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ABSTRACT

In this study, an amidoximated chelating ion-exchange resin was prepared using poly-
acrylonitrile grafted potato starch. The resin characterizations such as specific surface area, pore
volume, average pore radius, and Fourier transform infrared spectroscopy of the resin were
defined. The effects of pH, contact time, adsorbent dosage, initial concentration of uranium, and
temperature on adsorption of uranium ion from aqueous solutions were investigated. The equi-
librium adsorption data are fitted Langmuir, Freundlich, Dubinin–Radushkevich (D–R), and
Temkin isotherm models and the model parameters are evaluated. The results showed that the
D–R model had the best agreement with experimental data. The maximum capacity of adsorp-
tion of uranium(VI) onto polyamidoxime resin was found 415.77mg/g using D–R equation.
The kinetic data were well fitted by the pseudo-second-order kinetic model. Thermodynamic
parameters including standard enthalpy change (ΔH˚), entropy change (ΔS˚), and Gibbs free
energy (ΔG˚) were also determined to specify the type of adsorption reaction using equilibrium
constant values at various temperatures. The evaluated ΔH˚ and ΔG˚ indicate the endothermic
nature of adsorption and the process is spontaneous and favorable. The present study suggests
that the prepared adsorbent has promising potential for the removal of uranium(VI) from
wastewaters. Furthermore, an artificial neural network (ANN) model was applied to predict
adsorption percent of uranium and final pH of solution (pHf). A good agreement between
experimental data and predicted values of applied ANNmodel was observed.
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1. Introduction

Uranium is a toxic radioactive element that is
widely distributed over the earth’s crust with nuclear

significant. The toxic and dangerous nature of this
radionuclide ion is very harmful, even at trace levels,
for human physiology and other biological systems
and causing various diseases and disorders [1]. There-
fore, removal of U(VI) is significant with respect to its
industrial importance and toxicity to living beings.
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Chemical-precipitation [2], co-precipitation [3],
solvent extraction [4], nanofiltration [5], ultrafiltration
or polymer-assisted ultrafiltration [6], flotation,
ion-exchange [7], adsorption, etc. are the common
removing methods which have been developed for
preconcentration or separation of uranium from aque-
ous medium.

The adsorption process was widely used as an
effective and convenient method because of its cost-
effective treatment and easy operation. Different types
of adsorbents such as organic [8,9], inorganic [10–13],
biosorbent [14], carbon based material [15,16], etc. have
been developed for uranium removal and recovery.

Among the various solid adsorbents, chelating res-
ins are being widely used for the removal of metal
ions due to their selectivity and high-adsorption
capacity. There are two adopted methods for prepar-
ing these chelating materials. One is impregnating the
solid substrate with chelating groups and the other
one is chemically bonding/grafting the same on the
surfaces of solid substrate [17].

The main disadvantage of the first method is leach-
ing of chelating group from solid support which cause
to gradual loss of capacity and lifetime [18]. Hence,
the preparation of functionalized/grafted resins with
suitable functional groups can be developed to over-
come this drawback. Selection of appropriate chelating
functional group is an important and critical factor to
obtain maximum recovery.

There are many researches that explain the synthe-
sis of resins including oxime group by incorporation
of a nitrile group to a polymer matrix and converting
this group into amidoxime with hydroxylamine in an
alkaline medium [19,20]. This macro-reticular chelat-
ing resin can be prepared by some different methods
such as reacting acrylonitrile–divinylbenzene copoly-
mer with hydroxylamine and synthesis of poly-
acryloamidoxime resin [21,22]. Another method is
incorporation of amidoxime group into cellulose
through reaction of cyano ethylcellulose and cyano
acrylonitrile with hydroxylamine [23]. The application
of divinylbenzene cross-linked polyacryloamidoxime
resin has been also investigated on trace metals in nat-
ural waters [24].

There are a few publications on the use of PAO
resin as a metal adsorbent. In this work, PAO resin
has been synthesized for removing of uranium from
aqueous solution by batch technique. The effects of
various operating parameters such as initial pH of
solution, adsorbent dosage, initial ion concentration,
contact time, and temperature on the adsorption pro-
cess are studied. Four different isotherm models are
applied to fit the equilibrium data. The adsorption
mechanisms of uranium(VI) onto prepared adsorbent

are also evaluated in terms of thermodynamics and
kinetics.

Surface complexation modeling can calculate
adsorption equilibrium as a function of water chemis-
try parameter, using mass action and model balance
equations [25,26]. There is a big and still growing liter-
ature of application of SCM [27–29], and most of them
were implemented by chemical equilibrium software
programs [26,30]. Although SCM can provide more
mechanistic insights to the adsorption equilibrium,
ANN models can be practically useful in engineering
designs without even using specific chemical equilib-
rium software programs.

In this work, the experimental data are modeled
using ANN model. This model is a system of data
processing based on the structure of a biological neu-
ral system. This prediction is made by learning of
the experimentally generated data or using validated
models [31]. The ANN is an artificial intelligence
technique imitates the human brain’s biological neu-
ral network in the problem solving processes. The
numerous applications of ANN are conducted to
solve environmental problems because of its reliabil-
ity in capturing the nonlinear relationships existing
between variables (multi-input/output) in complex
systems [32–34].

In the present work, various experimental parame-
ters such as initial pH, adsorbent dosage, contact time,
initial concentration of uranium, and temperature
were chosen as inputs variables. The output layer
includes two variables such as adsorption percent of
uranium and pHf. On the basis of batch adsorption
experiments, a three layer feed forward back propaga-
tion ANN model was applied to predict the output
parameters.

2. Experimental

2.1. Materials and equipment

Potato starch, methanol, hydroxylamine (50% solu-
tion in water), ceric ammonium nitrate, and
UO2(NO3)2�6H2O were purchased from Merck. The
purities of all chemicals are presented in Table 1. All
experiments were carried out using deionized water.
Infrared spectrum of PAO was measured with
Bruker-Vector22 spectrometer. The macro-pore charac-
terizations of PAO including surface area, average
pore volume, and average pore radius were character-
ized on a Quantocrom surface area apparatus using
BET method. The concentration of uranium in the ini-
tial solution and supernatant was analyzed by Varian-
Liberty 150 AX Turbo as inductively coupled plasma
atomic emission spectroscopy.
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2.2. Synthesis of polyamidoxime chelating ion-exchange
resin

2.2.1. Graft copolymerization

About 10 g of potato starch and 400mL of distilled
water were mixed and prepared in a 1,000mL three-
neck flask which was equipped with a condenser,
mechanical stirrer, and a thermostat water bath. The
prepared slurry was heated for 30min at 80˚C in pres-
ence of an inert gas (N2 gas). Then, the flask content
was cooled to 50˚C and the volume of 8mL of sulfuric
acid (H2SO4:H2O/1:1) was added to the flask. About
40mL of 0.1M ceric ammonium nitrate solution was
added to the reaction mixture after 5min and another
10min later, acrylonitrile monomer (24mL) was added
to the flask. The reaction was completed in 90min and
then the product was cooled by subcooled water. The
grafted copolymer was precipitated through washing
with methanol solution (methanol:H2O/4:1) and then
dried at 50˚C to a constant weight [35].

2.2.2. Preparation of PAO resin

Treatment of hydroxylamine and nitrile group was
done in an alkaline medium (pH 10) in order to pre-
pare the resin containing amidoxime group [24]. This
reaction was done using 300mL of 2.02M hydroxyl-
amine and 20 g of grafted copolymer which added to
a two-neck flask. The flask was equipped with a
mechanical stirrer, condenser, and thermostat water
bath. The reaction was continued for 2 h at 70˚C. The
flask product was filtrated and washed with methano-
lic solution (methanol:H2O/4:1). Then, the resin was
treated with 0.1M methanolic solution of hydrochloric
acid for 15min, washed with methanolic solution, and
then dried at 50˚C to a constant weight.

2.2.3. Conversion of resin to the H+ form

About 11 g of prepared resin was treated with 500
mL of methanolic solution of 0.1M HCl (methanol:

H2O/4:1) in a conical flask by batch equilibration and
then filtered and washed by methanolic solution.

2.3. Adsorption experiments

Adsorption experiments were performed to obtain
the values of optimum pH, optimum PAO dosage,
and contact time. The effect of temperature and ini-
tial concentration of uranium was also investigated.
For each experiment, 100mL aqueous solution of
known concentration of uranium was taken in poly-
ethylene round-bottom flasks containing certain
amount of the PAO resin. These flasks were shaken
at a constant rate in a temperature controlled rotary
shaker. The concentration of uranium was 20mg/L
through all experiments except for those carried out
to determine the effect of initial concentration of
uranium(VI). The concentration of uranium ion was
measured by ICP.

The pH of solution was adjusted in the range of 2–
6 using NaOH or HNO3 aqueous solutions. The effect
of adsorbent dosage on UO2þ

2 removal was studied
using 20mg/L initial uranium concentration with
0.05, 0.1 0.2, 0.3, 0.4, and 0.5 g/L of PAO resin. Several
cantact times (5, 10, 20, 30, 45, 60, 75, 90, 120, 150, and
180min) were applied to obtain the steady state time
of adsorption process. Various aqueous solutions of
uranyl ion with concentrations of 8.4, 21.1, 49, 73, 94,
150, and 190mg/L were prepared to study the iso-
therm models at 25˚C. The calculation of the adsorp-
tion uptake (qe) is given by the mass-balance equation
(Eq. (1)):

qe ¼ VðC0 � CeÞ
M

(1)

where C0 and Ce are the initial and equilibrium
concentration of uranyl ion, respectively. V is the vol-
ume of solution (L) and M is the amount of adsorbent
(g) used in the adsorption experiment. The percentage
of adsorption of metal ions is calculated as follows:

Table 1
Purity of chemical materials

Component Supplier Mass fraction purity

UO2(NO3)2�6H2O Merck >0.99
Ceric ammonium nitrate Merck >0.99
Potato starch Merck >0.99
Methanol Merck >0.99
Hydroxylamine Merck 0.5 (solution in water)
Water Deionized and bi-distilled
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Adsorption% ¼ C0 � Ce

C0

� �
� 100 (2)

A blank containing 100mL of only uranium without
any adsorbent was shaken and then passed through
the filter to determine any adsorption of uranium ions
onto the walls of conical flasks and filter paper. Each
experiment was repeated for two times and the mean
value was used in all cases.

3. Results and discussion

3.1. Analysis of BET and FT-IR spectrum

Fig. 1 shows the FT-IR spectrum of synthesized
chelating PAO resin. The intense and extensive
absorption peak at 3,470 cm−1 corresponds to the O–H
stretching mode. The bending vibration of N–H bond
is observed at peak 1,448 cm−1. The peak observed at
1,108 cm−1 indicates the stretching mode of C–N. The
bands at 930 and 1,651 cm−1 are characterized as C=N
and N–O streching mode of oxime groups, respec-
tively [36,37]. The pore structure of PAO resin is given
in Table 2 which is analyzed by BET method.

3.2. Effect of pH

The initial pH value of the solution is a significant
parameter that must be considered during adsorption
studies. Therefore, experiments were carried out in
order to investigate the effect of pH on UO2þ

2 removal
by varying the pH from 2.0 to 6.0 (Fig. 2). As shown
in Fig. 2, the initial pH of solution is a controlling fac-
tor in adsorption of UO2þ

2 by PAO resin.
The observed lower uptake values of U (VI) at the

lowest pH value (pH 2) may be related to the electro-

static repulsion of the protonated active sites of PAO
with the positively charged uranyl ions. The (UO2)2
OH2þ

2 is predominate species in acidic solution up to
pH 5 and uranium also exists as a form of (UO2)3OHþ

5

at higher pH values (pH > 5) [38]. As can be seen, the
maximum uptake for uranium was found at pH 3.
Uranium starts precipitating from solution at pH val-
ues higher than 7.0 which makes sorption studies
impossible. Therefore, an optimum pH 3.0 is selected
for further experiments.

3.3. Effect of adsorbent dosage

The adsorbent dosage is one of the important fac-
tors in adsorption process. Fig. 3 shows the effect of
PAO dosage on adsorption of UO2þ

2 ions. As PAO
dosage increased from 0.05 to 0.4 g/L the fraction of
UO2þ

2 adsorbed on PAO increased. However, at high-
sorbent dosages (more than 0.4 g/L) the available
metal ions are insufficient to cover all the exchange-
able sites on the PAO resin, resulting in low-metal
uptake. So, the optimum PAO dosage was chosen as
0.4 g/L and used for all further experiments.

3.4. Effect of contact time

The sorption of U(VI) on PAO resin was investi-
gated as a function of contact time from 5 to 180min
using initial concentration of 20mg/L of UO2þ

2 in
aqueous solution. The results of these experiments are
illustrated in Fig. 4. This figure shows that the adsorp-
tion percentage of UO2þ

2 increased rapidly within 30
min and attains steady-state condition at about 97%
sorption within 120min. Therefore, the optimum con-
tact time is selected as 120min for all further
experiments.
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Fig. 1. Infrared spectrum of PAO chelating resin.
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3.5. Adsorption isotherm models

Isotherm models play an important role both in
describing the interaction of adsorbate with an adsor-
bent and in optimizing the use of adsorbent. The
Langmuir, Freundlich, Dubinin–Radushkevich (D–R),
and Temkin models were selected to analyze the equi-
librium data at 25˚C. The monolayer sorption on a
homogeneous surface without interaction between
adsorbed molecules is recommended by Langmuir
model [39]. This model includes two constants as qm
and KL in which qm is denoted to maximum mono-
layer sorption capacity of the sorbent (mg/g) and KL

is the Langmuir constant (L/mg) corresponding to the
adsorption free energy. The linear and nonlinear equa-
tions of Langmuir isotherm model are reported in
Table 3. Moreover, a common dimensionless constant
called separation factor (RL) [40] can be expressed in
the following equation:

RL ¼ 1

1þ KLC0
(3)

The nature of adsorption process can be realized by RL

value to be either unfavorable (RL> 1), linear (RL = 1),
favorable (0 < RL< 1), or irreversible (RL= 0). In this
study, the RL value for adsorption of uranyl ion on
PAO resin was obtained in the range of 0.067–0.621
which represents a favorable adsorption process.

In order to calculate the qm and KL constants, the
Langmuir linear equation was applied. These values
are reported in Table 4. The evaluated value of qm
illustrates a high ability of PAO resin in adsorption of
UO2þ

2 from aqueous solutions.
The Freundlich isotherm [41] model is an empirical

model which is applied for non-ideal and reversible
adsorption and also can be used for multilayer
adsorption with non-uniform distribution of adsorp-
tion affinities and heat over heterogeneous surfaces
[42]. This model has an exponential relation with two
constant shown in Table 3, where 1/n is a numerical
value related to sorption intensity varies with the het-
erogeneity and Kf represents the sorption capacity.

The nature of adsorption process can be deter-
mined by analyzing equilibrium data using the D–R

Table 2
Porous properties of PAO chelating resin

Resin Pore volume (mL g−1) × 103 Surface area (m2g−1) Average pore diameter (nm)

PAO 4.874 6.681 2.918

Fig. 2. Effect of pH on uranyl adsorption onto PAO resin
for W = 0.3 g/L.
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isotherm model [43]. This model describes the adsorp-
tion of subcritical vapors onto micropore solids and is
generally used to express the adsorption mechanism
[44] using a Gaussian energy distribution onto hetro-
geneous surface [45]. The mathematical expressions of
linear and nonlinear forms of the D–R model are pre-
sented in Table 3, where qe is the amount of adsorbed
metal ion per unit weight of adsorbent (mol/g), qmt is
the maximum capacity of adsorbent (mol/g), β is the
activity coefficient (mol2/J2), and ε2 is the polanyi
potential which is depend on temperature and equilib-
rium concentration of metal ion (Ce) and expressed by
the following equation:

e ¼ RT ln 1þ 1

Ce

� �
(4)

where R is the universal gas constant (8.314 J mol−1K−1),
T is absolute temperature (K), and β value is used to
obtain the mean free energy (E, kJ/mol) [46]:

E ¼ 1ffiffiffiffiffiffi
2b

p (5)

The linear form of the D–R model was applied to deter-
mine the D–R constants. The results are reported in
Table 4. The mechanism of adsorption process can be
realized by means of mean free energy. The nature of
adsorption process can be physical for the E < 8 kJ/mol
or chemical for 8 < E < 16 kJ/mol [47]. Here the mean
free energy is 6.294 kJ/mol for adsorption of uranyl ions
onto PAO resin and this value shows a physical nature
of the adsorption process.

The Temkin isotherm model describes the adsorp-
tion of hydrogen onto platinum electrodes in acidic
solutions [48]. This isotherm model [49] contains a fac-
tor which has an explicit relation between adsorbent
and adsorbate interaction. The linear and nonlinear
equations of this model are given in Table 3, where bT
is the Temkin isotherm constant and AT is the Temkin
isotherm equilibrium binding constant (L/mg). The
linearized form was used to calculate the constants of
this isotherm model.

In order to show the agreement of isotherm mod-
els with experimental data the R2 value is reported in
this study. Table 5 shows the R2 values for each iso-
therm model at 25˚C.

According to the reported errors in Table 5, the
D–R model has the best agreement with experimental
data and can be used to predict the adsorption of ura-
nium(VI) on PAO resin from aqueous solutions at
25˚C. Adsorption of uranium(VI) by PAO resin is
compared with other adsorbents reported literature in
Table 6. The PAO resin should be considered as a
suitable adsorbent due to its high ability in adsorption
of uranium(VI). Fig. 5

3.6. Adsorption kinetics

Four kinetic models including pseudo-first-order
[60], pseudo-second-order [61], Elovich [62], and
intraparticle diffusion model [63] were applied to ana-
lyze the kinetic of adsorption process. All of linear
and nonlinear equations of the above kinetic models
are presented in Table 7. In this table, qt is the amount
of metal ion adsorbed (mg/g) at time t (min) and k1 is
adsorption constant (min−1) of pseudo-first-order

Table 3
List of applied isotherm models

Isotherm Nonlinear form Linear form Plot Ref.

Langmuir qe ¼ qmKLCe

1þKLCe

Ce

qe
¼ ð 1

KLCe
Þ þ ð 1

qm
ÞCe Ce/qe vs. Ce [39]

Freundlich qe ¼ KfC
1=n
e ln ðqeÞ ¼ 1

n ln ðCeÞ þ ln ðKfÞ ln (qe) vs. ln (Ce) [41]

D–R qe ¼ qmt:expð�be2Þ ln ðqeÞ ¼ ln ðqmtÞ � be2 –ln (qe) vs. ε
2 [43]

Temkin qe ¼ RT
bT
ln ðATCeÞ qe ¼ RT

bT
ln ðATÞ þ RT

bT
ln ðCeÞ qe vs. ln (Ce) [49]

Table 4
Isotherm parameters obtained from Langmuir, Freundlich, D–R, and Temkin models at 25˚C

Langmuir Freundlich D–R Temkin

qm (mg/g) KL (L/mg) Kf (mg/g) 1/n qmt (mmol/g) β (mol2/J2) AT (L3/mg) bT

416.667 0.076 36.859 0.6087 1.539 1.262 × 10−8 1.572 0.035
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model. The qe and k1 were calculated from the plot of
ln (qe−qt) vs. t using the slope and intercept of the plot,
respectively. The determined parameters are presented
in Table 8.

The k2 is the constant rate of pseudo-second-order
model (gmg−1min−1). The plot of t/qt against t can
give a linear relation form which k2 and qe were calcu-
lated from slope and intercept of the plot, respec-
tively.

In Table 7, the α value is the initial rate of adsorp-
tion (mg/gmin) and βt is the desorption constant dur-
ing any experiment for Elovich model (g/mg). Elovich
equation was simplified by assuming αβtt > > t and
applying the boundary conditions qt= 0 at t = 0 and
qt= qt at t = t [55] and the final equation is shown in a
linear form in Table 7. The slope and intercept of Elo-
vich model were determined by fitting experimental
data through plotting qt vs. ln (t).

The equations of intraparticle diffusion model are
also given in Table 7, where Rid is the percent of U(VI)
adsorbed on PAO resin, (t) is the contact time, a
describes the adsorption mechanism, and kid is the rate
constant of intraparticle diffusion model (min−1/a). The
higher values of kid represent an increase in the rate of

adsorption process and larger a value is related to a
better bonding between U(VI) and PAO particles.

All evaluated parameters of four discussed kinetic
models and their errors are reported in Table 8. As
seen in Table 8, the adsorption kinetics could well be
estimated by pseudo-second-order kinetic model. The
plot of qt as a function of time (t) for all discussed
kinetic models is illustrated in Fig. 6.

3.7. Thermodynamic parameters

Thermodynamic parameters including enthalpy
change (ΔH˚), entropy change (ΔS˚), and Gibbs free
energy (ΔG˚) can be determined through following
equation:

Table 5
The R2 values of four isotherm models for adsorption of
uranium(VI) by PAO at 25˚C

Isotherm models

Langmuir Freundlich D–R Temkin

R2 0.926 0.969 0.985 0.910

Table 6
Comparison of adsorption potential of various adsorbents for uranyl ion removal from aqueous solution

Adsorbent qmax (mmol/g) Ref.

Chitosan/amine resin 1.8 [50]
RIa-mag 1.68 [51]
AXAD-16–3,4-dihydroxybenzoyl methyl phosphonic acid 1.66 [52]
PANSIL at pH 7.5 1.5 [53]
Chitosan/azole resin 1.3 [50]
PANSIL at pH 6 1 [53]
Merrifield chloromethylated 0.96 [54]
Amberlite XAD-16 0.9 [55]
Amberlite XAD-4-Bicene 0.38 [56]
Merrifield polymer-N,N,N,N-tetrahexyl malonamide 0.65 [54]
Goethite 0.114 [57]
Delta MnO2 0.564 [58]
Sepiolite (at 30˚C) 0.128 [59]
Polyamidoxime chelating resin 1.54 This study
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Fig. 5. Comparison of four isotherm models in adsorption
of U(VI) by PAO at 25˚C; (○) experimental data, (∙∙■∙∙)
Freundlich, (–◊–) Langmuir, (–●–) D–R, and (–Δ–) Temkin
model.
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ln ðkdÞ ¼ DS�

R

� �
� DH�

R

� �
1

T

� �
(6)

where Kd is distribution coefficient and obtain by
(Eq. (7)) at various temperatures. The Kd (mL/g) value
describes the ratio of uranyl ion in the solid phase
over that in the liquid phase and defines the selectiv-
ity of the adsorbents for the radioactive element [64].
This coefficient is used for determining thermody-
namic parameters by many researchers [65–69].

Kd ¼ VðC0 � CeÞ
MCe

(7)

The (ΔH˚) and (ΔS˚) were determined from the slope
and intercept of the plotted ln (Kd) vs. (1/T) (Fig. 6).
The standard Gibbs free energy change values were
also calculated using the following equation:

DG� ¼ �RT ln ðKdÞ (8)

where R is universal gas constant (8.314 J mol−1K−1)
and T is absolute temperature. The Gibbs free energy
change of the discussed adsorption is also calculated
using the equation as below:

DG� ¼ DH� � TDS� (9)

Table 9 represents the thermodynamic parameters in
which negative values of ΔG˚ show a feasible process
and instinctive nature of adsorption of U(VI) onto
PAO resin. The ΔH˚ value also suggests adsorption of
U(VI) on PAO chelating resin is endothermic. The
positive value of ΔS˚ indicates that the randomness at
the solid–liquid interface during the adsorption pro-
cess increases (Fig. 7).

Table 7
Lists of applied kinetic models

Kinetic model Nonlinear form Linear form Plot Ref.

Pseudo-first-order dqt
dt ¼ k1ðqe � qtÞ ln ðqe � qtÞ ¼ ln ðqtÞ � k1t ln (qe− qt) vs. t [60]

Pseudo-second-order dqt
dt ¼ k2ðqe � qtÞ2 t

qt
¼ 1

k2 :q2t
þ ð 1qeÞ t t/qt vs. t [61]

Elovich model dqt
dt ¼ a exp ð�btqtÞ qt ¼ 1

bt
ln ðabtÞ þ 1

bt
ln ðtÞ qt vs. ln (t) [62]

Intraparticle diffusion model Rid ¼ kidt
a ln ðRidÞ ¼ lnðkidÞ þ a ln ðtÞ ln (Rid) vs. ln (t) [63]

Table 8
The determined parameters of four kinetic models and their errors for adsorption of U(VI) onto PAO

Pseudo-first-order Pseudo-second-order

k1 (min−1) qe (mg/g) R2 k2 (g/mgmin) qe (mg/g) R2

0.0217 35.705 0.945 4.97×10−4 47.393 0.990

Elovich model Intraparticle diffusion model

α (mg/gmin) βt (g/mg) R2 kid (min−1/a) a R2

0.0288 0.102 0.947 5.288 0.5536 0.957
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Fig. 6. Comparison of four kinetic models for adsorption
of U(VI) by PAO; (○) experimental data, (∙∙□∙∙) pseudo-
first-order, (–Δ–) pseudo-second-order, (–◊–) Elovich, and
(–■–) intraparticle diffusion model.

Table 9
Thermodynamic parameters for adsorption of U(VI) on
PAO at different temperatures

ΔG˚ (kJ/mol)
ΔH˚
(kJ/mol)

ΔS˚
(Jmol−1 K−1)

25˚C 35˚C 45˚C 55˚C 65.621 243.634
−7.337 −9.428 −10.861 −13.948
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3.8. ANN model

The ANN is widely applied to predict and approx-
imate complex systems which are difficult to model
using common modeling techniques such as mathe-
matical modeling. There is no exact available formula
to choose a suitable architecture of ANN and training
algorithm. The best solution to this limitation is
obtained by try and error.

The number of hidden layers, training algorithm,
number of neurons in the first and second hidden lay-
ers, and transfer functions were obtained by using try
and error. The model consisted of two hidden layers
with 10 and 11 neurons in the first and second layer,
respectively. The best determined transfer/activation
functions in both hidden layers were sigmoidal
functions and the output layer had a linear transfer
function (purelin). The number of training and testing
data was 28 and 5 for each output variables,
respectively.

The best training algorithm was obtained by
Levenberg–Marquardt. Total iteration was set to 2,000
and performance goal was selected as 10−5. The plots
of training and testing of experimental data vs. ANN
model are presented in Figs. 8 and 9 for the adsorp-
tion percent of uranium and pHf, respectively, which
show a good agreement between experimental data

and predicted values of ANN model. The agreement
of ANN model was tested by correlation coefficient
which expressed as below:
where Mcal,i and Mexp,i are the calculated and experi-
mental amount of known parameter, respectively. The
correlation coefficients (r) of training and testing data
of applied ANN model are shown in Table 10.
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Fig. 7. Variation of ln(Kd) with (1/T) for adsorption of U
(VI) on PAO resin.
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Fig. 8. The training and testing data of applied ANN
model for adsorption percent of uranium (ads%); (○) train-
ing data and (▲) testing data.
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Fig. 9. The training and testing data of applied ANN
model for final pH of solution (pHf); (○) training data and
(▲) testing data.

r ¼ N
PN

i¼1 ðMcal;i �Mexp;iÞ �
PN

i¼1 ðMcal;iÞ �
PN

i¼1 ðMexp;iÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNPN

i¼1 M
2
cal;i � ðPN

i¼1 Mcal;iÞ2Þ � ðNPN
i¼1 M

2
exp;i � ðPN

i¼1 Mexp;iÞ2Þ
q (10)
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4. Conclusions

In this study, PAO resin was synthesized by means
of poly-acrylonitrile (PAN) grafted potato starch and
characterized by FT-IR. The average surface area and
pore diameter of the resin were found to be 6.681m2 g−1

and 2.918 nm, respectively. The optimum pH and
adsorbent dosage were observed at the amount of 3 and
0.4 g/L, respectively. The D–R isotherm model shows
better fit to the sorption data than the other isotherm
models. The maximum sorption capacity of PAO for U
(VI) was calculated about 415.77mg/g using D–R
model. The kinetics of the process is well described
using the pseudo-second-order model. The nature of
adsorption process was feasible and endothermic due
to positive values of determined ΔG˚ and ΔH˚. Based on
the results of the present work, the PAO resin can be
used as promising adsorbent for the treatment of waste-
waters containing uranyl ions. The determined amounts
of correlation coefficients of training and testing data
showed a good agreement of obtained values from
ANN model with experimental data.
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