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(Received January 10, 2009; accepted in final form June 16, 2009)

Uranium(VI) ion / Adsorption / Methacrylic acid /
Isotherm / Kinetic equations

Summary. In this study, densely crosslinked poly(metha-
crylic acid) was used to adsorb uranium(VI) ions from
aqueous solution. For this purpose, the crosslinked copolymer
of ethylene glycol dimethacrylate (EGDM) and methacrylic
acid (MA) containing 25% (w/w) methacrylic acid (MA) was
synthesized by using dibenzoyl peroxide-N ,N-dimethylaniline
(BPO-DMA) initiator system at room temperature. The ad-
sorption of uranium(VI) ions on the copolymer sample (0.02 g
copolymer/5 mL solution of U(VI) ions) was carried out in
a batch reactor. The parameters which effect the uranium ad-
sorption process, such as, contact time, pH of solution, initial
uranium(VI) concentration and temperature were investigated.
It was observed that an increase in these parameters enhanced
the removal of U(VI) ions from aqueous solution. The ad-
sorption data were modelled by the Freundlich, Langmuir
and Dubinin–Radushkevich (D–R) isotherms. The adsorp-
tion capacity of the crosslinked copolymer and free energy
change were calculated by using D–R isotherms. Thermo-
dynamic parameters (∆H◦, ∆S◦ and ∆G◦) were determined
for the adsorption of U(VI) ions from aqueous solutions
by the crosslinked copolymer bearing methacrylic acid func-
tional groups. Experimental adsorption data were analyzed
using sorption kinetic models of the pseudo-first order and
pseudo-second order kinetic models. It was observed that
pseudo-second order kinetic model provided a high goodness
of fit with experimental data for the adsorption of U(VI)
ions on the crosslinked copolymer bearing methacrylic acid
functional groups. The densely crosslinked poly(methacrylic
acid) might be of interest in large scale uranium removals
from aqueous solution, since it had high uranyl sorption
capacities ranging from 0.16 to 2.37 mmol/g copolymer at
pH 2.7 (293 K).

1. Introduction

Uranium and its compounds like other toxic or radioactive
metals are highly toxic causing progressive or irreversible
renal injury, and in acute cases, may lead to kidney failure
and dead [1–9]. It was reported that the tolerable daily in-
take of uranium is 0.6 µg/kg of body weight per day [9, 10].

*Author for correspondence (E-mail: ozeroglu@istanbul.edu.tr).

Therefore, there is a need for removal/separation of toxic
or radioactive metal ions from aqueous waste solutions or
wastes by using organic and inorganic adsorbents. Chemical
precipitation, ion exchange, solvent extraction and sorption
on the solid are the commonly used methods for the removal
of toxic or radioactive metal ions from waste solutions or
wastes [9, 11–16]. It is also known that the use of poly-
meric adsorbents has advantages for controlling adsorption
capacity and may present selective adsorption of metal ions
from waste solutions [17–21]. Therefore, in the previous
studies, polymers or polymer networks having functional
groups, such as, amidoxime, phosphorous acid, methacrylic
and iminoacetic acids and hydroxamic acid have been used
to remove the metal ions from the waste solutions. Ethylene
glycol dimethacrylate has been chosen deliberately, due to
reasonably high hydrolytic stability of the ester linkage. Ob-
viously, any functional vinyl monomer can be preferred as
the crosslinker. However, copolimerizability of dimethacry-
late units of this compound with methacrylic acid is known
to be better achieved than those of other crosslinkers such
as divinyl benzene. Methacrylic acid has been chosen as
chelating compound because of its well-known chelating
ability with uranium as mentioned previously [22, 23]. The
mechanism of adsorption involves chemical reaction be-
tween functional groups on the adsorbents and the metal
ions or mass-transport processes, such as, transport in bulk
of the liquid phase, diffusion across the liquid film sur-
rounding the solid particles and diffusion in macropores or
micropores. By using inorganic or polymeric adsorbents, ad-
sorption isotherms and adsorption kinetics have been studied
to determine the constants of adsorption isotherms and of
the kinetic equations [1, 24–29]. It has been commonly ob-
served that the adsorption rate is very rapid at the beginning
of process, then it gets slower as described by first or second
order kinetic reactions and sometimes by two or three order
kinetics [1, 26–29].

The main objective of this work is to study the feasibility
of uranium adsorption on the crosslinked copolymer bear-
ing methacrylic acid functional groups from aqueous solu-
tions. The uranium(VI) adsorption by using batch method
was analyzed as a function of the following parameters: con-
tact time, pH of solution, initial uranium(VI) concentration
and temperature. U(VI) uptake experiments were performed
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in non-buffered conditions in which pH = 2.7–2.8, except
for the effect of pH on the adsorption of U(VI) ions on
the crosslinked copolymer bearing methacrylic acid func-
tional groups. It was observed that an increase in these
parameters enhanced the removal of U(VI) ions from aque-
ous solutions. The adsorption features were evaluated on
the basis of adsorption parameters derived from the com-
patibility of adsorption isotherms to the Freundlich, Lang-
muir and Dubinin–Radushkevich (D–R) models. The ad-
sorption capacity of the crosslinked copolymer, free en-
ergy change and thermodynamic parameters (∆H ◦, ∆S◦

and ∆G◦) were also calculated. This study also compares
the suitability of several kinetics models for describing the
adsorption of U(VI) ions on the crosslinked copolymer
bearing methacrylic acid functional groups. The adsorp-
tion rate constants for the removal of U(VI) ions on the
crosslinked copolymer from aqueous solution were calcu-
lated using the pseudo-first order and pseudo-second order
kinetic models [1, 24–29].

2. Experimental

2.1 Reagent

Ethylene glycol dimethacrylate (Merck), methacrylic acid
(Merck), N,N-dimethyl aniline (Fluka), dibenzoyl peroxide
paste in dibutyl phthalate (Lucidol BT-50, Akzo Nobel) and
uranium nitrate hexahydrate (Merck) were used without fur-
ther treatment, and hereafter, noted as EGDM, MA, DMA,
BPO and U(VI), respectively.

2.2 The synthesis of crosslinked copolymer

Polymers bearing carboxylate functional groups, such as,
methacrylic acid or imino acetic acid were synthesized for
metal uptakes from solutions, using different initiator sys-
tem [19–24]. Peroxide and hydroperoxide can be used for
free radical polymerization or copolymerization reactions.
Decomposition of an organic peroxide or hydroperoxide is
accomplished either thermally or by the addition of chem-
ical reducing agents. Tertiary amines are used as promot-
ers or copromoters for polymerization reactions especially

Fig. 1. FT IR spectrum of copoly-
mer synthesized from EGDM and
MA by using BPO-DMA initiator
system at room temperature.

Scheme 1. The structure of synthesized crosslinked copolymer.

for the systems utilizing benzoyl peroxide or methyl ethyl
ketone peroxide/cobalt octoate initiator systems, respec-
tively [21–23, 30–32]. From this point, we aimed to syn-
thesize an insoluble copolymer bearing carboxylate groups
to use in the adsorption measurements of metal ions from
solutions and dibenzoyl peroxide-N,N-dimethylaniline ini-
tiator system was used to initiate copolymerization of
methacrylic acid and ethylene glycol dimethacrylate at room
temperature.

For this purpose, 75 g EGDM and 25 g MA were
mixed in 250 mL beaker and 2.2 g BPO paste was added
to the this mixture and then the mixture were stirred.
While stirring, 0.2 mL DMA was added to start copoly-
merization of EGDM and MA at the room temperature.
Finally, a crosslinked copolymer given in Scheme 1 was
synthesized.

The structure of crosslinked copolymer was examined
by the FT-IR measurement and the carboxyl content in the
copolymer was determined by the titrimetric method.

The FT IR spectrum of crosslinked copolymer is given
in Fig. 1. In this figure, the broad absorption band observed
in the range of 3200–3500 cm−1 is O−H stretching vibra-
tion in the −COOH group. The C=O of ester is observed
at 1730 cm−1. The bands at 1400 cm−1 and 1460 cm−1 in-
dicate O−H bending and the vibration bending of C−O in
C−O−H plane. CH3 bending of methacrylic acid group also
appears at 1400 cm−1. The C−O−C asymmetric stretching
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in ester groups is observed at the wave number of 1280 cm−1

and 1170 cm−1.
For the titrimetric determination of carboxyl groups in

copolymer, 1 g of copolymer sample was treated with 20 mL
of 2 M NaOH solution for 4 h. Then, it was filtered and three
times washed with 20 mL distilled water to remove excess
NaOH. Then, 0.4 g dried copolymer sample in 10 mL dis-
tilled water was titrated with 0.105 M HCl solution. The
volume of HCl solution at neutralization point was 5.85 mL
and the titration was completed in 30 min. The amount of
carboxyl groups of copolymer was found to be 1.53 mmol/g
copolymer.

2.3 Uranium sorption experiments

The solid polymer was ground into powder for adsorp-
tion experiments and the particles of smaller than 160 µm
of diameter were used in the adsorption measurements of
U(VI) ions. The batch method was used for the adsorp-
tion of uranium ions on the copolymer sample (0.02 g
copolymer/5 mL solution of uranium ions). U(VI) up-
take experiments were performed in non-buffered condi-
tions (pH = 2.7–2.8). The dependence of adsorption on
the uranium concentration (CU(VI) = 1×10−3, 2×10−3,
5×10−3, 1×10−2 and 2×10−2 mol/L), the temperature
(T = 283, 293, 303 and 323 K), the time (t = 1, 3, 6, 10,
15, 30, 45 and 60 min) and pH ranging from 0.5 to 4 was
investigated.

0.02 g polymer sample was immersed in 5 mL U(VI) so-
lution to measure U(VI) sorption on the crosslinked copoly-
mer. The mixture was shaken for 60 min. The samples of
polymer were separated by centrifugation (3500 rpm for
20 min). The uranium sorptions were assigned by monitor-
ing the beta activity of solution with ERG Mullard G-M type
MX123. The percentage (Ads. %) of adsorption, distribution
coefficients (Kd), the concentrations of Ct and Ce and the
amounts of qt and qe were calculated using following rela-
tionships.

Ads. % = Ai − Af

Ai

100 (1)

Kd = Ai − Af

Af

V

m
(2)

qt = (C0 −Ct)
V

m
(3)

qe = (C0 −Ce)
V

m
(4)

Ct = (1−Ads. %/100)C0 (5)

where Ai and Af are the initial and final activity (Bq/cm3) of
solution (mL), C0 is the initial U(VI) concentration (mol/L),
Kd is the batch distribution coefficient, Ct and Ce are the
U(VI) concentrations (mol/L) in solution at time t and at
the equilibrium at t = 60 min, respectively. qt and qe are
the amounts of adsorbed uranium in terms of mmol/g on
the crosslinked copolymer at time t and at equilibrium
(t = 60 min), respectively. V is the volume of U(VI) so-
lution (mL) in the experiment, and m is the amount the
adsorbent (g).

3. Result and discussion

3.1 The effect of concentration

Adsorption of U(VI) ions on the copolymer bearing metha-
crylic acid functional groups has been examined as a func-
tion of U(VI) concentration at different temperatures
(283–323 K) and at constant contact time (t = 60 min). The
results were illustrated in Fig. 2. As seen from Fig. 2, an
increase in the uranium concentration in the adsorption ex-
periments resulted in a decrease in the percentage of the
adsorbed U(VI) ions over the crosslinked copolymer (Fig. 2,
curves 1–4). However, the amount of uranium adsorption
increased (Fig. 2, curves 5–8) with an increasing initial
U(VI) concentration from 1×10−3 to 2×10−2 mol/L, re-
spectively. At the low initial uranium concentrations, there
are available unoccupied carboxyl groups (the number of
available carboxyl groups in 0.02 g crosslinked copolymer,
nCOOH = 0.02 g×1.53 mmol/g = 3.06×10−2 mmol) for the
adsorption of all uranium ions in solution. The reason of the
low binding capacity of the crosslinked copolymer is largely
due to the following equilibrium (Eq. (6)):

P©−COOH+UO2
2+� ( P©−COO)2UO2 +2H+ . (6)

When initial uranium concentration equals to 1×10−3 mol/
L, this equilibrium follows 64.38% percentage of uranium
adsorption at 293 K on the crosslinked poly(methacrylic
acid). The sorption quantities have been estimated by dif-
ferences of the beta activities of uranyl ions in solutions
before and after adsorption (Eq. (1)). It was observed that
when temperature increased, the amount and percentage of
the adsorbed U(VI) ions on the crosslinked copolymer also
increased. This increase might be due to the increased dif-

Fig. 2. The effect of the initial uranium concentration on the per-
centage (T = 10 ◦C (1), 20 ◦C (2), 30 ◦C (3) and 50 ◦C (4)) and the
amount (T = 10 ◦C (5), 20 ◦C (6), 30 ◦C (7) and 50 ◦C (8)) of U(VI)
ions adsorbed on the crosslinked copolymer containing methacrylic
acid functional groups. The contact time is 60 min. The pH range of
initial U(VI) solutions: 2.7–2.8.
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Fig. 3. The loading curves of U(VI) adsorption on the crosslinked
copolymer at different temperatures. T = 283 K ( ), 293 K ( ),
303 K ( ) and 323 K ( ).

fusibility of U(VI) ions on polymer matrix or the ionization
of carboxyl groups by increase temperature.

For adsorption of U(VI) ions on the crosslinked copoly-
mer, the loading curve was constructed by plotting log Kd

values against to log[U(VI)] as illustrated in Fig. 3. The
units of Kd and U(VI) are given in L/g and mol/g, respec-
tively. It would appear that the high distribution coefficient
in dilute solution is due to equilibrium of ion-exchange as
stated above. At the higher temperatures, high Kd values can
be ascribed to increased dissociation of carboxyl groups.

3.1.1 The adsorption isotherms

An isotherm is a functional expression for the variation of
adsorption with concentration to adsorbate in bulk solution
at constant temperature. The models for the uptake pro-
cesses were checked using the Freundlich, the Langmuir and
the D–R isotherm models.

The fitting of adsorption data on the Freundlich adsorp-
tion isotherm was studied at constant temperature of 293 K
using Eq. (7).

qe = KFCnF
e (7)

Where qe is the amount of U(VI) adsorbed at equilibrium
(mol/g) and Ce is the equilibrium solution concentration as
mol/L. nF and KF are the Freundlich adsorption constants.
Fig. 4 shows that the log qe vs. log Ce plot shows a straight
line given in Eq. (8) for the adsorption of U(VI) ions on the
crosslinked copolymer.

log qe = log KF +nF log Ce (8)

The concentration of U(VI) ions was between 2.0×10−2

and 1.0×10−3 mol/L. nF and KF values of the Freundlich
constants were calculated from the slope and intercept of

Fig. 4. Freundlich adsorption isotherm for the adsorption of U(VI)
on the crosslinked copolymer containing methacrylic acid functional
groups at 293 K.

this line and calculated to be 0.798 and 0.090, respec-
tively. The correlation coefficient (R) of the straight line was
found to be 0.999. The slope value of nF (0.798) was lower
than 1. This indicated that heterogeneous adsorption reac-
tion occured. The previous literature results revealed that
if 0 < n < 1, then, the surface of adsorbent was heteroge-
neous [22, 33, 34].

The fitting of adsorption data on the Langmuir adsorption
isotherm was examined and the following linearized Lang-
muir equation was used to describe the equilibrium data:

Ce

qe

= 1

KL

+ b

KL

Ce (9)

where qe is the amount of uranium concentration absorbed
on the crosslinked copolymer at equilibrium (mol/g), Ce is
the equilibrium solution concentration as mol/L, the con-
stants of KL and b are the characteristics of the Langmuir
equation. Fig. 5 shows the plot of Ce/qe vs. Ce indicating
the relationship between the Ce/qe and Ce values was not
linear, implying that the adsorption data did not show a fit-
ting to Langmuir adsorption isotherm. The deviation from
the linearity of Langmuir isotherm could be due to the fact
that these type isotherms have originally been deviated from
the adsorption of gases on adsorption surfaces and thus have
been limitation in the extrapolation to adsorption of other
compounds [22, 35, 36] as in the current study.

It was reported that the D–R isotherm model was ap-
plicable at low concentration ranges and could be used to
describe sorption on both homogeneous and heterogeneous
surfaces. The D–R isotherm model was represented by the
following equation:

qe = qm exp(−Kε2) (10)

where ε is the polany potential given as RT ln(1 + 1/Ce)

(kJ/mol), R is the ideal gas constant (8.314 J/(mol K)), T is



T
h
is
 a
rtic

le
 is
 p
ro
te
c
te
d
 b
y
 G
e
rm

a
n
 c
o
p
y
rig

h
t la

w
. Y

o
u
 m

a
y
 c
o
p
y
 a
n
d
 d
is
trib

u
te
 th

is
 a
rtic

le
 fo

r y
o
u
r p

e
rs
o
n
a
l u

s
e
 o
n
ly
. O

th
e
r u

s
e
 is
 o
n
ly
 a
llo

w
e
d
 w
ith

 w
ritte

n
 p
e
rm

is
s
io
n
 b
y
 th

e
 c
o
p
y
rig

h
t h

o
ld
e
r. 

Kinetic and thermodynamic studies on the adsorption of U(VI) ions on densely crosslinked poly(methacrylic acid) from aqueous solutions 713

Fig. 5. The dependence of adsorption data on the Langmuir adsorption
isotherm at 293 K.

the absolute temperature (K), qm is the adsorption capacity
of adsorbent per unit weight (meq/g).

The linear form of the D–R equation was

ln qe = ln qm − Kε2 . (11)

The value of qm and K were determined by plotting ln qe

vs. ε2 as given in Fig. 6 and found to be 8.11×10−3 and
1.15×10−2, respectively. The correlation coefficient (R) of
the straight line was found to be 0.994.

The value of K (mol/kJ)2 was the constant related to the
adsorption mean free energy, E (kJ/mol) which was defined
as the free energy change required to transfer one mole of

Fig. 6. D–R adsorption isotherm for the adsorption of U(VI) on the
crosslinked copolymer containing methacrylic acid functional groups
at 293 K.

ions from the infinity of solution to the solid surface can be
calculated using following equation:

E = (−2K)−1/2 . (12)

E was found to be 6.607 kJ/mol for the adsorption of U(VI)
ions on the crosslinked copolymer at 293 K. According to
Kundu et al. and Sari et al. [37, 38], the adsorption energy
could be employed to estimate the type of adsorption and an
energy adsorption based on ion-exchange mechanism was
around 8–16 kJ/mol. 6.607 kJ/mol of adsorption energy
found in present study was close to the above energy range
of ion-exchange. Therefore, the adsorption by crosslinked
copolymer with methacrylic acid has been of ion-exchange
type.

3.2 The effect of temperature

Temperature dependence of adsorption of U(VI) ions on
the crosslinked copolymer was studied at different uranium
concentration from 1×10−3 to 2×10−2 mol/L in the tem-
perature range from 283 to 303 K. The following equation
was used to calculate ∆H ◦ and ∆S◦ values

ln Kd = ∆S◦

R
− ∆H ◦

RT
(13)

where Kd is the distribution coefficient (cm3/g), ∆S◦ is
the standard entropy, ∆H ◦ is the standard enthalpy, T is
the absolute temperature (K) and R is the gas constant
(kJ/(mol K)). Fig. 7 shows the relation between 1/T of ab-
solute temperature and ln Kd.

The standard free energy values were calculated by using
the following equation:

∆G◦ = ∆H ◦ − T∆S◦ (14)

where ∆G◦ is the standard free energy. The calculated re-
sults of ∆H ◦, ∆S◦ and ∆G◦ values were given in Table 1.

Fig. 7. Variation of log Kd vs. 1/T for the adsorption U(VI) by
crosslinked copolymer containing methacrylic acid functional groups.
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Table 1. The calculated values of thermodynamic parameters for the adsorption of U(VI) ions on
the crosslinked copolymer containing methacrylic acid functional groups.

C0 ∆H ◦ ∆S◦ −∆G◦ (kJ/mol)

(mol/L) (kJ/mol) (kJ/(mol K)) 283 K 293 K 303 K 323 K R

2×10−2 6.992 6.90×10−2 11.68 13.23 13.92 15.30 0.954
1×10−2 6.014 6.69×10−2 12.67 13.33 13.99 15.31 0.977
5×10−3 6.241 6.89×10−2 13.29 13.98 14.67 16.05 0.999
2×10−3 9.173 8.13×10−2 13.63 14.44 15.25 16.87 0.981
1×10−3 11.484 8.98×10−2 13.73 14.62 15.51 17.29 0.998

All the values except for C0 were obtained by average of three measurements with ±0–3% errors.

The positive value of enthalpy (∆H ◦) corresponded to the
endothermic adsorption process. The values of free energy
were negative and indicated a decrease in ∆G◦ values with
increase in the temperature. Positive entropy (∆S◦) reflected
the affinity of the crosslinked copolymer with methacrylic
acid functional groups as adsorbent towards uranium ions
in solution and the results indicated that the contribution of
entropic term made the free adsorption energy negative as
explained in the earlier studies [38–40].

3.3 The effect of contact time

Fig. 8 shows that as adsorption duration increased, the
amount of U(VI) ions absorbed on the crosslinked copoly-
mer was increased and reached to an equilibrium after
30 min. As was common in most adsorbents, a rapid initial
adsorption of U(VI) ions on the copolymer has been fol-
lowed by a steady and later stages which finally reached an
apparent plateau in 30 min.

In order to investigate the mechanism of adsorption po-
tential rate controlling steps, such as, mass-transport and
chemical reaction processes, the kinetics models including

Fig. 8. The dependence of adsorption of U(VI) ions on the time for vari-
ous U(VI) concentrations.CU(VI) = 1×10−3 mol/L ( ), 2×10−3 mol/L
( �), 5×10−3 mol/L ( �), 1×10−2 mol/L ( ) and 2×10−2 mol/L ( ).
The pH range of initial U(VI) solutions: 2.7–2.8.

the pseudo-first order and the pseudo second order equations
were tested [1, 23–29, 41, 42]. The adsorption data deter-
mined under equilibrium conditions were used for the analy-
sis of kinetic models.

3.3.1 Pseudo-first order kinetic model

The kinetic models for uranyl sorption were studied based
on the Elovich and modified Freundlich kinetic models.
However, these models were found to be inconsistent with
our kinetic results.

The pseudo first order kinetic equation can be written as
follows [26, 27, 41]:

dqt

dt
= k(qe −qt) (15)

where qe and qt are the amounts of uranium ions absorbed
by the crosslinked copolymer at equilibrium and a time t,
respectively. The k (1/min) is the rate constant for pseudo-
first order kinetic equation. The linearized first order kinetic
Eq. (15) can be given below.

ln(qe −qt) = ln qe − kt (16)

The results for the adsorption of U(VI) ions on the cross-
linked copolymer bearing methacrylic acid functional groups
from aqueous solutions were given in Fig. 9 and Table 2 for
various initial U(VI) concentrations. A linear relationship
between ln(qe −qt) and t has been established with a fairly
good correlation coefficient (minimum R value > 0.959).
The rate constant (k) decreased with increasing the initial
U(VI) concentration at constant temperature (293 K).

3.3.2 Pseudo-second order kinetic model

In order to describe U(VI) adsorption on the crosslinked
copolymer for various initial U(VI) concentrations at con-
stant temperature of 293 K, the modified pseudo-second
order kinetic equation can be written as below [28, 29, 41]

dqt

dt
= k(qe −qt)

2 (17)

where qe and qt are the adsorbed U(VI) ions on the
crosslinked copolymer from aqueous solutions at equilib-
rium and a time t respectively and k is the rate constant
for pseudo-second order kinetic adsorption model. For the



T
h
is
 a
rtic

le
 is
 p
ro
te
c
te
d
 b
y
 G
e
rm

a
n
 c
o
p
y
rig

h
t la

w
. Y

o
u
 m

a
y
 c
o
p
y
 a
n
d
 d
is
trib

u
te
 th

is
 a
rtic

le
 fo

r y
o
u
r p

e
rs
o
n
a
l u

s
e
 o
n
ly
. O

th
e
r u

s
e
 is
 o
n
ly
 a
llo

w
e
d
 w
ith

 w
ritte

n
 p
e
rm

is
s
io
n
 b
y
 th

e
 c
o
p
y
rig

h
t h

o
ld
e
r. 

Kinetic and thermodynamic studies on the adsorption of U(VI) ions on densely crosslinked poly(methacrylic acid) from aqueous solutions 715

Table 2. The kinetic constants obtained from pseudo-first order and pseudo-second order kinetic
equations for the adsorption of U(VI) ions on the crosslinked copolymer bearing methacrylic acid
functional groups.

C0 Pseudo-first order Pseudo-second order kinetic model
(mol/L) kinetic model

k R qe k h R
(min−1) (mmol/g) (g/(min mmol)) (mmol/(min g))

2×10−2 0.146 0.959 2.477 0.137 0.840 0.999
1×10−2 0.161 0.973 1.358 0.283 0.521 0.999
5×10−3 0.143 0.991 0.718 0.607 0.320 0.999
2×10−3 0.121 0.998 0.313 1.452 0.142 0.999
1×10−3 0.123 0.997 0.167 2.627 0.076 0.999

Fig. 9. The dependence of ln(qe −qt) to time t, using pseudo-first order
kinetic model as function of various initial uranium concentrations at
constant temperature (293 K).

boundary conditions from t = 0 to t = t and qt = 0 to qt = qt,
the integrated form of Eq. (17) takes the form:

1

qe −qt

= 1

qe

+ kt (18)

The linearized form of the Eq. (18) can be written as follows:

t

qt

= 1

kq2
e

+ 1

qe

t (19)

Here kq2
e equaled to the initial adsorption rate [43] given as

h (mmol/g min) in Table 2. When a plot of t/qt against to t
of Eq. (19) was performed, a linear relationship was found
between t/qt and t. The slope and intercept of equation were
1/qe and 1/kq2

e respectively. The goodness of fit to pseudo-
second order kinetic model was given in Fig. 10. As seen
from Fig. 10, the data-fits have revealed very high correla-
tion coefficient (R ≥ 0.999), when the pseudo-second order
model was employed to the experimental results. The results
given in Table 2 indicated the initial adsorption rate con-
stant (k), initial adsorption rate (h) and equilibrium adsorp-
tion capacity as a function of initial uranium concentration

Fig. 10. The fitting of adsorption data on the pseudo-second order ki-
netic equation for adsorption of U(VI) ions on the crosslinked copoly-
mer containing methacrylic acid functional groups at various initial
U(VI) concentrations at 293 K.

(C0, mol/L). With increasing the initial U(VI) concentration
from 1×10−3 to 2×10−2 mol/L, the adsorption capacity,
qe increased from 0.167 to 2.477 mmol/g. The result indi-
cated that our data fitted better than other kinetic models.

3.4 The effect of pH

It was known that pH was an important factor on the ad-
sorption of metal cations on the adsorbents. Initial pH of
each mixture of U(VI) solution (2×10−3 M and 5 mL) and
0.02 g copolymer was 2.7–2.8. pH values of the mixtures
were adjusted by adding 2 N HCl and 0.1 N NaOH solu-
tions. The effect of pH for the adsorption of U(VI) on the
crosslinked copolymer containing methacrylic acid func-
tional groups was given in Fig. 11. The amount of U(VI)
adsorbed on the crosslinked copolymer showed a marked in-
fluence with increasing pH from 0.5 to 2.0 and it reached
to an equilibrium after pH = 2.5. Considering uranyl ad-
sorption by amidoxime functional polymers [44, 45] and
iron oxide based matrix sorbents [46, 47] operating in neu-
tral or in alkaline medium, uranyl adsorption by densely
crosslinked poly(methacrylic acid) under highly acidic con-
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Fig. 11. The effect of pH on the adsorption of U(VI) ions on crosslinked
copolymer at 293 K. Initial U(VI) concentration: 2×10−2 mol/L; con-
tact time 60 min. Initial pH of the mixture of U(VI) solution containing
0.02 g copolymer was 2.7.

ditions (pH = 0.5–2.5) was significant achievement. Since
ideal pH range for adsorption of common metal ions by
chelating polymers was in neutral or weakly alkaline. Uranyl
sorption ability of crosslinked poly(methacrylic acid) made
it superior in comparison to other sorbent materials. Since
most of other ions can not be adsorbed in range of pH =
0.5–2.5, capacity of the crosslinked copolymer would have
enhanced virtually. It was reported that in the adsorption of
Sr(II) ions on this crosslinked copolymer, the maximum ad-
sorption was achieved in the range of pH = 6–8 [23]. In this
study, the adsorption of U(VI) ions took place at lower pH
values. This indicated that U(VI) and Sr(II) ions in waste
solution may separate from each other using adsorption pro-
cess at different pH values. According to the pH results and
our observations of U(VI) ions in solution, metal ions were
able to bind chemically with carboxyl groups in copoly-
mer and metal bonding mechanism of copolymer containing
methacrylic acid groups were shown in Scheme 2.

Since the uranyl was a four-coordinating ion [48], ad-
ditional two water molecules were expected to involve in
the coordination to form a planar geometry as illustrated in
Scheme 3.

Scheme 2. Metal bonding mech-
anism of the crosslinked copoly-
mer containing methacrylic acid
functional groups.

Scheme 3. The expected geometric structure of adsorbed UO2
2+ ions

on the crosslinked copolymer bearing methacrylic acid functional
groups.

4. Conclusion

The densely crosslinked copolymer of methacrylic acid was
efficient adsorbent for the removal of radioactive U(VI)
ions from aqueous solution. Since this adsorbent was pro-
duced from commercially available starting materials, the
procedure described here was a cost effective alternative
of the removal of radioactive U(VI) ions from wastes.
Experiments indicated that the adsorption capacity in-
creased with increasing initial uranium concentration and
reached to 2.37 mmol/g copolymer for initial U(VI) con-
centration of 2×10−2 mol/L at 293 K with a contact time
(t = 60 min). With increasing adsorption temperature from
283 to 323 K, the amount of uranium ions adsorbed on the
crosslinked copolymer increased from 2.25 to 2.70 mmol/g
copolymer, respectively for initial U(VI) concentration of
2×10−2 mol/L. The results obtained at the various tempera-
tures for the adsorption of U(VI) ions on the crosslinked
copolymer showed that the amount of absorbed uranium
ion increased, due to the increase in the mobility of ionic
species in solution and acceleration of some originally slow
steps at higher temperatures which resulted in an increase
in U(VI) adsorption. At low initial uranium concentra-
tion (1×10−3 mol/L), 64.38% of the amount in solution
containing U(VI) ions at 293 K was adsorbed which ac-
counted for about 38 g uranium per kilogram adsorbent.
This makes this adsorbent a good candidate for removal ura-
nium ions from highly diluted solution. The sorption data
were evaluated by the Freundlich, Langmuir and the D–R
isotherms. The nF value in the Freundlich isotherm was
founded lower than 1. This meant that the surface of ad-
sorbent was heterogeneous. It was important to note that
enthalpy (∆H ◦) of adsorption was found to be slightly
positive in all experiments indicating that the adsorption
was mainly entropy driven process. The contribution of en-
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tropic term made the free adsorption energy (∆G◦) negative.
The Fitting of data values to the pseudo-first order and the
pseudo-second order kinetic models indicated that the data
values obtained from experimental results for the adsorp-
tion of U(VI) ions on the crosslinked copolymer bearing
methacrylic acid functional groups provided much better fit-
ting for the pseudo-second order kinetic equation with high
correlation coefficient (R ≥ 0.999). Adsorption rate con-
stants, initial adsorption rates and equilibrium adsorption
capacities were determined for various initial U(VI) concen-
trations by using pseudo-second order kinetic model. The
increase in the initial U(VI) concentration for the adsorp-
tion of U(VI) ions on the crosslinked copolymer containing
methacrylic acid functional groups resulted in an increase
in the initial adsorption rate (h) and equilibrium adsorption
capacity (qe) but resulted in a decrease in the adsorption rate
constant (k).
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