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ABSTRACT: Maleic anhydride-octene-styrene terpolymer
has been modified with allylic alcohol and methylmethacry-
late to prepare a new crosslinked functional polymer sorbent.
The sorption behaviors of uranyl ions on the optimum sorp-
tion conditions were determined. The synthesized cross-
linked polymer sorbent has a network structure and contains
carboxylic acid, carbonyl, and ester groups, all of which are
capable of interacting with metal ions. The maximum experi-
mental sorption capacity of the sorbent for uranyl ions has

been measured as 1.25 mmol g�1. Langmuir and Freundlich
isotherm constants and correlation coefficients for the present
system have been calculated and compared. Uranyl ions are
desorbed from the sorbent by treatment with hydrocholric
and nitric acids at various concentrations. VC 2010 Wiley Periodi-
cals, Inc. J Appl Polym Sci 118: 3570–3575, 2010
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INTRODUCTION

Uranium is a potential environmental pollutant,
especially in mining industry wastewater, and the
migration of uranium in Nature is important in this
context. In view of the anticipated exhaustion of ter-
restrial uranium reserves in the near future, research
has been directed toward the recovery of uranium
from nonconventional sources, such as coal and nat-
ural water.1 Many types adsorbents have been
developed and studied for the recovery and removal
of uranium from aqueous media. Immobilized silox-
ane polymers have been used as sorbents for the
sorption uranyl and other heavy metal ions from
aqueous solutions.2,3 Sorbents have contained amine,
carboxylic acid, phosphinic acid, and other func-
tional groups. Sorption can be explained in terms of
complexing of metal ions with the functional groups
of the sorbent. The extraction of uranyl ions by
structured hydrogels composed of acrylamide-maleic
acid and acrylamide –acrylic acid systems has been
studied.4,5 The sorption of uranyl ions on modified
chitosan resins has been studied by atomic absorp-
tion spectroscopy,6,7 whereby the sorption degree
was found to be 90–93%. The sorption of urany ions
on polyethylene glycol-methylacrylic acid hydrogels
has been compared with that on polymethylacrylic
acid homopolymer.8 The effect of uranyl ion concen-

tration on the sorption efficiency of the hydrogels
was demonstrated. A new kind of copolymeric
hydrogel adsorbent containing hydrophilic groups
that provided both swelling in water and chelation
of uranyl ions has been synthesized, and its adsorp-
tive ability for recovering uranium from aqueous
media was investigated.9 The uranyl adsorption
capacities of poly (2-hydroxyethyl methacrylate/
maleic acid) hydrogels were determined by a polaro-
graphic technique to be 3.2–4.8 mg UO2þ

2 =g dry gel
from a 15 ppm uranyl nitrate solution at pH 6,
depending on the molar content of maleic acid in
the hydrogel. Polyelectrolyte N-vinyl-2-pyrrolidone-
g-tartaric acid hydrogels have been prepared and
the effect of external stimuli, such as the solution
pH, ionic strength and temperature, on uranyl
adsorption by these hydrogels was investigated.10

Uranyl adsorption capacites of the hydrogels were
determined to be 53.2–72.2 mg UO2þ

2 =g dry gel at
pH 1.8 and 36.3–60.7 mg UO2þ

2 =g dry gel at pH 3.8.
The interaction of uranyl ions with interpenetrating
polymer networks based on amidoximated poly
(acrylonitrile)poly(vinyl-2-pyrrolidone) has also been
examined.11 The adsorption capacity of hydrogels,
the adsorption kinetics and the effect of temperature
on uranyl ion adsorption were investigated. Thermo-
dynamic quantities and kinetic parameters were cal-
culated from the adsorption isotherm data. The
adsorption enthalpy, entropy, and free energy of the
uranyl ion with hydrogels were calculated on the ba-
sis of thermodynamic relationships. The sorption
of uranyl ions on acrylonitrile copolymers modified
by NH2OH, NaOH, and NH2NH2�HCl has been
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investigated.12 Sorption can be explained in terms
complexing of uranyl ions with the functional
groups of the sorbent. A water-soluble polymer of
acrylic acid has also been used for the sorption of
uranyl and other heavy metal ions.13

In this work the sorption of uranyl ions on a syn-
thetic sorbent based on a maleic anhydride-octene-
styrene terpolymer has been investigated. The ana-
lytical characteristics of the sorbent, such as pH,
sorption degree, and sorption capacity have been
established and the optimum sorption conditions
have been determined.

EXPERIMENTAL

Materials and methods

All chemicals used were of analytical reagent grade.
Maleic Anhydride (MA) was purified before use by
recrystallization from benzene and by sublimation
under vacuum. Octene-1 (OC), styrene (St), allyl
alcohol (AA), and methylmethacrylate (MMA) were
distilled before use and had the following character-
istics: OC : b.p. 121–122�C; St : b.p. 144–145�C, AA :
b.p. 97�C and MMA : b.p. 100�C. Azobisisobutyroni-
trile (AIBN) was purified by recrystallization from
ethanol. The sulfate salt was used for the prepara-
tion of a stock solution of uranyl ions. A pH-meter
(model ‘‘Water Quality Checker U-10) was used for
pH measurements. Infrared spectra of allylic ester
films and sorbent were recorded in the range 450–
4000 cm�1 using a Varian 3600 FTIR spectrometer.
1H NMR spectra of the terpolymer were recorded on
a spectrometer Bruker AC-300 (300 MHz). The sor-
bent degree and sorption capacity of the sorbent
were calculated by the following equations:

Sorption degree ¼ ðC0 � CeÞ
C0

� 100%

Sorption capacity ¼ ðC0 � CeÞ � Vsol

msorb

Where C0 and Ce (mmol L�1) are initial and equilib-
rium concentrations of uranyl ions solutions, respec-
tively, Vsol (L) is the volume of the uranyl solution
submitted to sorption, and msorb(g) is the weight of
sorbent. The optimum sorption conditions like pH of
media, weight of sorbent and initial concentration of
uranyl ions has been determined using batch equili-
briation technique at statical conditions. Dried sam-
ples of sorbent were placed in 40 mL of uranyl solu-
tion in a 100 mL single-necked round flack and left
for 24 h at 25�C. Then the sorbent filtered out and
the concentration of the remaining uranyl ions were
determined. Uranyl ion concentrations were deter-
mined according to change in 235U-isotope activity,
which was determined from peak at 185.7 KeV in

the gamma-spectra of the uranyl solutions (gamma –
spectrometer ‘‘Canberra’’ with an HPGe germanium
detector).

PREPARATION OF THE CROSSLINKED
TERPOLYMER

The sorbent has been prepared by consecutive reac-
tions, which was illustrated on the Scheme 1.

Synthesis of maleic anhydride-octene-styrene
terpolymer

Maleic anhydride-octene-styrene terpolymer (TPL)
was synthesized by free- radical terpolymerisation in
acetic anhydride (Ac2O) solution in the presence of
AIBN as an initiator. AIBN (50 mg), MA (9.8 g), OC
(5.6 g, 7.8 mL) and St (5.2 g, 5.7 mL), (molar ratio
MA/OC/St ¼ 2 : 1 : 1) were dissolved in Ac2O (30
mL). After heating the mixture at 70�C for 1 h the
polymer precipitated in ethanol and dried at 40�C in a
vacuo (72.6% yield). The monomer contents were
determined by chemical analysis and the 1H NMR –
spectrum. It was established that the molar contents
of MA, OC, and St in the terpolymer were 51.2, 18.0,
and 30.8 mol %, respectively. The intrinsic viscosity
0.65 dl g�1 (methyl ethyl ketone, 20�C).

Preparation of TPL monoallyl ester

Monoallylic ester of TPL (MeTPL) was prepared by
following technique: TPL (8.2 g) and AA (3.5 g, 4.1
mL) were dissolved in methylcyclohexanone (25 mL)
and heated at 80�C for 3 h. The MeTPL precipitated
in heptane and dried at 40�C in a vacuo. Double
bond of allylic group was identificated by IR spectra
(916 and 1636 cm�1).

Copolymerisation of the MeTPL with MMA

A mixture of MeTPL (5.3 g), MMA (3.0 g, 3.2 mL),
and AIBN (0.166 g, 2%) was heated at 80�C for 3 h.
The obtained crosslinked polymer was then washed
repeatedly with chloroform to remove of residual
MMA and poly-MMA. The sorbent was dried in
vacuum at 30�C.

RESULT AND DISCUSSION

Characterization of the crosslinked polymer

The prepared crosslinked polymer proved to be in-
soluble in water and organic solvents. The cross-
linked terpolymer has a network structure and con-
tains various functional groups (ACOOH, AOCO,
¼¼CO). Figure 1 shows FTIR spectra of synthesized
sorbent. It shows clearly that the characteristic peak
at 3419 cm�1 the strong and broad absorption band
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of stretching vibration of hydroxyl group of carbox-
ylic acid. The peaks 1112 and 1043 cm�1 are related
to asymmetry and symmetry vibrations of CAOAC,

respectively. It is very important that the absorption
band peaking at 1637 cm�1 corresponds to structure
characteristic of carbonyl group. The absorption

Figure 1 FTIR spectra of sorbent.

Scheme 1 Synthetic pathway used to obtain crosslinked terpolymer.
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peaks at 2933 cm�1 belong to the stretching vibration
of CAH bonds of octene-1 units. Overall, it can be
deduced logically that the TPL, modified by allyl
alcohol and MMA has definitely crosslinked struc-
ture. In the complexation, which is associated with
sorption, depending on the sorption conditions,
carboxylic acid, ester, and carbonyl groups can
participate.

Effect of the pH medium

Figure 2 shows the sorption degree for uranyl ions
as a function of pH using the prepared sorbent. The
results indicate that the sorption process is most
favorable at pH 5–6. As is evident from the values
obtained for a strongly acidic medium (pH 1–2) ura-
nyl ion sorption proceeds only very slowly (sorption
degree 1–20%), which may be ascribed to the equi-
librium being displaced toward desorption owing to
replacement of uranyl ions by hydrogen ions on the
one hand, and blocking of sorbent coordination cen-

ters by hydrogen ions on the other. As the acidity is
decreased, the sorption degree increases and reaches
maximum at pH 5–6 (72–77%). At higher pH (pH
8–11) the percentage removal of uranyl ions
decreases owing to formation of insoluble UO2(OH)2
and hydrolysis of uranyl ions forming complex

hydroxy anions, such as UO2ðOHÞ�3 , UO2ðOHÞ2�4 ,

ðUO2Þ3ðOHÞ�7 , ðUO2Þ3ðOHÞ2�8 , ðUO2Þ3ðOHÞ4�10 and

ðUO2Þ3ðOHÞ5�11 . Formation of products of hydrolysis
of uranyl ions has been studied by Nguyen Trung
and et al.14

Effect of sorbent weight

Figure 3 shows the dependence of sorption degree
on sorbent weight. The sorbent weight was varied
from 0.01 up to 0.175 g at a concentration of uranyl
ions of 2.94 mmol L�1 and pH 6. Application of a

Figure 2 Effect of pH on the sorption of uranyl ions (C0

¼ 0.98 mmol L�1,Vsol ¼ 0.04 L, msorb ¼ 0.05 g, 25�C, 24 h).

Figure 3 Effect of sorbent weight on the sorption of ura-
nyl ions (C0 ¼ 2.94 mmol L�1, Vsol ¼ 0.04 L, pH 6, 25�C,
24 h).

Figure 4 Adsorption isotherm of sorbent (pH 6, Vsol ¼
0.04 L, msorb ¼ 0.05 g, 25�C, 24 h). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 5 Langmuir plot for sorption of uranyl ions.
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more concentrated solution is associated with pro-
viding the capacity for maximum sorption with
rather large amount of sorbent. From Figure 3, it can
be seen that with increasing of sorbent weight the
sorption degree increases and reaches 85% at 0.15–
0.175 g of sorbent. The results indicate that near-
complete extraction of uranyl ions from more con-
centrated solutions under static conditions, a rather
large quantity of sorbent is required.

Adsorption isotherm of sorbent

The metal uptake mechanism is dependent on the
initial heavy metal concentration: at low concentra-
tions metals are adsorbed at specific sites, whereas
with increasing of metal ion concentration the spe-
cific sites are saturated and the exchange sites are
filled.15 Figure 4 shows the adsorption isotherm of
uranyl ions by synthesized sorbent at 25�C. The ex-
perimental results show that the equilibrium adsorp-
tion capacity of sorbent increases rapidly with the
increasing of equilibrium concentration of uranyl
ions. However, when the uranyl ion concentration
increased to a certain extent, the increasing trend of
adsorption capacity became slower. We can con-
clude that the maximum equilibrium adsorption

capacity of sorbent toward to uranyl ions is 1.25
mmol g�1. Figure 4 also shows that in the studied
interval of concentration of uranyl ions the adsorp-
tion process occurs on a monomolecular layer and is
described by Langmuir model. But, it is possibly
that at higher concentration of uranyl ions character
of adsorption can vary and experimental value of
the sorption capacity will differ from its limiting
value found on dependence Ce/qe ¼ f(Ce).

Langmuir and Freundlich models

The adsorption isotherm can be approximately
expressed as a mathematical equation when it obeys
an adsorption model. In other words, it is possible
that the correlation between equilibrium concentra-
tion (Ce), obtained from experiments and the equilib-
rium adsorption capacity (qe) would accord with cer-
tain mathematical formula. Actually, the Langmuir
equation and Freundlich equation are the most usual
calculation formula for experimental data of liquid
phase adsorption if the sorption of solvent is
neglected. The verification of linear relationship by
substituting the experimental data into eq. (1) is the
way to estimate whether they truely obey Langmuir
model

Ce=qe ¼ 1=KLqmax þ Ce=qmax (1)

where Ce (mmol L�1) is the equilibrium concentra-
tion of metal ions in the solution, qe (mmol g�1) the
equilibrium adsorption capacity of metal ion on

Figure 6 Freundlich plot for sorption of uranyl ions.

TABLE I
Langmuir and Freundlich Sorption Constants Obtained
from the Langmuir and Freundlich Sorption Isotherms at

25�C

Langmuir constants
Freundlich
constants

qmax (mmol g�1) KL(L mol�1) R2 KF n R2

1.35 5.94 0.998 1.59 1.81 0.982

Scheme 2 Probable complexation modes of uranyl ions with carboxylic acid and carbonyl groups of the sorbent.
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sorbent, qmax(mmol g�1) the saturated (maximum)
capacity, KL is a Langmuir constant. In the same
way, the confirmation of linear relationship of eq. (2)
substitution method is the way to evaluate whether
the experimental data fit the Freundlich model.

log qe ¼ log KF þ ð1=nÞ log Ce (2)

where, KF and n are the adsorption constants.
The linear plot of specific sorption (Ce/qe) versus

equilibrium concentration of uranyl ions in solution
(Ce) and the logarithmic plot of the Freundlich equa-
tion for the equilibrium adsorption capacity (log qe)
and equilibrium concentration (log Ce) are given in
Figures 5 and 6, respectively. The values of qmax, KL,
KF, and n were calculated from the slope and inter-
sept of the plots and are shown in Table I. The
obtained values of parameters of the Langmuir
equation specify high enough sorption activity of the
synthesized sorbent toward to uranyl ions.The high
value of KL (5.94) is connected probably with uranyl
ions strong attraction on the sorbent surface owing
to chemical interaction uranyl ions with functional
groups of sorbent chelate center. The most probable
complexation mode of uranyl ions with polymer sor-
bent is presented in the following Scheme 2.

From Table I, n ¼ 1.81 and (1/n) ¼ 0.552 that sat-
isfies requirement of the Freundlich equation (in
usual 0 < (1/n) < 1). It means that the sorption pro-
cess in the investigated interval concentration of the
uranyl ions is enough described by Freundlich
model.

Desorption of uranyl ions from the sorbent

After the sorption experiments, the sorbent was col-
lected by filtration and washed with deionized
water. The treated sorbent was placed in distilled
water, hydrochloric and nitric acids of various con-
centrations were added, and the mixtures were left
for 24 h. The results are given in Table II. As can be
seen from Table II, migration of uranyl ions to the
neutral aqueous medium was practically unobserv-

able (R ¼ 2.4%), whereas nearly full extraction of
uranyl ions from the sorbent took place in 20% aque-
ous HCl and HNO3 solutions. The results further
confirmed the above-stated assumption that in
strongly acidic media sorption–desorption equilib-
rium is displaced to the desorption side.

CONCLUSIONS

The preparation, characterization, and application of
a crosslinked maleic anhydride-octene-styrene ter-
polymer containing various functional groups have
been elaborated. The new sorbent has been used for
the removal of uranyl ions from aqueous solutions.
The sorption properties of the sorbent have been
determined under different conditions by varying
the pH of medium, the weight of sorbent and the
initial concentration of uranyl ions. Sorption iso-
therms of uranyl ions on the prepared polymer sor-
bent have been measured and the equilibrium data
fitted well to the Langmuir and Freundlich isotherm
models. Using 20% aqueous solutions of HCl and
HNO3 the feasibility of regeneration of the prepared
polymer sorbent has been demonstrated. This study
has provided the theoretical basis for sorbent syn-
thesized on the basis TPL, to be applied in adsorp-
tion systems, such as wastewater treatment, ion
exchange, etc.
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TABLE II
Desorption Degree (R) at Various Concentrations of HCI

and HNO3 (msorb 5 0.05 g, 25�C, 24 h)

Concentration
of HCl or
HNO3 (%) 0 5 10 15 20 25

R (%) HCl 2.4 52.8 62.3 88.9 92.5 93.5
HNO3 2.4 14.1 34.1 51.7 90.5 95.9

SORPTION OF URANYL IONS FROM AQUEOUS SOLUTIONS 3575

Journal of Applied Polymer Science DOI 10.1002/app


