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ABSTRACT: Adsorption characteristics of a sulfonated
phenol-formaldehyde resin (SPR) have been studied for U
removal from aqueous solution by means of batch method.
Adsorption experiments have been carried out as a func-
tion of contact time, solution/adsorbent ratio, particle size
and pH. Adsorption isotherm has been evaluated by
changing adsorbent dosage in the range of 0.04–80 g/L at
an initial uranyl nitrate concentration of 0.05 mol/L. The
enormous adsorption capacity of 0.29 mol/g estimated
from the plateau region of the S shaped isotherm is well
comparable the Langmuir capacity of 0.31 mol/g. Equilib-
rium data are also adequately well described by the
Freundlich and the Dubinin-Radushkevich (D-R) isotherm

equations. The parameters of the isotherms and pH de-
pendency of distribution coefficients (KD) indicate that pol-
ymeric uranyl chains form on bidentate surface complex
as a result of solute–solute interactions on the adsorbent
surface. Both desorption and elution studies show that
uranyl chains are irreversibly bounded on the SPR. Kinetic
curves having a fast initial part followed by a slower pro-
cess well fit both McKay model based on two-resistance
diffusion and Nernst-Plank model with single diffusion
coefficient. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 114:
3793–3801, 2009
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INTRODUCTION

Uranium adsorption is an important treatment method
for purification of contaminated solutions and for ulti-
mate disposal of radioactive wastes but it is a complex
phenomenon because uranyl-ion UO2þ

2 may be pres-
ent in different hydrolyzed forms depending on solu-
tion pH and concentration. The uranium species in
aqueous solution are UO2þ

2 , UO2(OH)þ, UO2ðOHÞ02
and UO2ðOHÞ�3 in the pH range of 1–8 whereas its
main species in neutral and slightly alkaline natural
waters are UO2ðCO3Þ2�2 and UO2ðCO3Þ4�3 .1–3 Uranium
also exists mainly as the stable anionic tricarbonate-
uranyl complex in natural sea water having slightly
alkaline pH.4–8 Organic exchangers used for U
removal from sea water have been classified into
three types: a chelating ion-exchange resin containing
amidoxime functional groups, a macrocyclic com-
pound bounded to a resin and a cellulose resin
immobilized by polyphenol compounds.4–12

Styrene-divinylbenzene exchangers containing dif-
ferent functional groups have been examined for U
removal to obtain drinking water from three ground
water simulants.3 In general, their affinity sequences
based on distribution coefficients (KD) decrease in

following order, RAN(CH3)3OH > RAN(CH3)2 >
RACH2NHCH2PO3H2 > RAN(CH2COOH)2 > RA
COOH > RASO3H. Strong base anion exchanger
resin, RAN(CH3)3OH, has the highest KD value for
U which is present in anionic carbonate form
whereas it is hardly adsorbed on strong acid cation
exchanger, RASO3H. However, other cation
exchangers can remove uranium as uranyl cation by
stripping carbonate complex.
A recently prepared sulfonated phenol formalde-

hyde resin has been successfully used as an adsorb-
ent for cationic dyes.13 It may also have a potential
for U removal in UO2þ

2 form at low pH region.

EXPERIMENTAL

Materials and methods

The sulfonated phenol-formaldehyde resin (SPR)
used an adsorbent in this study was supplied from
Chemical Engineering Department of Istanbul Uni-
versity. The specifications of the SPR have already
been reported.13 All other chemicals were purchased
from Merck (Darmstadt, Germany).
The particle density of the SPR was determined as

1.54 g/mL by using a Wertheim pycnometer of 10
mL capacity coupled with a thermometer. The esti-
mated uncertainty of the measured density is �0.01
g/mL at 298 K.
The SPR was grounded and dry-sieved under lab-

oratory atmosphere to give grain sizes d < 40 l, 40 l
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< d <150 l and d >150 l before used in adsorption
studies.

Kinetic studies were performed with three differ-
ent particle sizes of the SPR for determining equilib-
rium time at a solution/solute ratio of 0.5 L/g.
Thus, 0.02 g of the adsorbents was contacted with 10
mL of the 0.05 M uranyl-nitrate solution in a ther-
mostatic shaker/water bath at 298 K for varying
time intervals until 1500 min. Solution was separated
from the solid phase by centrifugation at 7000 rpm
and analyzed for b activity so as to calculate U con-
centration. For this purpose, 2 mL of supernatant
was evaporated in Al capsules and its activity was
measured with an ERD Mullard G-M counter MX
123. Each experiment was performed duplicate and
five replicate measurements were made in each case
for calculation of the mean activities. Standard devi-
ations were less than 3.5%. Concentration of the so-
lution was determined from the calibration curve
constructed between the mean activity and U con-
centration. Calibration curve passing through origin
was strictly linear up to 0.1 M U concentration (not
shown here, the slope: 22,477 cpm L/mol, r2 ¼
0.9998).

Although amount of adsorbed U increased by
decreasing particle size further experiments were
performed with the particle size of 40 l < d <150 l
because it was more easily separated with centrifu-
gation than the lower size fraction. Kinetic studies
were also conducted at the solution/solid ratio of
7.5 L/g using 75 mL U solution and 0.01 g of the
SPR. The loaded adsorbents were contacted with the
equal volume of 0.1 M NaNO3 solutions for time de-
pendent elution studies.

To obtain relevant data for isotherms, adsorption
equilibria were investigated by changing solution/
adsorbent ratio in the range of 0.0125–25 L/g at
0.05 M uranyl-nitrate concentration. The loaded
adsorbents were also recontacted with distilled
water at the same water/adsorbent ratios for de-
sorption tests.

Effect of pH on U adsorption was studied at V/m
ratio of 7.5 L/g. Natural pH of 0.05 M uranyl-nitrate
solution is �2. The initial pHs of solutions were
adjusted with 1 N HNO3 and 0.1 N NaOH in the
range of 0.739–3.250. A precipitate was observed at
higher pH values in urayl nitrate solution. Ionic
strength of 0.05 M UO2(NO3)2 solutions was also
kept constant at 0.25 M by adding required amount
of NaNO3. Equilibrium pHs of the solutions (pHe)
were also recorded. The pH measurements were
made using a Jenway pH meter equipped with a
combined glass electrode.

Experiments were also performed in uranyl
acetate solution to compare anion effect on U
adsorption at the V/m ratios of 0.5 and 1.0 L/g,
respectively.

RESULTS AND DISCUSSION

Kinetics of uranium adsorption

Time dependent uranium adsorption for three differ-
ent particle sizes of the SPR at a solution/solid ratio
of 0.5 L/g has been calculated from the following
relation and presented in Figure 1(a).

qt ¼ C0Ft
V

m
(1)

where, qt is amount of U adsorbed per unit weight
of adsorbent (in mol/g), C0 is initial solution concen-
tration (in mol/L), V/m is solution/adsorbent ratio

Figure 1 (a) Time dependencies of U adsorbed on the
SPR with different particle sizes at the V/m ratio of 0.5 L/
g. (b) McKay plots for calculation k2 and Dp, the inset:
McKay plots for calculation k1 and Df, (the dashed and the
solid curves in (a) have been calculated using the McKay
and Nernst-Plank constants, respectively).
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(L/g) and Ft is time dependent adsorbed fraction
calculated as follows:

Ft ¼ C0 � Ct

C0
(2)

Ft ¼ Ct

C0
(3)

where, Ct is adsorbate concentration at time t, so Ct

is the concentration in solid phase (in mol/L).
As shown in Figure 1(a), a slower process follows

a rapid initial uptake. McKay and Nernst-Plank
equations could be applied to the kinetic data based
on two- and one-resistance diffusion models, respec-
tively.14–17

McKay Model

McKay equation, which assumes film- and particle
diffusion, can be written as follows;14,15

lnð1� FtÞ ¼ �k1ðCt þ CtÞt (4)

To analyze the ln(1�Ft) ¼ f(t) curves in Figure 1(b)
plotted according to McKay equation the final linear
portion is extrapolated back to t ¼ 0. A straight line
represented in the inset in Figure 1(b), whose slope
is correlated to the rate constant of initial fast pro-
cess (k1, in L/mol s), is obtained subtracting the ex-
trapolated line from the original curve. The film dif-
fusion coefficient Df (in m2/s) can be calculated
from the following relation by using the k1 values;

Df ¼ kl
VdC1
A

(5)

where, V is solution volume, d is the thickness of liq-
uid film, A is the specific surface area of the adsorb-
ent and C1 is adsorbate concentration in solid phase
determined from the intercept of extrapolated line.

The rate constant k2 (in L/mol s) corresponding to
the slow process is determined from the slope of

extrapolated straight lines in Figure 1(b) according
to following equation:

lnð1� FtÞ ¼ A� k2ðCt þ CtÞt (6)

When the particle diffusion contributes on adsorp-
tion process by assuming that the diffusion is radial
direction following equation can be used to obtain
adsorbed fraction;

Ft ¼ 1�
X1
n¼1

6aðaþ 1Þ
9þ 9aþ a2q2n

e�Dpq
2
nt=r

2
o (7)

Thus,

lnð1� FtÞ ¼ A�Dpq
2
1

r2o
t (8)

where, A ¼ ln½6aðaþ 1Þ�=ð9þ 9aþ a2q21Þ, r0 is mean
radius of particles, qn‘s are the non-zero roots of
tan qn ¼ ð3qnÞ=ð3þ aq2nÞ and a ¼ ð3VÞ=ð4pr30Þ repre-
sents the volume ratio of external solution to the
solid particles. Constant k2 can be correlated to Dp

with a combination of eqs. 6 and 8 as follows:

Dp ¼ k2
ðCt þ CtÞr20

q21
(9)

The calculated values of k1 and k2 depending on
particle size are presented in Table I. As it is from
the Table I, k1 values �103 times higher than k2 and
decrease with increasing particle size. On the other
hand, k1 values increase depending on particle ra-
dius. The values of Df and Dp have been calculated
according to eqs. (5) and (9) by assuming 18 l, 27.5
l, and 80 l mean particle radii. The magnitude of
diffusion coefficients presented in Table I is in con-
sistent with the literatures.14,15 Using the of k1 and k2
values calculated qt vs. t curves according to McKay
model are compared to experimental points in
Figure 1(a) (dashed lines). Standard deviations

TABLE I
Kinetic Parameters for U Adsorption on the SPR with Different Particle Sizes

d � 106 m V/m L/g
k1 � 10
L/mol s

Df � 108

m2/s
k2� 104

L/mol s
Dp � 1014

m2/s r
Dp(NP) � 1012

m2/s r

d < 40 0.5 2.41 5.32 2.37 0.01 0.0015 3.24 0.0026
40 < d < 150 2.07 3.48 3.61 0.04 0.0007 7.56 0.0010
d > 150 0.43 1.20 6.53 1.19 0.0012 25.60 0.0020

40 < d < 150 7.5 0.20 0.29 6.25 0.18 0.0174 0.23 0.0367
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between calculated and observed qt values were cal-
culated from the following relation and presented in
Table I.

r ¼ 1

ne

Xn
i¼1

qt;exp � qt;cal

qt;exp

� �2
" #1=2

(10)

where, the subscripts ‘‘exp.’’ and ‘‘mod.’’ are the ex-
perimental and modeled values of qt, respectively,
and n is the number of measurements.

As it is seen in Figure 1(a) and standard devia-
tions in Table I experimental data well predicted by
McKay model.

Kinetic parameters obtained for the 40 l <
d <150 l sizes at a solution/solid ratio of 7.5 L/g
are also presented in Table I. The value of k1
decreases from 2.07 � 10�1 L/mol s to 2.00 � 10�2

L/mol s when V/m ratio increases from 0.5 to 7.5 L/
g whereas k2 value increases two times. It can
be concluded that film diffusion process is lowered
at higher U loadings while particle diffusion
increases.

Time dependent elution studies with 0.1 M
NaNO3 solution until 1500 min shows that only 4%
of loaded U is recovered. This may be considered
also in experimental errors. Thus, the kinetic models
couldn’t be applied to the elution data. Similar
results have been reported for U adsorption onto
chitosan.18 Time dependent desorption studies until
48 h in 0.03 M NaNO3 solution show that very small
amount of uranyl ions is removed in the physi-
sorbed water that remained on chitosan after
centrifugation. Thus, no chemical desorption was
observed.

Nernst-Plank model

Typical adsorption kinetics is described in terms of
fractional attainment of equilibrium Ut at time t and
determined experimentally as follows:

Ut ¼ qt
qe

(11)

To determine Ut according to Nernst-Plank model
the following equation was employed:16,17

Ut ¼ ½1� expðmÞ�1=2 (12)

with

m ¼ p2½c1ðbPÞ þ c2ðbPÞ2 þ c3ðbPÞ3�; (13)

where, P ¼ Dpt

r2
0

, the constants c1, c2, and c3 are func-
tions of b. The constants were calculated as follows

for b ¼ 15 by minimizing standard deviation
between experimental and modeled qt values.

c1 ¼ � 1

0:01þ 0:2 b0:2
(14)

c2 ¼ � 1

0:1� 2 b0:4635
(15)

c3 ¼ � 1

0:27þ 0:09 b1:14
(16)

The values of Dp calculated from Nernst-Plank’s
approximation are presented in Table I and the cal-
culated curves are compared with experimental
points in Figure 1(a). The dependence of Dp on parti-
cle size shows similar trend with McKay model.
A few data are available in the literature related to

diffusion coefficients of U. The reported diffusion
coefficients based on one resistance diffusion process
(Bt plot) are 9 � 10�10 and 3.5 � 10�13 m2/s for cli-
noptilolite and tin (IV) antimonate, respectively.19,20

The Dp values for U on the SPR calculated from
Nernst-Plank model based on similar assumptions
are in the range of 2.3 � 10�13 – 2.56 � 10�11 m2/s
and well comparable with the reported values.
The theoretical curves calculated from both

McKay and Nernst-Plank models are in agreement
with experimental data points indicating U adsorp-
tion on the SPR is a diffusion-controlled process.
The lower standard deviations for McKay model
indicate that two-resistance diffusion better describes
experimental results rather than single one.

Figure 2 Equilibrium pH dependency of distribution
coefficients at the V/m ratio of 7.5 L/g.
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pH dependency of uranium adsorption

pH dependency of U adsorption has been studied at
constant ionic strength of 0.25 mol/L because the
changes in ionic strength during pH adjustment
strongly affect on KD calculated from the following
relation.

KD ¼ F

1� F
� V

m
(17)

The decrease in uranium adsorption after ionic
strength adjustment with NaNO3 may be attributed
to the competition of sodium and uranyl ions for
adsorption sites on the SPR.

The dependence of the KD values (in L/g) on pHe

for U adsorption on the SPR is shown in Figure 2. A
sigmoid curve is observed as expected.21,22 It may be
inferred from the following reactions that uranyl
adsorption by ion- exchange would be favored by
neutralization of Hþ ions eliminated from sulfonate
groups on the resin surface.23,24

R� SO�
3 H

þ þUO2þ
2 ! R� SO�

3 UO2þ
2 þHþ (18)

2R� SO�
3 H

þ þUO2þ
2 ! ðR� SO�

3 Þ2UO2þ
2 þ 2Hþ

(19)

The numbers of protons released per bound ura-
nyl ion can be calculated from the slope of increas-
ing linear part of log KD vs. pHe curve.

21 The slope
of 1.8 indicates coordinative bidentate binding
according to eq. (19) rather than monodentate sur-
face complex in eq. (18).

The number of protons released from sulfonate
groups increases depending on increasing pH. Ura-
nyl ions are specifically adsorbed on negatively
charged sulfonate groups via electrostatic interac-
tions. Amount of U adsorbed increases from 0.087 to
0.21 mol/g when equilibrium pH increases from
0.840 to 3.285. On the other hand, the number of sul-
fonate groups per unit polymeric chain is 1 wt %
(i.e., 1.25 � 10�4 mol/g).13,25 This indicates in the
presence of solute–solute interactions on adsorbent
surface. It is well-known that sodium uranates pre-
pared at different pH medium have polymeric char-
acter and the length of polymeric chain depends on
pH.26 This suggests that a uranyl chain forms on
bidentate surface complex. The negatively charged
sulfonate groups electrostatically interact with U
atom of uranyl cation and its O atoms are oriented
towards solution phase. Similarly, nonbonding free
electron pairs of O atoms are bounded to U atoms of
uranyl cation to form a uranyl chain. Thus, two pro-
tons are released from the surface per bounded
uranyl chain. They might be bound on O atoms on

uranyl chain because pHs of the solutions slightly
increase at equilibrium.

Effect of solution/solid ratio on uranium adsorp-
tion and desorption

Effect of solution/solid ratio on the fraction (F) of
uranium adsorption and desorption is depicted in
Figure 3. As it can be seen from the figure the values
of adsorbed fraction of U on the SPR slowly
decrease from �0.90 to �0.85 in the range of 0.0125
– 5 L/g solution/solid ratio whereas a stronger
decrease is observed in 7.5–25 L/g range. However,
desorbed fractions of U with water are very low
(maximum �0.035). This indicates irreversible bind-
ing of U on SPR surface.

Adsorption equilibria

Amount of U adsorbed at equilibrium (qe) has been
evaluated from the F values according to eq. (1) and
adsorption isotherm has been constructed in
Figure 4(a). As it is seen from the figure an S shaped
isotherm is observed. Since initial concentration of U
is 0.05 mol/L and the values of F are nearly constant
the part of isotherm corresponding to V/m range of
0.0125 – 5 L/g qe values increases exponentially to
form initial concave profile of the isotherm. The
slightly convex plateau region of the isotherm corre-
sponds to decreasing F values in 7.5–25 L/g range.
The S shaped isotherm confirms the presence of
solute–solute interactions.
Freundlich and Dubinin-Radushkevich isotherm

equations can be applied to the equilibrium data of

Figure 3 The change of adsorbed and desorbed fractions
of U with solution/adsorbent ratio.
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an S shaped isotherm while Langmuir isotherm is
applicable only to the L shaped (i.e., Langmuir type)
isotherm.

Freundlich isotherm

The Freundlich adsorption isotherm equation and its
linear form can be written as follows:

qe ¼ kFC
n
e (20)

ln qe ¼ ln kF þ n lnCe (21)

where, kF and n are the Freundlich isotherm con-
stants, which are capacity and intensity factors,
respectively. Their values have been calculated from
the slopes and intercepts of the straight lines of lnqe
vs. lnCe plot. As shown in Figure 4(b) linearized
Freundlich isotherm gives two straight lines with

decreasing slopes. The Freundlich exponent n > 1
represents the initial part of an S shaped isotherm
with concave profile whereas n < 1 value corre-
sponds to convex part of the isotherm. The n > 1
value indicates multilayer adsorption as a result of
solute–solute interactions on adsorbent surface while
n < 1 corresponds to the slightly increasing plateau
region because the Freundlich equation does not
into account a finite capacity. However, the value of
kF for the second region can be used only compari-
son purposes of adsorption capacities. The value of
kF of 0.64 mol/g is nearly two times of experimen-
tally attainable capacity of 0.29 mol/g (i.e., 69 g U
per g adsorbent). This value is much higher than
reported capacities for Safranine T of 2.9 �10�4

mol/g, for Nile Blue A of 1.7 � 10�4 mol/g and for
Brilliant Cresyl Blue of 1.5 � 10�4 mol/g,
respectively.13

Figure 4 (a) adsorption isotherm of U adsorption on the SPR, (b) the Freundlich isotherm, (c) the D-R isotherm, (d) the
Langmuir isotherm.
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Dubinin-Radushkevich (D-R) isotherm

The D-R isotherm equation can be useful for the cal-
culation of adsorption capacity (qm) when solute–sol-
ute interactions on the adsorbent are important. The
D-R isotherm equations in following forms have
been used,

qe ¼ qme
�KD�Re2 (22)

ln qe ¼ ln qm � KD�Re2 (23)

where, qm is adsorption capacity of the adsorbent
and KD-R is the constant related to the mean adsorp-
tion energy and e is the Polanyi potential:

e ¼ RT lnð1þ 1=CeÞ; (24)

where, R is the gas constant and T is the absolute
temperature.

The mean adsorption energy (E ¼ �DG) is defined
as the free energy change when one mole of solute
is transferred to the adsorbent surface from infinity
in the solution and it can be estimated using con-
stant KD-R as follows:

E ¼ ð2KD�RÞ�1=2 (25)

As it is seen in Figure 4(c), a plot of lnqe vs. e2,
allows the estimation of qm from the intercept and
KD-R from the slope, respectively. The higher value
of E in Table II shows that U adsorption is more
spontaneous in the high loading region. Adsorption
energies calculated from the D-R isotherm parame-
ters for U adsorption onto activated charcoal,27 ben-
tonite composite,28 molecular sieve,1 and clinoptilo-
lite19 have been reported as 4.08, 6.25, 9.11, and
11.18 kj mol�1, respectively. The adsorption energy
of 9.9 kj /mol for the SPR is comparable with the
reported data in literature.

Adsorption is sparse at low U loadings, so interac-
tions between uranyl chains are negligible while
interactions between adjacent chains may be lead a
cross-linked network resulting higher free energy
change at the plateau region. The proposed interac-
tions between uranyl chains and the sulfonate
groups have been presented in Figure 5. Positive
charge of the uranyl loaded SPR may be balanced
by diffusion of counter ions into the cages. The

strong bonds (dashed bonds in Fig. 5) between U
and O atoms cannot be broken for exchanging with
Naþ ions when treated with NaNO3 solution. Even
though the resin cannot be regenerated it can used
an excellent material for preconcentration before
ultimate disposal of U because of its enormous
capacity.
Although the predicted adsorption capacity of

0.41 mol/g from the D-R equation is also somewhat
higher than that of experimental capacity the theo-
retical isotherm curves have been successfully calcu-
lated by using the isotherm parameters in Table II.
A comparison of calculated curves with experimen-
tal points indicates that both of the equations are
able to adequately predict the equilibrium behavior
of U adsorption on the SPR.

Langmuir isotherm

The Langmuir isotherm equation is another useful
model, which allows calculating accurate adsorption

TABLE II
Freundlich, D-R and Langmuir Isotherm Constants for U Adsorption on the SPR

Freundlich D-R Langmuir

Region n kF mol/g r E kj/mol qm mol/g r KL L/mol qm mol/g r

1 6.51 1.98 � 1012 0.92 2.1 2.63 � 105 0.93 – – –
2 0.25 0.64 0.81 9.9 0.41 0.78 2.02 � 102 0.31 0.98

Figure 5 Interactions between uranyl chains and sulfo-
nate groups.
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capacity, but it can be applied only to the convex
part of the isotherm curve in Figure 4(a).

The Langmuir isotherm equation and its linear
form can be represented as follows:

qe ¼ KLqmCe

1þ KLCe
(26)

Ce

qe
¼ 1

KLqm
þ 1

qm
Ce (27)

where, KL is the Langmuir adsorption equilibrium con-
stant related to the binding energy. The parameters of
KL and qm for U removal can be calculated from Ce /qe
versus Ce plots evaluated from the second part of the
isotherm curve. As shown from Figure 4(a), isotherm
curve calculated from the Langmuir parameters pre-
sented in Table II fits well to the experimental data in
plateau region. The Langmuir adsorption capacity of
0.31 mol/g is also well consistent with the experimen-
tal adsorption capacity of 0.29 mol/g estimated from
the plateau of the isotherm curve.

The reported capacities of some adsorbents for U
are as follows: 0.05 g/g for composite bentonite,28

�0.23 g/g for Fe and Al modified titanium and zir-
conium phosphates,29 0.23–0.45 g/g for marineal-
gae,30 0.30–0.39 g/g for interpenetrating polymer
networks (IPNs),31 0.307 g/g for cross-linked persim-
mon peel gel,32 0.58 g/g for polyurethane foam
loaded with crown ether,33 0.76 g/g for benzoylth-
iourea immobilized on silica gel,34 2.38 g/g for hem-
atite,35 and 29.94 g/g activated charcoal.27 Adsorp-
tion capacity of the SPR of 69 g/g is much higher
than those of the reported values.

Effect of anion of U salt

The amounts of U adsorbed from uranyl-nitrate so-
lution are 0.021 and 0.042 mol/g at the V/m ratios of
0.5 and 1.0 L/g, respectively. The corresponding val-
ues for uranyl acetate solutions are 0.014 and 0.023
mol/g, respectively. U adsorption from uranyl ni-
trate solution is nearly two times higher than that of
uranyl acetate. Since the pH of 0.05 M uranyl acetate
solution is �4 a higher U adsorption is expected.
Similar behavior has been reported for Sr adsorption
in acetate buffer at the same pH.22 The great differ-
ence of Sr adsorptions between chloride and acetate
solutions has been attributed to complex formation
with acetate anion.36 Similarly, coulombic attraction
between �SO�

3 groups on the SPR surface and
CH3COOUOþ

2 should be less than that of UO2þ
2 .

CONCLUSIONS

Kinetics and equilibrium properties of U adsorption
on the SPR have been determined depending on

contact time, solution/adsorbent ratio, particle size
and pH.
Kinetic results are well described with both single

and two resistance diffusion models. The film diffu-
sion coefficients (Df) calculated from McKay con-
stants based on two-resistance diffusion decrease
with increasing particle size whereas particle diffu-
sion coefficients (Dp) calculated according to both
models increase.
The S shaped isotherm indicates the presence of

solute–solute interactions on adsorbent surface. pH
dependent experiments reveal that a polymeric
uranyl chain forms on the bidentate surface
complex.
The equilibrium data are well described with the

Freundlich and the D-R isotherm equations. Both
equations give two straight lines corresponding to
low and high U loadings. The higher free energy
change obtained from the D-R parameters indicates
that U adsorption is more spontaneous in the second
region. This may be arising from interactions
between neighboring uranyl chains to form a cross-
linked network.
It has been found that the SPR is an excellent ma-

terial for preconcentration of U before ultimate dis-
posal of radioactive wastes. Since its adsorption
capacity of �0.30 mol/g is extremely high and the
loaded U is neither soluble in water nor exchange-
able with cations it cannot escape from a breached
repository into environment.
The authors thank Tülin Banu _Iyim, Is�il Acar, Saa-

det Özgümüs� from Chemical Engineering Depart-
ment of Istanbul University for their kind donation
of the SPR.
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