Wy are the weight of the sample under wet and dry
conditions, respectively.

The ion-exchange capacity (IEC) of the sample was determined
by the titration method. The sample was equilibrated in 100 mL
of 0.1 N NaOH solution at room temperature for 24 h. The sample
was then removed, and 20 mL of the NaOH solution was titrated
with 0.1 mol/L HCI solution containing a drop of a phenolphthalein
solution (0.1% in ethanol) as a pH indicator. The experimental IEC
was calculated according to Eq. (3):

W x G — Wy x G
[EC(meq/g) = (VhaoH Nam;&d( Ha X Cict) 3

where Vy,0y and Vi are the volume of the NaOH solution and the
consumed volume of the HCl solution, respectively, and Cyaoy and
Cyc are the concentrations of NaOH and HCI, respectively [14,15].

2.5. Indium-adsorption properties

Isotherm experiments of indium adsorbed onto microbeads
were performed at pH 8. The microbeads were mixed with an
indium solution in a shaker operated at 200 rpm for 4 h at 25°C to
achieve equilibrium. The Langmuir and Freundlich equations were
applied to the adsorption equilibria for the microbeads.

The indium adsorption properties were determined by the EDTA
titration method [16]. A 0.1 g sample was immersed in a 100 mg/L
indium solution, and a 40 mL aliquot was then collected from this
solution. 1-(2-Pyridylazo)-2-naphtol (PAN) was used as an indica-
tor. The amount of indium adsorption was calculated by equation

(4):

(GinVin — CerpaVEDTA)

Amount of indium adsorption (mmol/g) = W
resin

(4)

where G, and Vj, are the mole concentration and volume of the
initial indium solution, respectively, and Cgpra and Vgmpa are the
mole concentration and consumed volume of the EDTA solution,
respectively.

3. Results and discussion

3.1. Preparation of poly(vinylphosphonic acid-co-methacrylic
acid)

The synthetic yields of poly(VPA-co-MAA) are shown in Fig. 2.
The maximum synthetic yield was 82% in the absence of VPA. The
syntheticyields were dependent on the VPA content, and a decreas-
ing trend in the yield was observed. However, the synthetic yield
increased as the concentration of the crosslinking agent increased.
According to Tuncel [17], the synthetic yield was affected by both
the monomer/diluent ratio and the concentration of the crosslink-
ing agent but not by the agitation rate, which was consistent with
our results. In this study, the synthetic yield increased at higher
concentrations of the crosslinking agent. However, the influence of
the monomer ratio was greater than that of the crosslinking agent.
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Fig. 2. The effect of the VPA content and crosslinking-agent concentration on the
poly(VPA-co-MAA) yields.

This is confirmed by the differences in the synthetic yields for dif-
ferent VPA contents. At lower VPA concentrations, the change in the
crosslinking agent contents affects the change in the MAA contents
while at a higher VPA concentrations, the change in the crosslinking
agent contents affects the change in the VPA contents. Therefore,
the differences in the synthetic yields at higher VPA concentrations
suggest that VPA had a large influence on yield. This trend indicates
that the conversion of VPA radicals was lower than that of MAA and
PEGDA. On the other hand, the microbeads were not formed at a
crosslinking-agent concentration of 20 wt%.

3.2. Structure analysis

Fig. 3 shows the FT-IR spectrum of poly(vinylphosphonic acid-
co-methacrylic acid). The broad band at approximately 3500 cm™!
was attributed to OH single vibrations. Bands resulting from methy-
lene C—H stretching vibrations were observed at approximately
2941 cm~!. Astrong band at 1760 cm~! resulted from C=0 stretch-
ing vibrations in MMA, and the other band at 1740 cm~! resulted
from C=O stretching vibrations in PEGDA. In general, the intense
C=0 stretching vibration of an ester occurs at a shorter wavelength
than that of a normal carboxylic acid [18]. Therefore, the peak at
1760cm~! decreased with increasing VPA concentration, which
decreases the MMA concentration while the amount of PEGDA was
fixed. The strong band at 1194 cm~! was ascribed to the stretch-
ing vibrations of P=0, and the absorption band at 965 cm~! was
ascribed to the P—OH stretching band. The peaks at 1194 cm™!
and 965cm~! did not appeared in VMP00-3 and the peak inten-
sities increased as the increase in the content of VPA [18,19]. The
FT-IR results provided strong evidence that poly(vinylphosphonic
acid-co-methacrylic acid) was successfully synthesized.

3.3. Thermal analysis

The thermal stability of the synthesized microbeads was estab-
lished by TGA. Fig. 4 shows the TGA thermograms of the microbeads
prepared with different concentrations of the crosslinking agent.
Their first weight loss at approximately 100 °C resulted from mois-
ture loss, and the second weight loss in the range of 260-400 °C was
caused by the decomposition of —COOH and —PO3H; in the branch.
Therefore, the magnitude of the second weight loss decreased with
increasing concentration of the crosslinking agent with a conse-
quential decrease in the concentrations of the monomers. The third
weight loss above 400 °C was caused by the decomposition of the
polymer network. Hence, the microbeads synthesized in this study
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Fig. 3. FT-IR spectra of poly(vinylphosphonic acid-co-methacrylic acid) microbeads.

were thermally stable at temperatures up to 260 °C. The presence
of VPA exhibited no effect on the observed weight loss.

3.4. SEM-EDS

For morphological evaluations, micrographs of the microbeads
with different components were obtained and are presented in
Fig. 5. The microbeads were wrinkled spheres, irrespective of the
components, and their sizes ranged from 100 to 200 p.m. No differ-
ences in the bead sizes were observed by varying the VPA content.
In general, the particle size is directly proportional to the container
diameter, the viscosity of the droplet phase, the ratio of the droplet
phase to the suspension medium and the internal tension between
the two immiscible phases. The particle size is inversely propor-
tional to the stirrer diameter, the stirring rate, the viscosity of the
suspension medium and the stabilizer concentration [20,21].

Table 2 shows the proportions of carbon, oxygen and phos-
phorous in the samples. The phosphorus content in the VMP02-3,
VMPO05-3, VMP07-3 and VMP10-3 samples was determined to
be 1.00%, 1.96%, 2.68% and 3.76%, respectively, from the EDS
data. Based on the monomers used in the polymerization, the
phosphorous content should have been 4.10%, 7.96%, 11.60% and
15.04%, respectively. Therefore, the extent of the conversion of VPA
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Fig. 4. TGA curves of the synthesized microbeads with different crosslinking-agent
concentrations.

radicals was lower than that of the other monomers. Similar results
are shown in Section 3.1.

3.5. Ion-exchange capacity (IEC)

The IEC provides an indication of the acid group content in the
microbeads. The experimental IEC values are given in Fig. 6. The IEC
values increased as the VPA concentration decreased, which was
accompanied by a consequential increase in MAA concentration.
These results indicated that numerous sodium ions adsorbed onto
the —COOH functional group rather than onto the —PO3H, group
and that the degree of conversion of VPA was lower than that of
MAA and PEGDA. Similar results are shown in Fig. 2 and Table 2.
However, the IEC decreased as the concentration of the crosslink-
ing agent increased because the increasing amounts of crosslinking
agent resulted in a corresponding decrease in the concentration of
the monomers, which contain the functional groups.

3.6. Water uptake

Hydrophilicity and crosslinking ratios were the factors deter-
mined to affect the water uptake of the hydrophilic polymers [22].
The water uptake occurred when the microbeads were placed in
an aqueous medium because the chemicals used in this study were
hydrophilic. The water uptake values are given in Fig. 7. The water
uptake was proportional to the VPA content inversely proportional

Table 2
Elemental analysis data obtained from EDS.

Sample code Carbon (%) Oxygen (%) Phosphorus (%)
VMP00-3 60.12 39.88 0.00
VMP02-3 58.53 40.17 1.30
VMP05-3 57.53 40.51 1.96
VMPO07-3 56.78 40.54 2.68
VMP10-3 55.33 40.91 3.76
VMP00-4 59.91 40.09 0.00
VMP02-4 58.70 40.22 1.08
VMPO05-4 57.86 40.37 1.77
VMPO07-4 56.89 40.55 2.56
VMP10-4 56.11 40.68 3.21
VMPO00-5 60.14 39.86 0.00
VMP02-5 59.26 40.03 0.71
VMPO05-5 58.35 40.32 133
VMPO7-5 57.22 40.51 227
VMP10-5 56.30 40.73 297
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Fig. 5. SEM photographs of microbeads with different VPA contents.

to the amount of the crosslinking agent. This is because the water
uptake is affected by hydrophilicity and the hydrophilicity of VPA
is greater than that of MAA. Additionally, the increase in the con-
centration of crosslinking agent and the resultant increase in the
crosslinking density prevent the water from accessing the inside
of the microbeads. An increase in water uptake is an unavoidable
result because an increase in IEC leads to an increase in water
uptake, but too large an increase reduces the durability of the
microbeads. Thus itis important to maintain a proper water uptake.
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Fig. 6. The effect of VPA content and crosslinking-agent concentration on the ion-
exchange capacity.

3.7. Indium adsorption isotherms

The adsorption of In (III) ions onto the synthesized microbeads is
given in Fig. 8. As shown in Fig. 8, the indium adsorption is thought
to be a chemisorption between the metal ion and three O~ in VPA
and MAA by the chelate effect. To analyze adsorption behavior, the
adsorption isotherms and thermodynamics were investigated.

The equilibrium adsorption isotherm indicates the interactions
between the adsorbents and solutes when the adsorption process

120
© 30 wt% PEGDA
L x40 wt% PEGDA {
9 4 50 wt% PEGDA
s 100} ¢ i X
g ¢
8
E X
© 80
= 1
60 1 1 1 1 1 1 1 1 1
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VPA content

Fig. 7. The effect of VPA content and crosslinking-agent concentration on water
uptake.
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Fig. 8. An adsorption mechanism for adsorption of indium onto the microbeads.

reaches equilibrium. Isotherm experiments on the adsorption of
indium onto microbeads are commonly fit to both the Langmuir
and Freundlich models [23-27]:

Ce 1 Ce

Ce _ 4+ 5
e (KLgm) =~ qm )
e = KeCY/" (6)

where C. is the equilibrium concentration (mmol/L), ge is the
adsorption capacity at equilibrium (mmol/g resin) and g, is the
maximum amount of solute exchanged per gram of microbeads
(mmol/g resin); K and Kg are the Langmuir and Freundlich con-
stants, respectively, which are related to the adsorption capacity,
and n is a constant to be determined. A basic assumption of the
Langmuir model is that the adsorption takes place at specific,
homogeneous sites in the adsorbent; hence, it is confined to a
mono-layer of adsorption whereas the Freundlich model deals
with equilibrium on a heterogeneous surface where the adsorp-
tion energy is not homogeneous for all adsorption sites. Hence the
Freundlich model can be applied to multi-layer adsorption.

The experimental adsorption isotherms of the microbeads are
shown in Fig. 9 and all constants obtained from the experimental
data in Fig. 9 are listed in Table 3. The Langmuir and Freundlich
models calculated from the data in Table 3 are also illustrated in
Fig. 9. The Langmuir constants, such as K| and g, were obtained
by the linear plot of Ce/ge versus Ce from Eq. (5), and the Freundlich
constants, such as Kr and n, were determined with the plot of log
ge versus log Ce from Eq. (6). As shown in Fig. 9, the experimen-
tal data corresponded better to the Langmuir model; therefore the
adsorption behavior of indium onto the synthesized microbeads is
considered to be the adsorption onto mono-layer.

Sample VMPO05-3 exhibited the greatest adsorption. As the
mole ratio of VPA increased, the number of —PO3H groups, which
strongly affects indium adsorption, increased slightly. However, the
number of —COOH groups decreased dramatically because of the
VPA conversion and the synthetic yields. These results explain why
the degree of indium adsorption decreased in samples VMP07-3
and VMP10-3 and are in accordance with the data in Table 3. The

Table 3
Isotherm constants for the adsorption of indium onto the microbeads.

Sample code Langmuir model Freundlich model

K Im R? Ke n R?
VMP00-3 469 0.53 0.997 0.41 3.23 0.945
VMP02-3 491 0.65 0.997 0.44 3.10 0.926
VMP05-3 524 0.70 0.998 0.49 3.07 0.966
VMP07-3 2.75 0.63 0.994 0.40 2.82 0.973
VMP10-3 3.72 0.47 0.995 0.33 3.39 0.977

Table 4

Thermodynamic parameters for indium ion adsorption onto VMP05-3.
Temperature (K) AG® (kJ/mol) AH° (k]/mol) AS° (J/mol K)
298.15 -6.9 —48.18 —138.84
308.15 -5.2
318.15 -4.1

maximum value of g, the maximum amount of solute exchanged
per gram of microbead, was attained at a 50% mol ratio of VPA.

3.8. Thermodynamics of indium adsorption

The thermodynamic parameters such as the standard Gibbs
free energy (AG°), standard enthalpy change (AH°) and standard
entropy change (AS°) must be considered to determine the spon-
taneity of the adsorption process [28-30]. These parameters can be
calculated from the following Eqs. (7)-(9):

AG® = —RTInK°® (7)
. ASS AHP
Ik = = - = (8)

where R, T and K° are the universal gas constant, temperature in
Kelvin and thermodynamic equilibrium constant for the adsorption
process.

The thermodynamic equilibrium constant K° can be obtained
from the following equation for the distribution adsorption coeffi-
cient Ky [28]:

G-C V

Ka Ce m

(9)

where Cj is the initial concentration (mmol/L), Ce is the equilibrium
concentration (mmol/L), Vis the volume (L) of the solution and m is
the sorbent weight (g). The thermodynamic equilibrium constant
K° can be determined by plotting In K; versus C. and extrapolating
to a Ce of zero. AH® and AS° can be obtained from the slope and
intercept, respectively, of the linear plot of In K° versus 1/T.

The thermodynamic parameters for VMP05-3, which had the
highest g, were calculated. The value for In K° was obtained from
the intercept of the linear plot of In Ky versus Ce, and its plot
versus. 1/T is given in Fig. 10. The standard enthalpy and entropy
changes were calculated from the slope and intercept of this plot.
The thermodynamic parameters calculated from Eqs. (7)-(9) are
listed in Table 4. The negative values of standard Gibbs free energy
at the different temperatures indicate spontaneous processes and
the decrease in the values of AG® with increasing temperature
reveals that the adsorption process was less favorable at higher
temperatures. The negative enthalpy change (AH°) shows that the
adsorption of indium ion onto the synthesized microbeads is an
exothermic process. The values for AH° being between 40 and
120KkJ/mol indicated chemisorption, which has higher values than
physisorption [31], and thus these values reveal that the adsorp-
tion is chemisorption. The negative entropy change (AS°) reflects
the decreasing randomness at the solid/liquid interface during the
adsorption process.

3.9. Effect of pH on indium adsorption

The pH of the aqueous solution is an important parameter in the
adsorption process. The influence of pH on the indium adsorption
of VMPO05-3 was investigated by varying the pH, and the results
are given in Fig. 11. The amount of indium adsorbed per gram of
microbeads increased rapidly as the pH increased to a pH of 6 and
thereafter remained approximately 0.7 mmol/g. The decrease in the
amount of indium adsorbed at lower pH values (<6.0) resulted from
the higher concentration of H* ions competing with the In3* ions
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at 298.15, 308.15 and 318.15K. Fig. 11. The effect of pH on indium adsorption onto the microbeads.
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for the adsorption sites of the microbeads. In contrast, the indium
adsorption was constant at higher pH values (>6.0) because the
In3* ions were not competing with H* ions due to their lower con-
centrations [32].

4. Conclusions

Microbeads were synthesized by suspension polymerization
using 5 monomer ratios and 3 crosslinking-agent concentrations,
and their adsorption properties were investigated. The structures
of the microbeads were confirmed by FT-IR, and the size of the
microbeads was confirmed to be 100-200 p.m by SEM analysis. The
synthetic yields decreased with increasing VPA content resulting
from a lower conversion of VPA than for the other monomers as
determined by EDS analysis.

TGA analysis confirmed that the functional groups —COOH and
—PO3H,, which are responsible for the ion-exchange capability of
the microbeads, are thermally stable at temperatures up to 260 °C;
the crosslinking structure was destroyed at temperatures above
400°C. Therefore, the microbeads synthesized in this study are
suitable for use in applications at temperatures up to 260 °C.

The water uptake was proportional to the VPA content, and the
IEC was inversely proportional to the VPA content. However, the
amount of indium adsorbed was highest at a 50% mole ratio of
VPA because of the conversion of VPA and the synthetic yields.
Moreover, the water uptake and IEC were superior at lower con-
centrations of crosslinking agent. However, the microbeads did
not form with a crosslinking-agent concentration of 20 wt%. We
determined that the optimum conditions for the preparation of the
microbeads were 30 wt% crosslinking agent and a 5:5 mol ratio of
the monomers.

Under the optimum conditions, the adsorption capacity of
indium was 0.70 mmol/g resin, the water uptake was 101% and
the synthetic yield was 75%. The thermodynamic parameters (AG®,
AH° and AS°) were calculated from the temperature dependent
adsorption isotherms and indicate that the adsorption was sponta-
neous and endothermic.
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