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ABSTRACT: Polyacrylonitrile beads, containing the amidoximated polyacrylonitrile, were prepared for adsorption of uranium. The
synthesized amidoximated polyacrylonitrile chelating beads were evaluated, for their ability to adsorb uranium from aqueous solu-
tion, at different temperatures and pH values. The kinetic measurement showed that about 120 min of equilibration time was
enough, to remove saturation amount of uranium from the solution. The pseudo first-order and pseudo second-order equations
were used to analyze the kinetic data, and the rate constants were determined. The equilibrium adsorption data were examined by
the Langmuir, Freundlich, and Temkin isotherms. The data showed a better fit to the Langmuir isotherm. The loaded uranium could
also be leached out from the beads, by treating with dilute acids. The uranium uptake capacity of the polymeric beads was found to
be 3.5 mg/g of the swollen beads. Reusability of the beads was also established by multiple adsorption—desorption experiments. The
pore volume and the surface area of the dried beads, measured by BET method, were found to be 1.93 cc/g and 320 mZ/g, respec-
tively. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Uranium is found in the environment, in very small concentra-
tions, mainly in rocks, soil, and water. Uranium is of great im-
portance as a nuclear fuel. Natural uranium, slightly enriched in
U» (2-3%), is used to fuel nuclear power reactors, to generate
electrical power, make isotopes for peaceful purposes, make
explosives, etc. Depleted uranium is used as shielding to protect
tanks and also used in bullets and missiles. Uranium metal is
also used in X-ray targets for generation of high energy X-rays.
At the same time, uranium and its compounds are highly toxic,
from the chemical, biological, and the radiological standpoints.
So, preconcentration and separation of uranium from environ-
mental, biological, and radioactive waste samples is extremely
important.

There are many reports on the selective removal of uranium
from radioactive waste, water stream, and seawater.' Among
the different methods for separation of uranium, liquid-liquid
extraction is widely used for bulk separation in nuclear indus-
try. Some of the main problems associated with solvent extrac-
tion techniques are third-phase formation, large organic waste
generation, and difficulty in handling. Solid-liquid separation
can solve some of these problems and can work in more effi-
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cient and environment friendly manner and also makes it possi-
ble to tune the selectivity, and capacity, by the development of
new materials. Many organic and inorganic adsorbents, contain-
ing different functional groups, which show selectivity toward
uranyl ions, have been synthesized and used for the separation
of uranium. For example, neutral polymer—amberlite polysty-
rene divinylbenzene (amberlite XAD) series,”® silica,” octadecyl
silica membrane discs,'® activated silica gel,'' controlled-pore
glass,'> polyurethane foam,'’ and cationic or anionic exchange
resins'* have been reported to be used for both preconcentra-
tion of uranium (VI) from dilute solutions, before determina-
tion by a variety of analytical techniques and separation. Among
these, functionalized polymeric materials in the form of resins,
beads, gels, membranes, etc. are the most important ones, for
selective separation of target metal ions from multicomponent
aqueous feed solutions, such as radioactive waste and seawater.
Preparation of adsorbents by incorporation of modified func-
tional group into the polyacrylonitrile binding matrix and its
potential applications in the treatment of radioactive liquid
waste streams have been described in a number of articles by
Sebesta et. al.'”> Most of the reported methods are for nuclear
industry, involving extraction from acidic medium (at relatively
higher concentrations), and from sea water at near neutral pH
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condition (from very dilute solutions). Amidoximated polyacry-
lonitrile (APAN), grafted over nonwoven polypropylene fabric,
is one of the important adsorbents, for separation of uranium
from very dilute aqueous solutions, at near neutral pH condi-
tion. It has been tested upto pilot scale, for separation of ura-
nium from sea water.'®'"”

Our aim is to separate uranium from aqueous waste of radioac-
tive laboratory, containing low concentration of uranium, before
final disposal to environment, to prevent environmental pollu-
tion due to both toxic and radioactive nature of uranium. So,
in this study, APAN beads have been synthesized for separation
of uranium from near neutral aqueous waste of radioactive lab-
oratory. The amidoxime group was introduced by the reaction
of a polymer, containing nitrile groups, such as polyacryloni-
trile, with hydroxylamine hydrochloride. The effect of various
experimental parameters, such as temperature, pH of the solu-
tion, uranium concentration and time of equilibration, on the
adsorption of uranium has been studied. The kinetics of
adsorption has been investigated, and also, the adsorption data
have been fitted to known adsorption isotherms to understand
the adsorption process.

EXPERIMENTAL

Materials

AR grade acrylonitrile (AN) monomer from S D Fine-Chemi-
cals, N,N dimethyl formamide (DMF) and hydroxylamine
hydrochloride (NH,—OH-HCl) from Merck were used as
received. Analytical reagent grade uranyl nitrate hexahydrate
and  2-(5-bromo-2-pyridylazo)-5-diethylaminophenol ~ (Br-
PADAP) dye were procured from BDH. Triethylamine buffer,
NaF, 1,2-cyclohexylene dinitrilotetraacetic acid (CyDTA), sul-
phosalycylic acid, etc. were procured from local suppliers. Polya-
crylonitrile (PAN) was synthesized by gamma irradiation of sat-
urated aqueous solution of acrylonitrile, at a total dose of 2.5
MRad, followed by washing with water and drying at room
temperature, to get off-white colored fine powder. Aqueous sol-
utions were prepared, using water purified by Millipore-Q water
purification system, having conductivity of 0.6 uS/cm, or lower.
A standard solution of uranium [100 ppm (w/v)] was used as a
stock solution, and diluted, wherever required, for all the sets of
experiments.

Amidoximation of Plyacrylonitrile and Preparation

of the Beads

APAN was synthesized by the reaction of PAN with amidoxi-
mating reagent solution. Hydroxylamine hydrochloride (4 g)
was dissolved in 50% methanol in water (v/v) solvent system,
pH adjusted to 7 with KOH, and the volume was made upto
100 mL."® The mixture of 3 g PAN powder and the prepared
100 mL amidoximating reagent was heated at 50°C, with con-
stant stirring for 16 h. A water-cooled condenser was used to
prevent evaporation of the solvent. On amidoximation, the
color of the PAN changed from white to light yellow. Heating
of the PAN at higher temperatures and for longer time should
be avoided, as this produced yellow modified material, which is
very brittle, probably due to thermal degradation. The modified
PAN obtained after heating the reaction mixture for 16 h at
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Figure 1. Flow chart for the preparation of composite APAN beads.

50°C retained most of the physical strength of the starting PAN
material, without any significant thermal degradation.

The synthesized APAN was separated by centrifuging, washed
with water and acetone, and then dried. The reaction of hydrox-
ylamine with the nitrile group can be shown as follows:

NH,OH
{cw—cl:ﬂjL ———— > L CH— Hj}
cn =" N
H,N—C=N-OH
(PAN) (APAN)

The synthesized APAN powder was mixed with a solution of
PAN in DME, and stirred, to form almost homogeneous suspen-
sion. This suspension was put into a suitable aqueous bath, con-
taining surfactant, in the form of drops of appropriate size,
using a syringe with a needle of suitable diameter. Soft beads of
2 mm diameter were formed almost instantaneously, by phase
inversion, which were allowed to cure completely by stirring
slowly for about 24 h. These beads were washed with water and
used for adsorption of uranium by batch equilibration
method.”” A flow chart of the preparation method is shown in
Figure 1.

Characterization of the Synthesized PAN and APAN Beads

The presence of functional groups in the synthesized PAN and
the APAN, with and without uranyl ions loading, was con-
firmed by recording IR spectra in KBr pellets, using Affinity-1
FT-IR spectrophotometer. Morphology of the beads was deter-
mined by scanning electron microscope, using Cam scan 3200
LV microscope. The specific surface area and the pore volume
measurements of the synthesized APAN beads were carried out
by BET method, using “SORPTOMATIC 1990” analyzer, from
CE Instruments, Italy. Adsorption—desorption isotherms were
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studied for the measurement of specific surface area by multi
point Brunauer, Emmett, and Teller (BET) method.'® The water
content and thermal stability of the beads were determined,
using METTLER TOLEDO thermo gravimetric analysis instru-
ment, model TGA/DSC 1 STAR® system, by heating the beads at
a constant temperature of 70°C, under nitrogen atmosphere.
UV-visible spectra of the beads were recorded on JASCO V 650
spectrophotometer using a quartz cell of path length 2 mm.

Estimation of Uranium by Complexation Method

Br-PADAP is one of the most sensitive reagents that have been
used for the spectrophotometric determination of uranium (VI)
by several workers.”>*' The complexing reagent used for the
determination of uranyl ion concentration was prepared by
mixing a known concentration of Br-PADAP dye, tri-ethanola-
mine buffer, and complexing solution. These solutions were pre-
pared as given below. A total of 0.05% Br-PADAP solution was
prepared by dissolving 0.025 g of Br-PADAP in 50 mL of dou-
ble-distilled ethanol. Buffer solution of pH 7.8 was prepared by
dissolving 14 g of TEA in 80 mL of distilled water, neutralized
with concentrated perchloric acid to adjust pH at 7.8 and
allowed to stand overnight. pH of the solution was then read-
justed to 7.8, with perchloric acid, and the volume was made
up to 100 mL. The complexing solution was prepared by dis-
solving 5 g of 1,2- CyDTA, 1 g of NaF, and 13 g of sulphosali-
cylic acid in 40 mL of distilled water, adjusting the pH to 7.8,
with NaOH and finally diluting it to 100 mL.*

A suitable aliquot of U (VI) solution was added to 0.1 mL of
the complexing solution in a sample tube of volume 1.5 mL. To
the above, the required quantities of the buffer solution (0.1
mL) and the Br-PADAP dye solution (0.1 mL) were added, and
the volume was made up to 1 mL, with either ethanol or etha-
nol/water mixture. This colored solution was then allowed to
stand for about 1 h, and the absorbance was measured at 578
nm against a blank reagent solution. Two different calibration
graphs were plotted in the concentration ranges of 0-2.5 ppm
and 0-25 ppm (plots not shown). The concentration of ura-
nium in the raffinate solution was determined corresponding to
the observed absorbance at 578 nm due to the dye-uranyl ion
complex, using these calibration graphs. Depending on the ab-
sorbance value of the sample, the appropriate calibration graph
was used.

Adsorption of UOZ" Ions by the Beads

A known weight (0.013-0.014 g) of the swollen APAN beads,
having PAN to APAN ratio of 1 : 1 (w/w), was added to 0.5 mL
of uranyl ion solution of known concentration. After suitable
equilibration time, the beads were separated from the solution,
and the raffinate solution was treated with complexing reagent.
Then, the UV-visible absorption spectrum was recorded, and
absorbance at 578 nm was measured. The amount of uranium
in the raffinate solution was determined, using the calibration
graph obtained with standard solutions of UO3". The amount
of uranium adsorbed per unit weight of the APAN beads at
equilibrium, q,, and percentage adsorption (%A) of uranium by
the beads were determined using the following equations:

qe = (v/m) x (C, — Ce) )
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Figure 2. Typical picture of the swollen APAN composite beads. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

—Ce 100 3)

o

C
%4 = =2

where v is volume of the uranium containing solution in liters,
m is the weight of the swollen amidoximated PAN sorbent
beads at equilibrium in grams, C, and C, are, respectively, the
initial and the equilibrium concentrations of uranium, in ppm.

RESULTS AND DISCUSSION

The reaction between APAN and uranyl ions, leading to the for-
mation of APAN—uranyl ion complex, can be represented as

/M\H/HJ“\

P
R-C +UOL(0H) " —= ( R+ H 411,00
\Nliz \w > H\O (4)
(APAN) (APAN —Uranyl complex)

Figure 2 shows the actual picture of the swollen APAN compos-
ite beads (average size ~ 2 mm) prepared for the adsorption of
uranium from aqueous solution.

Characterization of the Synthesized Beads

Morphology of the beads was examined by scanning electron
microscopy (SEM). SEM images of the surface and the cross-
section of a dry bead are shown in Figure 3(a,b), respectively.
Figure 3(a) clearly shows that the bead surface is rough and has
macro pores of diameter ~ 50 nm. All the pores are not visible
in Figure 3(a) due to the rough morphology of the surface. The
cross-sectional picture [Figure 3(b)] shows the presence of
much larger pores in the interior of the beads. The pores seem
to be interconnected, and the pore size increases as one moves
away from the surface. The pores on the surface of a swollen
bead are expected to be much bigger than that of a dried bead.
So, the surface of a swollen bead is expected to be macro po-
rous. The specific surface area and the pore volume of the dry
beads were determined by BET N, adsorption method. The
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Figure 3. SEM images of (a) the surface and (b) the cross-sectional area of a dry APAN composite bead.

nitrogen adsorption—desorption isotherms were measured at 77
K, using relative partial pressure (i.e., P/P,) of N, of 0.98. The
bead samples were degassed at 120°C for 5 h. The surface area
was found to be 320 m*/g, and the pore volume was found to
be 1.93 cc/g. As the size of the beads reduces, on drying, the
actual pore volume of the swollen beads will be much higher
than the value determined here.

Thermo gravimetric analysis of the synthesized beads showed
that the beads contain a large amount of water. A weight loss of
80 * 4% was observed during the isothermal heating at 70°C,
for 30 min, due to evaporation of the water present in the
beads. This experiment was done in triplicate, as shown in the
Figure 4. Assuming that the volume of the water present in
the swollen beads corresponds to the volume of the pores in the

10
At constant temperature of 70°C, under N, atmosphere

— (weight loss 83.1%)
- - - - (weight loss 84%)
(weight loss 78.3%)

Weight loss, mg
= N W A~ OO N OO ©

(=]
o

200 400 600 800 1000 1200 1400 1600 1800
Time, sec.

Figure 4. TG curves of the synthesized beads.
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dry beads, the pore volume per unit weight of the dry beads
was determined. It is about 4 cc/g based on 80% water content
of the swollen beads, as determined by TGA. While in N,
adsorption method, beads have to be dried, which will result in
change in the pore size and pore volume. So, as expected, the
pore volume of 1.93 cc/g determined by N, adsorption method
is lower than the value of 4 cc/g obtained from TGA measure-
ment due to decrease in the size of the beads during the drying
process in the former method.

The IR spectra of PAN, amidoximated PAN, and amidoximated
PAN beads, with and without UO3" ions adsorption, are shown
in Figure 5. Amidoximation of the PAN shows that the band
associated with the nitrile group at 2244/cm disappears and is
replaced by the bands of amidoxime in the region of 3000—

N~
2044 i P
1500 1150
3000-3500 band 3150
Y
¢ ” 2244
e 2950

3000-3500 band
b

D e

A S

a 7 30003500 ban 1654
2244 i
) S oo r’e . 1654 ]
4000 3500 3000 2500 2000 1500 1000

El
Wavenumber, cm

Figure 5. IR spectra of (a) PAN, (b) APAN, (c¢) APAN beads, and (d)
APAN beads loaded with UO?" ions.
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Figure 6. The effect of pH on the adsorption of UO3" ions, by equilibrat-
ing 0.013 g APAN composite beads with 0.2 mL of 10 ppm aqueous
UO%Jr ion solution for 2 h, at room temperature.

3500/cm (broad N—H and O—H stretching vibration), and a
band at 1654/cm (C=N stretch vibration), Figure 5(b). The
vibrational frequencies observed at 2950 and 2245/cm in the IR
spectra of all the samples are due to aliphatic C—H stretching
and CN stretching, respectively, of the nitrile functional group.
IR spectrum of the synthesized APAN beads shows all the peaks
present in PAN and amidoximated PAN. The new peaks at
3150, 1500, and 1150/cm observed in uranyl ions-equilibrated
beads are due to adsorption of uranyl ions, which are absent in
the IR spectra of all the other samples, namely PAN, amidoxi-
mated PAN, and amidoximated PAN beads. This clearly indi-
cates adsorption of uranyl ions onto the amidoximated PAN
composite beads.

Effect of pH and Temperature on Adsorption of Uranyl Ions
The effect of pH on adsorption of uranyl ions by the APAN
beads was studied, and the results are shown in Figure 6.
Adsorption of uranyl ions is found to increase with pH, from 2
to 5, and remain almost constant up to pH 7, before decreasing,
on further increase in pH up to 11. The decrease in the adsorp-
tion is very sharp, when the pH changes from 7 to 8, while that
above pH 8 is very small. The observed lower adsorption of
uranyl ions in the acidic pH range is because the H;O" ions
present in the solution compete with the UO3™ ions, for com-
plexation with amidoxime group of the polymeric sorbent.
UO3" ions gradually hydrolyze to UO,(OH)" and further to
UO,(OH),, a colloidal precipitate, with increase in pH of the
solution. As the hydrolyzed species, UO, (OH) T, can form a
strong complex with R—C (NOH) NH,, the adsorption of U
(VI) onto APAN adsorbent increases with increase in pH of the
solution, especially in the pH range 4.0-6.0. On further increase
of pH above 7, the formation of the UO,(OH), precipitate
causes a significant decrease in the adsorption of U (VI), espe-
cially at pH above 8.5.

Further, the temperature dependence study was also carried out,
by equilibrating the beads with uranyl ion solution at four dif-
ferent temperatures. The percentage adsorption of uranium by

Mah\‘.;‘iﬁs WWW.MATERIALSVIEWS.COM
[}

WILEYONLINELIBRARY.COM/APP

the synthesized beads, after equilibrating at different studied
temperatures, is shown in Figure 7. It is found that at 20°C the
beads take maximum amount of uranyl ions, in comparison to
that at the other studied temperatures, under similar conditions.
Among the studied temperatures, the uranyl ion adsorption at
40°C is the lowest. The percentage adsorptions at both 10 and
30°C are very similar, but lower than that at 20°C. Hence, 20°C
is the optimum temperature for adsorption of uranyl ions by
these beads. The observed change in % adsorption with temper-
ature is the net result of the opposite effects of temperature on
the kinetics and the equilibrium constant of the adsorption pro-
cess. The value of the equilibrium constant decreases with tem-
perature, thereby decreasing the maximum adsorption, resulting
in decrease of % adsorption. On the other hand, the rate of the
reaction increases with temperature, thereby enabling the equi-
librium to be reached faster. The observed lower % conversion
at 10°C indicates that the equilibrium has not reached under
the experimental conditions of the measurement.

Adsorption Kinetics

The knowledge of kinetics of adsorption of uranyl ions is essen-
tial for determining the contact time needed for optimum
adsorption, which depends on the nature of the system used.
The adsorption mixtures, set at constant temperature (T = 298
K), were sampled at different times, ranging from 10 to 200
min, to investigate the effect of the contact time on the adsorp-
tion of uranyl ions. The results are plotted in Figure 8. A rapid
adsorption is observed at the initial stage, and more than 70%
of uranyl ions are adsorbed during the first 60 min. The
adsorption equilibrium 1is established after about 120 min.
Therefore, the time period of 120 min has been used in further
adsorption experiments, as the optimum contact time for the
maximum adsorption.

Adsorption Kinetics Models. To investigate the mechanism of
adsorption, the first- and the second-order models were used

70

60

50 4

40 |

304

% Adsorption

204

10

0 T ' T N U N U
10 20 30 40

Temperature in °C

Figure 7. The effect of temperature on the adsorption of UO3" ions, after
equilibrating 0.013 g APAN composite beads with 0.2 mL of 10 ppm
aqueous solution, for 2 h, at different temperatures.
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Figure 8. The effect of contact time on the amount of uranium adsorbed
onto APAN beads. Initial metal ion concentration 100 mg/L, pH 6 * 0.1,
amount of APAN beads 0.013 g.

for fitting the experimental data. The pseudo-first-order model
of Lagergren is given as>’:

dq: -
a k1(qe — q¢) 5)

where g, and ¢, are the amounts of metal ions adsorbed onto the
APAN beads (mg/g) at equilibrium and at time t, respectively,
and k, is the rate constant of the first-order adsorption (/min)
process. The integrated form of eq. (5) can be written as follows:

log(qe — qt) = logqe — zgﬁt (6)
The plot of log (g, — q,) against t gives a straight line, as shown
in Figure 9(a). The values of k; and g, can be obtained from
the slope and the intercept, respectively, of the straight line.
However, the data plotted as per the first-order model do not
fit well in the whole range of the contact time and have correla-
tion coefficient ( R?) of only 0.95441, indicating that this model
is not appropriate. The values of k;, g, and R} obtained are
given in Table I. Therefore, pseudo second-order kinetics model
has been used, which is given by the following equation.”

d
o= kelge — )’ )

where, k, (g/mg/min) is the rate constant of the second-order
adsorption. The integrated form of eq. (7) is given below.

1 1
= —+ kot (8)
Ge — 4t Qe

The above equation can be rearranged as given below.

t 1 t
= = 9
. kg% qo ©)

The plot of #/q, versus t gives a straight line, as shown in Figure
9(b), with a correlation coefficient of (R3) of 0.98053, indicating
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that the second-order model is applicable. The values of g, and
k, can be obtained from the slope and the intercept of the plot,
respectively, and are found to be 2.67 mg/g and 0.01122 g/mg/
min. These values, along with that of R3, are listed in Table I.
From the data in Table I, it is found that the correlation coeffi-
cient (R%) for the pseudo second-order kinetic model is more
than that for the pseudo first-order kinetic model, which means
that the present experimental data fit better to the pseudo
second-order kinetic model. The pseudo second-order model
assumes that chemisorption is the rate controlling step. Addition-
ally, in comparison to the first-order kinetic model, the value of
g obtained from the second-order model is in good accordance
with the experimental value. This shows that the adsorption of
uranyl ions by APAN beads follow second-order kinetics.

Adsorption Isotherms

Adsorption isotherms describe how the adsorbates interact with
the adsorbents and are important in optimizing the use of the
adsorbents. To investigate the amount of metal ions adsorbed as
a function of aqueous concentration of the heavy metals,
adsorption isotherms are widely employed for fitting the data,
using the representation of the adsorption (expressed as mg of
the metal adsorbed per g of solid adsorbent) versus the concen-
tration of uranyl ions in the solution at equilibrium. Adsorption

04
-
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Figure 9. (a) Pseudo first-order and (b) pseudo second-order plot, for the
adsorption of uranium onto APAN beads.
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Table I. Pseudo-First and Pseudo Second-Order Equation Constants and Values of R for the Adsorption of Uranium onto APAN Beads

. . Pseudo first order
Uranium concentration

Pseudo second order ge experimental

(100 mg/l—) kl (/min) R% Je (mg/q)

ko (g/mg/min) Qe (mglg) R% 2.4 (mg/g)

0.0168 0.9544 1.89

0.01122 2.67 0.9805

isotherm for uranyl ions on APAN beads is shown in
Figure 10(a).

The results clearly indicate that with an increase in the initial
uranyl ions the amount of uranyl ions
adsorbed increases significantly. At lower initial metal ions
concentration, the adsorption increases linearly with the ini-
tial metal ions concentration, suggesting that the adsorption
sites on the APAN beads are sufficient, and in this case, the

concentration

T T T T
0 25 50 75 100 125 150
-1
C(mgl’)

(2)

0.304
025' Freundlich isotherm g
| ]
0.204
u.ﬂ | |
g 0.154
0.10
0.054
1'0 ‘ 1I2 ' 1I4 ' 1!6 ' 1I8 ' ZID ' 2I2

amount of uranyl ions adsorbed is dependent on the number
of the metal ions transported from the bulk solution to the
surfaces of the beads. At higher initial metal ions concentra-
tion, however, the adsorption no longer increases proportion-
ally with the initial metal ions concentration, indicating that
the number of the adsorption sites on the surfaces of the
APAN beads actually limits the amount of uranyl ions
adsorbed.
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Figure 10. (a) The amount of metal ions adsorbed onto the APAN beads at various equilibrium metal ions concentrations, (b) Langmuir adsorption iso-
therm, (c) Freundlich adsorption isotherm, and (d) Temkin adsorption isotherm for the adsorption of uranium onto APAN beads; temperature 298 K;

pH 6.0 = 0.1; volume 0.5 mL; amount of APAN beads 0.013 g.
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Table II. Isotherm Constants and Corresponding R* Values for the Adsorption of Uranium onto Swollen APAN Beads

Metal ion Langmuir parameter Freundlich parameter Temkin parameter
Uranyl ion B(L/mg  gmax (mglg) R® ke (mg/g) n R? B AlLlg) R?
0.0992 1.98 0.9766 1.42 522 0.9523 0.95432 0.7269 0.9365

The adsorption data have been subjected to different adsorption iso-
therms, namely, the Freundlich, Langmuir, and Tempkin models.
These models suggest different adsorption modes with different
interactions between the adsorbate and the adsorbent. In the case of
the Freundlich model, the energetic distribution of the sites is heter-
ogeneous due to diversity of the adsorption sites or diverse nature of
the metal ions adsorbed (i.e., free or hydrolyzed species). The Lang-
muir model assumes a monolayer adsorption, with a homogenous
distribution of the adsorption sites and the adsorption energies,
without interactions between the adsorbed molecules or the ions.
The Temkin isotherm model assumes that the heat of adsorption of
all the molecules, or ions, in the layer decreases linearly with the
thickness of the coverage due to the sorbate/adsorbate interactions.

The Langmuir Model. The widely used Langmuir isotherm, in
the form of eq. (10), has been successfully applied to many real
adsorption processes.”*

B bC,
e = qmax 1|bCe

Here, b (I/mg) is the Langmuir equilibrium constant, which is
related to the affinity of the binding sites, and .. (mg/g) is
the maximum adsorption capacity (theoretical monolayer satu-
ration capacity). The main characteristics of the Langmuir equa-
tion, the constants b and gma.x, can be determined from the line-
arized form of the Langmuir equation given below.

(10)

Ce 1 Ce
ze_ + 11
Ge (Qmaxb) (1

qmax

The plot of (C./q.) versus C,, gives a straight line, as shown in
Figure 10(b), indicating that the adsorption behavior follows
the Langmuir adsorption isotherm. The values of gn., and b
were found to be 1.98 mg/g and 0.0992 L/mg from the slope
and the intercept, respectively, of the straight line.

The characteristics of Langmuir isotherm can be expressed in
terms of a dimensionless constant, separation factor, or equilib-
rium parameter, R;, which is defined by the following equation.

1

RL=———
L1,

(12)
The value of Ry, for the entire studied concentration range, lies

between 0 and 1, indicating favorable adsorption, as reported by
McKay et al.>

The Freundlich Isotherm. The Freundlich model is often used
for adsorption on a heterogeneous surface. It is given by the fol-
lowing equation®:

Qe = keCH/m (13)
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where kr and n are emperical constants, characteristics of the
system representing the adsorption capacity and the adsorption
intensity, respectively. The above equation can be represented in
the following linear form to confirm the applicability of the
model to the present data.

log q. = log kf +1log c. (14)
Figure 10(c) shows the plot of Freundlich isotherm. The plot is
linear, with the correlation coefficient (R?) of 0.9523. The values

of the Freundlich constants, along with that of the correlation
coefficient, are given in Table II.

The Temkin Isotherm. The Temkin isotherm® has also been
used in many sorption processes. A linear form of the Temkin
isotherm can be expressed as follows:

Qe = (2.303 %) logA + (2.303 %) log c.

where 2.303 RT/b = B. Therefore, a plot of g, versus log c, gives
a straight line that enables one to determine the constants A
and B. Figure 10(d) shows plot of this isotherm. The values of
A and B were determined as 0.7269 and 0.9543 from the inter-
cept and the slope, respectively, of the straight line. The values
of the Temkin constants A and B, along with that of the correla-
tion coefficient, are given in Table II.

(15)

Comparing the R* values given in Table II, it can be concluded
that the Langmuir isotherm is a better fit for the given adsorp-
tion process. Freundlich isotherm is not fitting perfectly under
the testing conditions, and it is clear from the plot that the
Temkin isotherm also cannot be used to describe the adsorption
isotherm properly.

Table III. Determination of Maximum Experimental Capacity of the
Swollen Beads

Amount of U
Uranium (ug) adsorbed

No. of Before After
stages equilibration equilibration ug %
1 50 4.95 45.05 90.1
2 50 87.38 12.68 25.36
3 50 45.78 422 8.44
4 50 45.87 413 8.26

The maximum experimental capacity of the beads = (45.05 + 12.68 +
422 + 4.13)/0.0186 = ~3552 ug-g~* of the swollen beads.
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Table IV. Testing of Reusability of the Synthesized Beads

Amount of Amount of
uranium (ug) uranium adsorbed
Cycle Before After
No. equilibration equilibration ug %
1 30 2.96 27.04 91.00
2 30 3.75 26.25 88.33
3 30 6.75 23.25 77.50
4 30 6.60 23.40 78.00

Determination of Maximum Capacity, Chemical Stability,
Leaching Study, and Reusability of APAN Beads

The loading capacity of the APAN beads was determined, by
using the batch equilibration method. The capacity APAN beads
was determined by measuring the uranyl ions adsorbed, on
equilibrating 0.018 g of the swollen beads with 0.5 mL of 100
ppm uranium containing solution over four consecutive stages.
The beads were washed with water, after each stage, to remove
the unadsorbed uranyl ions from the surface of the beads. The
results obtained in the four consecutive adsorption stages are
given in Table III. It is observed that the amount of uranyl ions
adsorbed in the second stage is much lower than that in the
first cycle, and thereafter, gradually decreases up to the fourth
stage, and after that, the beads adsorb negligible amount of ura-
nyl ions. The experimental capacity of the beads as per the first
equilibration cycle is found to be 2.4 mg/g, whereas the gmax
obtained from the Langmuir isotherm is 1.98 mg/g. The maxi-
mum experimental adsorption capacity determined by adding
the amounts of the adsorbed uranium in each stage comes to
3.5 mg/g of the swollen beads.

The difference between the values of the capacities determined by
the repeated equilibration method and that obtained from the
kinetics experiment is, because, in the former, the experiment is
carried out in four consecutive stages, each of 24 h equilibration
time, followed by washing with water, whereas the kinetics
experiment is carried out only up to 200 min of contact time.

The chemical stability of the APAN beads in the presence of
acids is very important for the recovery of uranyl ions, and
their reusability. The beads were immersed in different concen-
trations of hydrochloric acid, 1-5 M, for various periods of
time (up to 6 h), to test their acid stability. No significant struc-
tural changes, or weight loss, of the beads was observed. These
results indicate that beads are having good chemical stability in
acidic medium.

The synthesized APAN beads were equilibrated with uranyl ions
for overnight, leached with 0.1 M acid, and washed with water,
and again immersed in uranyl ion solution. This process was
repeated up to four cycles. It was found that the beads showed
no significant decrease in capacity up to the studied cycles.
Hence, these beads can be efficiently used in multiple adsorp-
tion—desorption cycles, for adsorption of uranyl ions. The
observed small decrease in % uranyl ions adsorption with the
number of cycles as shown in Table IV is probably due to
incomplete leaching of the uranyl ions with 0.1 M acid.

MAL:‘.FE")ﬁ WWW.MATERIALSVIEWS.COM
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CONCLUSION

In this study, APAN has been synthesized by the conversion of
nitrile groups in the PAN, and further, the APAN has been con-
verted into beads form for adsorption in column mode. The
surface morphology of the beads has been investigated by SEM,
which shows its porous nature. IR spectra of the beads confirm
complete amidoximation of PAN, as well as uranyl ion adsorp-
tion on amidoximated PAN beads. These synthesized beads effi-
ciently adsorb uranyl ions from aqueous solution over wide pH
and temperature ranges. These beads can be used in many
cycles, without much change in the efficiency and the mechani-
cal stability. The amount of uranyl ions adsorbed is found to
increase with increase in equilibration time and the initial con-
centration of uranyl ions. The results of the study show that
these synthesized beads have good capacity (3.5 mg/g) for
uranium. The most suitable pH for adsorption of uranyl ions is
5-6. The polymeric beads exhibit optimum adsorption at 20°C
and at a neutral, or near neutral, pH conditions. Langmuir,
Freundlich and Temkin isotherm equations have been used to
understand the adsorption of uranyl ions onto APAN beads.
Langmuir model shows better correlation coefficient than the
other two models at the studied conditions. It is found that the
pseudo second-order equation, which assumes chemisorption as
the rate determining step, describes the kinetics of adsorption
of uranyl ions on APAN beads better than the pseudo first-
order equation.
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