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ABSTRACT

Poly(hydroxyethylmethacrylate-hydroxyapatite) [P(HEMA-Hap)] composite was synthesized
by free radical polymerization in aqueous solution. The adsorptive features of P(HEMA-
Hap) composite were investigated for UO%+ and Th** using a range of pH, concentration,
time, temperature, and ionic strength values. It was observed that P(HEMA-Hap) composite
had high affinity to uranium and thorium ions and that the adsorption capacity of the com-
posite increased in proportion to the amount of Hap content. Adsorption data obtained fitted
well into the classical Lagmuir, Freundlich, and Dubinin-Radushkevich sorption models.
Changes in the enthalpy and entropy values showed that the overall adsorption process was
endothermic and spontaneous (AG<0), as expected. The adsorption kinetics following the
pseudo-second order model indicated that the rate-controlling step was chemical adsorption
that occurred by ion exchange process. Reusability of the composite was also investigated,
and it was found that the composite could be used at least five times.

Keywords: Adsorption; Composite; Hydroxyapatite; Polyhydroxyethylmethacrylate; Thorium;

Uranium

1. Introduction

Groundwater and some surface water sources have
often been polluted with radioactive uranium and tho-
rium ions, and this causes serious environmental and
health hazards [1,2]. Natural adsorbents such as cellu-
lose [3], peat [4], chitosan [5], hydroxyapatite [6], acti-
vated carbon [7], or natural zeolites [8] have been
used to remove uranium and thorium from aqueous
solutions.

Poly(hydroxyethylmethacrylate), P(HEMA), is a
non-adsorbent and hydrophilic polymer [9-11]. A
wide range of studies on modified P(HEMA) have
been reported [12]. The structure of the polymer could
be modified by intra- or inter-chain reactions occur-
ring between the side groups and resulting in
crosslinking or cyclization. The polymer has many

functional groups, such as OH, along its side chains
[13]. P(HEMA) can be prepared in a variety of shapes
and forms and has been known to be inert in biologi-
cal processes and resistant to biodegradation and heat
upon sterilization [14].

Use of composite materials can result in a dramatic
change in properties such as mechanical behavior,
solubility, absorbability, and swelling [15]. The
polymer-based composite adsorbents have been used
for recovery of metal ions in water, groundwater,
wastewater, and sea water [16-22].

In a previous study, several polyacrylamide-based
composite materials have been produced and used for
the selective removal of heavy metal ions, uozt,
Th*", and Pb**, from aqueous media [1,2,6,23,24]. The
main aim of this study was to prepare a novel
P(HEMA-Hap) affinity adsorbent composite for the
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removal of heavy metal ions. The adsorptive capacity
of the composite was then tested with UO3" and Th*"
ions, and many of the physicochemical parameters
(pH, concentration, time, and temperature) for the
adsorption were optimized.

2. Description of experiment
2.1. Reagents

HEMA, ethylene glycol dimethacrylate (EGDMA),
N,N,N",N"-tetramethylethylenediamine (TEMED), UO,
(NO3)2:6H,O, and Th(NO3)4-4H,O were purchased
from Sigma Aldrich. Arsenazo III (disodium salt) was
obtained from Acros. Merck was the supplier of 4-(2'-
pyridylazo)-resorcinol (PAR). Hydroxyapatite with
63-125nm particle size and ammoniumperoxodisulfat;
APS (HsN,Og5,) were obtained from Sigma Aldrich.

2.2. Preparation of P(HEMA-Hap)

Ten grams of P(HEMA-Hap) and 2g of Hap were
suspended in 20mL of distilled water by stirring for
15 min. To the suspension, 4 mL of hydroxyethyl meth-
acrylate monomer and 6 ml of EGDMA mixture, includ-
ing 50mg ammoniumperoxodisulfat (APS), were
added, and the final mixture was stirred for 4 h. Poly-
merization was then propagated by adding 200 pL of
TEMED. All manipulations and polymerization reac-
tions took place at room temperature. The polymeriza-
tion product, P(HEMA-Hap) composite, was washed
with distilled water until the effluent attained a neutral
pH. The composite was then dried, ground, sieved to a
particle 25-mesh size, and stored in polypropylene con-
tainers.

2.3. The relationship between adsorption and pH

The effects of pH on UO3" and Th*' adsorption
onto the composite were investigated at pH points
ranging from 1 to 5 (1.0, 2.0, 3.0, 4.0, and 5.0). pH adjust-
ments were performed using 0.1 mol L™! HCl solution.

2.4.UO3" and TH*" adsorption

One hundred milligrams of the composite was
equilibrated with 10mL stock solutions containing
UO5" (between 5.6 x 107> and 1.9 x 10 *mol/L) and
Th** (6.4 x 1072 and 2.2 x 10 *mol/L) ions at concen-
trations [1,2, 25-27]. The adsorbent-solution systems
were equilibrated at 298K for 24h in a thermostatic
water bath. The suspensions were then centrifuged at

2,500 rpm for 5min. The initial/final pH values of the
solutions were 3.1/5 for UO5" and 3.5/5 for Th*,
respectively.

PAR was used as a complex-forming reagent to
determine the concentration of UO3" in the suspensions
[12]. A solution of 35x10°molL™" of PAR in
0.7molL~" Tris-HCl, pH 8.5 was prepared. A 50 uL
fraction of the suspension was added to 3mL of PAR
solution. Absorbance of the formed reagent-ion com-
plex was measured at 529 nm (Shimadzu-160A, Japan).

Arsenazo IIl was used as a dying reagent to deter-
mine the concentration of UO3" or Th*' [1,2]. Arse-
nazo III solutions were prepared at 0.04%
concentrations, and their pH was adjusted to 1.5 or
2.0, with concentrated HC], to determine the concen-
trations of UO3" and Th**, respectively. A 50 uL frac-
tion of the suspension was then added to 3mL of
Arsenazo-ion complex solution, and the absorbance
was measured at 650 nm.

2.5. Time dependence of adsorption

One hundred milligrams of solid P(HEMA-Hap)
was added to 10 ml solutions of each of the UO5" and
Th*". Fifty micromililiter aliquots of the reagent-ion
complex solution were withdrawn, starting immedi-
ately after the solution-solid contact and continued at
time intervals of 1, 2, 5, 10, 15, 30, 60, 120, 240, and
480 min. UO3" and Th** contents of the fractions were
determined as described above. To accommodate the
fact that the suspension volume decreased after each
of the aliquots was taken, a correction factor was
applied to the calculated ion content values.

2.6. Temperature dependence of adsorption

One hundred milligrams of P(HEMA-Hap) equili-
brated with UO5" (3.7x10°molL™") and Th*"
(4.3 x10°molL™") (1,000mgL~") were incubated for
24h at 5 different temperature points, 278, 288, 298,
308, and 313K, to determine the effect of temperature
on ion adsorption.

2.7. Reusability

The 100mg of P(HEMA-Hap) was equilibrated
with 10mL of UO3"™ (3.7x10°molL™") and Th*"
(4.3 x 10 °mol L") solutions for 6h (adequate period
of time for completion of the adsorption after kinetic
studies). The amount of adsorbed ions was derived
from the contents of solutions at equilibrium.
P(HEMA-Hap) composite material was precipitated
after the adsorption procedure and was then placed in
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a column to remove the bound ions by washing with
15mL of 1molL™' HCl with a flow rate of
0.5mLmin"'. The ion contents of the eluents were
measured using the process described above. The col-
umns were then reconstituted with distilled water
until the effluents had a neutral pH. The reusability
experiments were performed 5 times by using dupli-
cate samples.

2.8. Competitive adsorption

Equivalent concentrations, 5 x 1073 molL_l, of
UOZ" and Th*" were prepared and used for assessment
of the ion selectivity of P(HEMA-Hap). Ten milliliter
aliquots were taken from the suspension solution, and
after 24h of incubation, the ion contents were mea-
sured. The concentrations of UO3" and Th*" were
determined with 0.04% Arsenazo III in HCI to provide
a pH=15 for UO3" and in 2molL " HCIO, for Th*"
analysis [28,29]. To confirm the accuracy of the results
obtained from the metal-dye detection, UO3" and Th*"
in some of the samples were also determined by a
Gamma spectrometry [NAI(T]) detector combined with
a EG&G ORTEC multi-channel analyzer and software,
MAESTRO 32, MCA Emulator, USA].

2.9. The effect of ionic strength

The dependency of adsorption on ionic strength
was performed using 10mL 3.7 x10°mol L™’
(1,000 ppm) of UO3" and 4.3 x 10 >mol L™" (1,000 ppm)
Th** ions solutions and in the presence of differing con-
centrations of CaCl,, ranging from 0.01, 0.02, 0.04, 0.08,
0.10, 0.20, 0.25, to 0.30 molL™!. The samples were incu-
bated for 24 h at room temperature. The concentrations
of the equilibrated solutions were then assessed by
spectrophotometry (Shimadzu 1604, Japan).

2.10. Evaluation of data

The adsorbed amounts of UO3" and Th*"
(Q, molkg™") were calculated using the formula Q=
[(C;~C)V/w], in which C; and C, are the initial and
equilibrium concentrations (mol LY, w is the mass of
the adsorbent (kg), and V is the solution volume (L).
Due to the inertness of P(HEMA), the values of Q were
calculated with reference to the Hap content of adsor-
bents (0.035 g of 0.1 g P(HEMA-Hap).

The Langmuir and Freundlich models, defined by
Q=K X;iCo)/(1+K;C,o), where C, is the concentration
at equilibrium, X; is the monolayer sorption capacity
(molkg "), Ki is the adsorption equilibrium constant
(Lmol™") related to the adsorption energy, and

Q= XpCl, Xp and ‘B are empirical Freundlich con-
stants associated with the capacity and intensity of
adsorption, fitted the experimentally obtained iso-
therms. The isotherms were also evaluated with refer-
ence to the Dubinin-Radushkevich (DR) model to
determine Kpg (mol’KJ™?) related to the sorption

energy from Q = XDRe*KDRSZ, where Xpgr is the sorp-
tion capacity (molkg ") and ¢ is the Polanyi potential,
given with ¢=RT In(1+1/C,), in which R and T repre-
sent the ideal gas constant (8.314Jmol 'K™!) and
absolute temperature (298K). The free energy change
(E; ]molfl) required to transfer one mole of ion from
the infinity in the solution to the solid surface was
then derived from E=(—2Kpg) /2 Langmuir iso-
therms were further considered to predict whether the
composite was “favorable” in view of the dimension-
less factor (R;) and to calculate the weight of the
composite (w; kg) for removing UO3" and Th*" from
hypothetic solutions with “V” (L) volume: Rp=1/
(1 +KLCe) and W/VZ (Cifce)/[KLXLCe/(l +KLCe)] as
suggested [30].

To determine the temperature dependence of
adsorption, the distribution coefficients (Kyq) were
derived from K3=Q/C. for each temperature and
“In K4” was depicted against 1/T to provide adsorption
enthalpy (AH, kJ mol ™), and entropy
(AS,Jmol 'K ™) from the slopes (AH/R) and intercepts
(AS/R) of the depictions with reference to InKg=AS/
R-AH/(RT). After the AH and AS values were obtained,
AG values were calculated wusing the formula
AG=AH-TAS for 298K. Equations related to the
pseudo-second order kinetic and intra-particle diffu-
sion models were t/Q,=1/(kQ? +t/Q. and Q,=kit'/?,
where Q; and Q. are the adsorbed amounts (mol kg’l)

0,3 -

Q/mol kg

0,2 -

0,1+

0,0

pH

Fig. 1. The effect of initial and final solution pH on UO3"
and Th*" adsorption onto the studied composite P(HEMA-
Hap).
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Table 1

The pH dependence of UO3" and Th*" adsorption
uo3*

pH; *ApH Q (mol kg™
1.0 0.03 0.14

2.0 0.20 0.20

3.0 0.12 0.28

4.0 0.30 0.28

5.0 0.10 0.28

Th4+

pH; *ApH Q (mol kg™
1.0 0.13 0.06

2.0 0.16 0.11

3.0 0.32 0.18

4.0 0.20 0.18

5.0 0.40 0.18

Note: *ApH = pH; — pH,.

at time f, k and k; are the rate constants applied to the
results of kinetic studies to envisage the controlling
mechanism of the adsorption process. The initial
adsorption rate (H) was calculated by using the equa-
tion H = kQ?, which relates to the time required for
adsorption of half of the concentrations (¢;,2) given by
t1/2=1/(kQe) =Q./H [31,32].

A t-test was applied to obtain the significance of
regression coefficients (R®) for the compatibility of the
present data with the Langmuir, Freundlich, and DR
models, and for the linearity of kinetic equations [33].

3. Results and discussion
3.1. Adsorption-pH relationship

Adsorption of metal ions on composite material is
pH dependent, and it is also one of the most
important parameters for the removal of metal ions
from aqueous solutions. Precipitation of the metal ions
is affected by the concentration and their solubility.
Hydrolysis of metal ions often takes place at a pH
range between 7.5 and 8.5 [34]. The amounts of
adsorbed UO3" and Th*" ions onto the P(HEMA-
Hap) composite increased (from 0.18molkg ' to
0.28 molkg ') with increasing pH, and reached a pla-
teau at around pH 3.0 (Fig. 1). As can be seen, the
recovery of UO3" and Th*" ions from the P(HEMA-
Hap) was strongly dependent on pH (Fig. 1).

The amounts of adsorbed ions were close to the
maximum adsorption capacity of P(HEMA-Hap) at
pH 3.0. The pH dependence of adsorption also con-
firmed that UO3" and Th*" ions were adsorbed via an
ion-exchange mechanism. The pH (ApH=pH;—pHy
values were always ApH>0 and as expected for the
basic contribution of the adsorption (Table 1). It has
been shown that P(HEMA-Hap) was able to form
complex ion associations with uranium at pH 3. This
result was also consistent with those of literature
where it has been demonstrated that both precipita-

tion and hydrolysis occurred at (for thorium) pH>4.7
Ksolubility =4 10~* [27,35]. In the present work, the
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Fig. 2. Experimentally obtained isotherms and their
compatibility to Langmuir, Freundlich and DR models for
adsorption of UO5" and Th*" onto the studied composite
P(HEMA-Hap).
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Ez?lg}n%uir, Freundlich and DR parameters for UO3" and Th*" adsorption on to P(HEMA-Hap)

Langmuir Freundlich DR

X, PKe °R? Xg B °R2 Xpr —Kpg x 10° °R?
UO%+ 0.489 1,392 0.967 3.96 0.39 0.913 2.07 6.74 0.960
Th** 0.225 2,799 0.967 1.05 0.30 0.887 0.46 4.40 0.983

-1

Note: “mol kg

Table 3
Ry values from sorption isotherm for UO3" and Th*" sorp-
tion onto P(HEMA-Hap)

Concentration (ppm) uo3* Th*
100 0.24 0.47
500 0.12 0.34
750 0.07 0.21
1,000 0.05 0.14
1,500 0.02 0.07

optimum adsorption value was obtained at pH 3, at
which no precipitation and hydrolysis were observed.

3.2. Concentration dependence of adsorption

The adsorption isotherms obtained were of L or H
types, specified in Giles classification (Fig. 2).

These findings indicated that P(HEMA-Hap) dis-
played higher adsorption capacity to UO3" and Th*".
The parameters derived from the Langmuir, Freund-
lich, and D-R models are shown in Table 2. The
amounts of ion recovery for the P(HEMA-Hap) com-
posite were 0.489 umolg ™' of composite for UO3" and
0.225umolg™" of composite for Th*', respectively
(Table 2). The X; value of the composite was higher
than Hap, indicating that the encapsulation with P

Table 4

, PLmol ?, “statistically significant correlation (p <0.05).

(HEMA) increased the adsorption of Hap. The
increase in adsorption could be attributed to catalytic
contribution of P(HEMA) in the adsorption process,
and the fine dispersion of mineral particles in
P(HEMA) could be accounted for by the high adsorp-
tion capacity.

The values of “R.” were always found to be
0<Ryg <1, indicating that P(HEMA-Hap) could be sug-
gested for UO3" and Th*" adsorption (Table 3). The
calculated mass of P(HEMA-Hap) composite for the
removal of 50% of UO3" and Th*" from a hypothetical

solution containing 100mgL ™" UO3" and Th*" was
found to be 0.17mgL~' and 0.24mgL'. Such low
amounts appeared to be sufficient for uranium and
thorium removal/recovery procedures (Table 4). The
low amounts should also be considered evidence for
the effectiveness of the proposed adsorbent.

3.3. Adsorption kinetics

The compatibility of UO5" and Th*" adsorption
data with the pseudo-second order kinetics and
intra-particle diffusion (Weber-Morris) models was
also evaluated (Table 5) with reference to the linearity
obtained from “t — t/Q;” and “t>°— Q" plots (Fig. 3).

Statistical significance of the regressions coeffi-
cients indicated that the pseudo-second order model
was the fitted kinetic model of adsorption (p<0.05).
Furthermore, the identical nature of the values of
the adsorbed amounts at equilibrium, obtained from

Mass of composite for 50, 90 and 95% extraction of UO%+ and Th*" from the hypothetical solutions containing 4.8 x 1074,
24 x107° and 4.3 x 1072 UO;" and Th*" (100, 500 and 1,000mgL"")

Concentration/ppm [m/V] mg L!

Ut Th**

50% 90% 95% 50% 90% 95%
100 0.17 1.07 2.71 0.24 2.04 3.21
500 0.32 1.25 3.24 1.24 2.45 4.25
1,000 1.12 217 4.51 243 3.24 5.46
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Table 5

Kinetic parameters, for UO3" and Th*" adsorption on to P(HEMA-Hap), derived from the second order and Weber-Mor-
ris models and coefficients of regression (R?) for the compatibilities

Pseudo-second order model

Weber-Morris model

aj meod bQ °H dtl/z fRZ Ek’_ % 103 fRZ
UO%‘*’ 0.209 0.259 0.265 0.0147 17.62 0.999 5.71 0.887
Th** 0.523 0.371 0.374 0.0732 5.15 0.999 8.71 0.995

1 -1 c

Notes: *mol ™! kg min™~

the model (Qmoq) and from the experiment (Q)
confirmed that the nature of adsorption was concen-
tration dependent [36]. Q; values plotted as a func-
tion of ty5 (Weber and Morris model) did not
provide intercepts at the origin, defining the adsorp-
tion process controlled by diffusion (Fig. 3), but it
was a curve that could be evaluated in two linear
parts [37]. The adsorption appeared to occur in two

301

(/Qx10™/ mol ! kg min

o 200 400 600 800
t/dk

04 r

Q; / mol kg !
x

03 [ b

02 r

01

0.0 L L L L L s
0 5 10 15 20 25 30

t** /min
Fig. 3. The compatibility of UO3" and Th*" adsorption

kinetics to pseudo-second order model and Weber-Morris
model.

, Pmol kg™, “mol kg’1 min~, 4dk, °mol l<g’l min®?, fStatistically not significant (p >0.05).

steps: The first step was very rapid in which the
ions bound to the surface of the composite particles
and saturated the adsorption capacity; the second
step was much slower as it involved intra-particle
diffusion. This behavior of the composite was con-
cordant with the results of the Weber-Morris model.
Therefore, the overall adsorption process was con-
centration-dependent.

3.4. Temperature dependence of adsorption

Temperature dependence of the adsorption was
represented as a function of InKy (Fig. 4). Thermody-
namic parameters, derived from the depictions and
free energy change (Epg), derived from DR model are
presented in Table 6.

The enthalpy and entropy changes were AH>0
and AS>0 for P(HEMA-Hap), indicating that the
overall process was endothermic in the solid-solution
interface, which increased during the later stages of
the adsorption process. The Gibbs free enthalpy
change, AG <0, was always negative during the spon-
taneous adsorption process. The Epg value for both

v 60r
=
55t
50}
45t
4,0 L L )
3,2 34 3,6
T'x 10° K"

Fig. 4. Temperature dependence of UO5" and Th** adsorp-
tion and its compatibility to linearity.
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Table 6
Thermodynamics parameters obtained from Vant-Hoff and D-R models
Vant-Hoff D-R
AH/kJ mol ! AS/Jmol 'K ™! —AG/K] mol ! aR? E/kJmol ! aR?
UO%+ 24.8 125.9 37.5 0.992 9.6 0.960
Th* 41 49.5 14.7 0.998 10.7 0.983
Note: “Statistically significant, p <0.05.
Table 7
Reusability of the composite for adsorption of UO3" and Th**
Reuse no Uoz* Th**
Eluents — 1molL™" HCI Tmol L™" HCI
1 78.2 (100)* 52.7 (100)*
2 76.5 (98) 51.3 (97)
3 75.3 (96) 48.7 (92)
4 74.4 (95) 48.0 (91)
5 73.5 (94) 48.0 (91)
Mean + SEM 75.6+1.2 (97 +1.8) 49.7+0.7 (94+1.4)

Note: *Values of % adsorption with reference to the first use assumed to be 100%.

Table 8

Metal selectivity of P(HEMA-Hap) from solutions
containing possible combinations of studied ions at
equivalent concentrations (5x10 >mol L")

Combinations (binary) Adsorption %

852 (72)°
33 (28)

uos*
Th4+

Note: “As percentage of the amount of ion added to the solution.
PAs percentage of total ion adsorption onto the adsorbent.

the ions was>8kJmol ', clearly demonstrating that
the nature of the adsorption process was chemical
[38,39].

3.5. Reusability

The reusability of P(HEMA-Hap) was tested for
UO?Z" and Th*" five times, one initial and four regen-
erations, and the resulting adsorption percentages
were calculated (Table 7). The adsorption means of
the four regenerations and their+SEM values were

Table 9
Ion strengths of the composites for adsorption of UO%+ and Th** from solution
[CaCl,]/mol L ™! Adsorption/ %

UO%+ Th4+
0 77.7 (0.29)? 43.7 (0.19)?
0.01 77.3 43.3
0.02 76.5 42.3
0.04 76.2 40.8
0.08 75.6 32.8
0.10 749 30.0
0.20 73.7 27.5
0.25 72.6 21.2
0.30 725 18.6

Ort+SS(n=38)

75.2+0.4 (0.28)°

33.35+1.4 (0.11)%

Note: “Adsorption (molkg ™).
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found to be 97+1.8% for UO3" and 94+1.4% for
Th*", respectively. The mean values were found not
to be significantly different from that of the initial
adsorption experiment (p <0.05).

3.6. Competitive adsorption

The ion selectivity of P(HEMA-Hap) was tested for
a mixture solution of UO3" and Th*" ions
(5x10~°mol L") (Table 8).

The new adsorbent was found to be more selective
toward UO3", even in the presence of Th**. This can
be explained by the magnitude of the ionic diameter
and by the parameters specified for UO3" adsorption
(K, and p, see Table 2).

3.7. The effect of ionic strength

The influence that the ionic strength of UO3" and
Th*" exerted on the adsorption capacity of P(HEMA-
Hap) was investigated in the presence of CaCl, at
10x107°-300 x 10 °molL™". The variations in the
adsorption values in the absence and presence of
CaCl, were calculated (Table 9). As can be seen, ion
adsorption was inversely proportional to the ionic
strength, and the presence of CaCl, did not change
the adsorption capacity of the composite.

4. Conclusion

A novel composite, P(HEMA-Hap), was synthe-
sized by polymerizing a non-adsorbent material,
P(HEMA), with an adsorbent component, Hap. By
using a number of differing physiochemical conditions
such as temperature, kinetics, and pH, it was demon-
strated that the resulting composite displayed higher
adsorption capacity than Hap alone. The adsorption
kinetics for UO3" and Th*" were found to be compati-
ble with the pseudo-second order model, and the
adsorption process was chemical. The adsorption
capacity appeared to increase at elevated tempera-
tures. Changes in the values of enthalpy and entropy
were also found to be positive. The regeneration tests
showed that P(HEMA-Hap) could be used at least five
times. Selectivity studies also showed that P(HEMA-

Hap) had higher selectivity for UO3".
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