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a b s t r a c t

The composites of natural (clinoptilolite) and synthetic zeolite (Z and YZ) with polyacrylamide (PAAm)
were synthesized and characterized by FT-IR, TGA, XRD, SEM and PZC analysis. The adsorptive features
of the minerals and its composites were investigated for Tb analogues to the rare earth elements (REs)
by isotopic tracer method, 160Tb was the radiotracer. The composites were the hybrid formations of
PAAm and Z or YZ. Tb adsorption capacities of the composites were higher than those of bare Z and
eywords:
dsorption
eolite
anthanides
omposite

YZ. The compatibility of Tb adsorption kinetics to the second order and Weber–Morris models implied
that the sorption process was chemical via ion exchange. The values of enthalpy and entropy changes
were positive and the negative free enthalpy change was evidence for the spontaneity of adsorption. The
reusability tests for the composites for five uses demonstrated that the adsorbents could be reused after
complete recovery of the loaded ion. Unlike PAAm–YZ, PAAm–Z was resistant to acidic environment.

ally s
s.
adiotracer The overall results eventu
adsorbent for Tb3+ and RE

. Introduction

Chemical precipitation, ion exchange, solvent extraction,
everse osmosis and adsorption are conventionally applied meth-
ds for removal and/or recovery of metal ions contributed into
quatic environment by natural or industrial resources. Amongst
hese, the adsorption is introduced as a favorable one since it has
dvantages of effectiveness, versatility, simplicity, applicability at
ery low concentrations, suitability for using batch and continuous
rocesses, ease for operation, little sludge generation, possibility of
egeneration and reuse, and low capital cost [1].

In principle, a good adsorbent should have a porous structure
high surface area) and fast adsorption kinetics beside which it
hould be cost effective. Fly ash, silica gel, zeolite, lignin, sea-
eed, wool wastes, agricultural wastes, chitin, chitosan, and clay
aterials are of natural adsorbents comparatively meet these

equirements [2,3].
Amongst these, natural zeolites are the most abundant minerals
n earth. Clinoptilolite has the highest abundance in comparison to
ts other common forms: mordenite, phillipsite, chabazite, stilbite,
nalcime and laumontite. Zeolites are hydrated porous aluminosil-
cates and possess precious physicochemical features for chemical

Abbreviations: Z, zeolite (clinoptilolite); YZ, Y-zeolite; PAAm, polyacrylamide.
∗ Corresponding author. Tel.: +90 346 2191010x1623; fax: +90 346 2191186.

E-mail addresses: ulusoy@cumhuriyet.edu.tr,
lvi.ulusoy@gmail.com (U. Ulusoy).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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uggested that the composite of Z and PAAm was a potential cost effective

© 2011 Elsevier B.V. All rights reserved.

processes, such as cation exchange, catalysis, molecular sieving and
adsorption [4]. Zeolites are also produced synthetically, although
they are not economically feasible in large scale applications. They
are formed by fusing weighed amounts of feldspar, clay, and soda
ash or obtained from mixtures of caustic soda, sodium silicate and
bauxite. Natural zeolites generally show low surface area; however,
the apparent surface area of some synthetic zeolites can be as high
as 700 m2 g−1 [5,6]. Clinoptilolite (Z) and synthetic Y-zeolite (YZ)
as the interest of this investigation are classified under the same
framework topology encoded with HEU [7].

Although, the usability of Z and YZ in adsorption procedures
have been proved with a number of investigations ([8–16] for Z,
and [17–23] for Y-zeolite), further researches require for enhance-
ment of adsorptive features and practical usage of zeolites, since
the aggregation and coagulation of mineral particles under vary-
ing conditions of temperature and electrolytes lead variations
in flow properties of these minerals. This is an undesired fea-
ture for their practical use as adsorbents since it may result in
e.g. hydrodynamic constraints in chromatographic and/or column
applications.

The use of the mineral as its composite with a polymer may be
helpful to overcome these limitations. Besides its practicality, the
composition may display more properties of an effective adsorbent

than the bare mineral. The result of such composition should be
a granular adsorbent similar to conventional ion exchange resins
and spherical shape encompasses greater attrition resistance and
compression strength [24]. The candidate polymer must be a hydro-
gel capable of swelling in aquatic solutions, enabling the diffusion

dx.doi.org/10.1016/j.jhazmat.2011.01.014
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ulusoy@cumhuriyet.edu.tr
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nd/or transfer of ions towards adsorption sites of the embodied
ineral and inert for metal ions.
The aim of this investigation was to introduce the composites of

linoptilolite (Z) and Y-zeolite (YZ) with hydrogel polyacrylamide
PAAm–Z/YZ) for practical use of the zeolites in adsorption proce-
ures. The preparation and characterization of the composites, and

ts comparative adsorptive features with bare Z and YZ with refer-
nce to the dependency on concentrations, time and temperature
or Tb3+ were investigated by a radiotracer method using 160Tb.
dditional consideration was also given to the reusability of the
omposite.

Tb3+ was selected as representative for the entire series of
he REs (lanthanides) possessing similar physicochemical features,
eside which the advantages of 160Tb are its high natural abun-
ance (100%) and the high cross section for thermal neutron
apture (� = 25.5 b) of its precursor 159Tb, and the half life of
60Tb (72 days) allows relatively comfortable handling [25]. As the
ther REs, Tb is also industrially important; it is used in cathode
ay tubes, magnets optical computer memories, magnetostrictive
lloys, luminescence activator, fluorescence and laser complex
26–28] and catalytic systems [29,30]. Besides the economical
nterests, the removal/recovery of lanthanides is also important
ecause of its hazardousness in view of toxicity [31,32] and radioac-
ivity in relation to the nuclear wastes [33].

. Experimental

.1. Reagents

Zeolite was obtained from Central North Anatolian occur-
ences associated with Eocene submarine volcanism. The certified
IMO GmbH) chemical composition of zeolite was 71.89% SiO2,
5.16% Al2O3, 6.51% CaO, 1.80% Fe2O3, 1.80% MgO, 1.06%
a2O and 0.59% SrO. The mineral is composed of ∼90% zeo-

ite, as clinoptilolite {(Na,K)6·[Al6Si30O72]·24H2O} and mordenite
Na3KCa2·[Al8Si40O96]·28H2O}, 5% quartz, 5% feldspar and smec-
ite in trace level. The ratio of SiO2/Al2O3 is 4.7, which suggests
hat the mineral is clinoptilolite with reference to the classification
f the International Mineralogical Association [7].

Na–Y zeolite (Sigma) was preferred as the synthetic zeolite. The
ertified composition by the supplier was 63.8% SiO2, 22.9% Al2O3,
3.0% Na2O, 0.13% Fe2O3 and 0.38% CaO. The value of SiO2/Al2O3
as 4.74. The univalent cation exchange capacity (CEC) of zeolite

nd Y-zeolite determined by ammonium acetate method at pH = 7
34] were 0.90 mol kg−1 and 1.88 mol kg−1.

N,N′-Methylene-bisacrylamide, N,N,N′,N′-
etramethylethylenediamine (TEMED) were purchased from
igma. Acrylamide monomer, ammoniumperoxodisulfate; APS
H8N2O8S2) and Tb2O3 were obtained from Aldrich. All chemicals
sed were of analytical reagent grade. No pre-treatment was
pplied to the chemicals, Z and YZ.

.2. Preparation of composites

PAAm–Z or PAAm–YZ was prepared by direct polymerization of
Am monomer in its related mineral suspensions. The final compo-
ition of the composites had 2:1 mass ratio of PAAm to the mineral.
PS and TEMED as the initiator and propagator of the polymer-

zation, and N,N′-methylene-bisacrylamide as cross linking agent
ere used. The composite gels were washed after completion of the

olymerization with distilled water until effluent attained water
onductivity, dried at ambient temperature, ground and sieved to
n average particle size 50 mesh. One batch for each of PAAm–Z or
AAm–YZ was prepared at once to conduct the overall investigation
35].
us Materials 187 (2011) 241–249

The composites and its mineral compositions were char-
acterized by FT-IR (Unicam, Mattson-1000), XRD (Shimadzu
XRD-6000), SEM (JEOL/JSM-6335F), BET-porosity (Quantachrome,
Quantachrome Instruments) and DTG (Shimadzu DT-50) analysis.

Pure PAAm was also prepared for comparison of its swelling
features with the composites, Z and YZ. 0.1 g of dried samples were
let to swell in water, the swollen samples were then weighed to
find swelling ratio with reference to the dry mass.

Since the principal concern of this study was to investigate the
adsorptive features of the composites, the bare form of the minerals
was only considered for determination of adsorption capacities to
find out the effect of the encapsulation in PAAm. The preliminary
adsorption investigation for PAAm confirmed that PAAm was inert
for Tb3+, as previously proved for Cu2+ and Fe3+ ions [36].

All experiments were always performed in duplicates for which
±5% was the limit of experimental error. Time to attain equi-
libration between solution and adsorbent was 24 h. The study
temperature was always 298 K unless otherwise stated.

2.3. Preparation of 160Tb tracer

50 mg of Tb2O3 was irradiated under a thermal neutron flux
of ≈1013 n cm−2 s−1 in a nuclear reactor (Çekmece Nuclear and
Research Centre, Turkey) to obtain 160Tb possessing 1 MBq activity.
The irradiated sample was dissolved in 5 mL of 1 M HNO3, the solu-
tion was evaporated near dryness and diluted to provide an activity
of 250 Bq mL−1. 1 mL of the tracer stock was used as spike for every
10 mL of Tb solution throughout the investigation.

2.4. Point of zero charge (PZC) and pH dependence of Tb3+

adsorption

PZC of the composites and its mineral components was deter-
mined with reference to the change in initial and final pH of
solutions in presence of 0.1 M of KNO3 [37]. 0.1 g of each com-
posite or 0.035 g Z and YZ (the equivalent amounts to mineral
contents of the composites) were interacted with 10 mL of KNO3
solutions having a pH in the range of 3–10 for 24 h. 0.1 M of HCl
or NaOH were used for the pH adjustments. PZC values were then
obtained from the intercepts of the linearity relation between ini-
tial pH and �pH as the difference between initial and equilibrium
pHs (�pH = pHe − pHi).

For determination of pH effect on Tb adsorption, pHi of 10 mL
3.1 × 10−3 M (500 mg L−1) Tb3+ solutions were adjusted to 1–5.5
beyond which Tb precipitated [38]. The investigation associated
with PAAm–YZ was limited with pH = 2.5–5 due to its decomposi-
tion at pH lower than 2. 0.1 g fractions of the adsorbents in 10 mL
Tb3+ solutions were agitated for 24 h at 298 K. The supernatants
were separated by centrifugation and the aliquots were taken for
the measurements.

Fractional adsorption was determined by gamma-spectrometric
method for which a NaI(Tl) detector (combined with a EG&G Ortec
multi-channel analyzer and with a software, MAESTRO 32 MCA
Emulator, USA) was employed. 5 mL portions of the supernatants
and a reference solution (not interacted with the adsorbents) were
counted on contact geometry for a time to collect at least 10,000
counts to provide 1% coefficient of variation. The adsorbed fraction
of Tb was then derived from the comparison of 160Tb activities at
87, 197, 299, 876, 966 and 1178 keV of the supernatants and those
of reference solution.
The same experimental procedure (interaction time, tem-
perature, agitation and centrifugation) and method for Tb
determination were applied to the other adsorption studies unless
otherwise specified. Tb solutions were prepared from Tb2O3 as
described in Section 2.3.
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.5. Concentration dependence of adsorption

0.1 g of the composites, YZ and Z were equilibrated with 10 mL
b3+ at concentrations ranging from 1.6 × 10−4 to 1.3 × 10−2 M
25–2000 mg L−1), for which the initial pH was in the range of 5–3.

.6. Time dependence of adsorption

25 mL fractions of Tb3+ solution at 3.1 × 10−3 M (500 mg L−1)
ere transferred onto the composites (0.5 g of each). 1 mL fractions

f solution were withdrawn for 10 h starting immediately after the
olution–solid contact and continued with time intervals.

.7. Temperature dependence of adsorption

Temperature effect on adsorption was studied to reveal the ther-
odynamic parameters. 0.1 g of the composites was equilibrated
ith Tb3+ solution at 1.6 × 10−3 M (250 mg L−1) at 278, 288, 298,

13 and 323 K.

.8. Reusability

0.1 g of the composites in polypropylene columns (100 mm
eight × 10 mm i.d., with a glass-wool over its stopcock) were equi-

ibrated with 10 mL of 1.6 × 10−3 M (250 mg L−1) Tb3+ solutions for
h (adequate time for completion of the adsorption after kinetic

tudies). The adsorbed amounts were derived from the contents of
olutions at equilibrium. Tb contents of PAAm–Z were eluted with
0 mL of 1 M HCl with a flow rate of 0.5 mL min−1 since HCl treat-
ent had no distractive effect on Z [39]. Due to the decomposition

f YZ in acidic solutions, 2 M NaNO3 solutions (50 mL) were used
or PAAm–YZ [18]. The complete recovery of the adsorbed Tb3+ was
ustified by Tb3+ determination in the eluents. The columns were
hen reconditioned with distilled water until the effluents had a
eutral pH. Each sample was subjected to the same procedure for
sequential times to provide 5 uses in total.

.9. Data evaluation

The fractional transfer (F) of 160Tb to solid phase from Tb3+

olutions was derived from F = (Ai − Ae)/Ai where Ai and Ae are
he activity measured in the reference and equilibrium solutions.
he adsorbed amounts (Q (mol kg−1)) were then calculated from
= [FCiV/w] in which Ci is the initial Tb3+ concentration (M), w is the
ass of adsorbent (kg) and V is the solution volume (L). Due to the

nertness of PAAm, the values of Q were calculated with reference
o the Z and YZ content of adsorbents (0.035 g of 0.1 g PAAm–Z/YZ).

The Langmuir and Freundlich models {Q = (KLXLCe)/(1 + KLCe)
nd Q = XFCˇ

e } fitted to the isotherms experimentally obtained,
here XL was the monolayer solution capacity (mol kg−1), KL
as the adsorption equilibrium constant (L mol−1) related to the

dsorption energy. XF and ‘ˇ’ were empirical Freundlich constants
ssociated with the capacity and intensity of adsorption.

The isotherms were also evaluated with reference to
ubinin–Radushkevich (DR) model to find out the constant (KDR

mol2 K J−2)) related to the sorption energy from Q = XDRe−KDRε2

here XDR was sorption capacity (mol kg−1) and ε was Polanyi
otential given with ε = RT ln(1 + 1/Ce). R and T represented the

deal gas constant (8.314 J mol−1 K−1) and absolute temperature
298 K). Free energy change (E (J mol−1)) required to transfer 1 mol

f ion from the infinity in solution to the solid surface was then
erived from E = (−2KDR)−1/2.

Langmuir isotherms were further considered to predict if the
omposites were ‘favorable’ in view of dimensionless factor;
D = 1/(1 + KLCe) and to calculate the mass of composites (W (kg)) for
Wavenumber/cm-1

Fig. 1. Comparative IR spectra of the composites and its components.

removing half of 100 mg L−1 of Tb3+ from a hypothetic solution with
‘V’(L) volume by W/V = (Ci − Ce)/[KLXLCe/(1 + KLCe)] as suggested by
Doğan and Alkan [40].

The adsorption kinetics was evaluated with reference to the
pseudo-second-order kinetic and intra-particle diffusion (Weber
and Morris model) models by t/Qt = 1/(kQ 2

Mod) + t/QMod and
Qt = kit1/2 where Qt and QMod were the adsorbed amounts
(mol kg−1) at time t and equilibrium, k and ki were the rate con-
stants [41]. Initial adsorption rate (H) and the time required for
adsorption of half of the concentrations (t1/2) was also calculated
from H = kQ 2

Mod and t1/2 = 1/(kQMod) = QMod/H as described by Ho
and McKay [42] and Basha and Murthy [43].

For evaluation of the temperature dependence of adsorption, the
distribution coefficients (Kd) were derived from Kd = Q/Ce for each
temperature and ln Kd was depicted against 1/T to provide adsorp-
tion enthalpy (�H (J mol−1)) and entropy (�S (J mol−1 K−1)) from
the slopes (�H/R) and intercepts (�S/R) of the depictions with ref-
erence to van t’Hoff equation: ln Kd = �S/R − �H/(RT). Having had
�H and �S, �G values were calculated from �G = �H − T�S for
298 K.

3. Results and discussion

3.1. Structural evaluation
The FT-IR spectra of the composites and their components were
compared in Fig. 1. The appearances of the stretches associated with
the crystal lattice of Z (1215 and 1060 cm−1 and 800 cm−1) and of
YZ (1150–970 cm−1) in PAAm–Z/YZ together with the typical vibra-
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Fig. 3. The derivative TGA curves (heating rate: 10 ◦C min−1 under static air).

tions related to C O (1650 cm−1), N–H (3490–3185 cm−1, broad
band), C–H (2940 and 1455 cm−1) terminals of PAAm [8,44–48]
were of evidences for the hybrid formation of the composites.

Pure PAAm had a typical noncrystalline (amorphous) pattern,

while the composites had the typical crystallite reflections asso-
ciated with the mineral components (Fig. 2). Clinoptilolite was
characterized with the diffractions appeared at 9.8 and 22.3 (2�◦)
representing d0 2 0 and d0 0 4 reflections beside the others [8,49–51].

(c), PAAm–Z (d) and PAAm–YZ (e).
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Table 1
Derivative TGA analysis.

Material Loss of mass (% (w/w))

25–100 ◦C 100–200 ◦C 200–400 ◦C 400–600 ◦C

PAAm 9.2 2.6 59.2 (353)a 37.6
Z 3.3 3.4 2.5 0.8
PAAm–Z 7.2 3.1 46.0 (342) 13.4
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Table 2
Physical characteristics.

BET (m2 g−1) Average pore
volume (cm3 g−1)

Average pore
diameter (nm)

PAAm 3.5 0.02 0.22
Z 10.4 0.07 0.44
PAAm–Z 2.7 0.03 0.77
YZ 946 1.57 0.44
PAAm–YZ 35.7 0.10 0.44

pH
654321

Q
/m

ol
 k

g-1

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

PAAm-YZ
PAAm-Z

charge) were derived from the intercepts of the linear relations
YZ 9.2 13.7 1.2 –
PAAm–YZ 5.2 6.7 48.6 (337) 18.4

a Temperatures at which the maximum mass losses were observed.

–zeolite was a faujasite type mineral defined by the reflections
t 6.3, 10.3 and 12.1 (2�◦) [5,21,22,48,49]. Bare minerals and the
omposites had similar XRD patterns; there were not any distor-
ions and shifts in any of the peaks, which predicated that the

inerals were not deformed with inclusion of the hydrogel. The
rystallite sizes (S (nm)) were derived from Scherer’s formula:
= 0.9K�/(FWHM cos �), where K� was the wavelength of X-ray
eam (0.15406 nm), FWHM was the full width at half maximum
rad) of the considered � angle with reference to the observed
eflections with relative intensity higher than 10%. The mean of
izes and its S.E.M. were 380 ± 27 nm for Z and 314 ± 18 nm for
AAm–Z (n = 8), and 440 ± 8 nm for YZ and 339 ± 8 nm for PAAm–YZ
n = 15) indicating a significant diminish (p < 0.05) in crystallite
izes for both Z (−67 ± 13 nm) and for YZ (−101 ± 8 nm) in the
orresponding composites. This should be an evidence for the
ne dispersion of mineral particles in PAAm and suggest that the
dsorption capacities of the composites should be higher than the
are minerals due to the increase in surface area as a catalyzing
actor for the adsorption.

The derivative TGA curves and the observed mass losses within
he defined range of temperature (Fig. 3 and Table 1) showed that
he mineral components had a few percent mass losses mainly
ssociated with its water contents. The loss at 50–200 ◦C was
ue to weakly bound water and that at 200–400 ◦C was related
o the water located in zeolite cavities and bound to the frame-
ork cations [15]. Beside the small mass loss indicating removal

f moisture up to 200 ◦C, the characteristic peaks in PAAm and its
omposites were observed. As suggested by Van Dyke and Kasper-
ki [52], these were associated with the thermal degradation of
AAm realized in three steps: the emissions of H2O, CO2 and NH3
fter decomposition of pendant amide groups at 220–340 ◦C, the
osses of H2O, CO2, imides and nitriles after the main chain break-
own at 340–440 ◦C, and the releases during carbonization of the
olymer at 440–600 ◦C. The temperatures at maximum mass losses
bserved were 353 ◦C for PAAm, 342 ◦C for PAAm–Z and 337 ◦C for
AAm–YZ. The slight decrease observed for PAAm in the compos-
tes was attributed to the catalytic effect of mineral components by
higher heat transfer to PAAm.

SEM views of the composite and its components (Fig. 4) sub-
tantiated the obvious change in the morphology of the minerals
y introduction of PAAm. The crystallite appearances of the min-
rals changed to be amorphous impressions (plated crystallites)
n the composites. This should also be of evidences for the hybrid
ormation of the composites from its components.

All the studied materials had microporosity with reference to
he IUPAC classification, since their pore diameter values were
2 nm [53] (Table 2). Although the encapsulation of Z and YZ in
AAm significantly decreased the BET values and pore volume of
he minerals, the changes in these values were not effective factors
n the adsorption (see Section 3.3) since PAAm was inert for Tb3+
dsorption.
The swelling study showed that the swelling of the compos-

tes and PAAm was completed in a very short time (≈2 min). The
welling ratios were 1240% for PAAm, 150% and 1275% for Z and
i

Fig. 5. The effect solution pH on Tb3+ adsorption onto the composites.

PAAm–Z, and 125% and 1300% for YZ and PAAm–YZ. By consider-
ing the PAAm contents of the composites (66% of total mass), it
was seen that the involvement of Z or YZ in PAAm significantly
increased water imbibing capacities of the composites in compar-
ison to that of pure PAAm. This was explained by the cross-linking
efficiency in preparation of PAAm and the composites, i.e., the
hydrogel containing the more crosslinking agent (N,N′-methylene-
bisacrylamide) had the lower swelling [54]. Here, the presence of
minerals in preparation of the composites decreased the efficiency
of crosslink formations so that the composites had higher water
imbibing capacities than the more densely crosslinked PAAm.

3.2. pH dependence of adsorption and PZC

The amounts adsorbed onto the composites increased with
increasing pH (from 0.05 mol kg−1 to 0.19 mol kg−1 for PAAm–Z
and from 0.36 mol kg−1 to 0.55 mol kg−1 for PAAm–YZ) and reached
a plateau around pH = 3.5 for PAAm–YZ (Fig. 5). The values
of adsorbed amounts at pH = 3–4 were close to the maximum
adsorption capacities of the composites (see Section 3.3). The pH
dependence of adsorption suggested that Tb3+ ions were adsorbed
via ion-exchange mechanism and the pH solution influenced the
adsorption due to the competition of Tb3+ and hydrogen ions. As
the pH level increased the concentration of the hydrogen ions
decreased so that the amounts of adsorbed Tb3+ ions increased
[10]. The �pH (�pH = pHi − pHe) values were always �pH > 0
which were predicative for the basic contribution of the adsorption
(Table 3).

The values of point of zero charge (PZC; isoelectric point, the
pH of solutions at which the surface of the adsorbents have zero
(p < 0.05) between �pH and pHi (Fig. 6). The values of PZC were 7.9
for Z, 7.3 for PAAm–Z, 7.8 for YZ and 6.4 for PAAm–YZ so that the
PZC of minerals slightly shifted to acidity after its entrapment in
PAAm. This also emphasized that the use of minerals in the com-
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Table 3
pH dependence of Tb3+ adsorption.

PAAm–Z PAAm–YZ

pHi �pHa Q (mol kg−1) pHi �pH Q (mol kg−1)

1.1 1.0 0.05 2.5 1.8 0.36
2.0 1.0 0.08 2.9 1.3 0.37
2.9 2.7 0.12 3.6 1.5 0.54
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a �pH = pHe − pHi.

osite forms enhanced the adsorptive features in view of PZC, i.e.,
he number of adsorptive sites increased at lower pHs.

At the PZC, the surface of aluminosilicates had amphoteric SOH
ites in aquatic solutions and they were either protonated to form
SOH2

+ or deprotonated to form SO−, i.e., the SO− concentra-
ion increased with increasing pH whereas SOH concentration
ecreased with increasing pH [55]. The higher acidity caused the
igher repulsion for the positively charged Tb3+ ions. Thus the
dsorption increased with increasing pH.

By considering the values of PZC and pH dependence of
dsorption together with mononuclear Tb3+ species [Tb(OH)2+ and
b(OH)2

+] reported by Rönnback et al. [56] and Migdisov et al.
57], the following adsorption mechanisms were envisaged. Mech-
nisms (2) and (3) should be the explanation of the increase in �pH
fter the adsorption (Table 3).
( SO−) + Tb3+ � ( SO)3Tb (1)

( SO−) + Tb(OH)2+ � ( SO)3Tb + OH− (2)

( SO−) + Tb(OH)2
+ � ( SO)3Tb + 2OH− (3)
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Fig. 6. Comparative PZC plots.

1,00,80,60,40,20,0

Q
/m

ol
 k

g

0,0

0,1

0,2

0,3

0,4
ε2 x10-9

Fig. 7. Compatibility of experimentally obtained adsorption isotherms to Langmuir
and Freundlich models.

Because of its relevance to the reusability of the composites
(see below); mechanisms (4)–(7) were additionally proposed for
the recovery and reconditioning procedures.

( SO−)3Tb + 3H+ � 3( SOH) + Tb3+ (4)

SOH + H+ � SOH2
+ (5)

SOH2
+ + H2O � SOH + H3O+ (6)

SOH + H2O � SO− + H3O+ (7)

3.3. Concentration dependence of adsorption

The profiles of adsorption isotherms were ‘L’ or ‘H’ types of Giles
classification [58] (Fig. 7 and Table 4), in which 4 particular cases
are commonly used as the 4 main types (C, L, H and S). The ‘L’ and ‘H’
types are observed for substrate having high affinity to the adsor-
bent. The ‘L’ type means that the ratio between the concentrations
of the substrate remaining in solution and adsorbed on the solid
decreases with the increasing substrate concentration providing a

concave reaching to an asymptotic plateau referring the monolayer
adsorption capacity; XL. The ‘H’ type is a particular case of the ‘L’
isotherm, where the initial slope is very high [59].

Both YZ and PAAm–YZ had higher adsorption capacity than Z
and PAAm–Z because of the considerable difference between CEC
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Table 4
Parameters for Tb3+ adsorption derived from Langmuir, Freundlich and DR models.

YZ PAAm–YZ Z PAAm–Z

Langmuir
XL (mol kg−1) 0.28 0.66 0.26 0.32
KL (L mol−1) 66,070 1270 240 594
R2 0.974 0.992 0.976 0.946

Freundlich
XF 0.52 2.84 2.18 1.62
ˇ 0.12 0.31 0.53 0.38
R2 0.819 0.950 0.928 0.992

DR
XDR (mol kg−1) 0.38 1.11 0.69 0.53
−KDR × 109 (mol2 K J−2) 1.4 4.0 9.2 5.0
R2 0.880 0.978 0.991 0.988
E (kJ mol−1) 10.2 11.2 7.4 10.0
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Fig. 8. Fitting of Tb3+ adsorption kinetics to the pseudo second order (t/Qt vs. t) and
Weber–Morris (Qt vs. t0.5) models.
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Fig. 9. Temperature dependence of adsorption.

Table 6
Thermodynamic parameters for Tb3+ adsorption onto the composites.

�H (kJ mol−1) �S (J mol−1 K−1) −�G (kJ mol−1) R2

PAAm–YZ 10.5 87 15.4 0.964
PAAm–Z 12.1 76 10.5 0.980

Table 7
Reusability of the composites for Tb3+ adsorption from 1.57 × 10−3 M (250 mg mL−1)
Tb3+ solutions (the regeneration eluents were 2 M NaNO3 for PAAm–YZ and 1 M HCl
for PAAm–Z).

Reuse no. PAAm–YZ PAAm–Z

1 66.1 (100)a 29.3 (100)
2 67.5 (102) 31.4 (107)
3 65.2 (99) 31.2 (106)
4 61.5 (93) 31.6 (108)

Table 5
Kinetic parameters for Tb3+ adsorption onto the composites.

Pseudo second-order model
k (mol−1 kg min−1) QMod (mol kg−1) Qe (mol kg−1) H × 102 (m

PAAm–YZ 0.25 0.43 0.40 4.70
PAAm–Z 4.84 0.11 0.11 6.18
5 63.3 (96) 32.9 (112)

Mean ± S.E.M. 64.7 ± 2.3 (98 ± 4) 31.3 ± 1.3 (107 ± 4)

a Percentage adsorption with reference to the first use assumed to be 100%.

values of YZ and Z. The XL values of the composites (especially
PAAm–YZ) were higher than the bare form of mineral components
indicating that the encapsulation of YZ and Z in PAAm increased
the adsorption of Tb. The increase in adsorption was attributed to
catalytic contribution of PAAm to the adsorption process; the fine
dispersion of mineral particles in PAAm caused the expansion of
adsorptive surfaces and increased the available sites for adsorp-
tion. These results signified that the use of YZ and Z in the form of
composites was an advantage for removal of Tb3+ ions especially by
PAAm–YZ, but not for the recovery procedure by acidic solutions in
which YZ was chemically instable [18].

EDR ∼= 8–16 kJ mol−1 is assumed as the energy range for defini-
tion of the nature of adsorption; the process is ion exchange if EDR is
in this interval, chemisorptions are effective driving force if EDR was
higher than 16 kJ mol−1 [60,61]. The EDR values of this investigation
suggested that the adsorption process took place via ion exchange.
The energy required for adsorption to the composites was higher
than those for adsorption to bare minerals.

The values of ‘R’ found from dimensionless analysis were always
0 < R < 1, i.e., the adsorbents were favorable for Tb3+ adsorption.
The mass of adsorbents for removal of 50% of Tb from a hypothet-
ical solution containing 100 mg L−1 Tb3+ were 3 and 12 g L−1 for
YZ and PAAm–YZ, and 17 and 4 g L−1 for Z and PAAm–Z. The suf-
ficiency of such low amounts for Tb removal/recovery procedures
should ascertain the cost effectiveness of PAAm–Z in comparison to
PAAm–YZ, since Z is naturally occurring highly abundant mineral,
resistant to acidic and basic solutions, and reusable unlike ‘YZ’ (see
below).

3.4. Time dependence of adsorption

The compatibility of Tb3+ adsorption kinetics to the pseudo-
second order and intra-particle diffusion (Weber–Morris) models

were presented in Fig. 8 and Table 5.

The statistical significance of coefficients of regressions
(p < 0.05) indicated that the second order model was the best defin-
ing kinetic model for adsorption of metal ion in aquatic mediums
[42]. This was also consistent with closeness of the Q values at equi-

Weber–Morris model
ol kg−1 min−1) t1/2 (min) R2 ki × 103 (mol kg−1 min0.5) R2

9.2 0.999 4.06 0.832
1.8 0.999 1.07 0.693
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Table 8
Lanthanide adsorption by different adsorbents.

Adsorbent RE (III) Q (mol kg−1) Reference

XAD-4 chelating resin containing bicine ligands La, Nd, Tb 0.42, 0.25, 0.38 [63]
2-Thenoyltrifluoroacetone supported onto polyurethane foam Tb 0.042 [64]
A resin with bis(2,4,4-trimethylpentyl) monothiophosphinic acid Tm 0.50 [65]
N,N′-Dimethyl-N,N′-dibutyl tetradecyl malonamide coated magnetic particles Eu 0.36 [66]
Algaes (Undaria pinnatifida and Sargassum hemiphyllum) La 4.6–5.0 × 10−6 [67]
Hydroxyapatite Tb-ligand 0.10 [25]
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Z and PAAm–Z
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ibrium obtained from the model (QMod) and experiments (Qe). The
ell compatibility also confirms the Langmuir model; the overall

dsorption rate (differential change in the surface occupied by solid,
t, with the time, t) is the difference between adsorption and des-
rption rates, d�t/dt = kaCe(1 − �t) − kd�t where �t = Qt/XL (Qt and
L are the amounts adsorbed at time t and the Langmuir maximum
dsorption capacity) [62].

The depictions of Qt as a function of t0.5 (Weber–Morris model)
ere not provided intercepts at origin defining the adsorption
rocess controlled by diffusion but it was a curve that could be eval-
ated in two linear parts [40]: the one with steep rise associated
ith the initial rapid uptake under the boundary layer effects and

he other with slow rise related to the intraparticle diffusion after
he completion of external coverage. This was also suggested that
he overall adsorption process was concentration dependent, i.e.,
he nature of adsorption chemical via complex formation and/or
on exchange.

The rate constants implied that the faster adsorption was in
avor of PAAm–Z in comparison to PAAm–YZ for which the half
ives (9.2 min for PAAm–YZ and 1.8 min for PAAm–Z) were of evi-
ences. These findings also proved the advantage of using natural
eolite instead of YZ for adsorption of Tb3+.

.5. Temperature dependence of adsorption

The thermodynamic parameters derived from the depictions of
/T as a function of ‘ln Kd’ (Fig. 9) were introduced in Table 6.

The enthalpy and entropy changes were �H and �S > 0 for
oth composites, i.e., the overall process was endothermic and
he randomness in the solid–solution interface increased along
ith the adsorption process. Here, the enthalpy change is also

elated to the Langmuir approach defining KL by KL = A(Edesorption
a −

adsorption
a )/RT = Ae−�H/RT where ‘A’ and ‘Ea’ are the frequency fac-
or and the activation energy [70].

Gibbs free enthalpy change was �G < 0 indicating that the
dsorption process was spontaneous.

.6. Reusability

The reusability features indicated that the means and its ±S.E.M.
f the percentage adsorption obtained from the four following uses
fter the first were 64.7 ± 2.3% for PAAm–YZ and 31.3 ± 1.3% for
AAm–Z (Table 7). The values of means were not significantly dif-
erent from the values of their first use; 66.1% and 29.3% assumed to
e 100% (p < 0.05). The IR spectra obtained before and after reuses
rovided no evidence signifying any changes in the structures. Stor-
ge foregoing had also no effect on the structural stability.
The sorption capacities of the composites and the bare minerals
or Tb were compared with other adsorbents reported literature in
able 8. The comparison obviously showed that PAAm–Z should be
onsidered amongst the favorite adsorbents besides its reusability
nd cost effectiveness.

[

Nd 0.08 [68]
Eu 3 × 10−6 [69]
Tb 0.26 and 0.32 This study
Tb 0.28 and 0.66 This study

4. Conclusion

Polyacrylamide–Z/YZ composites were synthesized and charac-
terized by FT-IR, TGA, XRD, SEM and PZC analysis. The adsorptive
features of the minerals and its composites were investigated for
Tb analogues to the rare earth elements by isotopic tracer method,
160Tb was the tracer.

The composites had the features substantially different from its
polymer and mineral components. Tb adsorption capacities of the
composites were higher than those of bare Z and YZ.

The compatibility of Tb adsorption kinetics to the second order
and intraparticle diffusion models implied that the rate controlling
step was concentration dependent i.e., the sorption process was
chemical (ion exchange) that followed by intraparticle diffusion.

The values of enthalpy and entropy changes were positive, and
the negative free enthalpy change was evidence for the spontaneity
of adsorption. The chemical nature of Tb adsorption was consistent
with both thermodynamic parameters and the free energy changed
obtained from DR model.

The reusability of both composites for five uses demonstrated
that the adsorbents could be reused after complete recovery of
the loaded ion. Unlike PAAm–YZ, PAAm–Z was resistant to acidic
environment.
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