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ABSTRACT

A conventional condensation polymerization was adopted to prepare a new polyurethane (PoU) using
dialdehyde monomer and methylene diisocyanate (MDI) in dimethylformamide (DMF) solvent. The
synthesis and structure of the PoU polymer was confirmed by Fourier transform infrared spectros-
copy (FTIR), proton nuclear magnetic resonance ('H-NMR), scanning electron microscopy (SEM),
and energy dispersive X-ray (EDX) analysis spectral studies. The synthesized PoU resin was tested as
an adsorbent using batch-mode adsorption experiments for the removal and recovery of Th(IV) ion.
Maximum Th(IV) removal of 89.3% was observed at optimized pH value of 5.0, using 40 mg/L of initial
metal ion concentration with equilibrium time of 60 min. From the kinetic studies, it was observed
that the adsorption reaction follows pseudo-second-order kinetic model, suggesting that more than
one interaction involves in the rate determining step. From thermodynamic studies, enthalpy (AH®),
entropy (AS°), Gibbs free energy (AG®), and activation energy (E,) were calculated, and the process is
found to be exothermic and spontaneous. The reusability studies showed that 0.1 M HCI can effec-
tively desorb the absorbed Th(IV) ion within 60 min, and the PoU resin was found to be effective up to
five cycles depicting its stability nature.
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1. Introduction

Increased knowledge about the ecotoxicological effects
of radiotoxic pollutants, environmental disquiets related to
disposal and increased legal constraint in the reduction of

* Corresponding author.

industrial emission from radionuclide wastewater source
necessitate research and development in the area of waste-
water treatment [1,2]. When the radiotoxic pollutant thorium
enters the water stream, thorium ion gets hydrolyzed into
insoluble hydroxides as Th(OH),”, Th(OH)*, Th,(OH),*,
and Th (OH).* and gets accumulated [3]. Presence of various
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forms of radiotoxic metals even in the trace level in the
environment can cause health issues such as lung, pancre-
atic, and liver cancers due to the accumulation of thorium
as hydroxide in human tissue, liver, spleen, and marrow [4].
Thorium is an actinide element found in tetravalent state and
present in natural sediments in minerals such as monazite,
rutile, and thorianite [5]. Thorium is mainly used in the
applications of aeronautics and aerospace, optics, radio, met-
allurgy and chemical industry, nuclear industry, and mate-
rial field. Thorium is considered to be an important fuel for
running nuclear breeder reactors, by converting thorium
into 233U [6]. According to the WHO and U.S. protection
agency guidelines, the maximum permissible discharge level
of uranium from industries should be between the range of
0.1 and 0.5 mg/L and the concentration of uranium and tho-
rium in drinking water should be below 0.01-0.03 mg/L [7,8].
Because the presence of long-lived radionuclides signifi-
cantly increases the complexity in the waste aqueous system,
an accurate estimation of uranium concentration from radio-
nuclide wastewater is necessary, and on the other hand, cost
of recovery of such radionuclides are predominantly high so
an effective separation process is needed for recovering such
radionuclides from industrial wastewater before entering the
living environment. Some of the conventional techniques
used so far for the extraction of heavy metal ions are chem-
ical precipitation, solvent extraction, membrane separation,
reverse osmosis, coagulation, electrofloatation, ion exchange,
and sorption process [9-11]. The most convenient and effec-
tive method for the separation of trace amount of toxic heavy
metals from large volume of contaminated wastewater is
adsorption technique [12]. The main advantages in adsorp-
tion technique are simplicity in design, ease of operation,
convenience in process operation, and effective trace amount
removal resulted adsorption method as superior among
other techniques [13,14]. The main criteria to be considered
while choosing an adsorbent in the process are separability,
cost-effectiveness, and adsorption capacity [15]. Based on
these criteria, many adsorbents were reported for thorium
removal from contaminated aqueous systems such as per-
lite [6], PAN-zeolite composite [16], alumina [17], carbon
[18], bentonite [19], molecular sieves 13-X [20], and 4-vinyl
pyridine-based hydrogels [21], etc. Apart from these factors,
the critical factor which determines the maximum recovery
of toxic metals in the adsorption technique is by choosing
a suitable chelating agent with good stability nature [22].
O-vaniline semicarbazone-Amberlite XAD-4 (Polystyrene-
divinyl benzene copolymer) [23], quinoline-8-ol cellulose
[24], activated carbon [18], calix[4]arene-o-vanillinsemicar-
bazone-styrene-divinyl benzene (SDB) [25], N,N'-dimethyl-
N,N'-dibutylmalonamide-SDB [26], and G3-poly(amido)
amine dendron-SDB [2] were adsorbents having selective
chelating functional groups impregnated on the surface of
the resin used for the removal of radionuclides reported. This
work is designed with reference to our previous work, syn-
thetic polymers bearing donor atoms used for the removal of
toxic metal ions (d-block) from industrial effluents [27-29].
In this study, we have synthesized a polyurethane (PoU)
resin with chelating functional group which can effectively
take part in the removal of thorium from wastewater through
batch adsorption study. Experiment parameters such as
solution pH, adsorbent dose, initial thorium metal ion

concentration, and contact time were optimized. Adsorption
isotherms were analyzed with Langmuir, Freundlich, Sips,
and Temkin isotherm models to find the rate limiting step of
the adsorption process. Influences of temperature predicting
the nature of the reaction were studied. Pseudo-first-order,
pseudo-second-order, and intraparticle diffusion kinetic
models were plotted with experimental data to find out
the rate of the reaction and mechanism involving in the
adsorption process. Desorption studies were performed with
different eluting agents to test the chemical stability and the
efficiency of the PoU adsorbent.

2. Experimental details
2.1. Materials required

2,4-dihydroxybenzaldhyde (Sigma-Aldrich, Germany),
p-aminobenzoic acid (Sigma-Aldrich), and methylene diiso-
cyanate (MDI) (Sigma-Aldrich) were purchased and used as
such. Dimethylformamide (DMF) was distilled using CaS,
for 72 h, distilled under reduced pressure, and stored dry.
Absolute ethanol was refluxed with calcium chloride, dis-
tilled, and stored dry. All other reagents used in the synthesis
and batch equilibrium experiments were of analytical grade.

2.2. Synthesis of 2°,4"-dihydroxybenzaniline-4-carboxylic acid
monomer

2,4-dihydroxy benzaldehyde (1 mol) was condensed with
p-amino acid benzoic acid (1 mol) in a Dean-Stark apparatus
for 15 min in acidic medium and refluxed slowly in an oil bath
for 6 h. The azeotropic mixture was removed, and the result-
ing slurry was collected. After completion of reaction, the
monomer was filtered, washed several times with water and
finally with absolute ethanol, and dried under vacuum for 3 h.
The synthesis scheme of 2',4"-dihydroxybenzaniline-4-carbox-
ylic acid (DHBACA) monomer is presented in Fig. 1.

OH

2,4-dihydroxy banzaldehyde p-amino benzoic acid

OH

2' 4'-dihydroxybenzaniline-4-carboxylic acid

Fig. 1. Synthesis of 2',4'-dihydroxybenzaniline-4-carboxylic acid
(DHBACA) monomer.
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2.3. Synthesis of PoU

The synthesis scheme of PoU is presented in Fig. 2. To
DHBACA monomer (1 mol), MDI (1 mol) was slowly added
and magnetically stirred with DMF medium at room tem-
perature for 30 min. with DABCO catalyst. The temperature
was then slowly raised to 90°C and refluxed for 6 h. After
completion of the reaction, the mixture was poured into
water. The precipitated polymer so formed was filtered and
washed with dilute HCI, water, and finally with absolute
ethanol.

2.4. Characterization techniques

The synthesized DHBACA monomer and the PoU
polymer were characterized using proton nuclear magnetic
resonance ("H-NMR) spectra at 100.52 MHz on a Bruker
AMX-200 spectrometer. Fourier transformation infrared anal-
ysis was performed using Shimadzu spectrophotometer with
KBr pellets. The surface area of the synthesized PoU poly-
meric resin and thorium adsorbed PoU were analyzed using
LEO Gemini 1530 scanning electron microscope (SEM) and
energy dispersive X-ray (EDX) spectrometry using Bruker
AXS microanalysis GmbH on a dry sample. Systronic micro-
processor pH meter (u-362) used for pH measurements.
UV-Vis double beam spectrophotometer, Shimadzu UV-1800,
was used in the determination of Th(IV) ion concentration.

2.5. Preparation of thorium stock solution

Thorium stock solution was prepared using thorium
nitrate hexahydrate (Th[NQ,],.6H,O) purchased from BDH
Chemicals, India. A total of 1 M of ammonium acetate buf-
fer solution was prepared by dissolving ammonium acetate
in distilled water. The pH was adjusted to 3.3 with 3 M HCl,
and the volume was made up to 1 L with distilled water. The
batch equilibrium experiments were conducted using dis-
tilled water purified using standard procedure. Arsenazo III
(0.15% w/v; aq.) was prepared using (2,2'[1,8-dihydroxy-3,6-
disulfo-2,7-napthalene-bis{azo}]dibenzenearsonic acid) (BDH

OH
HD—@CH:N—@—COOH + OCN@CH;@NCC

DMF, 90 °C

COOH

Fig. 2. Synthesis of polyurethane (PoU).

Chemicals) with distilled water. The solution was allowed to
stand for 1 h and then filtered to remove residual solid.

2.6. Batch adsorption experiment

Batch adsorption experiments were conducted using
20 mL of Th(IV) metal solution containing 40 mg of the PoU
resin in a conical flask, placed in a orbital bench shaker for
60 min, agitated at 200 rpm to achieve equilibrium, and the
samples were centrifuged at 2,000 rpm. The residual Th(IV)
ion concentration was determined by means of UV-Vis spec-
trophotometer at 660 nm with the help of arsenazo, as chro-
mogenic agent. The pH of the solution was adjusted from 2
to 8 using 0.1 M of NaOH and 0.1 M of HCI with initial metal
solution of 10 mg/L concentration. The pH of the Th(IV)
solution was checked before analyzing every parameter and
adjusted to initial value. To measure the cost-effectiveness
of the system, the volume of adsorbent was varied from 10
to 60 mg in 20 mL of 10 mg/L Th(IV) ion solution at 30°C.
With concentration ranging between 10 and 50 mg/L of
Th(IV) solutions were used for isotherm studies. The initial
concentration and the final concentration of Th(IV) ion after
every experiment trail were analyzed using UV-Vis spectro-
photometer. The percentage of thorium removal is calculated
using Eq. (1):

Cc-C
% Th(IV) removal = ‘C L %100 O

The adsorption capacity (g,) of the PoU is calculated using
the mass balance relation:

C.-C,H)V
.= ®

m

where C, and C, are the initial and final thorium concentra-
tions of the solution before and after adsorption, respectively,
Vis the volume of the solution taken for the adsorption study,
and m is the mass of the adsorbent. For each experiment,
an average of three replicates was done to minimize the
error with standard deviation of 2%. If the error percentage
increases, the solution was discarded, and the experiments
were repeated again until the standard error is under the
acceptable limit.

The isotherm data were plotted using nonlinear method
with MATLAB 7.1 version. The variable and parameter con-
stants obtained were compared with the experimental results
to find out the best isotherm fit and kinetic model which
predicts the reaction rate and pathway of the adsorption
experiment.

3. Results and discussion
3.1. Characterization and Pol resin

The Fourier transform infrared spectroscopy (FTIR)
spectrum of PoU resin (Fig. 3) shows the -NH stretching fre-
quency of urethane link and that of -OH stretching frequency
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of pendent -COOH groups as a broad band at 3,317 cm™. The
amide carbonyl stretching frequency of urethane link was
observed as abroad band around 1,666 cm™ [30]. The -N=CH-
stretching frequency appeared at 1,597 cm™. The H-N-C=0
amide-II frequency appeared at 1,519 cm™. This confirms
the synthetic polymeric resin is PoU with azomethine moi-
ety [31,32]. 'TH-NMR spectrum of PoU (Fig. 4) shows the
hydrogen of -COOH group appeared at o = 10.0 ppm. A sig-
nal at & = 9.7 ppm is due to the hydrogen of the amide link.
The azomethine protons appeared at a d value of 8.5 ppm.
The aromatic hydrogen of the polymer appeared between
0 =7.5 and 7.0 ppm. The methylene between aromatic rings
appeared at d = 2.5 ppm. These observations support the for-
mation of the adsorbent having chelating groups which can
form complexes with metal ions.

Surface morphology of the raw and Th(IV) adsorbed
PoU resin were studied using SEM micrographs shown in
Figs. 5(A)-(D). From the SEM image of the raw PoU resin
(Fig. 5(A)), it was clear that the surface is nonparticulate and
abundant in folds. The dry surface of the polymer matrix
shows numerous irregularities that increase the contact area
with the metal solution and improve the metal adsorption.
The SEM micrograph Th(IV) adsorbed PoU resin (Fig. 5(B))

105

90
75 -
g
o 60
Q
<
©
B
'E 45 o
@
% 1666 —
~ 30-
o /
5 1597 |
© 1519

15 <

L
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig. 3. FTIR spectrum of polyurethane PoU.
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Fig. 4. '"H-NMR spectrum of polyurethane PoU.

showed agglomeration of Th(IV) ions into the pores and sur-
face of the PoU resin which are clearly visible through forma-
tion of dark patches around white spots. The EDX analysis
of raw PoU (Fig. 5(C)) clearly showed the presence of C, N,
and O atoms alone. But Th(IV)-loaded PoU resin (Fig. 5(D))
showed the presence of C, N, and O along with Th(IV) atoms
justifying the adsorption of Th(IV) ion by the PoU resin.

3.2. Effects of pH onto Th(IV) adsorption

Solution pH is one of the most important parameters
which signifies the effect of protonation and deprotonation of
the adsorbent, metal speciation, surface metal binding sites,
and adsorbate functional groups. The effect of initial pH val-
ues on the adsorption efficiency of Th(IV) ion removal by PoU
polymeric resin was investigated, and the results were shown
in Fig. 6. The adsorption capacity increased with the increase
of the pH values, and the maximum metal uptake was
obtained at pH 6 for the Th(IV) ions. Any further increases in
the pH value have not resulted in any increase of Th(IV) ions,
and the adsorption capacity remained almost constant up to
a pH value of 8. Because the chelating sites are weakly basic
and had good affinity for H*, and at lower pH values the PoU
resin is partially hydrolyzed, and there was a competitive
adsorption between metal ions and H*, they have resulted
in lower metal ion adsorption capacities at the pH range of
2-3. Because Th(IV) ion adsorption dominates in acidic pH,
conforming the process is ion-exchange with replacement of
hydrogen ions from the weakly acidic carboxyl group and the
amide group present in the polymeric chain. Hence, between
the pH range of 4 and 6, the hydrogen ions present in the car-
boxyl and amide chelating group gets deprotonated, resulting
in increase in negative binding sites which are more favorable
and effective adsorption pathway [33-36].

3.3. Effect of adsorbent dose and initial Th(IV) concentration onto
Th(IV) adsorption

The effect of the solid/liquid ratio (10-60 mg) on Th(IV)
ion adsorption at 30°C at an initial pH 6.0 was investigated,
and the results were presented in Fig. 7. At the initial stage,
increase in adsorption was due to the amount of solid/liquid
ratio increase. The available adsorbing site present in the
adsorbent surface results in the increase in adsorption capac-
ity was noticed [37-39]. Maximum removal of 88% was
achieved with 40 mg of the PoU resin, and thereafter, increase
in Th(IV) removal was almost constant above the solid/liquid
ratio of 40 mg. Hence, under economical conditions, the
optimized solid/liquid ratio was fixed as 40 mg for further
adsorption experiments. The experimental results with effect
of Th(IV) concentration on Th(IV) removal was shown in
Fig. 7. The plot showed that with increase in Th(IV) ion con-
centration (10-60 mg/L), the adsorption capacity increases
gradually, this is mainly due to the higher adsorption rate
and consumption of active sites present in the PoU adsorbent
by the metal ions with increase in concentration [40-43].

3.4. Effects of contact time onto Th(IV) adsorption

To test the design, modeling of the batch reactor, and
prediction of adsorption rate, adsorption experiments were
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Fig. 5. SEM micrographs of raw and Th(IV)-adsorbed PoU resins: (A) SEM micrograph of raw PoU resin, (B) SEM micrograph of
Th(IV) metal-adsorbed PoU resin, (C) EDX analysis of raw PoU resin, and (D) EDX analysis of Th(IV)-adsorbed PoU resin.
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Fig. 6. Effect of pH onto Th(IV) ion sorption using PoU adsor-
bent (initial thorium ion concentration, 10 mg/L; adsorbent dose,
20 mg/L; and contact time, 60 min).

conducted under optimized conditions with initial thorium
metal ion concentration (50 mg/L); the contact time with the
adsorbent was investigated up to 60 min with 10 min time
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Fig. 7. Effect of PoU adsorbent dose onto Th(IV) ion sorption
(initial thorium ion concentration, 10 mg/L; pH, 6; contact time,
60 min) and effect of initial Th(IV) ion concentration onto Th(IV)
adsorption using PoU adsorbent (pH, 6; PoU dose, 40 mg; and
contact time, 60 min).

interval, and the results are presented in Fig. 8. The thorium
removal was rapid initially for 20 min and slowly reaches a
saturation point 60 min. The initial rapid phase is due to the
availability of more number of adsorption sites on the surface
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of the PoU adsorbent [44-47]. Any increase in the time after
the equilibrium time showed no change in the removal of
Th(IV) ions.

3.5. Adsorption kinetics

A kinetic model is an important tool in determining
the operating parameters to run a full-scale batch-mode
reactor. Pseudo-first-order model [48-50] from Legergren
(Eq. (3)) is often used for the estimation of k, and mass trans-
fer coefficient in the adsorption process design. The linear
form of pseudo-first-order model is as follows:

L @3)
2.303

log(g, —q,) =loggq, -

where g, is the amount of thorium ion adsorbed by the
PoU adsorbent at time t (mg/g), and k , (min™) is the rate
constant of pseudo-first-order kinetic model. A graph was
plotted for pseudo-first-order kinetic model with obtained
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Fig. 8. Effect of contact time onto Th(IV) ion sorption using PoU
adsorbent (adsorbent dose, 40 mg/L; pH, 6; and initial thorium
ion concentration, 10 mg/L).

Table 1

experimental values with time ¢ (min.) against log(g,—g,) in
Fig. 9 and the kinetic parameters and the values calculated
were tabulated (Table 1). The corelation coefficient obtained
from pseudo-first-order kinetic model was found to be
low. Pseudo-second-order model by Ho and Mckay [51,52]
describes about the amount of metal adsorbed at equilib-
rium and amount of metal adsorbed onto the surface of
the adsorbent. It depends directly on the rate of adsorption
onto the adsorbent active sites (Eq. (4)). The linear form of
pseudo-second-order model is as follows:

t— 1 +lt
a, ki’ q, @

K (g/mg.min) is the rate constant of pseudo-second-order
kinetic model. A plot of t/g, versus t (Fig. 9) should give a
straight line if pseudo-second-order kinetic model is applica-
ble. The correlation coefficient found to be high (>0.99). When
the experimental and calculated g, values were compared, it
was found to be almost similar (Table 1). These observations
suggest that the adsorption of Th(IV) onto PoU adsorbent

10
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log (a,-a) / t/q, [a,)
£y
[

E T E T E T E T g T E T
0 10 20 30 40 50 60

Contact time (min.)

Fig. 9. Kinetic models of PoU adsorbent onto Th(IV) removal at
30°C.

Kinetic parameters and constants for Th(IV) removal by PoU adsorbent

Adsorption kinetic model

Parameters and constants for Th(IV) removal

Pseudo-first-order kinetic model K, (min™)
q, (mg.g™)
RZ
Pseudo-second-order kinetic model K (g.mg'.min™)

q, predicted (mg.g™)

h (mg.g™.min™)

q, experimental (mg.g™)

R2
K, (mg.g'.min™%)
C
RZ

Intraparticle diffusion model

0.055
1.43
0.9650
0.0082
10.75
0.96
8.91
0.9950
0.839
2.85
0.9510
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follows pseudo-second-order kinetic model with chemisorp-
tions as the rate-limiting step.

Intraparticle diffusion model given by Weber and Morris
[53] (Eq. 5) is used to verify the influence of mass transfer
resistance of binding of metal ions onto PoU adsorbent, if the
rate determining step is chemisorption.

7,k "+ C 5)

where C is the intercept and K is the intraparticle rate con-
stant (mg/g.min'?). Intraparticie diffusion model describes
about the control of mass transfer resistance on the binding
of Th(IV) onto PoU resin. Due to the adsorption capacity
varying nature in the initial and final stage of the adsorption
experiment, there exhibits the curve with dual nature. This
can be attributed due to the fact that the initial part (intercept
region) of the adsorption is due to the boundary layer out-
come and in the later part (linear curve region) is due to the
intraparticle diffusion outcome. When the plot of g, against
2 was constructed from the obtained experimental results
(Fig. 9), the slope should be linear and should pass through
the origin, showing that intraparticle diffusion model is the
sole rate-limiting step. The larger is the intercept, the greater
is the influence as rate-controlling step with the adsorption
on the surface of the adsorbent. Because the linear plot does
not pass through the origin suggesting that the intraparticle
diffusion model does not plays the sole rate-limiting step in
constructing the design of the experiment, it has some influ-
ence in the adsorption design.

3.6. Adsorption isotherms

The function of the adsorption isotherm is to narrate
the adsorbate concentration in the bulk solution and the
amount of thorium ion adsorbed in the solid/liquid phase.
When the experimental data on the effect of initial thorium
ion concentration against the surface of the PoU adsorbent
was taken and fitted using MATLAB 7.1. The nonlinear form
of Langmuir [54], Freundlich [55], Sips [56], and Temkin [57]
isotherms are used to describe the adsorption isotherm in the
system. The graphical representations of the isotherm mod-
els fitted with experimental results were presented in Fig. 10.
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Fig. 10. Nonlinear adsorption isotherm model for Th(IV) removal
using PoU adsorbent.

The parameter values and constants obtained are tabulated
(Table 2). The nonlinear form of Langmuir isotherm (Eq. (6))
is as follows:

_ 1KCe

= 6
e 1+K,C, ©)

whereq (mg/g)isthe Langmuir constantand K| is the amount
of solute required for the unit mass of the adsorbent for the
monolayer coverage on the surface of the adsorbent and the
heat of adsorption, respectively. Langmuir isotherm describes
about the homogeneous monolayer formation, equivalent
surface sites, and interactions between the adsorbed mole-
cules. The Langmuir adsorption constant g, (mg/g) and K| dis-
cusses about the amount of solute adsorbed per unit mass of
the adsorbent required for the monolayer of adsorption and
heat of adsorption, respectively. The maximum monolayer
adsorption capacity obtained was found to be 48.4 mg/g for
PoU. The predominant factor in Langmuir isotherm param-
eters can be used to predict the binding affinity between the
adsorbate and the adsorbent using a dimensionless equilib-
rium parameter “R,” expressed as follows:

1

R =——r 7
" 1+K.C, @)

where K, is the Langmuir constant and C, is the initial tho-
rium ion concentration. The value of separation parame-
ter R, provides important information about the nature of

Table 2
Parameters and isotherm constants of Th(IV) removal using PoU
adsorbent through nonlinear method

Parameters and constants
for Th(IV) removal

Adsorption kinetic model

Langmuir g, (mg.g™) 4.84
model K, (L.mg™) 0.1909
R? 0.9845
SSE 7.15
Freundlich K, [(mg.g")(L.mg™) 9.93
model (n™M)]
n (g.L7) 2.01
R? 0.9868
SSE 6.12
Sips model Q. (mg.g™) 10.23
K, (L.g™h 0.713
n, 0.0581
R, 0.6698
R? 0.9902
SSE 4.52
Temkin B 2.05
model A 4.49
R? 0.9735
SSE 9.20




R. Mahalakshmi et al. / Desalination and Water Treatment 121 (2018) 92—-103 99

adsorption. The value of R, indicates the type of Langmuir
isotherm to be irreversible (R, = 0), favorable (0 < R, <1), lin-
ear (R, = 1), or unfavorable (R, > 1) [58]. The R, value was
found to be 0.094, in the range of 0-1 for 50 mg/L of initial
Th(IV) ion concentration indicating favorable adsorption.

Freundlich isotherm describes well in detail about the
type of adsorption process. It mainly indicates the type of
adsorption on the heterogeneous surface which fits with the
wide range of concentration. The Freundlich equation also
proposes that the sorption energy exponentially decreases
with completion of sorptional active center of the adsorbent
species:

Freundlich isotherm : g, = K,C,"" ®)

where K, (1/g) is the Fruendlich constants signifying about
the adsorption intensity and bonding energy and # is the
heterogeneity factor. The n value indicates the degree of
nonlinearity between the adsorption process and solution
concentration. If the adsorption process is linear (n = 1),
chemisorption (1 < 1), physisorption (1 > 1) [59]. The value
of n was found to be 2.01 for PoU. Because the value of # is
(1 <n<10), it indicates the adsorption is favorable.

Sips isotherm (Eq. (9)) is the combination of Langmuir
and Freundlich isotherms which elucidates about the phys-
ical and chemical characterization of adsorption. It suggests
the monolayer formation of Langmuir isotherm, at higher
adsorbate concentration. It gets reduced to Freundlich iso-
therm, at lower concentration respectively. The corelation
coefficient plays a vital role in suggesting the best fit iso-
therm model.

KC™
Sips isotherm: ¢, = Q C.

Toker 0

where Sips constants K, (mg/L)™" is the sips constant related
to affinity constant, Q_is the adsorption capacity (mg/g), and
n, corresponds to model exponent, closer to unity, indicat-
ing the adsorption process is more of Langmuir isotherm.
The maximum monolayer adsorption capacity obtained was
10.23 mg/g. The separation factor, R_(Eq. (10)) is calculated
as follows:

1

s (10)
*1+KC,"

R =Q

This parameter indicates the type of isotherm to be irre-
versible (R_=0), favorable (0 <R <1), linear (R_=1), or unfa-
vorable (R, > 1) [60]. The value of R was found to be 0.67,
indicating the process is favorable.

Temkin isotherm (Eq. (11)) takes into account of inter-
action between the adsorbing species and adsorbate. Under
basic assumption with the facts, (1) the heat of adsorption
of all the molecules in the layer decreases linearly with cov-
erage due to adsorbent-adsorbate interactions and then (2)
the adsorption is characterized by a uniform distribution of
binding energies, up to a maximum binding energy. Temkin

isotherm derivation assumes that the fall in the heat of
adsorption is linear rather logarithmic, as Freundlich equa-
tion is implied.

Temkin isotherm: g, = BIn(A ) (11)
where A corresponds to the equilibrium binding con-
stant in relation to the maximum binding energy (L/g) and
B = (RT)/b, b is the Temkin isotherm constant related to the
heat of adsorption (J/mol), R is the universal gas constant
(8.314 J/[mol K]), and T is the absolute temperature (K). The
Temkin constant obtained were found to be, A = 4.49 and
B = 2.05, respectively. A suitable mechanism was proposed
to illustrate the interactions between the Th(IV) ion and PoU
adsorbent (Fig. 11). There are two types of interactions taking
place between the Th(IV) metal ion and the PoU adsorbent:
(1) A direct electrostatic force of attraction creating a strong
bond between the positively charged metal ions species and
the electron-rich oxygen atom present in the polymeric chain
linkages and (2) a coordinate bond between the oxygen and
nitrogen atoms present in the polymer chain and the metal
ion species. The lone pair of electrons in the oxygen and the
nitrogen atom was responsible in making the coordinate
bond with the metal ion species [61].

3.7. Adsorption thermodynamics

Adsorption of Th(IV) onto PoU was calculated using func-
tion of temperature and the maximum thorium removal was
attained at 30°C. Thermodynamics studies were conducted
at temperature ranging from 30°C, 40°C, 50°C, and 60°C for
10 mg/L of initial Th(IV) ion concentration at optimum pH 6,
respectively (Fig. 12). The adsorption capacity of PoU resin
decreases with constant range with increase in temperature
from 30°C to 60°C [62,63]. The adsorption thermodynamic
parameters were determined from the experimental data
using the following equations:

Kd — CAe
c. 12)
AG® = AH® — AS° (13)
*I}OCN—@—CHz
W
(;';:O:/
o
I
o—ﬁ—N@—CH;@—NCO{I—
__—f=CH o)

Fig. 11. Proposed mechanism of Th(IV) ion with PoU adsorbent.
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AG®=-RTInK_ (14)
AS° AH°

_ B (15)
¢ 2303R 2.303RT

logK

where K, is the equilibrium constant, C, is the metal con-
centration at equilibrium, C,, is the amount of thorium ion
adsorbed by PoU resin with per unit liter of thorium ion solu-
tion at equilibrium (mg/L). AH®, AS®, and AG® are the change
in Gibbs energy (KJ/mol), change in entropy (KJ/mol), and
change in enthalpy (J/mol/K), respectively, T is the absolute
temperature, and R is the gas constant. From the plot of log
K, against reciprocal of temperature (1/T) (Fig. 13), the values
of AH° and AS® were calculated. The other thermodynamic
parameters values and constants were also calculated and
tabulated (Table 3). The AG® value was found to be nega-
tive with proportional increase in temperature, favorable for
spontaneous and feasible nature of the adsorption process
in nature. The negative AH® value shows that the reaction
is exothermic and the intensity of adsorption with tempera-
ture increase. The value of AS° shows more constraint on the
mobility of the adsorbate molecule over PoU surface [64].

3.8. Desorption studies

Desorption studies were carried out with spent PoU
adsorbent at 30°C. Because thermal activation results in
5%-10% adsorbent loss, chemical activation was carried out
with Th(IV) adsorbed PoU resin. The metal adsorbed PoU
resin was made in contact with eluting agents 0.1 N H,SO,,
0.1 N HCl, and 0.1 N CH,COOH separately. The solution
was centrifuged and concentration was calculated with

10

S s

o

£

o

=)

s 77

=

-

Y

<] 6 -
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5
4 — T T 7T
300 305 310 315 320 325 330 335

Temperature (K)

Fig. 12. Temperature studies of Th(IV) removal by PoU adsorbent.

Table 3

UV-Visible spectrophotometer. The percentage of desorption
was calculated using Eq. (16):

R
Th(IV) desorbed % = —% x 100 (16)
R

a

where R, and R, correspond to amount of Th(IV) desorbed
by elutant (mg/g) and amount of Th(IV) adsorbed by PoU
resin (mg/g). From the results, it was evident that PoU
resin was found to be stable up to five cycles with mere
changes in the adsorption—desorption ratio shown in Fig. 14.

1.0

0.8 <

0.6 —

c

0.4 4

log K

0.2 <

0.0

T T E T g T g T g T g T
0.0@(0.00305 0.00310 0.00315 0.00320 0.00325 0.00330
1T

-0.2

Fig. 13. Thermodynamic studies of Th(IV) removal by PoU
adsorbent.
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Fig. 14. Desorption studies of PoU adsorbent with elutants at
30°C.

Thermodynamic parameter and constants for Th(IV) removal by PoU adsorbent
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Table 4
Comparison of Th(IV) removal by PoU resin with other reported
adsorbents

Polymeric adsorbents Th(IV) removal Reference

9. (mg-g")
Perlite 5.8 [6]
Cellulose composite 21.3 [9]
Poly(amido)amine 36.2 [2]
dendron-functionalized styrene
diviyl benzene
Poly(ethylene oxide) and 50.1 [65]
poly(L-lactide) fibrous
membranes
Titan yellow-impregnated 15 [66]
polystyrene-divinyl benzene
copolymer-7 resin beads
Polyurethane (PoU) 8.93 Present

study

The adsorption—desorption experiment illustrated effective
performance of the PoU resin in consecutive cycles with strong
chemical stability nature with no serious performance decline.
A comparison table was charted to compare the adsorption
capacity of PoU resin with other reported adsorbent, among
them PoU resin showed good adsorption performance (Table
4). The table clearly states that a donor-acceptor polymer con-
taining chelating functional group can effectively take part in
the adsorption process, and it can effectively remove even the
trace amount of metal ions from wastewater effluent.

4. Conclusion

In this study, the adsorption of Th(IV) from aqueous solu-
tions by PoU as a function of contact time, solution pH, con-
centration of ions, and temperature was investigated. Based
on the observed data, following conclusions are obtained:
Maximum removal of Th(IV) by PoU resin was observed at
pH 5.5. The Freundlich isotherm constant, K, and n values
were found to be 11.34 (mg/g)(L/mg)(1/n) and 2.25 g/L for
the thorium removal by PoU adsorbent suggesting that the
rate limiting step involves more than one mechanism and fol-
lows pseudo-second-order kinetic model. The negative AG
value shows the reaction is more feasible and spontaneous.
The negative AS and AH values indicate the affinity between
PoU resin and Th(IV) ion interface and exothermic nature
of the system. Repeated adsorption-desorption experiments
showed that the PoU resin has potential application in the
removal and recovery of Th(IV) ions in aqueous media.
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