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Abstract
A bi-functional chelating sorbent is synthesised by introducing two different functionalities (amine and amidoxime groups) 
subsequently on the surface of an earlier synthesized cross-linked poly-acrylonitrile beads. The cross-linked base polymer 
beads are normally synthesised through suspension polymerisation using acrylonitrile and styrene as monomers and divinyl 
benzene as cross-linking agent. The bi-functionality is introduced by amination of base polymer in the first step by reacting 
with diethylenetriamine followed by amidoximation reaction with hydroxylamine hydrochloride in the second step. The incor-
poration of functional groups on beads are identified and confirmed with FTIR spectroscopy while the surface morphology, 
porosity and pores dimensions are evaluated by SEM and BET techniques. The saturation sorption capacity of synthesized 
beads for uranyl ion is tested and found ~ 45 mg  g−1, which is significantly higher than the beads functionalized with sole 
amidoxime group. These bi-functional beads are quite efficient over a wide pH (1–10) range. The kinetics measurements 
indicate that the synthesized sorbents reach its saturation sorption capacity within 2 h at ~25 °C under neutral pH. In this 
study, the sorbed uranyl ions are eluted out with 1 M HCl efficiently. These beads exhibit excellent reusability up to three 
cycles without losing much of its capacity, suggesting better usability in real samples.

Keywords Batch adsorption · Cross-linked PAN beads · Bi-functional resin · Diethylenetriamine · Hydroxylamine 
hydrochloride · Uranyl ion

Introduction

Uranium, an important material is found naturally in terres-
trial rocks and soil in very low concentration. It is used as 
fuel in nuclear reactors either in natural form in Pressurized 
Heavy Water Reactors or in enriched form in Pressurised 

Water and Boiling Water Reactors. With gradual increase 
in the global energy demand and rapidly diminishing fossil 
fuel reserves, the nuclear energy has evolved as one of the 
very crucial alternative green sources for power production. 
With the increase in demand of nuclear energy, it will be 
quite impossible to keep the supply of uranium fuel intact 
depending solely upon the sources from terrestrial origins, 
thus, looking for other alternatives for uranium sources. 
According to world estimation survey around 4.5 billion 
tonnes of uranium is available as dissolved salt in seawa-
ter [1]. Thus the extraction of uranium from seawater has 
emerged as an important and thrust area of research in last 
few decades. Apart from the use as nuclear fuel, depleted 
uranium is used to make equipment for having very good 
shielding capability. Moreover, uranium and its compounds 
are highly toxic, from biological, chemical and radiological 
perspectives [2, 3]. Hence, the recovery and/or separation 
of uranium from biological, environmental and radioactive 
wastes are undoubtedly significant.

Several undesirable water-soluble materials (such as 
dye, toxic metals and harmful chemicals) present in low 
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concentration are normally removed by using functionalized 
adsorbents selectively [4–6]. These removal and recovery 
processes relate to actual application. Reports on selective 
adsorption of uranium from various aqueous sources such 
as radioactive wastes, industrial wastes, and sea water are 
available in literature [4–10]. Traditional separation methods 
for example solvent extraction is not feasible especially in 
cases where the desirable elements present in very low con-
centration needing a large volume treatment. In such cases, 
the macro-porous polymeric sorbents containing various 
chelating ligands are quite suitable to treat dilute to very 
dilute uranium containing aqueous waste solutions. Opti-
mum stability of the complex formed between metal ions 
present in the solution and the chelating functional groups 
of resin beads is most important criteria for better reusability 
and higher sorption capacity of the resin beads towards that 
particular metal ion. The hydrophilicity and physicochemi-
cal stability of polymeric material help in long run opera-
tion efficiently during sorption–desorption cycles. Many 
organic and inorganic sorbent materials are used selectively 
to extract uranium present in aqueous media as uranyl ions 
 (UO2

2+). These materials include anion and cation exchange 
resins [11], surface modified Amberlite XAD resins [12], 
silica and activated silica gel [13], controlled pore glasses 
[14], extractant encapsulated beads [15–17], polyurethane 
foam [18] and modified poly-acrylonitrile (PAN) fibres 
[19]. Polymer based resin beads, membranes or gels suit-
ably functionalized with organic chelating functional groups 
are regularly used for the separation of uranium from multi-
components aqueous solution sources such as seawater or 
radioactive sources generated in nuclear industries. Numer-
ous sorbents have been reported where the incorporation of 
various functional groups on PAN based matrix was used 
as efficient route of preparation [20]. Amidoxime function-
ality is well recognized for its property to extract various 
toxic and heavy metal ions selectively from various aqueous 
sources [21]. Polypropylene fabric grafted with amidoxi-
mated PAN [22–24] and amidoxime functional groups incor-
porated on to crosslinked porous polymeric resin beads [4] 
are reported as efficient adsorbents for recovery of uranium 
from seawater.

Sorbents with magnetic properties [25] and functional-
ized silica particles [26] are two important fields in recent 
advancement on this field. Furthermore, artificially synthe-
sised functionalized hybrid bio materials have emerged as 
new kind of adsorbent for the removal of uranium [27–29]. 
Electrochemical approach with functionalized chitosan elec-
trode have also been used to extract uranium from aqueous 
media [30]. Recently, Alexandratos et al. have employed 
bi-functional sorbents containing various amines groups 
along with amidoxime chelating groups for recovery of 
uranium from seawater [31]. An excellent review explain-
ing various means of uranium recovery from seawater is 

worth mentioning at this point to know the wide spectrum 
of updated materials to serve this purpose [32].

In this work, bi-functionalized crosslinked PAN resin 
beads were synthesised by suspension polymerization 
followed by functionalization with diethylenetriamine 
 (NH2-CH2-CH2-NH-CH2-CH2-NH2) (DETA) and hydroxy-
lamine hydrochloride  (NH2OH.HCl) subsequently. The rela-
tive proportion of two functional groups was optimised to 
achieve maximum efficacy of the beads towards uranium 
(U) as  UO2

2+ sorption. The synthesized beads were used to 
study uranium extraction from simulated aqueous samples. 
The main objective in this study is to compare the efficiency 
towards uranium recovery with our synthesized bi-functional 
beads with the previously synthesized mono-functional 
beads containing only amidoxime as chelating groups.

Experimental

Materials

Acrylonitrile (AN), hydroxylamine hydrochloride and dieth-
ylenetriamine were purchased from SD Fine Chemicals 
Limited, India. Divinyl benzene (DVB) and styrene were 
procured from Sigma Aldrich. Uranyl nitrate hexahydrate 
 (UO2(NO3)2.6H2O) was procured from Honeywell Fluka. 
The other reagents such as calcium carbonate, sodium 
nitrite, sodium sulphate, gelatin, azobis-isobutyronitrile 
(AIBN), methanol and toluene were procured from Thomas 
Baker Chemicals, India. All the above-mentioned chemicals 
were of AR grade (≥ 99.9%) and used as received. All the 
simulated solutions were prepared with deionised water hav-
ing conductivity of ≤ 0.6 µS  cm−1 obtained from a Millipore-
Q water purification system. A stock solution of 2000 ppm 
(w/v) uranium (U) was prepared using uranyl nitrate hexahy-
drate, and diluted accordingly as per the requirement during 
experiments.

Synthesis of base polymer beads

Crosslinked polymeric beads containing AN and styrene as 
co-monomers and DVB as cross-linker, were synthesised 
using a traditional suspension polymerization technique [4] 
with suitable modifications according to our experimental 
set-up. Suspension polymerization was carried out with AN, 
styrene and DVB as organic phase while the aqueous phase 
was prepared by mixing sodium sulphate, calcium carbonate, 
sodium nitrite and gelatin with deionised water as discussed 
previously [33]. The synthesized base polymer beads were 
washed repeatedly with deionised water and dried in hot 
air oven overnight at 40 °C and the schematic of the entire 
procedure is shown in Fig. 1. Several batches of trial experi-
ments were carried out to achieve an optimum condition to 
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produce the base polymer beads of desired size and shape. 
The dried beads obtained were later used for functionaliza-
tion reactions.

Synthesis of bi‑functional chelating resin beads

Bi-functional chelating resin was synthesised in two steps. 
First, an amine group was introduced by the reaction with 
DETA followed by amidoximation reaction with hydroxy-
lamine hydrochloride. For amination, 80 ml DETA and 20% 
sodium carbonate in water (w/v) were mixed in a round bot-
tomed flask. 2 g of dry base polymer beads were added in 
this mixture and stirred continuously. The whole mixture 
was kept in stirring condition at 75 °C for 20 h to complete 
the amination reaction. The initial white coloured base poly-
mer beads became slightly yellowish due to the presence 
of excess DETA. The beads were washed thoroughly for 
several times with deionised water to remove excess DETA 
and sodium carbonate to get back the original white coloured 
beads and then dried in a hot air oven. The dried beads were 

weighted to evaluate the % conversion of nitrile (-C≡N) to 
amine (-NH2) groups.

In the second step of functionalization, amidoximat-
ing reagent was prepared by dissolving 4 g hydroxylamine 
hydrochloride in 1:1 methanol–water mixed solution. The 
pH of the solution was adjusted to 8.0 with 4 M KOH solu-
tion. 2.75 g of dry aminated beads obtained after the first 
step of functionalization were added to this reagent in a 
round bottomed flask and refluxed at 80 °C for 2 h for com-
pletion of the reaction, which was later verified with FTIR 
analysis.

Characterisation of synthesized beads

The synthesized bi-functional resin beads were characterised 
by FTIR spectral measurement with SHIMADZU IR Affinity 
1 Spectrophotometer. The shape and size of the synthesised 
beads were obtained with QX5 Digital Blue Optical Micro-
scope at 60X magnifications. Surface morphology and micro 
structure of the beads were ascertained by Scanning Electron 

Fig. 1  Schematic presentation 
of the synthesis process
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Microscope (SEM), using TESCAN VEGA MV 2300 T/A 
Digital Microscope. The surface area of the synthesised bead 
was measured by BET surface area analyser. Thermal stabil-
ity of beads was determined by thermogravimetric analysis 
(TGA) using METTLER TOLEDO TGA/DSC 1 instrument. 
The TGA was carried out with few mg of beads sample taken 
in an alumina crucible at a dynamic temperature range of 
25–900 °C at 15 °C  min−1 heating rate under nitrogen flow 
(10 ml  min−1). All the sorption related studies with  UO2

2+ 
solutions were carried out in TARSON ROTOSPIN apparatus 
at 50 rpm speed.

Sorption of uranium by the synthesized beads

For every sample involving equilibration of the resin beads 
with aqueous uranium solution, a fixed amount (50 mg) of the 
synthesised bi-functional beads was added/exposed to 5 ml 
of  UO2

2+ solution. After the mixture was equilibrated for a 
specified period of time under constant rotating condition, the 
raffinate was analyzed for leftover uranium by ICP-OES. The 
amount of uranium sorbed on beads was calculated by the 
difference in concentrations of uranium in the aqueous phase 
before  (C0) and after  (Ce) the equilibration. The amount of 
uranium sorbed per unit weight of the bi-functional beads at 
equilibrium  (qe) and the percentage sorption (%A) were cal-
culated using the following expressions:

where v represents the volume of  UO2
2+ solution in litres; w is 

the mass of dry beads in gram and  C0 and  Ce are the correspond-
ing initial and equilibrium concentrations of uranium in ppm.

Furthermore, in sorption study, the equilibration with the 
bi-functional resin beads was carried out for 6 h with the uranyl 
solutions having uranium concentrations from 10 to 2000 ppm 
at near neutral pH (~ 6.8) condition. In kinetics experiment, 
the resin beads were equilibrated with variable contact time 
with the uranyl solutions having a fixed uranium concentration 
(100 ppm). Furthermore, to determine the effect of pH, the 
sorption experiment was carried out for 6 h fixed contact time 
with  UO2

2+ solutions containing 100 ppm uranium at differ-
ent pHs (ranging between 1 and 13). The aqueous solutions of 
NaOH and HCl were used to adjust different pHs.

Estimation of uranium

The estimation of uranium in all aqueous samples con-
taining uranium before and after the equilibration with bi-
functional resin beads were carried out with inductively 

(1)qe =
v

w
× C0 − Ce

(2)%A =
(C0 − Ce)

C0

× 100

coupled plasma-optical emission spectrometry (ICP-OES), 
using ACTIVA Spectrophotometer from HORIBA JOBIN 
YVON instrument. ICP-OES suffers from signal suppres-
sion and clogging of the nebulizer when the dissolved salt 
concentration in the sample reaches above 0.2% (w/v) [34], 
thus proper care was taken on dilution of samples before 
the analysis. Scott et al. [35] showed that no atomic line 
of uranium shows any appreciable relative intensity for the 
determination of uranium by ICP-OES. It was noticed that 
only the emission from ionic lines was foremost in the spec-
trum. Thus, the elemental uranium present in solution was 
analysed by measuring the emission at 385.957 nm wave-
length [36]. The relative standard deviation of the instrument 
while measuring the concentration of uranium in samples 
was found to be 10%.

Elution and reusability

After the success in uranium (as  UO2
2+) sorption by the syn-

thesized bi-functional beads, the studies on elution efficiency 
were carried out with various acidic reagents such as 0.1 M 
HCl, 0.1 M  HNO3, 0.1 M Oxalic acid  (H2C2O4), 1 M HCl, 
1 M  HNO3 and 0.5 M  H2SO4. 50 mg bi-functional beads in 
six different containers were treated with 100 ppm uranium 
containing  UO2

2+ solution separately for 5 h. Concentrations 
of uranium were analyzed with ICP-OES for each samples 
and % sorption were calculated following above-mentioned 
expression 2. After separating out, the treated beads were 
washed with deionised water, and later equilibrated with 
5 ml of each of these six eluting reagents separately. After 
half an hour of equilibration, the concentrations of uranium 
in eluting reagents were analyzed. From the measured con-
centration and the previously calculated % sorption data, 
the % elution efficiencies were calculated for all six eluting 
reagents separately. This process was repeated for two more 
cycles to evaluate the most successful eluting reagent for 
reusability up to three cycles.

Results and discussion

Synthesis of bi‑functional resin beads

Synthesis of bi-functional resin beads was carried out in 
two steps, synthesis of base polymer beads followed by their 
functionalization. The first step of beads synthesis is very 
important for controlling the shape, size, and morphology, 
which effect directly on stability and reusability of beads in 
actual application. In conventional suspension polymerisa-
tion, several parameters affect the size of polymer beads. 
Among them the most important are the ratio of organic to 
aqueous phase and rotation speed of impeller of the reactor. 
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These parameters were carefully controlled to obtain porous 
base polymer beads of average 300 µm diameter size. The 
polydispersity index obtained was ~ 20%, which signifies 
the good uniformity in size distribution of the beads. It is 
noteworthy to mention here that the incorporation of styrene 
along with AN as co-monomer helps in formation of beads 
having higher chemical stability along with good quality 
spherical shape. This imparts a significant advantage in case 
of reusability of the beads. The second step in the synthesis 
includes two consecutive reaction steps to incorporate two 
different functional groups on the surface of polymer beads. 
First step is the amination in which DETA moiety is incorpo-
rated by reacting with partial free nitrile groups of the base 
polymer beads with DETA in a control manner so that the 
remaining nitrile groups can be converted into amidoxime 
group in the second step of functionalization reaction. This 
controlled amination was carried out following two simple 
ways, one by changing the reaction temperature, while the 
other by varying the duration of amination reaction. The ami-
nation process was optimised by varying the reaction duration 

keeping the temperature constant at 75 °C. It is noteworthy 
to include that at > 75 °C under the alkaline environment of 
amination reaction, the physical stability of the functional-
ized base polymer beads was decreased significantly, which 
affects the performance and reusability of the beads in long 
run application. The amination reaction time was varied to 
8 h, 16 h, 20 h and 24 h based on the feedback received 
during several initial studies. After the careful analysis of 
FTIR spectra for these four aminated polymer beads samples, 
the materials obtained with 20 h reaction time was selected 
for further studies. The amidoximation, the second step of 
bi-functionalization of beads was carried out following the 
procedure as explained earlier [33]. The reaction scheme of 
the two steps functionalization is shown in Scheme 1.

Characterization of synthesized beads

The optical microscopy and SEM images obtained with syn-
thesised bi-functional beads are shown in Fig. 2. The diam-
eters of the beads were found within 0.2 to 0.5 mm range 

Scheme 1  Stepwise reaction scheme for functionalization

Fig. 2  (a) Optical microscopy and (b) Scanning electron microscopy (SEM) images of the bi-functional beads
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(Fig. 2a). The SEM image (Fig. 2b) exhibits the roughness 
on resin bead surface that enhances the surface area and per-
haps the sorption/desorption of metal ion. Specific surface 
area of the synthesised beads was found to be ~3.3  m2/g.

The thermal stability of synthesized bi-functional beads 
was investigated by thermo-gravimetric-analysis (TGA) in 
nitrogen atmosphere. The thermograms of bi-functional 
beads along with the base polymer beads (crosslinked 
PAN) and beads with only amination are shown in Fig. 3. 
The loss in weight (~10%) in the temperature range of 
25 to 120 °C is because of the moisture content in the 
mono functional (amine) and bi-functional (amine and 
amidoxime) beads. Further weight loss (~25%) in 200 to 
350 °C temperature range can be attributed to the com-
bined decompositions of amine and amidoxime groups. 
In addition, the weight loss beyond 400 °C is due to the 
degradation of the base polymer resin i.e. cross-linked 
PAN-styrene. In case of only aminated beads, the weight 
loss occurred in two steps, first one is for amine groups 
decomposition (~200 °C to ~300 °C) while the other is for 
base polymer degradation (> 300 °C). The thermogram 
of the base polymer resin before any functionalization is 
also compared in the same figure. The one step weight 
loss starting from ~300 °C suggests the absence of any 
additional functionality while the sole weight loss can 
be attributed to the base polymer decomposition. It can 
also be found that the steps of weight loss in case of the 

bi-functional beads are not as sharp as that recorded for 
the base polymer resin, especially from second step of 
weight loss. This is due to the fact that the degradation 
of the base polymer starts before the completion of the 
decomposition of functional groups which causes partial 
overlap in weight loss steps. The difference in thermo-
gram with bi-functional beads beyond 400 °C is probably 
associated with the defects occurred in multiple rigorous 
chemical treatments during two steps functionalization. 
Especially in case of amidoximation reaction, it was found 
that the chemical stability of the base polymer reduces 
with increase in reaction time in a similar type of system 
[37]. It is noteworthy to include at this juncture that the 
ratio of two groups i.e. amine/amidoxime is 5:3, which was 
evaluated from % weight loss in TGA analysis (Fig. 3.)

The FTIR spectra of bi-functional beads along with only 
aminated beads and base polymer are compared in Fig. 4. 
The spectrum of base polymer beads showed the prominent 
peak at 2243  cm−1 which corresponds to the free nitrile 
(-C≡N) groups. Upon amination with DETA the intensity 
of the said peak was reduced significantly while two new 
peaks were appeared at 1573 and 1654  cm−1. The peak at 
1573  cm−1 corresponds to the primary amine group came 
from DETA while the 1654   cm−1 peak is for the C = O 
stretching vibration of the amide group formed due to the 
reaction of nitrile with DETA (see Scheme 1). The peaks 
at 1643 and 911  cm−1 observed in the FTIR spectra with 

Fig. 3  Thermogramps obtained 
with bi-functional, aminated 
resin beads and base polymer 
in TGA analysis under identical 
conditions
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bi-functional beads correspond to C = N stretching and N–O 
stretching vibration of the amidoxime group respectively. 
Even though the amide vibration is masked under the strong 
C = N stretching of amidoxime, the 1573  cm−1 peak still vis-
ible as a small hump in the spectra of bi-functional beads. 
Along with these peaks, the complete disappearance of the 
nitrile stretching peak at 2243  cm−1 (spectrum C) confirms 
the total conversion of the nitrile group of base polymer 
resin to amine and amidoxime. The peaks observed under 
the band around 2934  cm−1 for all three samples are due to 
C-H stretching available in aliphatic and aromatic site. The 
broad peak in 3100 to 3500  cm−1 region with bi-functional 
resin also confirms the amidoximation.

Effect of sorption time

The sorption kinetics, a crucial parameter enlightens the 
efficacy of the sorbent, which is determined by sorption 
of uptake material (uranium as  UO2

2+ in this case) by the 
developed sorbent with respect to contact time that allows 
the sorbent to adsorb  UO2

2+. This study was carried out 
with the variation of contact time within 5 to 210 min time 
range at constant temperature (298 K) and pH (pH 6). 50 mg 
bi-functional beads were added to  UO2

2+ (equivalent to 
100 ppm U) containing solution and the U concentration 

in solution was analyzed after a particular contact time. 
This experiment was repeated with the variation of contact 
time between U solution and bi-functional beads. Figure 5a 
depicts the uranium sorption capacity with respect to con-
tact/sorption time. It can be seen from the figure that the 
uptake of U was quite rapid initially up to 10 min, later it 
slowed down considerably and reached to a steady value at 
about 2 h, indicating the adsorption/sorption equilibrium 
point. Therefore, the 2 h contact time was selected for all 
further experiments to achieve utmost U sorption. In this 
study the U sorption capacity was found to be 9.5 mg  g−1.

Sorption kinetics models

To investigate the mechanism of the sorption kinetics 
further, the experimental data were ascertained for best 
agreement with various kinetic models such as pseudo first 
order, pseudo second order equations and intra-particle dif-
fusion models. Beyond the empirical fitting of the experi-
mental results with various kinetics models, the role of 
other important phenomenon that can influence the kinet-
ics, such as diffusion, which was taken care in this study 
[38–44].

For simplicity, we have initiated with pseudo-first-order 
equation for verification, which is explained below:

Fig. 4  FTIR spectra in different 
step of functionalization (a) 
cross-linked PAN beads, (b) 
aminated PAN beads and (c) 
bi-functional beads
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Pseudo first‑order model

The pseudo-first order model of Lagergren [42] is given as:

where  qe and  qt represent the amounts of  UO2
2+ sorbed on bi-

functional beads in mg  g−1, at equilibrium and at time t respec-
tively, and  k1 represents the first-order rate constant in  min−1.

On integration, the Eq. (3) becomes,

The plot of log  (qe—qt) verses t (not shown) gives cor-
relation coefficient  (R1

2) value of 0.9830 along with  k1 value, 
which are listed in Table 1. This indicates that the rate of sorp-
tion of  UO2

2+ on bi-functional resin beads was not matched 
correctly with the experimental data hence the kinetics cannot 

(3)
dq

dt
= k1(qe − qt)

(4)log
(

qe − qt
)

= logqe −
k1

2.303
t

be explained with the pseudo first-order model. Therefore, the 
analysis was continued with pseudo-second order model.

Pseudo second‑order model

The pseudo-second order model [42] equation is as follows,

Where  k2 (g  mg−1  min−1) represents the rate constant of 
second-order sorption. The integrated form of the Eq. (5) 
can be written as,

With rearrangement, the Eq. (6) becomes

(5)
dq

dt
= k2(qe − qt)

2

(6)
1

qe − qt
=

1

qe
+ k2t

Fig. 5  (a) Effect of sorption time; Modelling of kinetics data: (b) pseudo second order, (c) Intra-particle diffusion, and (d) Boyd’s plot
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The plot of t/qt vs. t obtained at pH 6 is shown in 
Fig. 5b. From the figure, the pseudo-second order rate 
constant  (k2 = 8.09 ×  10–5 g  mg−1  min−1) and the amounts 
of uranium sorbed at equilibrium  (qe = 10.17 mg   g−1) 
were evaluated from intercept and slope respectively. 
The obtained correlation coefficients  R2

2 = 0.9987 
reveals that the sorption kinetics follows the pseudo-
second-order kinetic model. It is worth noting at this 
point that the experimentally U sorption capacity value 
 (qexpt = 10.04 mg  g−1) is very close to the value obtained 
from pseudo second order model. These results were ana-
lysed further utilizing intra-particle diffusion model to 
understand the diffusion mechanism.

Intra‑particle diffusion model

Under this model, the plot of metal ion sorption at vari-
ous interval of time versus the square root of time decides 
the contribution of intra-particle diffusion (IPD) in sorp-
tion process. If the linear fitting line of the plot passes 
through the origin then IPD is the rate controlling step 
[43]. Nevertheless, the plots not passing through the origin 
is signifying that some degree of boundary layer control, 
additionally the IPD is not the only rate-limiting step, but 
other diffusion mechanisms may also take part to control 
over the rate of sorption, all of which may be operating 
concurrently.

IPD model is represented as:

where  kid represents the IPD rate constant and the value 
‘I’ provides the information about the thickness of 
boundary layer. The IPD plot for the sorption of U on 
bi-functional chelating beads (Fig. 5c) depicts three lin-
ear portions out of which the first two explain the two 
sorption stages: external mass transfer at initial period 
followed by IPD of U onto the beads. In the third stage 
the sorption capacity has become almost independent of 
time function attaining saturation limit. The slope of the 
second linear portion gives the IPD rate constant value, 
which is listed in Table 1.

(7)
t

qt
=

1

k2 q
2
e

+
1

qe
t

(8)qt = kidt
1∕2 + I

Boyd’s plot

To confirm the sorption process whether it is governed via 
film diffusion or IPD mechanism, the kinetics data was ana-
lysed with expression (9) as given by Boyd et al. [44].

where F represents the fraction of solute sorbed at different 
time t and  Bt represents a mathematical function of F.

where  qt and  qe represent the mass of uranium sorbed (mg 
 g−1) at time t and at equilibrium time (120 min in this study) 
respectively. Depending on the F value, solutions to Eq. (9) 
are given as Eqs. (11) and (12).

The  Bt values were calculated from the above two equa-
tions for different F values and plotted against contact time 
is shown in Fig. 5d. This figure differentiates between 
the IPD and the film diffusion mechanism of sorption. A 
straight line passing through the origin indicates that the 
sorption processes follows only IPD mechanisms; else, it 
follows by film diffusion. The linearly fitted Boyd’s plot 
 (Bt vs. time) does not pass through the origin, signify-
ing that the sorption process is also governed through the 
external mass transport. Thus, it can be concluded from 
Fig. 5d that the kinetics of the sorption process is gov-
erned by intra-particle diffusion and external mass trans-
port simultaneously.

Sorption isotherm

In sorbent metal ion solution system, the sorption isotherm 
explains the mathematical relationship between the amounts 
of sorbent and equilibrium concentration of the metal ion in 
solution at a constant temperature. To depict the relation-
ship in a graphical manner, the U sorption capacity of the 

(9)F = 1 −
6

π2
exp(−Bt)

(10)F =
qt

qe

(11)Bt = 2π −
π2F

3
− 2π

(

1 −
�F

3

)1∕2

When F ≤ 0.85

(12)B
t
= −0.4977 − ln (1 − F)When F > 0.85

Table 1  Pseudo-first order, pseudo-second-order and intra-particle diffusion constants and  R2 values for the sorption of uranium onto bi- 
functional chelating resin beads

U conc 
100 ppm

Pseudo first-order Pseudo second-order Intra-particle Diffusion Experimental 
capacity

k1  (min−1) R1
2 qe (mg  g−1) k2  (gmg−1  min−1) R2

2 qe (mg  g−1) kid  (mgg−1  min−1/2) I (mg  g−1) Rid
2 qexpt (mg  g−1)

0.0207 0.9830 5.4 0.00809 0.9987 10.17 0.4503 4.586 0.9925 10.04
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bi-functional beads was plotted with respect to U concen-
tration and shown as Fig. 6a. This figure depicts that the U 
sorption capacity increases linearly with the increase in U 
concentration up to ~500 ppm later it gets saturated gradu-
ally with further increase in U concentration. The maxi-
mum sorption capacity  (qe) achieved under this condition 
was ~45 mg  g−1 in ~1230 ppm U containing  UO2

2+ solutions, 
which is quite higher as compared to the beads with only 
amidoxime functionalized group (~18 mg  g−1) under iden-
tical experimental conditions [33]. DETA, being a multi- 
dentate ligand can form chelating complex with  UO2

2+ in 
near neutral pH where amine groups are freely available. 
This characteristic of DETA may help in enhancing the 
higher sorption capacity towards  UO2

2+ along with the for-
mation of stable complex with amidoxime moiety [31].

Initially at lower concentration of  UO2
2+ the sorption 

capacity increases almost linearly with the increase in  UO2
2+ 

concentration. This clearly indicates that the sorption pro-
cess in the initial stage is completely dominated by diffusion 

controlled mass transfer from bulk solution to the surface of 
the bi-functional beads. However, in later stages the sorp-
tion no longer increases proportionately as initial stage with 
increase in  UO2

2+ concentration. This probably indicates 
that the sorption process in greater than 500 ppm U concen-
tration is limited by the number of vacant sites available on 
the surface of bi-functional beads. Beyond a certain concen-
tration (~1230 ppm) some desorption might be taking place 
which eventually reduces the sorption capacity marginally.

Sorption results of the bi-functional resin beads with 
 UO2

2+ were explored further to verify the sorption isotherm 
with available models such as Langmuir, Freundlich and 
Tempkin isotherm models. The details are discussed below:

The Langmuir isotherm model

Langmuir theory of sorption assumes the single monolayer 
homogeneous adsorption of any adsorbate on the adsorbent’s 

Fig. 6  Modelling of sorption data: (a) Sorption of uranium at different concentration, (b) Langmuir isotherm, (c) Freundlich isotherm, and (d) 
Temkin isotherm
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surface. This means once a site of sorption is occupied by 
any metal ion (U in this case), there will not be any further 
sorption possible on to that particular site. The Eq. (13) 
widely used Langmuir isotherm has been effectively applied 
in many real sorption processes [45].

where, b (L  mg−1) represents the Langmuir equilibrium con-
stant, which is related to the affinity of the binding sites, and 
 qmax (mg  g−1) represents the maximum sorption capacity 
(theoretical monolayer saturation capacity). The constants 
b and  qmax, can be determined from the linearized form of 
the Langmuir equation, which is given below,

A linear plot of  (ce/qe) versus  ce (Fig. 6b) having very 
poor  R2 value (see Table 2) indicates that the sorption behav-
iour does not follow the Langmuir sorption isotherm. In 
addition, the maximum U sorption capacity observed experi-
mentally was not matching with the  qmax calculated through 
Langmuir model, which pointed out to explore further with 
other sorption models.

The Freundlich isotherm model

The Freundlich isotherm model is generally used for het-
erogeneous surface energy systems and for description of 
multilayer adsorption with interaction between adsorbed 
molecules. The derivation of the model [46] is given 
below:

where, constant  kf is maximum sorption capacity associ-
ated with the Freundlich isotherm model. The sorption 
intensity (1/n) describes the linearity of adsorption, which 
is correlated to the favourability and capacity of the adsor-
bent/adsorbate system.

To confirm the applicability of the model to the present data, 
the Eq. (15) can be represented in the following linear form,

(13)qe = qmax

(

bCe

1 + bCe

)

(14)
Ce

qe
=

1
(

qmaxb
) +

Ce

qmax

(15)qe = kfc
1∕n
e

(16)logqe = logkf +
1

n
logce

Freundlich isotherm plot obtained (see Fig. 6c) is linear 
with reasonably good correlation coefficient  (R2) value 
(0.9668). The evaluated values of  kf and n are also listed 
in Table 2.

The Temkin isotherm model

This model assumes that the heat due to adsorption of all 
molecules decreases linearly with the increase in coverage of 
the adsorbent surface, and that adsorption is characterized by 
a uniform distribution of binding energies, up to a maximum 
binding energy. A linearized form of the Temkin isotherm 
[47] is expressed below:

where A represents the equilibrium binding constant (L 
 mol−1) corresponding to maximum binding energy; b is 
related to the adsorption heat; R represents the universal 
gas constant (8.314 J  K−1  mol−1) and T represents the tem-
perature (K). The Eq. (17) can be shortened to Eq. (18), by 
substituting B for 2.303RT/b.

Consequently, the plot of  qe versus  logCe gives a straight 
line (see Fig. 6d), using the slope and intercept values, the 
values of B, A and the correlation coefficient were evaluated, 
which are listed in Table 2.

Comparing the  R2 values in Table 2 for different iso-
therms, it is understood that the Freundlich isotherm is a 
better fit for the given sorption process in this study. Lang-
muir and Temkin isotherms are not fitting correctly under 
the testing conditions, and hence these are not accepted to 
describe the sorption isotherm properly.

Effect of pH on sorption

The pH effect on the sorption performance of bi-functionalized  
beads towards U (as  UO2

2+) was studied at a wide pH range 
between 1 and 13 and the result obtained is shown in Fig. 7. 
Surprisingly, the extent of sorption of uranium by the bi-
functional chelating beads is quite efficient throughout the 
pH range up to pH 10, beyond which the sorption decreases 
significantly. The complex formed between  UO2

2+ and ami-
doxime group is explained in literature [48]. Our proposition 
on complex formation between amidoxime along with amine 

(17)qe =
(

2.303
RT

b

)

logA +
(

2.303
RT

b

)

logce

(18)qe = B logA + BlogCe

Table 2  Different isotherm constants and corresponding  R2 values for the adsorption of uranium onto bi-functional chelating resin beads

Langmuir Parameter Freundlich Parameter Temkin Parameter Experimental Capacity

qmax (mh  g−1) b R2 kf (mg  g−1) n R2 b ×  10–6 (J.g.mol-2) A  (Lmol−1) R2 qexpt (mg  g−1)
50.89 0.0027 0.9323 5.6158 2.94 0.9668 166.25 18.06 0.8676 45.18
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chelating groups and  UO2
2+ is shown in Scheme 2. The 

extent of this complex formation determines the uranium 
extraction capacity of the synthesized beads under different 
pH conditions. Two factors are likely to affect the extent 
of sorption of U under present experimental conditions. 
First one is the chemical speciation of the  UO2

2+ present 
in the medium while the other one is the protonation or de- 
protonation of the functional groups present on the surface 
of the resin beads depending on pH of the medium. The 
 pKa1 and  pKa2 of amidoxime group are 5.78 and 13.21 
respectively [49], and the existence of different conjugate 
forms of amidoxime is shown in Scheme 3.

Below pH 5.78, amidoxime exists predominantly as pro-
tonated form  (H2A+) while above pH 5.78 it exists mainly as 

free amidoxime (HA). Even though the solubility of  UO2
2+ 

in water is quiet high (~120 g/100 g) but it significantly 
depends on pH of the solvating aqueous medium. This is due 
to the change in chemical speciation of  UO2

2+ with change 
in pH of the medium [50]. As pH of the medium increases, 
 UO2

2+ also gradually hydrolyse to  UO2(OH)+ and further 
to  UO2(OH)2, forming a colloidal precipitate beyond pH 
10. Thus in case of only amidoxime functionalized resin 
beads, due to unavailability of free amidoxime group below 
pH 5.78, the capacity for uranium sorption remain low at 
lower pHs (pH < 5) and gradually increases at pH closer to 
6. In the present case, the capacity for uranium sorption was 
found ~90% even at pH 1. This can be explained consid-
ering the interplay of the primary amine groups from the 

Fig. 7  Effect of pH on sorption 
of uranium

Scheme 2  Complexation of amidoxime with  UO2
2+ ion
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DETA moiety present on the resin surface with the sorbate 
ion. As explained elsewhere that the formation of a “pen-
dant complex’ of  UO2

2+ with the primary amine [51] can 
facilitate the uranium sorption in lower pH which in turn 
make the sorption capacity as high as 90% even at lower 
pH values.  H+ ions are very prone to be attached with freely 
available amine groups. Thus at lower pH, amine groups 
consume most of the  H+ ions present in the medium leaving 
the amidoxime groups free which can bind the  UO2

2+ more 
efficiently. On the other hand, due to formation of colloidal 
precipitate  UO2(OH)2, the sorption capacity decreases dras-
tically beyond pH 10.

Elution and reusability

The elution studies with the above mentioned six differ-
ent acidic eluting reagents were carried out and the result 
obtained is shown as Fig. 8a, which clearly indicates that 

1 M HCl is the most efficient eluting regents among all the 
reagents used in the experiment. Low acids concentration 
(0.1 M) was not efficient, which might be due to the fact that 
the beads have good sorption capacity at lower pH. Thus the 
strong acidic environment was required to break the stabil-
ity of the complex of  UO2

2+ with amidoxime in presence of 
amine. Even though 0.5 M  H2SO4 was found efficient for this 
purpose, but 1 M HCl was chosen for reusability study. This 
is due to the fact that the PAN based polymeric beads are 
susceptible to more degradation in sulphuric acid medium 
in the long run. The reusability study showed very good 
reproducibility of sorption as well as elution for at least three 
cycles with 1 M HCl as eluting reagent (Fig. 8b).

At last but not the least, the recovery of uranium from 
aqueous systems using suitable adsorbents is well known 
in the area of research and development. There are numer-
ous reports available regarding the efficient recovery of 
uranium in which various types of materials such as syn-
thetic polymers, carbon based materials, bio sorbents, 

Scheme 3  Different acid–base forms of amidoxime

Fig. 8  (a) Elution and (b) reusability results obtained with bi-functional resin beads
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polymer composites or new type of porous materials has 
been employed/developed [52]. Even though the bio-
sorbent materials have inherent advantages of having 
higher sorption capacity [53] due to the presence of mul-
tiple natural hydrophilic functional groups such as -OH 
and -NH2, these materials have also limitations in terms 
of lower reusability while using in multiple cycles along 
with bio-fouling issue on long run. Synthetic polymers 
functionalised with different organic groups, is one of the 
important material with respect to their low cost, reusabil-
ity and suitability especially in column operation. Table 3 
summarises similar functional synthetic co-polymer sys-
tems with their uranium uptake capacity along with the 
respective condition of extraction. Even though some of 
the sorbent showed better capacity, but if we consider the 
polymeric beads systems which are easy to use in column 
mode operation to extract uranium, our bi-functional beads 
showed reasonably good capacity in a wide range of pH 
with good reusability admiration. It is noteworthy to men-
tion at this point that with 100 ppm  UO2

2+ solution the 
sorption capacity remained almost constant (9.98 mg  g−1) 
within 1–10 pH range. So, this kind of beads has a poten-
tial to be used effectively in real condition either in radio-
active laboratory or in any natural sources such as uranium 
contaminated potable water for uranium removal/recovery.

Conclusion

In summary, it was successfully demonstrated that by using 
synthesized bi-functional (amine and amidoxime) chelat-
ing beads, the effective removal of U(VI) ions as  UO2

2+ is 
achievable from aqueous solution under batch experimental 
conditions. The uranium sorption depends on contact time, 
the initial U concentration and pH. The highest U sorp-
tion capacity was found at pH 5.0 which remains steady 
up to pH 10, later it decreases significantly at above pH 10. 
The kinetics of sorption/recovery of U was satisfactorily 
correlated to the pseudo second order kinetic model with 

further contribution from intra-particle diffusion and film 
diffusion. Freundlich isotherm model was found to be bet-
ter correlative with the sorption equilibrium data. The syn-
thesized beads have good capacity for uranium ~ 45 mg  g−1 
uptake as compared to the beads with only amidoxime group 
(~ 18 mg  g−1). The 1 M HCl was found the most efficient 
eluting agent for the extraction of sorbed U from synthe-
sized beads quantitatively. The extraction performance of bi- 
functional beads remains similar for three successive cycles 
of extraction/elution experiments, which reflects its excellent 
reusability while treating radioactive effluents. This variety 
of bi-functional beads may serve dual purposes: minimis-
ing the health hazard issue due to uranium contamination 
in ground water and recovery of high-value uranium metal 
from waste streams.
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