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ABSTRACT: A novel composite, composed of poly
(acrylic acid (AAc), acrylonitrile, and titanium vanadate,
was prepared by induced gamma irradiation route at 20
kGy to be used as a hybrid organic-inorganic sorbent. 5–
200 lm particle diameters of the composite were obtained.
An average particle size of 75 lm of crystalline (17-20)
composite was used; it was thermally stable to 486�C. The
distribution coefficients of Csþ and Eu3þ were studied as a
function of pH; 2350 mL.g�1 and 645 mL.g�1 were
obtained in case of 152þ154Eu and 134Cs at pH 6. 1.55
mmol.g�1 and 1.85 mmol.g�1 maximum loadings were
accommodated for the same ions at the same pH. Different
models were used to scan the surface of the exchanger, so
that the topography of the surface was studied as a func-
tion of surface active site types, concentrations, and heter-
ogeneity. Langmuir, Freundlich and D-R models were
used. Also, different kinetic models, as Lagergren pseudo

first-order, pseudo second-order and Morris-Weber intra-
particle diffusion models were applied to study the possi-
ble mechanism of the sorption process; pseudo first-order
was exempted to investigate the mechanism. They proved
that chemisorption and ion exchange mechanism with con-
trolled diffusion are predominant, with their characteristic
mean energies (8.731 kJ.mol�1 and 9.310 kJ.mol�1 for Csþ

and Eu3þ, respectively). Double Shell Model was finally
adopted to explain the suggested mechanism. Negative
values of DG�, �2.15 kJ.mol�1 to �7.92 kJ.mol�1 in case of
Csþ and �3.35 kJ.mol�1 to �9.67 kJ.mol�1 in case of
Eu3þadsorption at different temperatures, indicate the
spontaneous nature of the reactions. VVC 2009 Wiley Periodi-
cals, Inc. J Appl Polym Sci 113: 3405–3416, 2009
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INTRODUCTION

Waste effluents arisen from nuclear facilities like
mining and milling of uranium ores, fuel fabrication,
and operation in nuclear power plants cause pollu-
tion which is one of the major environmental prob-
lems that has to be controlled or solved.1 Since their
undesired effects on human physiology and ecologi-
cal systems, radionuclides should be removed from
the waste streams before their discharge.2

Well known radioactive nuclides removal techni-
ques from nuclear waste effluents are settled which
include chemical precipitation, membrane filtration,
ion exchange, sorption, and coprecipitation. These
methods rarely provide satisfactory removal rate to
meet the pollution control limits; also, they are ex-
pensive in many cases.3 Therefore low-cost alterna-
tive technologies or sorbents are needed for
radioactive wastewater treatment.4

The selection of a certain sorbent or a common
resin is based on the concept of hard and soft acids

and bases, i. e., soft cations are removed via adsorp-
tion by soft basic groups and vice versa.5–7

During the last several decades, researchers have
been trying to produce new polymeric materials
with specific properties for specific applications.
These materials include polymer blends, polymer
composites etc.8

Some inorganic–organic polymer composites have
recently been the subject of intense interest because
of their electrical, optical, catalytic and mechanical
properties.9

Due to high adsorption selectivity, irradiation re-
sistance, thermal and chemical stabilities, composites
have found wide use in treatment of aqueous nu-
clear waste.9–12 The treatment options based on
adsorption and ion exchange phenomena play an
important role in pre-concentration and separation
of toxic radionuclides from aqueous wastes. In these
patterns, the texture of the composite surface was
insufficiently described.13–15

Therefore, this work is intended to prepare novel
composite materials, based on vinyl polymers and ti-
tanium vanadate ion exchanger with extensive
description of the composite surface using different
models; new approach were tried to scan the surface
of the composites and compared with other models.
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EXPERIMENTAL

All reagents were of analytical grade and used with-
out further purification. Acrylic acid and acryloni-
trile monomers were purchased from Merck
Chemical Company, Germany. Titanium tetrachlor-
ide and vanadium pentoxide were supplied by
Sigma-Aldrich Company, USA.

Radioactive tracers 134Cs (half life ¼ 2.056 year) and
152þ154Eu (half life ¼ 13.4 year) artificially produced in
Egyptian Nuclear Reactor, ERR-2, Inshas Site, were
finally used in the form of the corresponding nitrates.

Preparation of the exchanger

A solution of 1M titanium (IV) chloride was gradually
added to 1M solution of vanadium chloride (obtained
by dissolution of vanadium pentoxide in 0.1M HCl fol-
lowed by evaporation and redissolution in bidistilled
H2O). The reactionwas carried out in 2 : 1 volumetric ra-
tio with constant stirring at room temperature. After the
addition was completed, ammonia solution was added
until complete precipitation of the titanium vanadate.
The solution mixture was allowed for settling along a
period of 24 h. The precipitate was filtered, washed sev-
eral times with bidistilled water until the pH of the su-
pernatant reached a constant value at 6.8. The
precipitate was filtered again with the aid of centrifuga-
tion (104 rpm), dried at 50�C in an electric oven, ground
and sieved for different mesh sizes and stored at room
temperature.

The obtained titanium vanadate was impregnated
with a mixture of 60 : 40 wt % (AAc-AN) comono-
mers in deoxygenated water. The mixture was sub-
jected to 20 kGy gamma irradiation dose from a
60Co unit at a dose rate of 10 kGy/h. After complete
polymerization, the obtained composite was dried at
50�C overnight to a constant weight and then
ground to the desired mesh size (5-200 lm) and
stored for further experimental use.

Characterization

The crystalline content of the end-product was
assayed by X-ray diffraction (XRD) using a Shi-
madzu X-ray diffractometer, Model XD 490(Japan)
with nickel filter and Cu-ka radiation.

IR spectrum of the prepared composite was per-
formed from 400–4000 cm�1 using BOMEM FTIR
Model 157, Canada.

Thermal analysis, simultaneous DTA-TGA was
used as a complementary technique to study the
thermal stability of the prepared composite. A sepa-
rate Shimadzu DTA and TGA thermal analysis sta-
tions, Shimadzu-TA50 series, Shimadzu, Japan, were
used. Combination of the DTA-TGA was achieved
using Shimadzu software.

N2 adsorption isotherms at 77 K were recorded on
an automatic Nova 3000 series built setup, Quantach-
rome, USA. High vacuum, lower than 10�4 Pa, was
ensured by a turbo-molecular pump. Pressures were
measured by using a 0–1000 Pa and a 0–100,000 Pa
Baratron type pressure sensors provided by
Edwards, England. N2 saturation pressure was
recorded in situ by using an independent pressure
sensor of the same type. Before adsorption, samples
were outgassed overnight at 120�C and under a resid-
ual pressure of 0.01Pa. Nitrogen (purity>99.9995%)
used for experiments was provided by IAG Gas Cor-
poration, Egypt. Specific surface areas (SSAs) were
determined by applying the Brunauer–Emmet–Teller
(BET) equation16 and by using 16.3A�2 for a cross-sec-
tional area of nitrogen.17 In the present study, the
error of determination of the SSA was �1 m2.g�1.
Micropores volumes and open surface areas were
obtained from the t-plot method.18 As some samples
appear microporous, surface areas derived from
micropores volumes and open surface areas are more
accurate than BET surface area. Thus, total surface
areas given were derived from the t-plot analysis.

Batch distribution studies

The uptake of 134Cs and 152þ154Eu individually on
PAAc-AN-TV was studied by shaking 4 mL of the
aqueous solution containing 10�4M of the studied
nuclide with 0.02 g of the composite in a shaker
water bath for the desired time at 25�C � 1�C.
Thereafter, 2 mL of the shaken solution was with-
drawn for radiometric assay using NaI-Tl Scintilla-
tion detector connected to Nucleus Counting
System, Enterprise, USA. The percentage uptake,
U% on the solid could be calculated as:

U% ¼ Co � C

Co

� 100 (1)

where Co is the initial concentration of the metal ion,
C is the equilibrium concentration; Co and C are
measured in terms their initial and final radionu-
clide activities and the standard deviation for count-
ing were taken into consideration. The distribution
coefficient, kd (mL.g�1), could be also calculated as

kd ¼ Co � C

C
� V
m

(2)

where V is the solution volume and m is the weight
of the solid composite absorber.

Kinetic experiments

Rate of adsorption for a specific cation was followed
up by using Penicillin bottle containing 10 mL of
aqueous solutions of 134Cs and 152þ154Eu 10�4M in

3406 EL-GAMMAL ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



which 0.05 g from prepared PAAc-AN-TV composite
was added; 75 lm particle size was used. The bottles
were kept in a thermostated shaker bath at 25�C �
1�C for various periods of time. Adsorption of
nuclides on PAAc-AN-TV was followed with time in
stepwise 30 min. and continued till 24 h for different
batches.

Adsorption isotherms

Once the equilibrium time was known, the adsorp-
tion isotherms could be determined for each nuclide.
For this purpose, 10 mL of aqueous solutions of
10�6–10�2M of 134Cs and 152þ154Eu was shaken at
100 rpm with 0.05 g of PAAc-AN-TV, for 24 h at
25�C � 1�C. After the predetermined sorption time,
solution was filtered and the metal ion concentra-
tions were measured. Initial and equilibrium metal
ion concentrations in the aqueous solutions were
determined radiometrically.

Initial pH of the solutions was adjusted by adding
hydrochloric acid or liquid ammonia solutions to the
medium to maintain a constant pH. A HANA 30X
model pH meter was used to adjust a desired pH
value. The pH of the solution was buffered only at
4, except for as stated elsewhere.

Since sorption experiments were temperature con-
trolled, temperature influence experiments were car-
ried out between 25�C and 60�C � 1�C at optimum
pH values for each metal ion. Experiments were
repeated three times in each case. The amount of
sorbed metal ion was calculated from the change in
the metal concentration in the aqueous solution
before and after equilibrium and the weight of the
dry composite; the amount of metal ion adsorbed by
PAAc-AN-TV was calculated as:

q ¼ ðCo � CÞ
W

� V (3)

where q is the amount of metal ions adsorbed onto
unit amount of the resin (mmol.g�1). Co and C are
the concentrations of metal ions in the initial and
equilibrium concentrations of the metal ions in aque-
ous phase (mmol.L�1), V is the volume of the aque-
ous phase (L) and W is the dry weight of the resin
(g).

RESULTS AND DISCUSSION

Characterization of materials

PAAc-AN-TV has been characterized using FTIR,
XRD, DTA-TGA and surface area measurements.
The FTIR spectra of PAAc, PAN, TV and the com-

posite PAAc-AN-TV are shown in Figure 1. Two
bands corresponding to –OH carboxylic group at
about 3200-3500 cm�1 were recorded. The character-
istic carbonyl group was found in the 1700 cm�1

region. A weak and slightly broad band at about
2700 cm�1 was observed, which is due to the single
-CAH group as saturated hydrocarbon in the poly-
acrylic acid; This peak was sharp in case of poly ac-
rylonitrile at about the same region. Also, at 2200-
2350 cm�1, a sharp peak was observed, which may
be attributed to the –CN group in the triple bond
region of polyacrylonitrile. This band may undergo
red shift o lower frequency by substitution of the
beta-carbon atom. In case of titanium vanadate, mul-
tipeaks were observed in the low frequency region,
which may be attributed to the V(IV)-O (600 cm�1),
-V¼¼O (1035 cm�1), -OAV (1003 cm�1 in the g-state),
-Ti¼¼O (1087 cm�1), Ti(IV)-O (625 cm�1), and -O-Ti
(1005 cm�1 in the g-state). In formation of the com-
posite material, the carbonyl and nitrile peaks are
shifted and destroyed as seen in figure, which may
be assigned to their consumption in the reaction
with titanium vanadate to form the resin with the

Figure 1 FTIR spectra of PAAc, PAN, TV and the composite PAAc-AN-TV. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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formation of partial single -CAO bond in the
1300 cm�1 region.19

The X-ray diffraction patterns of the different
materials were studied. Polyacrylic acid and tita-
nium vanadate were found to be of amorphous
structures.20–25 However, polyacrylonitrile shows
only one peak at about 17-20. This peak remains
unchanged on formation of the composite material
as shown in Figure 2. The degree of crystallinity
obtained were in a good a agreement with those
obtained when PAN is involved in formation of
inorganic and organic composite membranes with
yttrium stabilized with ziroconia, as well as PAN
nanocomposites.26–29

Thermal analysis brief description of simultaneous
DTA-TGA of the examined PAAc-AN-TV, indicated
that two endotherms were observed at about 86�C
and 314�C. They were accompanied by distinct
losses in weight as 4.1 wt % and 3.6 wt % at the
same temperatures, which may be explained by the
removal of free and interstitial waters, respectively.
The third weight loss step was observed at about
486�C–720�C, due to decomposition of the polymeric
resins and formation of inorganic oxide phase, as
recorded by an exothermic peak,24 is an advantage
over the use of PAAc-AN copolymeriztion. Also,
radiation stability due composite formation may be
greatly enhanced.27

Effect of pH

Sorption phenomenon of metal ions by resins is pH
dependent; this may be assigned to the discrepancies
in either their possible complexation reactions or
physisorption processes at the adsorption surface.
Since PAAc-AN-TV has various functional groups
on its natural structure,1 effect of pH on sorption
capacities should be investigated. The effect of pH

on the specific sorption of metal ions by PAAc-AN-
TV has shown in Figures 3, 4. kd increased with
increasing pH up to an optimum pH of 6; 2350
mL.g�1 and 645 mL.g�1 were obtained in case of
152þ154Eu and 134Cs, respectively. The resin exhibited
low affinity towards 134Cs and 152þ154Eu at pH 4 or
lower that can be attributed to the competitive sorp-
tion of H3O

þ ions and metal ions for the same active
sorption sites. This behavior may be further
explained with the functional groups introduced to
the PAAc-AN-TV. These functional groups must
have taken part in metal uptake process by complex-
ation which is pH dependent, and the nature of the
active sites and sorbate must have been changed
with pH.3,30 After the optimized pH, sorption
capacity (1.55 mmol.g�1 and 1.85 mmol.g�1 for 134Cs
and 152þ154Eu, respectively) started to decrease with
increasing the pH of 6; non-linear behavior in case
of trivalent europium was observed.

Figure 2 XRD spectrum of PAAc-AN-TV.

Figure 3 Effect of pH on distribution coefficients of 134Cs
and 152þ154Eu sorbed onto PAAc-AN-TV.

Figure 4 Effect of pH on qc of
134Cs and 152þ154Eu sorbed

onto PAAc-AN-TV.
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Effect of contact time and sorption dynamics

The influence of contact time on 134Cs and 152þ154Eu
uptake capacities has been shown in Figure 5. Rapid
uptake kinetics and sorption equilibrium would be
accepted to be attained within the first 25 min.; oth-
erwise stated, 1 h of equilibration time was chosen
as the optimum contact time to ensure that equilib-
rium conditions were achieved. In kinetic considera-
tions, the presence of functional groups on a
composite should be taken into account. The com-
posite surface should be evaluated according to the
accessibility of the ion to the active groups without
steric hindrance, which is greatly dependent on the
shape and type of polymeric matrices.1,31

The key parameters of the sorption rates, like
structural properties of the sorbent, metal ion prop-
erties, initial concentration of metal ions, pH, tem-
perature, complex formation rate or presence of
competing ions were taken into account.

Different kinds of mechanisms as mass transfer,
diffusion control, chemical reaction, and particle dif-
fusion may control the kinetics. In this work, the
kinetics is primarily subjected to different rate kinetic
empirical formulae, including pseudo first-order,
pseudo second-order, and intraparticle models.

First-order kinetics

First-order kinetics is expressed as the solute re-
moval rate that controls the residence time of the
sorbate in the solid-solution interface. Lagergren and
Svenska32 derived the pseudo first-order rate expres-
sion based on solid capacity, q, which is generally
expressed as follows:

dq

dt
¼ kadsðqe � qÞ (4)

Integration of eq. (4) with the boundary conditions
as follows: at t ¼ 0, q ¼ 0, and at t ¼ t, q ¼ qt, gives

log qe � qtð Þ ¼ log qe � kads
2:303

8
>:

9
>;t (5)

Equation (5) can be written in its non-linear form
as

qt ¼ qe 1� exp �kadstð Þð Þ (6)

where qe and qt are the amounts of the metal ions
adsorbed (mmol.g�1) at equilibrium and at time t
(h), respectively, and kads is the sorption rate con-
stant (time�1). Hypothetically, to ascertain the rate
constants and equilibrium metal ion uptake, the
straight line plots of log(qe-qt) against t of eq. (5)
should be constructed; the rate constants (kads) and
theoretical equilibrium sorption capacities, qe (theo.),
can be calculated from the slopes and intercepts. In
Figure 6 Lagergren’s plots and constants related to
these plots are given in Table I.
Fitness of straight lines obtained from Lagergren’s

plots is not a clear parameter to accept the model; it
is also required that theoretically calculated equilib-
rium sorption capacities, qe (theo.), should be in ac-
cordance with the experimental sorption capacity, qe
(exp.), values. As can be seen from Table I, linear cor-
relation coefficients of the plots, for 134Cs and
152þ154Eu are variant. Also, great discrepancies
between qe (theo.) and qe (exp.), �0.1 to 0.7 mmol.g�1

differences were observed. So, it could be suggested
that the adsorption of 134Cs and 152þ154Eu ions onto
PAAc-AN-TV is not a first-order reaction. This fact
was encountered in numerous systems33–37 in a com-
parison with other systems, the first-order parameters
for Csþ sorbed onto pre-treated arca shell were found
to be 0.0386 mmol.g�1 and 0.017 min�1, and 0.07899

Figure 5 Effect of time on qt of 134Cs and 152þ154Eu
sorbed onto PAAc-AN-TV.

Figure 6 Effect of time on log(qe-qt) of
134Cs and 152þ154Eu

sorbed onto PAAc-AN-TV.
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mmol.g�1 and 0.58 min.�1 for Cr3þ sorbed onto a
composite material.38,39

Second-order kinetics

Predicting the rate of adsorption for a given system
is among the most important factors in adsorption
system design, as the system kinetics determine ad-
sorbate residence time and reactor dimensions.

Pseudo second-order model is derived on the ba-
sis of adsorption capacity of the solid phase,
expressed as1:

dq

dt
¼ k2ðqe � qÞ2 (7)

Integration of eq. (7) with the boundary condi-
tions, at t ¼ 0, q ¼ 0, and at t ¼ t, q ¼ qt, results in

1

qe � qt
¼ 1

qe
þ k2t (8)

Equation (8) can be stated in the linear form as

t

qt
¼ 1

k2q2e
þ 1

qe

8
>>:

9
>>;t (9)

where k2 (mmol.g�1 time�1) is the rate constant of
pseudo second-order reaction.

Some authors have conducted evaluation of the
model using non-linear and linear forms by means
of eqs. (8 and 9) using some heavy metals, especially
for Cd on a certain biosorbent, to determine the
pseudo second-order kinetic parameters.40 Although,
the non linear form could give higher correlation
coefficients, the linear form may be used for simplic-
ity, especially when small differences in the correla-
tion coefficients and standard deviations are explicit.

Figure 7 shows the plots obtained from the graph-
ical presentation of the data for the model; the con-
stants related to these plots are given in Table I.

As seen from the results given in Table I, correla-
tion coefficients are much more higher compared to
that obtained from the first-order kinetics. Also, theo-
retical and experimental qe values are in a good ac-
cordance with each other. Therefore, sorption of
134Cs and 152þ154Eu metal ions onto PAAc-AN-TV is
thought to follow second-order type reaction kinetics.

The second-order parameters shown in Table I were
greater in capacities than di- and trivalent cations sor-
bent onto some composites39; 0.122 mmol.g�1 and 1.3
� 10�2 g.mg�1.min�1 and 0.0845 mmol.g�1 and 18 �
10-2 g.mg�1.min�1 for Zn2þ and Cr3þ, respectively.
This may be ascribed to the dual properties of the
composite material; ordinary ion exchange processes
are rapid and mainly controlled by diffusion,
whereas in a composite adsorbent, another step
which is slower and controlled either by particle dif-
fusion or by a second-order chemical reaction may be
encountered.6 Furthermore, pseudo second-order
kinetics provides best fits to the experimental data
for the sorption systems where chemisorption seems
significant in the rate controlling step.41 PAAc-
AN-TV behaves as dual adsorbent because of the
PAAc-AN-TV functionality present on it and sorption
to the resin would take place via valency forces
between the metal ions and the sorbent. Therefore,
second-order chemical reaction kinetics would be
expected to be followed in the sorption.

Intraparticle diffusion

The Weber and Morris, WM sorption kinetic model
was initially employed to describe the removal of
some biologically resistant pollutants from waste
waters by sorption.42 as:

Figure 7 Effect of time on t/qt of 134Cs and 152þ154Eu
sorbed onto PAAc-AN-TV.

TABLE I
First-Order, Second-Order, and Intraparticle Diffusion Rate Model Constants

Ion

First-order rate constants Second-order rate constants
Intraparticle diffusion

constants

qe(exp.)
(mmol.g�1)

kads
(h�1)

qe(theo.)
(mmol.g�1) R2

k2
(mmol.g�1.h�1)

qe(theo.)
(mmol.g�1) R2

kid
(mmol.g�1.h�1/2) R2

Csþ 1.442 5.679451 2.110564 0.74133 10.16514 1.448604 0.99989 1.4122 0.94977
Eu3þ 1.62 4.602522 1.533216 0.94444 13.83784 1.624907 0.99995 1.57737 0.92307
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qt ¼ kidt
1=2 (10)

In this model investigation, two main mechanisms
were used to regulate the model, i.e., intraparticle
diffusion and external mass transfer. The intraparticle
diffusion could be estimated with

D ¼ p
8640

dpkid

qe

8
>>:

9
>>;

2

(11)

The external mass transfer could determined from

dq

dt
¼ kmtA C� Csð Þ (12)

where qt is the amount of metal ions adsorbed at
time t (mmol.g�1), kid is the intraparticle diffusion
rate constant (mmol.g�1.time�1/2), dp is the mean
particle diameter (m), A is the specific surface area
of the sorbent (m2.g�1), D (m2.s) is the intraparticle
diffusion coefficient, C is the liquid phase bulk con-
centration at certain moment (mol.L�1), Cs is the
concentration in the inner pore sorbent (mol.L�1)
and kmt is the liquid-solid mass transfer coefficient
(mg.m�2.s�1).

Plots of qt versus t1/2 [eq. (10)] are shown in Fig-
ure 8. Initial curved with steep sloped portions are
attributed to the bulk diffusion or exterior sorption
rate which is very high. Only the subsequent linear
portions can be attributed to intraparticle diffusion;
plateau portions represent the equilibrium.

The earlier behavior is encountered when sorption
to the porous sorbents considered as, mesopores
may act as micropores because of the potentially for-
mation of water layers on the pore walls.43 The total
specific surface area was measured by BET method
(SBET) and corrected using t- plotting diagrams (St);
733.64 m2.g�1 and 731.25 m2.g�1 were recorded. By
fractionation of porous texture, PAAc-AN-TV sur-
face was viewed as, � 70% of the total porosity is
macroporous in nature (� 50 lm) with hydrophilic
character, and the remain part is � 35 lm with hard
inorganic skeleton. Also, both pore and surface dif-
fusions may play role during the sorption processes
to the macroporous structures.44

As can be seen in Figure 8, non-linear distribution
of the plots and deviation of the curves from the ori-
gin, intraparticle diffusion cannot be accepted as the
only rate determining step for the sorption of the
specified ions on PAAc-AN-TV. On comparison of
the kid values calculated from the linear portions of
the plots (Table I), it is possible to suggest that intra-
particle diffusion, which may play an important role
as a rate determining step, is said to be more effec-
tive for 134Cs than 152þ154Eu ions. This fact originates
as, the kid value for 134Cs (1.4122 mmol.g�1.h�1/2) is
less than that for 152þ154Eu (1.57737 mmol.g�1.h�1/2).
This can be attributed to the relatively small radius
of the hydrated 134Cs and 152þ154Eu ions.

Figure 8 Influence of square root t on qt of
134Cs and 152þ154Eu sorbed onto PAAc-AN-TV.
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Sorption capacity

The effect initial concentrations of 134Cs and
152þ154Eu metal ions on the equilibrium sorption
capacities are shown in Figure 9. The sorption
capacities were increased with increasing the initial
concentrations and reached a maximum after 0.01M
which represents the maximum sorption capacity of
the composite which may be theoretically predicted
after that point. This behavior could be explained
with the high driving force for the mass transfer,
which is similar to that obtained in sorption of diva-
lent cations on dithiocarbamated-sporopollenin.1

Since, the analysis of the sorption isotherms is im-
portant for design purposes, experimental data were
analyzed with sorption isotherm models of known
equilibrium parameters, namely, Langmuir, Freund-
lich and D–R models.

Langmuir isotherms

Modeling the monolayer coverage of the sorption
surfaces is proposed by Langmuir and assumes that
sorption occurs on a structurally homogeneous ad-
sorbent and all the sorption sites are energetically
identical, i.e., the sorption of a molecule or an ion on
a given site is independent of its neighboring site oc-
cupancy. Since adsorption is limited to monolayer
coverage, the linearised form of the Langmuir equa-
tion45 is given as:

1

qe
¼ 1

Qo
þ 1

bQoCe
(13)

where qe is the amount of solute adsorbed on the
surface of the adsorbent (mmol.g�1), Ce is the equi-
librium ion concentration in solution (mmol.L�1), Qo

is the maximum surface density at monolayer cover-

age and b is the Langmuir sorption constant
(L.mmol�1). The plots of 1/qe versus 1/Ce may give
straight lines and the Langmuir constants can be
calculated.

Freundlich isotherms

To model the multilayer sorption, Freundlich equa-
tion is derived that postulates the heterogeneity of
surfaces; its linearised form46 is given by the follow-
ing equation:

log qe ¼ logKF þ 1

n
logCe (14)

where qe is the equilibrium solute concentration in
the adsorbent phase (mmol.g�1), Ce the equilibrium
concentration of the solute (mmol.L�1), KF the
Freundlich constant (mmol.g�1) which indicates the
sorption capacity and represents the strength of the
adsorptive bond and n is the heterogeneity factor.
The plots of logqe versus logCe may give straight
lines and KF and n values can be calculated from the
intercept and slope of these lines.
The constants calculated from Langmuir and

Freundlich equations based on Figures 10, 11 are
given in Table II. On comparison of the R2 values,
we can conclude that sorption isotherm data
obtained for the metal ions studied on PAAc-AN-TV
can be described by either and/or Langmuir equa-
tion. The correlation coefficients for sorption of the
specified ions are nearly the same. This is an appa-
rent contradiction between the two models, which
may be later explained by the nature of the adsorb-
ent surface and porosity. In some cases, surface
modification can be introduced from one phase to
the other.1,47 The Langmuir constant Qo indicates the
sorption capacity of the sorbent. As it can be seen
from Table II, Qo values were found to be 0.458 and

Figure 10 Langmuir isotherms of 134Cs and 152þ154Eu
sorbed onto PAAc-AN-TV.

Figure 9 Effect of concentration on qe of 134Cs and
152þ154Eu sorbed onto PAAc-AN-TV.
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0.41 mmol.g�1 for 134Cs and 152þ154Eu, respectively.
These sorption capacities are higher than the sorp-
tion capacities obtained on sorption of Cu2þ, Pb2þ

and Cd2þ on some chelating resins given as 0.2734,
0.4572, and 0.0631 mmol.g�1, respectively.1 Also,
these capacities are higher than the monolayer cov-
erage of some uranyl ionic species and tetravalent
thorium ionic entities on some unsaturated polyester
styrene formulations given as 0.204 and 0.166
mmol.g�1.48 As can be seen from Table II, these
sorption capacities obtained from Freundlich model
are of greater values than Langmuir constants and
also higher than that obtained in case of the afore-
mentioned divalent, and also tetravalent and hexa-
valent cations1,.48 This can be explained by the
strength of the bonds between the sorbate and
PAAc-AN-TV.

D–R isotherms

In D–R model, sorption on single type uniform pores
is adopted. In this manner, the D–R isotherm is an
analogue of Langmuir type in a more general postu-
lation that it does not assume a homogeneous sur-
face or constant sorption potential.49 The D–R
isotherm is given as:

Q ¼ Qm expð�ke2Þ (15)

and the linearised form of the equation is given by:

lnQ ¼ lnQm � ke2 (16)

where e (Polanyi Potential) is [RT ln(1þ(1/Ce))], Q is
the amount of solute adsorbed per unit weight of
adsorbent (mmol.g�1), k is a constant related to the
sorption energy (mmol2.kJ�2), Qm is the sorption
capacity (mmol.g�1).
The values of Qm and k were calculated from the

intercept and slope of the D-R plots and presented
in Table II. The mean free energy of sorption (E) can
be calculated from the corresponding k values using
the equation:

E ¼ 1
ffiffiffiffiffiffiffiffiffi
�2k

p (17)

Since, Langmuir and Freundlich isotherms do not
provide precise sorption mechanisms, the magnitude
of E based on Figure 12 in D-R model is considered
as a useful mean for estimating the type of sorption
process. If this value is between 8 and 16 kJ.mol�1,
sorption process can be explained by ion exchange.44

In this study, for 134Cs and 152þ154Eu ions E values
lies in this range; 8.731 and 9.316 kJ.mol�1 are esti-
mated, respectively. The E values obtained are found
to be comparable to those obtained in case of
adsorption of U(IV) and Th(IV) on different unsatu-
rated polyester styrene formulations (8.3-13.9
kJ.mol�1)48. Therefore, it is possible to conclude that
sorption mechanism of 134Cs and 152þ154Eu on
PAAc-AN-TV can be explained with an ion
exchange process.

Sorption thermodynamics

The sorption dependencies on temperature of 134Cs
and 152þ154Eu on PAAc-AN-TV are given as plots of
the equilibrium constant values, (Kc) as a function of
temperature (Fig. 13). The Kc values increased with
increase in temperature and showed the endother-
mic nature of the sorption. Thermodynamic parame-
ters, namely, free energy change (DGo), enthalpy
change (DHo), and entropy change (DSo) can be esti-
mated using the following equations.

DGo ¼ �RT lnKc (18)

DGo ¼ DHo � TDSo (19)

TABLE II
Langmuir, Freundlich and D-R Isotherm Constants

Metal ion

Langmuir parameters Freundlich parameters D-R parameters

Qo (mmol.g�1) b (L.mmol�1) R2 KF (mmol.g�1) n R2 Qm (mmol.g�1) k (mol2.kJ�2) E (kJ.mol�1) R2

Csþ 4.58E-01 2.48Eþ00 0.99638 254.8376 1.112087 0.99842 2.798406 0.006558 8.731914 0.96162
Eu3þ 4.10E-01 2.90Eþ00 0.99762 275.9559 1.186324 0.99762 3.027418 0.00576 9.31695 0.95842

Figure 11 Freundlich isotherms of 134Cs and 152þ154Eu
sorbed onto PAAc-AN-TV.
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logKc ¼ DSo

2:303R
� DHo

2:303RT
(20)

where R is gas constant (kJ.mol�1.K�1) and T is the
absolute temperature in Kelvin. Table III summa-
rizes the thermodynamic parameters as could be cal-
culated from the slope and intercept in Figure 13.
Positive DH� values represents the endothermic na-
ture of the sorption process; values between 20.9
and 418.4 kJ mol�1, are heats of chemical reactions.48

DH� values were found as 46.92 and 5.4 kJ.mol�1 for
134Cs and 152þ154Eu, respectively, as comparable val-
ues for the chemical sorption processes. According
to the calculated E values previously described, the
adsorption mechanism of 134Cs and 152þ154Eu onto
the sorbent could be viewed as an ion exchange pro-
cess. These results are also in good agreement with
the calculated E values and support the possibility

of the chemisorption that is the rate determining
step in the sorption process. Negative values of DG�

(�2.15 to �7.92 kJ.mol�1 in case of Csþ and �3.35 to
�9.67 kJ.mol�1 in case of Eu3þadsorption at different
temperatures) indicate the spontaneous nature of the
reactions1,.48 DS� contributions to the sorption pro-
cess values were found to be positive due to the
exchange of the metal ions with more mobile ions
present on the exchanger. In this study, a case of
physisorption, which may also contribute to the total
sorption process, is encountered, in which, water
molecules released from the hydrated metal ions or
from the sorption surface may also cause an increase
in the entropy.

Mechanism and surface modeling

In this study, different models were used to model
the surface of PAAc-AN-TV. To emphasize on the
surface adsorbate-adsorbent interactions, effect of
some competing ions should be studied. Figure 14
shows the distribution coefficient of 134Cs and
152þ154Eu in presence of corresponding monovalent

TABLE III
Thermodynamic Parameters for Sorption of 134Cs and

1521154Eu Onto PAAc-AN-TV

Metal
ion

DHo

(kJ.mol�1)
DSo

(J.mol�1.K�1)
T
(K)

DGo

(kJ.mol�1) R2

Csþ 46.92749 164.7081 298 �2.15553 0.87235
303 �2.97907
313 �4.62615
323 �6.27323
333 �7.92031

Eu3þ 50.40036 180.3952 298 �3.3574 0.83319
303 �4.25938
313 �6.06333
323 �7.86728
333 �9.67123

Figure 14 Effect of NaCl and FeCl3 concentration on Kd

of 134Cs and 152þ154Eu sorbed onto PAAc-AN-TV.

Figure 12 D-R isotherms of 134Cs and 152þ154Eu sorbed
onto PAAc-AN-TV.

Figure 13 Equilibrium constant-temperature dependence
of 134Cs and 152þ154Eu sorbed onto PAAc-AN-TV.
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and trivalent ions, namely, Naþ and Fe3þ, respec-
tively. As shown in the Figure, the Kd markedly
decreases with increasing the salt content in solu-
tion. This character may be explained according to
the following scenarios:

The first is based on that the surface of the adsorb-
ent can viewed as a Double Shell Model (DSM)
spheres inside which the inorganic part of the com-
posite is resident; outside the core, a larger shell of
the organic part, PAAc-AN, is present. The outer
part has a macroporous structure, while the inner
part is mesoporous.

The outer part of the DSM is characterized by
hydrophilic behavior and therefore highly adsorbed
of 134Cs and 152þ154Eu species in a high rate as indi-
cated by the high Freundlich capacity values. These
values are directly related to the strength of the
bond as indicated by high values of enthalpy
change. However, the n values are greater than unity
that reflects the surface heterogeneity in its real
state.

The inner part of the DSM has a hard skeleton
inside which, the movement of ions is slow and is
considered the rate determining barrier in the sorp-
tion process.

The porosity inside the surface of the composite
DSM is apparent and may be changed according the
type of the interacting species. Macroporous surfaces
with hydrophilic nature may act as mesopores,
while mesoporous textures may act as micropores.
This can be interpreted by considering either the
hydration shells around 134Cs and 152þ154Eu ions, or
the type of the species.

The entropy change of the system is of positive
values for all studied ions. This can be understood
by determination of the different ionic species in so-
lution at different pHs and various concentrations.
As seen in Figure 14, the amounts of 134Cs and
152þ154Eu adsorbed by the composite decrease with
increase in monovalent sodium and trivalent ferric
ions in solution. This can be explained by the com-
petition of other species with cesium and europium
ions especially at different pH values.

In case of 152þ154Eu and trivalent iron at pH less
than 4, Hþ, FeCl2þ, Eu3þ, Fe3þ, EuCl2þ, FeOH2þ,
FeClþ2 , Fe(OH)þ2 , and EuNO2þ

3 are present. Between
pH 4 and 8, Eu3þ, Fe3þ, EuNO2þ

3 , EuCl2þ, EuOH2þ,
FeClþ2 , Eu(OH)þ2 are found. Beyond pH 8, only
hydrolyzed europium and iron species as Eu(OH)4

�,
Fe(OH)2, cubic Eu(OH)3 precipitate, may be present
beside orthorhombic Fe2O3 crystals.

50

However, in competition between Naþ and 134Cs,
adsorption, free Csþ, Hþ, Naþ ions, and NaNO3 are
present from pH 2 to pH 10.4, beyond which so-
dium hydroxide may appear.

To complete our model, the DSM, the outer shell
of the composite may stretched, which can be

mapped as a semi-flat area of different positions that
represents different active sites that have different
energies. These sites may interact with the aforemen-
tioned species according to either size of the trans-
ferred species from the bulk to the active site or to
wall potential of the site itself. These large probabil-
ities led to greater values of positive entropies; 164.7
and 180.39 J.mol�1.K�1 are registered in case of Csþ

and Eu3þ adsorption, respectively.

CONCLUSIONS

PAAc-AN-TV novel composite was prepared and
characterized with different tools. The composite
would have greater radiation chemical and thermal
stabilities than the conventional composites, and
over the base polymeric materials used in its prepa-
ration, namely, PAAc and PAN. Also, the sorption
capacity of PAAc-AN-TV was larger than the usual
composites used in treatment of radioactive
nuclides, especially when high bond strengths
between the binding ions and the active sites were
obtained. More over, the reactor design including,
its dimensions could enhanced.
Sorption of 134Cs and 152þ154Eu on PAAc-AN-TV

was fitted with different approaches. Kinetic and
equilibrium fitting methods were used to determine
the rate determining step and the type of adsorption
predominant. The obtained results were correlated
to the structure of the composite with emphasize on
the proposed DSM. The proposed model succeeded
in explanation of the kinetic and thermodynamic pa-
rameters especially, the contradictions encountered
between Langmuir and Freundlich approaches.
Therefore, the DSM could be stated as:
The DSM can be only applied to composite

adsorbents that are mainly composed of inorganic-
organic entities. The surface of the adsorbent is
viewed as a double shell with two distinct sides; the
core is the inorganic component, while the outer
shell is the organic matrix. The organic shell must be
hydrophilic which may be characterized with
macro-or meso-porosity, while the inorganic is of
mesoporous or microporous nature. The surface of
the DS is considered to be heterogeneous, i.e., heter-
ogeneous distribution of the active sites is postu-
lated. The ions move from the bulk of the solution
to the DS through mass transfer. The distance taken
off by the ions through the outer shell is twice that
travelled into the inner shell. The concentration gra-
dient is inversely proportional to the square root of
the distance; the diffusion of ions is mainly affected
by the hydrophilic nature of the organic part.
However, the DSM should be extended to cover

the other composite materials rather than the PAAc-
AN-TV composite after postulating its characteristic
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mathematical equations. The theoretical approach of
the DSM is now under final construction.
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