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ABSTRACT

Adsorptive features of the composites of polyacrylamide (PAAm) and bentonite (B), and zeolite (Z) were
investigated for TI* and TI3*.

Langmuir monolayer adsorption capacities for the corresponding ions were 1.85 and 0.97 mol kg~!
for PAAm-Z and 0.36 and 0.16 mol kg~! for PAAm-B. The values of enthalpy and entropy changes were
positive for both composites and ions. The compatibility of the second order adsorption kinetics implied
that the rate-controlling step was concentration dependent; the sorption process was ion exchange.
High adsorption rate was found for both composites; the time required for adsorption of half of TI*
concentrations was 7 min.

In the presence of both ions, PAAmM-B was more selective for TI3* than PAAm-Z. The reusability tests
for TI* for five uses proved that the composites were reusable after complete recovery of the loaded ion.
The values of TI* adsorption onto PAAm-Z from solutions containing Fe3*, Pb%*, Zn?* confirmed that the
effect of the presence of these ions on TI* extraction was not significant. Although TI* sorption decreased
with increasing ionic strength (CaCl,) of the medium, the results of adsorption from sea water containing

5x10°%molL~" (1 mgL-') of TI* ascertained that the composites still adsorbed about 10% of TI.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thallium (TI) classified in the group III A of the periodic chart
has two comparatively stable state ions, monovalent (TI*; thal-
lous) and trivalent (TI3*; thallic). TI* resembles to group I cations
(Pb2*, Hg,2* and Ag*) and also to K*, Rb* and Cs* of the alkali-metal
ions [1]. Monovalent TI is more stable than trivalent Tl analogues
in aqua solution at neutral pH. The dissolved Tl in sea water
(10-100 pmol kg~1) contains only about 1-5% of Tl in trivalent
state. In rocks, it is concentrated in plagioclase or in K*-minerals
such as K-feldspars and biotite. Thallium is observed to be a part of
sulfide melts and it is enriched in some sulfide minerals [2].

Thallium in both states is toxic and acts as a cumulative poi-
son. High TI* concentration in the blood agglutinates and lyses
erythrocytes. TI3* has a strong capacity to complex with citrates,
glutamates and albumin. Lethal dose (LD1gg ) of TI* by subcutaneous
or intravenous injection is 12-15mgkg~! in dogs, 20-25 mg kg~!
in rats and 8-10mgkg~! in humans [3,4]. Tl is introduced into the
environment mainly as waste from the production of Zn, Cd and
Pb and by combustion of coal [5]. The U.S. Environmental Protec-

Abbreviations: B, bentonite; Z, zeolite; PAAm, polyacrylamide; PAAm-B/Z, the
composites of polyacrylamide and bentonite/zeolite; DR, Dubinin-Radushkevich.
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tion Agency (EPA) standards for Tl is 2 ugL~! in drinking water,
4pngL-1inseawater, 140 pugL~! in wastewaters and 0.1 mgm~3 in
stack gas.

Industrial uses of Tl and its compounds are in the manufac-
ture of imitation jewelry, low-temperature thermometers, ceramic
semiconductor materials, scintillation counters for radioactivity
measurements and optical lenses. TI compounds are used in IR
spectrometers, optical systems, semiconductor and laser industry,
scintillographic imaging, super conductivity, coloring glass and as a
molecular probe to emulate the biological function of alkali-metal
ions [6].

Because of the toxicity and the industrial importance,
removal/recovery of Tl in waste and contaminated water has
been among major concerns of process industries [7]. The EPA
indicated that only two industrial removal technologies exist for
recovering thallium from process solutions: oxidative precipita-
tion of thallichydroxide and reductive cementation of thallium
using elemental zinc as the precipitant the best one of which is
the chemical oxidation of thallium followed by chemical pre-
cipitation with hydroxide compounds, settling, and filtration
(http://www.epa.gov/minewastetechnology/annual/annual2004/
mwtp2004annualrpt.pdf, last visited in 29.04.2010). Due to the
strong tendency of TI3* to form a complex, the interest of inves-
tigations is generally given to its extraction by complex forming
reagents as reported by Nascimento and Schwedt [8], Gidwani et al.
[9], Chung et al. [7], Zhang et al. [10], and Rajesh and Subramanian
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[11]. The researches performed by Chang et al. [12] and Jacobson
et al. [13] have considered the preconcentration of TI* by chelating
resin. Despite the considerable success achieved through those
studies, especially the high cost beside opinions related to efficacy
and practicality have remained controversial.

The adsorption processes are generally known to be one of the
most effective techniques for the removal/recovery of metal ions.
Adsorbents should have strong affinity and high loading capacity
for targeted metal ions. While synthetic ion-exchange resins are
expensive to use on a large scale, natural materials such as clay and
zeolite are classified among the low-cost adsorbents [14-16]. The
aggregation and coagulation of these minerals under varying con-
ditions of temperature and electrolytes which lead to variations in
flow properties of these minerals is an undesired feature for their
practical use as adsorbents [17-19]. Having a composite of a min-
eral and a hydrogel polymer, in which the mineral is dispersed in
the polymer network, may enable the use of mineral itself as an
adsorbent confined in an isolated and practically usable medium in
aquatic solutions. The particles embedded in a network may also
strengthen the gel and prevent its collapse in bad solvents. How-
ever, the practical applicability of this approach has been shown
for the composite of bentonite (B) or zeolite (Z) and polyacrylamide
(PAAm) for adsorption of Fe3*, Zn2*, UO,2* and Pb2* [20]. The appli-
cations were also confirmed for adsorption of naturally occurring
radionuclide at pmol L~ levels, including 203T1 [21,22].

The aim of this investigation was to introduce PAAm-B and
PAAmM-Z composites for practical use of B and Z in TI (in both
oxidation states) adsorption procedures. The preparation and
characterization of PAAm-B/Z and its adsorptive features with ref-
erence to the dependency on concentration, temperature and time
were investigated. Additional considerations were also given to the
reusability and TI*/TI3* selectivity of the composites, the effect of
the presence of Fe3*, Pb2* and Zn2*, ionic strength and sea water
on Tl adsorption.

2. Experimental
2.1. Reagents

Acrylamide (AAm) monomer, N,N’-methylenebisacrylamid,
N,N,N’,N’-tetramethylethylenediamine and TICI were purchased
from Aldrich. Merck was the supplier of 4-(2-pyridylazo)-
resorcinol (PAR). Sodium bentonite (98% in purity) with
0.80molkg~1 cation exchange capacity [20] was obtained from
Sigma. Nitrate salts of Fe, Zn and Pb (Merck) were used in studies
related to these ions. All chemicals used were of analytical reagent
grade.

Zeolite was obtained from Central North Anatolian occur-
rences associated with Eocene submarine volcanism. The mineral
is composed of 90% zeolite, as clinoptilolite{(Na,K)g-[AlgSi30072 ]
24H,0}and mordenite{Na3KCa,-[AlgSizgOgs]-28H,0}, 5% quartz,
5% feldspar and smectite in trace level. The ratio of SiO,/Al, 03 is
4.7, which suggests that the zeolite is clinoptilolite with reference
to the classification of International Mineralogical Association [18].
The zeolite rocks were crashed, ground and sieved to an average 100
mesh size. No pre-treatment was applied to the chemicals, clay and
zeolite.

201T] was used as the radioactive tracer, the residue in bottles
of serum physiologic containing 291TICI (Monrol) after the use of
medical purpose was obtained from the Nuclear Medicine Depart-
ment.

All experiments were always performed in duplicates +5% was
the limit of experimental error of each duplicates, any experiment
resulted in higher than this limit was repeated. Time to attain equi-
libration between solution and adsorbent was chosen to be 24 h,

as appropriate to the convention, despite the fact that the studies
related to kinetics implied a shorter time than this duration (see
below). The study temperature was always 298 K unless otherwise
indicated.

2.2. Preparation of PAAm-B and PAAm-Z

PAAmM-B or PAAm-Z was prepared by direct polymerization of
AAm monomer in the clay and zeolite suspensions [23]. The final
composition of the composites had 2:1 mass ratio of PAAm to the
clay or zeolite. The gels were washed with distilled water until neu-
tral pH was attained, dried at ambient temperature, ground and
sieved to a particle size in the range of 50-75 mesh, and stored
in a container. To avoid the inter-sample variations, one batch of
PAAmM-B and PAAm-Z was prepared at once to conduct the overall
investigation. The hybrid formation of the composites was con-
firmed by means of FT-IR and XRD analysis [20,23]. BET and porosity
measurements (Quantachrome, Quantachrome Instruments) and
SEM photographs were of the additional characterizations reported
herein.

The preliminary adsorption investigation for PAAm proved that
PAAm was inert for the ions studied.

2.3. Preparation of 201TI tagged TI*/TI?* solutions and
determination

200 L of 291TICI residue with 1 MBq activity was diluted to pro-
vide ~100BqmL~! from which 1 mL of fractions was used as spike
for each 10 mL of Tl solutions. Final activity of the solutions studied
was ~10BqmL-1.

TI* solutions were prepared by dissolving TICI in distilled water
and spiked with 291TI. HNO3 and H,0, were used as oxidizing
reagents for the preparation of TI3* solutions. The required amount
of TICI spiked with 201Tl tracer was dissolved in conc. HNO by heat
and a few drops of H,0, were added during the evaporation. The
procedure was repeated until the completion of oxidation. This was
ensured by the PAR test; a 50 p.L fraction of solution was added onto
3 mL of the PAR reagent (3.5 x 10-3 molL~! of PAR in 0.7 mol L~! of
Tris/HCl at pH 8-9) and the absorbance of the formed TI3* complex
was measured at 520 nm. Special attention was paid to the fresh-
ness of Tl solutions due to its instability under light and oxidizing
effect of air [24]. Stability of TI3* was ensured by the PAR test in any
stage of the study.

A gamma spectrometer [Nal(Tl) detector combined with a EG&G
ORTEC multi-channel analyzer and software, MAESTRO 32, MCA
Emulator, USA] was employed for activity measurements of 201TI.
The accumulated counts under X-ray at 76 keV were evaluated for
the determinations, the gammas at 135 and 167 keV were also con-
sidered for justification. Time for counting of samples was usually
2000 s to collect at least 10,000 counts to provide 1% coefficient of
variance.

2.4. pH dependence of Tl adsorption

Initial pH of 10mL fractions of Tl solutions containing
49x 103 molL~! (1000mgL-1) of TI* or TI3* (spiked with 201Tl)
were adjusted to 1-5 for TI* and 1-3 for TI3* by addition of
0.1 mol L~1 HCI. The adjustment of TI3* was ceased at pH =3, since
TI3* precipitates over this pH [1]. 0.1g of adsorbents were added
into the solutions and agitated in a thermostatic water bath for 24 h.
After centrifugation at 1000 rpm for 3 min, the adsorbed amounts
were determined by activity comparison of 5 mL fractions of the
supernatants and the reference (Tl solutions not interacted with
the adsorbents).

The same experimental procedure (interaction time, tem-
perature, agitation and centrifugation) and method for TI*/TI3*
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determination were applied to the other adsorption studies unless
otherwise specified. TI* solutions were used as prepared from its
salt (TICI) having a pH in the range of 5.5-3.5 for 10~°-10~2 mol L~!
(2-2000mgL~1) of TI*. The adjusted pH of TI3* solutions was 3.

2.5. Concentration dependence of Tl adsorption

The concentration dependence of adsorption was investigated
for Z beside PAAm-B and PAAm-Z but not for B due to its distinct
aggregation/coagulation features.

0.1 gfractions of PAAm-B, PAAm-Z and Z were equilibrated with
10mL of 10~>-10"2 mol L-! (2-2000 mg L~1) TI* or TI3* solutions.

2.6. Temperature dependence of Tl adsorption

The effect of temperature on adsorption for the determination
of thermodynamic parameters was studied for three temperatures:
278, 298 and 313 K. 0.1 g fractions of the composites were equili-
brated with 5 x 1073 molL~! (1000 mgL~1) of TI* or TI3*.

2.7. Adsorption kinetics

40mL of 5x10-3molL-! (1000mgL-1) of TI* or TI3* was
added onto 0.4g of PAAm-B and PAAm-Z. 500 nL fractions of
solution were withdrawn for 4 h starting immediately after the
solution-solid contact and continued with time intervals. Sampling
for 4 h was enough since the adsorption did not change about 2 h
after the contacts.

2.8. Reusability

0.1g of PAAm-B and PAAm-Z in polypropylene columns
(100 mm height x 10 mm i.d., with a glass-wool over its stop-
cock) were equilibrated with 10mL of 5 x 10-3molL~! TI* for 2h
(sufficient time for the completion of adsorption after kinetic stud-
ies) and the adsorbed amounts were determined. The contents of
columns were eluted with 30 mL of 0.25 mol L~! HCl with a flow
rate of 1 mLmin~!. The recovery of TI* with HCl was determined.
The columns were then reconditioned with 20 mL of distilled water
until the effluents had around neutral pH. Each sample was sub-
jected to the same procedure for 4 sequential times to provide five
uses in total. The reusability of the composites was tested for only
TI*, since TI3* precipitated at neutral pH [1].

2.9. TI*/TB* selectivity and Tl adsorption in the presence of Fe3*,
Pb?* and Zn?*

0.1 g fractions of PAAm-B and PAAm-Z were equilibrated with
10mL of Tl solution in combination of 5mL of 5x 10~3 molL~!
TI* spiked with 291Tl and 5mL of untagged 5x 10-3molL~!
TI3* (pH=3) The equilibration of solid-solution system was also
investigated for tagged TI3* and untagged TI* at the same ion con-
centrations.

Since Tl is mostly abundant in sulfide minerals such as pyrite
(FeS,), galena (PbS) and sphalerite (ZnS), TI* and TI3* adsorption in
the presence of Fe3*, Pb%* and Zn?* either individually or all three
ions were tested (pH =3). 0.1 g of the composites were equilibrated
with 10mL of 5x 103 molL-1 of Fe3*, Pb2* and Zn?* solutions
(prepared from their nitrate salts) containing TI* or TI3* at equiva-
lent and diluted concentrations to provide 1/10 and 1/100 ratios of
[T1])/[5 x 10~3 mol L~ MZ*].

2.10. The effect of ionic strength and TI* adsorption from sea
water

0.1 g fractions of the composites were interacted with 10 mL of
5x 10-3 molL-1 of TI* (pH~*5) containing 0.01-0.1 molL~! CaCl,.
Tl contents of the equilibrium solutions were then determined.

TICI solutions were prepared in sea water (pH=6.5) to provide
5x1076-5x 104 molL-! (1, 10, 50 and 100mgL-1) of TI*. 0.1g
fractions of the composites were equilibrated with 10 mL of these
solutions.

2.11. Data processing

The following equations were used for data evaluation (the
related symbols and units were provided in the text box below).

The fractional transfer of 201Tl to solid phase from Tl solutions
and the adsorbed amounts onto the mineral components of the
composites were derived from

pod ;if‘e (1)
Q- [Fx&/xV} )

The experimentally obtained isotherms were evaluated with
reference to their compatibility to Langmuir, Freundlich and
Dubinin-Radushkevich (DR) models defined with:

KXiCe
e=TiKG (3)
Q =XsCe (4)
Q = Xpge Kore? (5)

In accordance with the DR model, Polanyi potential (Eq. (6)) and
free energy (Eq. (7)) required to transfer one mole of ion from the
infinity in the solution to the solid surface were then derived from

e =RTIn (1—1—%) (6)

E = (—2Kpg)~ /2 (7)

As suggested by Dogan and Alkan [25], Langmuir isotherms were
further considered to predict if the composites were ‘favorable’
in view of the dimensionless factor (Eq. (8)) and to calculate the
weight of composites for removing Tl from hypothetic solutions
(Eq. (9)) by

1
T 1+KCe

W G - Ce
V T KiX.Ce/(1+K.Co)

To elucidate the temperature dependence of adsorption, the dis-
tribution coefficients (Ky) were derived from Ky =Q/Ce for each
temperature and ‘In K4’ was depicted against 1/T to provide adsorp-
tion enthalpy and entropy from the slopes (AH/R) and intercepts
(AS/R) of the depictions with reference to:

Rp (8)

9)

AS AH
InKy = = — % (10)
and AG values for 298 K were then calculated from:
AG=AH-TAS (11)

Equations related to the pseudo-second order kinetic and intra-
particle diffusion were
t 1 t

e it (12)



100 Z.M. Senol, U. Ulusoy / Chemical Engineering Journal 162 (2010) 97-105

Table 1
Physical characteristics of B, PAAm-B, Z and PAAmM-Z.
B PAAM-B Z PAAmM-Z
Multipoint BET surface area/m? g-! 334 1.65 104 2.75
Average pore volume/cm?® g~! 0.18  0.01 0.07 0.03
Average pore diameter/nm 044 077 044 077
Q = kt'/? (13)

from which initial adsorption rate (Eq. (14)) and time required for
adsorption of half of the concentration [26,27] (Eq. (15)) were cal-
culated by

H= kQZ (14)

1 Qe
t1/2=@ =g (15)

Symbols and units

Aj.e: The activity measured in initial
and equilibrium solutions/cpm (counts
per minute)

Gi.: Tl concentrations at initial and
equilibrium/mol L-1

E: Free energy change/J mol~!

F: Fractional transfer of 2° Tl from
solution to adsorbent

H: Initial adsorption

rate/mol~" kg min~!

k, ki: Rate constants/mol~! kg min~!
and mol kg~ min—%3

Kpg: Constant in D-R model/mol? K] 2
Kyi: Langmuir adsorption equilibrium
constant/L mol~!

n: Freundlich constant (surface
heterogeneity) related to adsorption
intensity

Q: Adsorbed amounts/mol kg~!

R: Ideal gas constant
(8.314]mol~1 K1)

Rp: Dimensionless factor

T: Absolute temperature/K

tyj2: Time required for adsorption
of half of the concentration/min
V: Solution volume/L

W: Mass of adsorbent/kg

Xpr: DR sorption capacity/mol kg~!
Xg: Freundlich constant related to
adsorption capacity

Xi: Langmuir monolayer sorption
capacity/mol kg1

AG: Change in adsorption free

energy/k] mol~!

AH: Change in adsorption
enthalpy/k] mol~!

AS: Change in adsorption entropy
(Jmol- 1K 1)

&: Polanyi potential

3. Results and discussion
3.1. Material characterization

The minerals and composites had micro-porous structure with
reference to the IUPAC classification [28] since its average pore
diameters were less than <2nm (Table 1). The encapsulation of
B and Z in PAAm significantly decreased the values of BET and
pore volume of these minerals, but PAAm having no porosity in
its pure form attained porosity with higher pore diameters than
the minerals by the inclusion of B and Z. This should be considered
as an advantage in favor of the composites in view of its adsorptive

Fig. 2. Comparison of y-spectra obtained for 20Tl tagged Tl solutions before (as
reference) and after adsorption of Tl onto the composites and for the background.

features. Textural differences between PAAm and the composites
were evidence for the hybrid formations of PAAm-B and PAAm-Z
(Fig. 1), resembling colloidal dispersion of one solid phase (B or Z)
in another (PAAm).

The vy-spectra obtained from the counts of 201TI tagged TI*
solutions (before and after interaction with the composites) and
background were compared in Fig. 2 to visualize adsorptive features
of the composites for TI*.

3.2. pH dependence of adsorption

The changes in adsorption of Tl as a function of the initial pH of
solutions were presented in Fig. 3. The adsorbed amounts and the
changes in pHs as the difference between initial and the final pH
values (ApH =pH; — pHe) were included in Table 2.

The amounts adsorbed onto the composites increased with
increasing pH for both ions and reached a plateau around pH=3
for TI* and pH =2 for TI3*. For both composites, the ApH values for
TI* considerably increased with increasing pH but not for TI3*.

The point of zero charge (PZC; isoelectric point) of an adsor-
bent is the pH of solution at which the surface of the adsorbent
has zero charge. The PZC is a reference value for predication of sur-
face charge of an adsorbent; it is positively charged at pH<PZC
and negatively charged at pH > PZC. The PZC values of PAAm-B and
PAAm-Z in the presence of 0.1 molL~! of KNO3 were reported as
8.5 and 7.9 respectively [29]. In relevance to the PZC values, Xu et al.
[30] assumed that the surface of aluminosilicates had amphoteric
=SOH sites in aquatic solutions and they were either protonated to
form=SOH,"* or deprotonated to form =SO-, i.e., the =SO~ concen-
tration increased with increasing pH whereas =SOH concentration
decreased with increasing pH. This should also be the explana-
tion of the increase observed in Tl adsorption with increasing pH;

Fig. 1. SEM views of PAAm (a), PAAm-B (b) and PAAm-Z (c).
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Fig. 3. Dependency of TI* and TI3* adsorption on initial pH of solutions.

the higher acidity caused the higher repulsion for the positively
charged Tl ions.

By considering this and TI3* species {mononuclear TI(OH)?* and
TI(OH),* of TI3*in acidic conditions at pH<3 [1]}, the following
adsorption mechanisms might be envisaged. The exchange (Mec.
3) should also be an explanation of the slight decrease in pH values
(ApH<0) for TI3* adsorption at pH=1-2.

2(=S0~) + TI(OH)?>* = (=S0),TI(OH), (1)
=SO~ +TI(OH),* = =SOTI(OH), (2)
2(=SOH) + TI(OH)** = (=S0),TI(OH), + 2H* (3)

The following exchanges could express the TI* adsorption. The
mechanism 5 should be an evidence for the formations of hydroxyl
bearing TI* species so that the pH of equilibrium solutions consid-
erably increased after the adsorption.

=SSO~ +TIT = =SOTI (4)
=SOH~ +TI(OH),~ = =SOTI + 20H" (5)

Because of the relevance to the reusability of the adsorbents (see
Section 3.6); the mechanisms (6)-(8) were additionally proposed
for the recovery and reconditioning procedures.

=SOTI + Ht = =SOH + TI* (6)
=SOH + Ht = =SOH,™* (7)
=SOH,* +H,0 = =SOH + H30* (8)

3.3. Concentration dependence of adsorption

Experimentally attained adsorption isotherms and their com-
patibility to Langmuir, Freundlich and DR models were provided in

Fig. 4. Experimentally obtained Tl sorption onto PAAm-B (a) and PAAm-Z (b) and
its compatibility to Langmuir and Freundlich (Q vs. Cd), and DR models (Q vs. £2).

Fig. 4. The parameters derived from the models were submitted in
Table 3.

The values of the adsorption capacities (X, Xp and Xpg) for Z and
PAAm-Z for both ions obviously signified that the entrapping of ‘Z’
in PAAm remarkably improved its adsorption capacity. This should
be ascribed to the fine dispersion of ‘Z’ particles in PAAm causing the
increase in adsorptive surface and numbers of active sites available
for adsorption. Although the adsorption capacity of bare ‘B’ was
not studied due to its impractical usage in aquatic medium, the
higher adsorption for PAAm-B than that for ‘B’ could also be envis-
aged. The found monolayer adsorption capacities (X.) of PAAm-Z
and PAAmM-B (1.85 and 0.36 for TI* and 0.97 and 0.16 mol kg~ for
TI3*) were much higher than the recently reported values for TI3*
onto nano-Al,03 (0.03molkg~1) and nano-TiO, (0.02molkg~!)
by Zhang et al. [31,32] and TI* onto sawdust treated with NaOH

Table 2

pH dependence of TI*/TI3* adsorption onto PAAm-B and PAAmM-Z.
PAAmM-B PAAM-Z
TI* TI* TI* TI3*
pH; ApH? Q PH; ApH Q PH; ApH Q pH; ApH Q
1.0 0.0 0.18 1.1 -0.1 0.16 1.3 0.1 0.48 1.1 -0.3 0.22
2.1 0.1 0.24 1.5 -0.1 0.15 2.2 0.2 0.54 1.5 -0.2 0.27
3.0 4.2 0.36 2.1 -0.1 0.22 3.1 0.8 0.69 2.0 -0.2 0.45
43 4.0 0.42 2.5 0.3 0.22 4.1 1.7 0.75 2.5 0.1 0.42
5.4 3.2 0.45 29 0.4 0.20 49 1.8 0.78 29 0.3 0.44
2 pHe - pHi-
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Langmuir, Freundlich and DR parameters for TI* and TI3* adsorption onto Z, PAAM-Z and PAAm-B.

Langmiur Freundlich Dubinin-Radushkevich
X @ Kb R? Xr n R? Xpr Kpr (x10°) ¢ Epg ¢ R?
TI*
z 0.78 1947 0.971 9.9 0.44 0.982 2.0 4.8 10.2 0.988
PAAM-Z 1.85 1220 0.972 16.7 0.42 0.992 4.1 5.0 10.0 0.990
PAAm-B 0.36 357 0.977 2.6 0.47 0.995 0.7 6.6 8.70 0.989
T13+
z 0.35 131 0.896 2.1 0.42 0.937 0.6 6.3 8.90 0.946
PAAmM-Z 0.97 903 0.962 54 0.36 0.986 1.7 4.5 10.5 0.986
PAAmM-B 0.16 2258 0.945 0.8 0.33 0.947 03 3.9 11.3 0.978
2 molkg~'.
b Lmol-1.
¢ mol2 KJ-2.
4 kJmol-1.

(0.06 mol kg~1) by Memon et al. [33], although the range of studied
concentrations was much below than the range considered in this
work.

Both composites had higher adsorption capacity for TI* than that
for TI3* despite the fact that TI3* shows higher tendency to form
insoluble complexes than TI*. It gives sparingly soluble hydroxide
by hydrolysis even in acidic solutions [Ksp of TI(OH); at 298K is
6.3 x 10746]. TI3* has mono nuclear TI(OH)2* and TI(OH),* forma-
tions in acidic conditions at pH <3 [1]. Beside this, TI* also forms
moderately soluble compounds with many anions and complex
forming agents e.g. Ksp of TICI at 298K is 1.7 x 10~%. These sug-
gest that both ions should have affinity to the Si-O~ or Al-O~
centers on the aluminosilicate structure via complex formation or
more probably ion exchange mainly Na*/K*. In fact, the found Epg
values higher than 8 kj mol~! and the mechanisms proposed (Sec-
tion 3.2) indicated that the nature of adsorption was ion exchange
process [34,35].

The capacity of PAAm-Z for both ions was higher than that
of PAAm-B and this was obviously associated with the cation
exchange capacities of the used ‘Z’ and ‘B’ (1.64 and 0.80 mol kg~1).
The higher tendency for adsorption of TI* might be explained by the
affect of ionic radii [150 pm for TI* and 89 pm for TI3*, and 180 pm
for TI(OH)2* and 270 pm for TI(OH),* as calculated values with ref-
erence to covalent bonding between Tl and OH with 90 nm radius]
[1,36]. Contrary to expectation, the lower adsorption found for TI3*
was an evidence for the formation of mono nuclear TI3* complexes
at the studied pH (pH~ 3), the larger ions having more difficulty
to pass through the holes and channels of zeolite (clinoptilolite)
framework to form complexes with active sites due the to steric
hindrance. Such hindrance was less possible for PAAm-B, since ‘B’
had a layered structure and this was intercalated with the inclusion
of PAAm to 1400 pm basal spacing [20]. In fact, the studied selec-
tivity features of the composites for both ions proved that PAAm-B
had higher affinity for TI3* than TI* (Section 3.7).

As ‘X;’, the magnitude of a ‘K.’ value (as a parameter related
to spontaneity of adsorption) is also a measure of affinity of an
adsorbent to an ion of interest. The sequence of found K values
was Z>PPm-Z>PAAm-B for TI* and PAAm-B > PAAm-Z > Z for TI3*,
and agree with the trend seen in the values of ‘n’ and ‘Kpg’. The
evaluation of the values of ‘X; ' together with those of ‘K’ was pred-
icated that PAAm-Z had the higher affinity to both Tl ions than Z
and PAAm-B. However, the highest value of K; found for PAAm-B
implied that the higher affinity (in terms of spontaneity) of this
composite might be to TI3*, as observed in the ion selectivity study.

All values found from dimensionless analysis (Rp) of the studied
initial concentrations of both ions were 0 <Rp <1 implying that the
adsorbents were favorable for adsorption. The calculated mass of
composites for 50% extraction of Tl from the hypothetical solutions
containing 5x 10~4molL~! (100mgL-1) TI* or TI** to the solid

Fig. 5. Temperature dependence of Tl adsorption onto PAAm-B and PAAm-Z.

phase by single-stage batch adsorption were 9gL-! for PAAM-B
and 0.5gL~! for PAAm-Z for TI*,and 4 gL~ for PAAm-Band 1 gL'
for and PAAm-Z for TI3*. Such low amounts found especially for
PAAm-Z should also be considered as an evidence for the effec-
tiveness of this adsorbent for Tl removal.

3.4. Temperature dependence of Tl adsorption

The thermodynamic parameters derived from the depictions of
InK vs. 1/T (Fig. 5) were introduced in Table 4.

The enthalpy and entropy changes were AH>0 and AS>0 for
both ions and both composites. This indicated that the overall pro-
cess was endothermic and the randomness in the solid-solution
interface increased throughout the adsorption process. Gibbs free
enthalpy change was AG<0 proving that the adsorption process
was spontaneous and the spontaneity was in favor of PAAm-Z for
both ions.

Table 4
Thermodynamic parameters for adsorption of Tl onto PAAm-B and PAAm-Z.
AH[k] mol-! AS[Jmol-1K! AG/k] mol-! R?
TI*
PAAmM-B 8.9 62.1 -9.6 0.937
PAAM-Z 10.1 82.7 -14.5 0.996
TI3*
PAAmM-B 8.4 63.9 -10.6 0.988
PAAM-Z 13.5 88.6 -12.9 0.999
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Fig. 6. Compatibility of Tl adsorption kinetics for PAAm-B (a) and PAAm-Z (b) to
pseudo-second order (t/Q; vs. t) and Weber-Morris intraparticle diffusion (Q; vs.
t%>) models.

3.5. Adsorption kinetics

The compatibility of experimental data to the second order
kinetics and Weber-Morris intraparticle diffusion models were
evaluated with reference to the statistical significance of linearity
obtained from ‘t—t/Q;’ and ‘t%5-Q’ plots (Fig. 6). The results derived
from the models were provided in Table 5.

The closeness to unity of coefficients of regression attained from
the second order model and identicalness of the values of adsorbed
amounts at equilibrium obtained from the model (Q¢) and from
the experiment (Q) eventually confirmed that the nature of adsorp-
tion was concentration dependent i.e. the rate-controlling step was
chemical via ion exchange [37]. This was also consistent with the
result of Weber—Morris model, ‘t%>-Q,’ plot not having intercepts at

Table 5
Kinetic parameters for Tl adsorption onto PAAm-B and PAAmM-Z.

origin defining the adsorption process controlled by diffusion, but
it was a curve that could be evaluated in two linear parts. While
the part with a steep rise defines the initial rapid uptake by the
boundary layer effects, the other resembling a plateau is associated
with the intraparticle diffusion taking place after the completion
of external surface coverage by the former process [38]. In fact
the obtained k; values were very low, but they implied that the
contribution of diffusion process to PAAm-Z was higher than that
to PAAm-B for both ions. This should also be attributable to the
holed and channelled nature of zeolite unlike PAA-B with a layered
structure.

The rate constants implied that the adsorption was faster in
favor of PAAm-B especially for TI*, while the values of initial rates
were higher for PAAm-Z due to its higher adsorption capacity. The
values of ‘t; " were evidence for the rapidity of the adsorption onto
both composites for TI* and PAAm-Z for TI3*.

3.6. Reusability

The reusability feature of PAAmM-B and PAAm-Z was tested for
TI* for four regenerations in a total of five uses. The IR spectra
obtained before and after reuses provided no evidence signifying
any changes in the structures. The IR spectra taken for months with
time intervals also confirmed that the storage foregoing had no
effect on the structural stability.

The means and its +SEM of the percentage adsorption and
the regeneration efficiency obtained from the four following uses
after the first were 28.0+0.4% and 101.5+1.3% for PAAm-B,
and 40.1+1.8% and 78.2 +3.6% for PAAm-Z. The mean value for
PAAmM-B was not significantly different from its first use (27.6%)
assumed to be 100% (p<0.05). The values obtained for PAAm-Z
were also evidence for consistent efficiency of this material, but
it was significantly different from the first (51.2%, p>0.05). This
was attributed to blockage of adsorptive centers or decomposi-
tion of some active sites acting as adsorbent in Z during the acidic
regeneration procedure.

3.7. TI*/TP* selectivity and Tl adsorption in the presence of Fe3*,
Pb?* and Zn?*

The results of ion selectivity of the adsorbents in the presence of
both ions at equivalent concentrations (5 x 10~3 molL~1) indicated
that PAAm-B was more selective for TI3* than PAAm-Z, but the
adsorbed amounts were higher for PAAm-Z in both cases (12.7% of
TI* and 22.5% of T13* for PAAm-B, and 54.4% of TI* and 38.4% of TI3*
for PAAM-Z2).

Tl adsorption from solutions of Fe3*, PbZ*, Zn?* at
5x103molL~! containing Tl at equivalent, and at 5x 10~
and 5x10°>molL~! concentrations and that from solutions

Pseudo-second order kinetic

Intrapartical diffusion

ka Qb Qe b He tl/z d R2 ki (><]03 )e R2
TI*
PAAmM-B 0.68 0.20 0.20 0.03 6.7 0.992 0.8 0.341
PAAmM-Z 0.18 0.80 0.79 0.11 7.2 0.999 8.6 0.854
TI3*
PAAmM-B 0.24 0.23 0.23 0.01 23 0.978 1.3 0.942
PAAM-Z 0.21 0.68 0.67 0.09 74 0.992 9.8 0.972
2 mol~' kgmin~'.
b molkg!.
¢ molkg~! min~'.
4 dk.
e

molkg~! min=05,
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Table 6

TI* and TI** adsorption onto PAAM-B and PAAm-Z from TI solutions containing Fe3*, Pb?* and Zn?* individually and all three ions.
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Adsorption?/%

Adsorption®/%

5x 1073 molL! 5x10~4mol L-! 5x10~>mol L-!
PAAM-B PAAmM-Z PAAM-B PAAmM-Z PAAmM-B PAAmM-Z
TI*
Fe3* 10.3 445 134 80.4 27.2 88.7
Pb2* 15.6 38.8 14.0 80.2 213 90.2
Zn2* 17.5 49.7 20.1 93.7 42.2 97.7
M#* all 7.7 437 16.2 80.1 13.7 87.8
Tl3+
Fe3* 6.7 25.7 35.1 52.7 35.6 54.2
Pb2* 213 20.5 42.1 67.5 45.4 62.7
Zn%* 171 29.9 393 65.7 48.2 59.9
M# all 119 26.7 27.6 49.2 223 44.8

2 From solutions M?* and TI?* at equivalent concentrations.
b From solutions M?* at 5 x 10~3 mol L-! and TI#* at given concentrations.

Table 7
TI* adsorption from sea water.

[TI*]/mol L-! Adsorption/%
PAAmM-B PAAmM-Z
5%x10°6 7.7 131
5x 1073 10.3 14.4
2.5%x 1074 143 23.5
5x 104 14.9 23.1

including all the competitor ions at 5x 103 molL-! for each
were provided in Table 6. The results showed that the presence
of the foreign ions had a lowering effect on Tl adsorption for both
composites, especially for TI* onto PAAm-B and for TI** on to
PAAm-Z. This was attributed to the high affinity of ‘B’ to di- and
trivalent metal ions for PAAm-B and the lowering contribution of
the adsorption of competing ions for PAAm-Z. It was worth noting
that TI* adsorption on to PAAm-B was the lowest in the presence
of Fe3* and the adsorptions onto both composites were highest
in the presence of Zn%*. In any case, both adsorbents kept their
efficacy for Tl adsorption even in the presence of all three sulfur
based mineral ions. This eventually suggested that Tl could be
efficiently removed from solutions/disposals of mineral processes
by the use of especially PAAm-Z. This composite had 1.85 mol kg~!
monolayer sorption capacity for TI*, which was much higher than
0.84mol kg~! reported for Pb2* [23].

3.8. The effect of ionic strength and TI* adsorption from sea water

After adsorb ability of TI* from solutions of sulfur based metal
ions at various concentrations was obtained, the effect of ionic
intensity was investigated for the adsorption from solutions of
10 x 1073-100 x 10~3 mol L~ of CaCl, containing 5 x 10~3 mol L~
of TI*. The results proved that the adsorption decreased dispro-
portionally to the ionic intensity. The adsorption ranges were
18.0-11.4% for PAAm-B and 48.1-41.1% for PAAm-Z for which the
adsorption from solutions containing TI* alone were 27.6 and 51.2%.
Despite the decrease, these results should still be considered as evi-
dence for the effectiveness of the composites for TI* adsorption. In
fact, the results obtained from the adsorption from sea water ascer-
tained that the composites could adsorb about 10% of TI* at even
5x 10" molL~! (1mgL-!) and the amounts increased to 15% for
PAAmM-B and 25% for PAAm-Z with increasing Tl concentrations up
to 5 x 10~4 mol L~! (Table 7).

4. Conclusion

In this study, adsorptive features of the PAAm-aluminosilicate
composites were investigated for TI* and TI3*,

Experimentally obtained isotherms were well compatible to
Langmuir, Freundlich and DR models from which the derived
parameters confirmed each other. The found monolayer adsorp-
tion capacities (X, ) for PAAm-Z and PAAm-B were 1.85 and 0.36
for TI*, and 0.97 and 0.16 mol kg~! for TI3*.

The values of enthalpy and entropy changes were positive for
both composites and both ions. The compatibility of adsorption
kinetics to the second order and intraparticle diffusion models
implied that the rate-controlling step was concentration dependent
and the sorption process was ion exchange. This was also consis-
tent with the free energy change obtained from DR model. High
adsorption rates were found for both adsorbents, the time required
for extracting half of Tl concentrations was 6-7 min for TI*.

In the presence of both ions, PAAm-B was more selective for
TI3* than PAAm-Z. The reconditioning tests for both composites for
TI* for five uses proved that the adsorbents could be reused after
complete recovery of the loaded ion. Adsorption from TI* solutions
containing Fe3*, Pb%*, ZnZ* confirmed that the presence of these
ions had not much effect on TI* extraction by especially PAAmM-Z.
Although TI* sorption decreased with increasing ionic strength of
the medium, the results obtained from the adsorption from sea
water ascertained that the composites could adsorb about 10% of
TI* ateven 5 x 10~ molL~! (1mgL1).
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