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bstract

Chitosan (Ch) was entrapped in polyacrylamide (PAA) by direct polymerization of acrylamide in a suspension of Ch. The adsorptive features
f PAA–Ch and Ch were then investigated for Pb2+, UO2

2+, and Th4+ in view of dependency on ion concentration, temperature, and kinetics.
dditional considerations were also given to their ion selectivity and reusability.
Isotherms were L and H type of Giles classification and evaluated with reference to Langmuir, Freundlich, and Dubinin–Radushkevich

DR) models. PAA–Ch had higher adsorption capacity than Ch for all studied ions so that the sequences were Th4+ > Pb2+ > UO2
2+

oncordantly with their affective ionic charges. The affinity of Ch in PAA increased for Pb2+ and UO2
2+ but did not change for

h4+.
The values of enthalpy and entropy changed were positive for all studied ions for both Ch and PAA–Ch. The negative free enthalpy change

alue indicated that the adsorption process is spontaneous in the sequence of Th4+ ≥ Pb2+ > UO2
2+. Free energy values derived from DR model

mplied that the sorption process is the ion exchange. Well compatibility of adsorption kinetics to the pseudosecond-order model predicate that the
ate-controlling step is a chemical sorption.

The study for ion selectivity showed that both Ch and PAA–Ch had the highest affinity to Pb2+. The reusability tests for Ch and PAA–Ch for
b2+ for five uses showed that complete recovery of the ion was possible.

The studied features of PAA–Ch suggest that the material should be considered as a new adsorbent. It is envisaged that the use of Ch in PAA

ill enhance practicality and effectiveness of Ch in separation and removal procedures.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The metal (radioactive or not) ions, contributed into nature
y natural or industrial resources, are of environmental con-
erns due to their possible detrimental affects associated
ith radioactivity and/or toxicity to the biological systems,
ven they are present at trace levels. Therefore, remediation
or wastewater becomes necessary and corresponding tech-
iques are needed. Besides this, the recovery of some metals
ay also be of economical interests. Flotation, coagulation,

∗ Corresponding author. Tel.: +90 346 2191010x1623; fax: +90 346 2191186.
E-mail address: ulusoy@cumhuriyet.edu.tr (U. Ulusoy).
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recipitation, extraction, ion exchange, and electrolytic
rocedures are conventionally applied methods. However,
xcessive time requirements, high costs, and production of
ighly toxic sludge are the constraints of these techniques
1,2].

The adsorption procedures are introduced as a favorable
ay for the remediation processes, because of its efficacy,
racticality, and economical feasibility, depending on the used
dsorbents. The adsorbents possessing lower cost are very
bundant in the nature [3,4]. Chitosan (Ch) is N-deacetylated
erivative of chitin [poly-�-(1→4) linked N-acetylglucosamine]

hich is one of the commonly used adsorbents, since chitin is

he second most abundant compound in the nature after cellu-
ose [5], besides its antimicrobial, antibacterial, antifungal, and
iodegradable features [6].

mailto:ulusoy@cumhuriyet.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.05.084
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In fact, recent applications coherently show the advantages of
hitosan (with or without modifications) in the removal of metal
ons. For example, Simionato et al. [7] used chitosan obtained
rom silkworm chrysalides for the removal of Al3+ from textile
ater. Cr6+ and Cu2+ adsorption onto chitosan with particular

ttention to the kinetics were studied by Sag and Aktay [8].
yliene et al. [9] investigated sorption capability of chitosan

or Cu2+-EDTA and its regeneration by electrolysis. Co2+ was
f interest together with copper, where crap shell particles was
he adsorbent [10]. Fe2+ and Fe3+ sorption characteristics of
hitosan and its cross-linked form were differentiated by Ngah
t al. [11]. Chitosan modified to amine and azole resins were
nvestigated for sorption of Hg2+ and UO2

2+ by Atia [2], chitosan
icrospheres cross-linked with tripolyphosphate was used for

he removal of both acidity and Fe3+ and Mn2+ in contaminated
ater in coal mining [12]. Cross-linked carboxymethyl-chitosan
ith Pb2+ as template ions was the adsorbent for lead removal

n the study reported by Sun et al. [13] and Th4+ imprinted
hitosan-phytalate particles was used for selective sorption of
horium by Birlik et al. [14].

Further researches require enhancing practical usage of
hitosan since it has some usage limitations due to its nonporos-
ty, low surface area, and particularly the unsuitable particle
haracteristics resulting in hydrodynamic limitations and col-
mn fouling [4]. One possible solution to these limitations
an be to embody chitosan into an inert media. This media
hould be capable of swelling (hydrophilic) in aquatic solu-
ions, enabling the diffusion and/or transfer of ions towards
hitosan. A hydrogel polymer for example, cross-linked poly-
crylamide (PAA) should provide these requirements. Indeed,
t was proved that the immense improvements in the adsorptive
eatures of bare clay or zeolite were obtainable, when an adsorp-
ive mineral was dispersed in PAA as the other component of the
omposite [15].

In this work, the composite of chitosan (Ch) with PAA was
ntroduced as a new material (PAA–Ch) to provide practical
se of Ch. The preparation and characterization of PAA–Ch,
nd its comparative adsorptive features with pure Ch with ref-

rence to the dependency on concentrations and temperature,
nd the adsorption kinetics for lead, uranium, and thorium
ons (Pb2+, UO2

2+, and Th4+) were investigated. The metal
ations represented the hazardousness in view of toxicity and
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adioactivity, different oxidation states, and ionic composi-
ions in addition to chemical similarities of Th and the rare
arth ions [16]. The adsorptive features were evaluated on
he basis of adsorption parameters derived from the compat-
bility of adsorption isotherms to the Langmuir, Freundlich,
nd Dubinin–Radushkevich (DR) models. Additional consid-
rations were also given to the ion selectivity and reusability of
he composite for the studied ions.

. Experimental

.1. Reagents

Acrylamide monomer, N,N′-methylenebisacrylamid, N,N,
′,N′-tetramethylethylenediamine, chitosan from crab shells

poly-(1,4-�-d-glucopyranosamine)], Pb(NO3)2, UO2(NO3)2·
H2O, and Th(NO3)4·4H2O were purchased from Sig-
aAldrich. Arsenazo III (disodium salt) was obtained from
cros. Merck was the supplier of 4-(2′-pyridylazo)-resorcinol

PAR). All chemicals used were of analytical reagent grade. No
retreatment was applied to the reagents.

All experiments were always performed in duplicates. The
imit of experimental error of each duplicate was ±5%, any
xperiment resulting in higher than this limit was repeated.

.2. Preparation of PAA–Ch

For preparation of 3 g of PAA–Ch, 1 g of Ch in 20 mL of water
as stirred 15 min to obtain a homogeneous suspension. Ten
illiliters of solution containing 2 g of acrylamide monomer to

rovide a mass ratio 2:1 was added to the suspension and stirred
or an additional 5 min. 0.2 g of N,N′-methylenebisacrylamide
nd 50 mg ammoniumpersulphate dissolved in 10 mL distilled
ater was contained onto the suspension. Finally, 100 �L of
,N,N′,N′-tetramethylethylenediamine was added to propagate

he polymerization at 25 ◦C [17]. PAA–Ch gel was washed
fter completion of the polymerization with distilled water until
he effluent attained neutral pH. The gel was dried at ambient
emperature, ground, and sieved to a particle −25 mesh size,
nd stored in polypropylene container. To avoid the variations
n characteristics dependent on the preparation, a 50 g lot of
AA–Ch was prepared to conduct the overall investigation.

FT–IR spectrometric (Mattson 1000, UK) analysis was used
o characterize the chemical structure of Ch and PAA–Ch. All
amples were prepared as KBr pellets and spectra were taken at
resolution of 4 cm−1. Adsorption surface area and porosity of

he adsorbents were also determined by the use of N2 sorption
ystem (Quantachrome Instruments).

Pure PAA was also prepared for comparison of swelling fea-
ures of the composite and Ch with PAA. The water imbibing
eature of PAA–Ch was also tested in the presence of the stud-
ed ions to reveal if there was any effect of ionic strength on the
welling. Dried samples of 0.1 g each were weighed and let to

well in tubes for the equilibrium with water and the solutions of
tudied ions (250, 500, 1000, and 2000 ppm), the swollen sam-
les were then weighed to find swelling ratio as percentage with
eference to the dry weights.
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.3. Pb2+, UO2
2+, and Th4+ adsorption

Adsorptive features of the adsorbents were investigated for
b2+, UO2

2+, and Th4+. 0.1 g of Ch and PAA–Ch in the stud-
ed solutions was equilibrated with 10 mL of Pb2+, UO2

2+,
nd Th4+ at concentrations within the range of 1 × 10−4 to
× 10−3 mol L−1 (25–2000 ppm). The adsorbent–solution sys-

ems were equilibrated for 24 h at 298 K in a thermostatic water
ath and the suspensions were then centrifuged at 2500 rpm for
min. The initial/final pH values of the solutions were 4.5/5

or Pb2+, 3.1/5 for UO2
2+, and 3.5/5 for Th4+, which were

elow the precipitation pH of the ions at studied concentra-
ions. Mass dependency of the adsorption was also checked
or Ch and PAA–Ch. Duplicates of 25, 50, 75, and 100 mg
f Ch and PAA–Ch were interacted with solutions of the
ons at 5 × 10−3 mol L−1 by following the procedure given
bove.

The metal-dye detection procedure provided by Laussmann
t al. [18] was modified for Pb2+ determination in the super-
atants. A solution of 3.5 × 10−3 mol L−1 of PAR in 0.7 mol L−1

f Tris–HCl at pH 8–9 was prepared. A 50 �L fraction of super-
atant was added onto 3 mL of the reagent and the absorbance of
he formed metal complex was measured at 510 nm. Arsenazo
II was used as the dying reagent in the determination of UO2

2+

nd Th4+ [19,20]. The solutions containing 0.04% Arsenazo III
n HCl to provide pH 1.5 for UO2

2+ and in 2 M HClO4 for
h4+ analysis were prepared. A 50 �L fraction of supernatant
as added onto 3 mL of the reagent and the absorbance was
easured at 650 nm.
To confirm accuracy of the results obtained from the metal-

ye detection, UO2
2+ and Pb2+ in some selected samples were

lso determined by radioactivity measurements by means of a
amma spectrometer [NAI(Tl) detector combined with a EG and
ORTEC multichannel analyzer and software, MAESTRO 32,
CA Emulator, USA was employed]. 212Pb at secular equilib-

ium with 232Th isolated from Th was used as isotopic tracer to
onitor Pb2+ adsorption. The activity is measured at 186 keV

f 235U at natural level in uranium composition and that at
38.6 keV of 212Pb.

.4. Temperature dependence of Pb2+, UO2
2+, and Th4+

dsorption

Temperature effect on adsorption for determination of ther-
odynamic parameters was studied for three temperatures: 283,

98, and 313 K. Duplicates (0.1 g each) of Ch and PAA–Ch
ere equilibrated with solutions of Pb2+, UO2

2+, and Th4+ at
× 10−3 mol L−1 at the chosen temperatures for 24 h. The sam-
les were subjected to the same procedure described above;
quilibrium concentrations and adsorbed amounts were deter-
ined.
.5. Adsorption kinetics

Ten milliliters of solution of each ion was added on to 0.1 g
f Ch and PAA–Ch as duplicates. Fifty-microliter fractions of

i
E

t
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olution were withdrawn for 4 h, starting immediately after the
olution–solid contact and continued with time intervals. Pb2+,
O2

2+ and Th4+ contents of the fractions were determined as
escribed above. A correction factor was applied to data by con-
idering the volume decrease in equilibrium solutions due to
ampling.

.6. Ion selectivity and reusability

The ion selectivity of Ch and PAA–Ch from solutions con-
aining possible combinations of studied ions at equivalent
oncentrations (5 × 10−3 mol L−1) was studied. Ten-milliliter
raction of solutions containing the ions at possible combina-
ions were poured on 0.1 g (duplicates) of Ch and PAA–Ch, the
on contents of equilibrium (after 24 h) solutions were measured.
either Th4+ and Pb2+ nor UO2

2+ had any interference with each
ther when Th4+ was determined with Arsenazo III in 2 mol L−1

f HClO4 [19,20]. Gamma spectrometric method was employed
or the determination of Pb2+ and UO2

2+.
Hydrochloric acid at 0.5–1 mol L−1 is known as an effective

egenerator for resins [21,22]. This effluent was also tested for
h and PAA–Ch with a reusability study for Pb2+. To accomplish

his, five duplicates of 0.1 g Ch and PAA–Ch in polypropy-
ene tubes were equilibrated with 10 mL of 4 × 10−3 mol L−1

b2+ for 24 h and the adsorbed amounts were derived from the
on contents of supernatants. The contents of columns were
luted with 5 mL fractions of 15 mL of 1 mol L−1 HCl and
he columns were then washed with distilled water until the
ffluents had a neutral pH. The Pb2+ contents of the efflu-
nts (HCl) were determined. Each sample was subjected to the
ame procedure for four sequential times to provide five uses in
otal.

.7. Data evaluation

The amounts of adsorption of the ions of interest (Q,
ol kg−1) were calculated from Q = [(Ci − Ce)V/w)], where
i and Ce are the initial and equilibrium concentrations

mol L−1), w is the mass of adsorbent (kg) and V is the solu-
ion volume (L). The Langmuir [Q = (KLXLCe)/(1 + KLCe)] and
reundlich (Q = XFC

1/β
e ) models were fit to the isotherms

xperimentally obtained, where XL is the monolayer sorption
apacity (mol kg−1) and KL is the adsorption equilibrium con-
tant (L mol−1) related to the adsorption energy. XF and ‘1/β’
re empirical Freundlich constants associated with the capac-
ty and intensity of adsorption (1/β represents the heterogeneity
f the adsorptive surface). The isotherms were also evaluated
ith reference to Dubinin–Radushkevich model to find out the

onstant (KDR; mol2 K J−2) related to the sorption energy from
= XDRe−KDRε2

, where XDR is sorption capacity (mol kg−1)
nd ε = RT ln(1 + 1/Ce) is Polanyi potential. Free energy change
E; J mol−1) required to transfer one mole of ion from the

nfinity in the solution to the solid surface was derived from
= (−2KDR)1/2 [23,24].
The thermodynamic parameters were determined as follows:

he distribution coefficients (Kd) were derived from Kd = Q/Ce



azardous Materials 151 (2008) 380–388 383

f
p
J
t
w
a
c

e
a
p
M
(
s
[

c
t
l
t

3

3

i
3
w
C
i
i
p
o
1
o
e

Table 1
Physical characteristics of Ch and PAA–Ch

Ch PAA–Ch

Multipoint BET surface area (m2 g−1) 1.43 2.02
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or each temperature and ‘ln Kd’ was depicted against 1/T to
rovide adsorption enthalpy (�H, J mol−1) and entropy (�S,
mol−1 K−1) from the slopes (�H/R) and intercepts (�S/R) of

he depictions with reference to ‘ln Kd = [(�S/R) − (�H/R)1/T]’,
here R is ideal gas constant, 8.314 J mol−1 K−1, and T is the

bsolute temperature. Having had �H and �S, �G values were
alculated from �G = �H − T�S for 298 K.

Pseudosecond-order kinetic and intraparticle diffusion rate
quations were applied to the results of kinetic studies to be
ble to envisage the controlling mechanism of the adsorption
rocess. t/Qt = 1/(kQ2

e) + t/Qe and Qt = kit
1/2 (Weber and

orris model), where Qt and Qe are the adsorption capacities
mol kg−1) at time t and equilibrium, k and ki are the rate con-
tants. Initial adsorption rate was also calculated from h = kQ2

e
25,26].

A t-test was applied to obtain the significance of regression
oefficients (R2) for the compatibility of experimental data to
he Langmuir, Freundlich and DR models, and for those to the
inearity of kinetic equations; p < 0.01 was considered as the
hreshold for the significance [27].

. Results and discussion

.1. Structural evaluation

The FT–IR spectra of Ch and PAA–Ch were compared
n Fig. 1(a) and (b). Broad band of O–H and N–H of
200–3500 cm−1 sharpened and intensified in PAA–Ch, which
as associated with the intramolecularly H-bonded terminals in
h that was unbridged and became strengthened when embod-

ed in PAA. Similar explanation was also possible for the change
n vibrations around 3100 and 1650 cm−1 of N–H. The sharp
eak at 1680 cm−1 of C O was evidence for the involvement
f PAA into the composition. The counters within the range

320–1500 cm−1 were of associates N–H of amine and amide
f PAA, whilst the band at around 100–1140 cm−1 was of cyclic
ther of Ch, C–O–C [13,14,28].

Fig. 1. FT–IR spectra of Ch (a) and PAA–Ch (b).
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ore volume (cm3 g−1) 0.010 0.008
ore diameter (nm) 3.0 2.7

The results of adsorption surface area and porosity mea-
urements were provided in Table 1. Both adsorbents had
esoporosity with reference to the IUPAC classification, since

heir pore diameter values are within the range of 2–50 nm. The
ore size and pore volume of the materials were not significantly
ifferent from each other, but PAA–Ch had a wider BET surface
rea than Ch.

With the increase in number of hydrophilic terminals, the
ater imbibing feature (hydrogel) of PAA–Ch increased in

omparison with those of its components individually, so that
he magnitude of swelling were found to be 1200% for Ch,
350% for PAA and 1600% for PAA–Ch. The mean value
f swelling in solution containing the studied ions was found
o be 1500%. This was slightly lower than its magnitude
n water, but there was not any systematic relation between
he ionic strength of the medium and the swelling for the
tudied concentration range. Since the adsorption was calcu-
ated on the basis of dry weights of adsorbents, slight shrink
n swelling of PAA–Ch was not considered as an effective
arameter.

.2. Pb2+, UO2
2+, and Th4+ adsorption

Experimentally attained adsorption isotherms and their com-
atibility to Langmuir and Freundlich models of Pb2+, UO2

2+,
nd Th4+ were provided in Fig. 2. The parameters derived
rom the models, including DR (not figured), were contained
n Table 2. The adsorption capacities derived from the studied

odels (XL, XF, and XDR) were concordantly in the order of
h4+ > Pb2+ > UO2

2+ for both Ch and PAA–Ch, but the values
ncreased significantly in favor of PAA–Ch (see the expected
dsorptions derived from XL given under brackets in Table 2 and
ig. 3). This can be attributed to PAA in PAA–Ch. The Ch dis-
ersed in the hydrogel finely, resembling a colloidal behavior of
ne solid phase Ch in another PAA, which causes an expansion
f the adsorptive surface and minimizes possible cause of steric
indrance to adsorption due to inter/intra molecularly interacted
ctive sites of Ch.

The sequence of KL values, as a measure of spontaneity of
dsorption, was Pb2+ > UO2

2+ > Th4+ and agree with the trend
een in ‘β’ as a measure of increasing surface heterogeneity
f Freundlich [2,7]. The values of ‘β’ and ‘KL’ justified each
ther for Pb2+ and UO2

2+, indicating that the higher amount
dsorbed is the ion with the higher tendency to be adsorbed onto
he adsorbent. This was not valid for Th4+, for which KL as well

s ‘β’ was smallest, whilst the capacity (X) was the highest. This
hould be associated with the affective ionic charge (radii/ionic
harge) which is in the sequence of UO2

2+ (253 pm/2) > Pb2+

119 pm/2) > Th4+ (94 pm/4) [16], the smaller has the higher
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Fig. 2. Experimentally obtained adsorption isotherms Pb2+, UO2
2+, and Th4+,

and their compatibility to Langmuir and Freundlich models.
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Table 2
Langmuir, Freundlich, and Dubinin–Radushkevich parameters for Pb2+, UO2

2+, and

Langmuir

XL (mol−1 kg−1) KL (L mol−1) r2

Pb2+

Ch 0.38 914 0.969
PAA–Ch 0.28 (0.84)a 1236 0.975

UO2
2+

Ch 0.14 472 0.984
PAA–Ch 0.09 (0.27) 8569 0.941

Th4+

Ch 0.39 422 0.966
PAA–Ch 0.51 (1.53) 312 0.968

a Expected XL with reference to the composite containing 0.1 g of Ch (mass ratio o
proportional with Ch mass, see Fig. 3).
ig. 3. Adsorption dependence of the studied ions to Ch mass (values of R2 are
.995 for Pb2+, 0.996 for UO2

2+, and 0.998 for Th4+).

obility in the solution and in the hydrogel, for which the
equired energy for migration of ions towards the adsorbent
nd transference to the active sites to form complex expected
o be lower than the others. Active terminals (−NH2 groups) of
h were attracted towards the metal species to form complex
y ion exchange with two possible ways: by chelation (bridge
odel) of an ion with multiple coordination with inter and/or

ntramolecular amine terminals and by pendant coordination of
n ion with an amine terminal [29]. The former is expected to be
ore stable, but requires steric convenience and more numbers

f active terminals than the latter. In any case, the conditions
eem to be in favor of Th4+ ions. However, the highest decrease
n adsorption due to PAA involvement was for UO2

2+ ions,
mplying the ion with the highest ratio has the least capability
o pass through the PAA network and to make complex with the
ites.
.3. Adsorption thermodynamics

Temperature dependence of the adsorption of the studied ions
ere shown in Fig. 4, ‘1/T’ as a function of ‘ln Kd’, from which

Th4+ onto Ch and PAA–Ch

Freundlich DR

XF β r2 XDR r2

1.94 2.9 0.956 0.85 0.969
1.27 3.2 0.982 0.46 0.980

1.32 2.2 0.964 0.36 0.991
0.23 5.5 0.926 0.14 0.962

5.01 1.8 0.920 2.4 0.978
8.39 1.6 0.935 2.6 0.981

f Ch/PAA–Ch for the composite was 1/3 and the adsorbed amount was linearly
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Fig. 4. Temperature dependence of the adsorption for studied ions.
he thermodynamic parameters were obtained and submitted in
able 3. Constant related to sorption energy (KDR) and free
nergy change (EDR) derived from DR model were also provided
n the table.

C
d
s
t

able 3
hermodynamic parameters for Pb2+, UO2

2+, and Th4+ adsorption onto Ch and PAA

�H (kJ mol−1) �S (J mol−1 K−1) �G

b2+

Ch 5.7 58 −11
PAA–Ch 19.7 101 −10

O2
2+

Ch 23.7 105 −7
PAA–Ch 21.8 100 −8

h4+

Ch 2.3 46 −11
PAA–Ch 1.5 44 −11
ous Materials 151 (2008) 380–388 385

The enthalpy changed for the adsorption was �H > 0 for
ll ions for both Ch and PAA–Ch, indicating that the over-
ll process was endothermic and, the order of �H values was
O2

2+ > Pb2+ > Th4+ showing a similar trend with the KDR. The
alues of entropy changed were positive for all ions for both
dsorbents showing that the randomness in the solid–solution
nterface increased along with the adsorption process. Gibbs
ree enthalpy change was �G < 0 indicating that the adsorption
rocess is spontaneous in the sequence of Th4+ ≥ Pb2+ > UO2

2+.
DR ∼= 8 kJ mol−1 has been assumed as a threshold for definition
f the nature of adsorption; the physical forces such as diffusion
rocess are effective on sorption if EDR < 8 kJ mol−1, the nature
f process is chemical (the complex formation/ion exchange)
therwise [23,29]. The EDR values imply that the process was
hemical sorption.

.4. Kinetics of adsorption

The first-order kinetics describes a reversible equilib-
ium established between the ions in solution and those
dsorbed on solid phase, whereas the second-order model
efines that the rate-controlling mechanism is chemical process
11,25].

The compatibility of the adsorption kinetics of the studied
on on to Ch and PAA–Ch to the second-order equation (t/Qt
ersus t) was provided in Fig. 5. The figure also contained the
lots of Qt versus t0.5 from which intraparticle diffusion rates
ere obtained. The parameters derived from the figures were
resented in Table 4.

The well compatibility to the second order kinetics indicated
hat the process was ion concentration dependent so that the rate-
ontrolling step is chemical sorption via complex formation/ion
xchange. The plot of Qt versus t0.5 (Weber and Morris model)
howed that two types of mechanisms take place in the adsorp-
ion process; the initial rapid uptake under the boundary layer
ffects and the slow intraparticle diffusion after the completion
f external coverage [30]. Intraparticle diffusions rate constant
ere obtained from the slopes of the latter’s trends. The found
iffusion rate constants for PAA–Ch were higher than those of

h for all ions. This should also be associated with the fine
ispersion of Ch in PAA enabling Ch expansion of adsorptive
urface so that the probability of transference of the ions towards
he inner active sites increased.

–Ch

(kJ mol−1) −KDR (×109 mol2 K J−2) EDR (kJ mol−1)

.6 5.4 9.6

.4 3.8 11.5

.6 7.3 8.3

.0 2.4 14.5

.4 10.8 6.8

.6 10.8 6.8
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Fig. 5. Compatibility of Pb2+, UO2
2+, and Th4+ adsorption kinetics for Ch and

PAA–Ch to pseudosecond-order model (plots t/Qt vs. t with solid and short
dashed lines) and to Weber–Morris model (plots Qt vs. t0.5 with dotted lines).

Table 5
Ion selectivity of Ch and PAA–Ch from solutions containing possible combina-
tions of studied ions at equivalent concentrations (5 × 10−3 mol L−1)

Ion combinations Adsorption (%)
Ch PAA–Ch

Pb2+, UO2
2+, and Th4+

Pb2+ 95a (55)b 95 (57)
UO2

2+ 39 (23) 37 (22)
Th4+ 37 (22) 35 (21)

Pb2+ and UO2
2+

Pb2+ 95 (80) 95 (72)
UO2

2+ 23 (20) 36 (28)

Pb2+ and Th4+

Pb2+ 32 (55) 38 (51)
Th4+ 26 (45) 37 (49)

UO2
2+ and Th4+

UO2
2+ 64 (58) 68 (58)

Th4+ 47 (42) 50 (42)

3

i
(

p
b
t
(
m
t
o
a

P
a
a
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c
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Table 4
Kinetic parameters for Pb2+, UO2

2+, and Th4+ adsorption onto Ch and PAA–Ch

Pseudosecond-order kinetic

K (mol−1 kg min−1) H (mol kg−1 min)

Pb2+

Ch 0.61 0.05
PAA–Ch 0.41 0.03

UO2
2+

Ch 1.04 0.02
PAA–Ch 0.25 0.01

Th4+

Ch 0.89 0.04
PAA–Ch 0.45 0.02
a As percentage of the amount of ion added to the solution.
b As percentage adsorption of total ion adsorption onto the adsorbent.

.5. Ion selectivity and reusability

Ion selectivity of the adsorbent in the presence of the studied
ons with all possible combinations at equivalent concentrations
5 × 10−3 mol L−1) was compared in Table 5.

Both Ch and PAA–Ch had the highest affinity to Pb2+ in the
resence of both UO2

2+ and Th4+ and of UO2
2+. This can also

e explained by the affects of the affective ionic charge and
he parameters related to the affinity of Pb2+ to the adsorbents
KL and β, see Table 2) together with the ionic strength of the
edium; it appears that all were in favor of Pb2+. As a result of

hese factors, similar affinity trends were also observed for the
ther two possible combinations, for Pb2+ from Pb2+ and Th4+

nd for UO2
2+ from UO2

2+ and Th4+.
The reusability feature of Ch and PAA–Ch was tested for

b2+ for four regenerations in a total of five uses. Percentage
dsorption of the ion onto the adsorbents and the regener-

tion efficiency for each use was provided in Table 6. The
eans and its ±S.E.M of the adsorption and the recovery effi-

iency obtained from the following uses after the first were
ound to be 50.0 ± 1.5 and 100 ± 2 for Ch and 37.9 ± 1.1 and

Intraparticle diffusion rate

R2 Ki (×103 mol kg−1 min0.5) R2

0.988 3.7 0.999
0.996 5.5 0.999

0.984 6.1 0.981
0.958 3.5 0.983

0.958 8.5 0.978
0.996 3.2 0.978
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Table 6
Reusability of Ch and PAA–Ch for adsorption of Pb2+

Reusage noa Adsorption (%)

Ch PAA–Ch

1 49.9 37.9
2 49.5 (99)b 37.1 (98)
3 50.8 (102) 41.0 (108)
4 51.9 (104) 38.0 (100)
5 47.9 (96) 35.5 (94)

Mean ± S.D.M. 50.0 ± 1.5 (100 ± 2) 37.9 ± 1.1 (100 ± 3)
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[
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Recycle use of adsorbent, Sep. Sci. Technol. 21 (1986) 563–574.
a Number of sequential usage of the adsorbent.
b Regeneration efficiencies with reference to the first use.

00 ± 3 for PAA–Ch. The values of means were not signifi-
antly different from the values of their first use and 100%
p < 0.05). The IR spectra obtained before and after reuses
rovided no evidence signifying any changes in the struc-
ures. Storage foregoing also had no effect on the structural
tability.

. Conclusion

The preparation and characterization of PAA–Ch, and its
omparative adsorptive features with pure Ch with refer-
nce to the dependency on concentrations and temperature,
nd the adsorption kinetics for Pb2+, UO2

2+, and Th4+ were
nvestigated.

Experimentally attained isotherms were L and H type of
iles classification. PAA–Ch had higher adsorption capac-

ty than Ch for all studied ions so that the sequences were
h4+ > Pb2+ > UO2

2+ concordantly with their affective ionic
harges for both adsorbents. The affinity to Ch in PAA increased
or Pb2+ and UO2

2+ but not changed for Th4+.
The values of enthalpy and entropy changed were positive for

ll ions for both Ch and PAA–Ch. Free energy values derived
rom DR model and well compatibility of adsorption kinet-
cs to the second order implied that the sorption process is
hemical.

Ch and PAA–Ch had the highest affinity to Pb2+ in the
resence of the other two ions. The regeneration tests for Ch
nd PAA–Ch showed that both adsorbents can be reused after
omplete recovery of the loaded ion 1 mol L−1 HCl and recon-
itioned.

As a consequence, the use of Ch in PAA will enhance
racticality and effectiveness of Ch in separation and removal
rocedures.
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