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Abstract
This paper highlights the development of an extraction chromatography-based recovery of uranium using a diglycolamic 
acid-coated polymeric resin from low-concentration uranium- bearing solutions. Factors controlling uranium separation 
have been examined as a function of the pH of the aqueous medium, interfering ions, uranium concentration in the aqueous 
phase, duration of contact of the resin with the aqueous phase, etc. The adsorption kinetics and isotherm models are mod-
eled with the pseudo-first and the pseudo-second-order adsorption kinetics. The outcome of the batch and column-based 
adsorption studies corroborates the prospect of using diglycolamic acid-coated polymeric resin to separate uranium from 
low-concentration feeds.
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Introduction

The solid phase adsorbents have captivated applications for 
heavy metal separation, perceptive to the toxic heavy metal 
removal [1, 2], metallurgy, and analytical preconcentra-
tion, to mention a few. Polymeric resins have been an ideal 
choice for metal ion removal among different solid-phase 
adsorbents developed [3–6]. Until four to six decades back, 
the metallurgical separations solely relied on liquid–liquid 
extraction techniques and the resin-based solid-phase extrac-
tions. However, the need for chelating-type metal ion-selec-
tive solid-phase adsorbents (resins) restricted the scope of 
solid-phase adsorbents to limited applications. Conversely, 
the pioneering works of Warshawsky, Grinstead, Kroebel, 
and Mayer have led to the development of Solvent Impreg-
nated Resins (SIRs) in which suitable metal ion selective 
chelating ligand anchored in a neutral polymeric resin was 

used for separation. The advent of SIRs [7–10] reduced the 
cost of chelating resins and capacitated incorporating a vari-
ety of chelating-type ligands on various resins.

The increasing requirement for uranium [11, 12], a natu-
rally occurring radioactive element used as fuel in thermal 
nuclear reactors for producing electricity by harnessing the 
energy produced by nuclear fission reaction, is primarily 
sourced from uranium minerals present in the earth's crust. 
It is a matter of great concern as it is declining faster because 
of its enhanced utilization. Seawater is recognized as a future 
source of uranium. Uranium recovery from seawater is one 
of the active areas of research. However, the natural abun-
dance of uranium in seawater is approximately 3  ngmL−1 
[13]. Assuming that most of the area on earth is covered 
by the sea, the amount of uranium in seawater is several 
times higher than its sources in the earth’s crust. The health 
hazard of uranium because of its chemical and radiotoxic 
nature [14–17] is another severe issue despite its beneficial 
use. Uranium’s presence in drinking water sources has also 
increased due to various human activities involving ura-
nium recovery from mineral sources [18–20]. Therefore, 
by considering the health hazards caused by uranium [21], 
according to World Health Organization (WHO) guidelines, 
the allowed limits of uranium in drinking water should be 
less than 30  ngmL−1 [22]. In view of the above, the ura-
nium separation method from the lean sources of uranium, 
wherein uranium concentration levels are appreciably low, 
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is challenging. The usual Ammonium Di-Uranate (ADU) 
precipitation method is unsuitable for uranium separation 
from the above feeds as the uranium concentration levels are 
appreciably low. Because of the superior separation capabil-
ity and selectivity, a variety of solid-phase adsorbents have 
been studied for uranium separation from different low-level 
uranium sources such as seawater and uranium-contaminated 
mine water sources, and so on [23–27].

Amidoxime is one of the popular reagents extensively 
studied for uranium separation from ultra-low uranium 
feeds [28]. Various amidoxime-based materials have been 
developed for uranium separation by different research 
groups. The preferential selectivity of amidoxime moiety 
is considered responsible for the superior separation of ura-
nium. Numerous research works in the literature dealt with 
preparation, adsorption, and mechanistic aspects of uranium 
separation by amidoxime groups [29–31]. Researchers have 
also developed several other adsorbents, which are either 
cation exchangers or are the ones with amine functionality 
[32–36]. The chemical stability and multi-step synthetic pro-
cedures for the amidoxime-based reagents or amine-based 
reagents have restricted them to academic interest only. The 
advantage of cation exchangers, on the other hand, rests on 
their recyclability. In the present context, we developed a 
diglycolamic acid-coated resin to separate uranium from the 
ultra-low-level uranium-bearing feed solution. The diglyco-
lamic acid-coated resin is cost-effective as the diglycolamic 
acid is easy to prepare.

Diglycolamic acid is a typical cation exchanger, expected 
to form a cation exchange type complex with metal ions in 
a low acidic medium. Other researchers and we have previ-
ously studied diglycolamic acid-type ligands [37, 38]. We 
studied the mutual separation of trivalent lanthanides and 
actinides using diglycolamic acid-based adsorbents [37]. 
Likewise, Ilaiyaraja and coworkers investigated the sorp-
tion features of uranium from uranium-contaminated aque-
ous solutions [38]. The large-scale separation feasibility of 
the uranium from sub-micron level feed solution has yet 
to be studied. In contrast to the elsewhere reported studies 
on diglycolamic acid-based adsorbents, the present work's 
interest is to remove uranium from sub-micron level feed 
solutions. Moreover, these studies are essential because of 
the increased focus on developing adsorbents for uranium 
recovery from sea water. The complicated aqueous chemis-
try of uranium in sea water and the problematic separation 
chemistry owing to several interfering metal ions such as 
vanadium are significant challenges of uranium recovery 
from such feeds. This paper will also discuss the effective-
ness of the solvent impregnation technique in developing a 
solid phase adsorption technique. To establish the separation 
effectiveness, the diglycolamic acid coated resin was studied 
for uranium separation from aqueous solutions under differ-
ent pH conditions and various concentrations of uranium. 

The kinetics of uranium removal was also investigated. The 
recycling capability of the adsorbent has also been studied. 
The limited data sources restricted to the laboratory sorp-
tion experiments on uranium sorption by diglycolamic acid-
based sorbents also call for developing a large-scale separa-
tion attempt to augment the diglycolamic acid based solid 
phase adsorbents. In view of this, a demonstration experi-
ment based on column chromatography was also performed 
to understand the bench-top scale separation efficiency of 
the system.

Experimental methods

Materials and methods

The uranium selective ligand, diethylhexyldiglycolamic acid 
(HDEHDGA), was prepared by reacting diglycolic anhy-
dride and bis-2-ethylhexylamine. Synthesis and characteri-
zation of HDEHDGA have been dealt with in many works 
of literature [38–41]. Briefly, diglycolic anhydride (10 g, 
50 mmol) and bis-2-ethylhexylamine (10 g, 50 mmol) were 
reacted at 60 °C in the presence of chloroform solvent for 
12 h. After 12 h, the crude reaction product was separated 
and washed several times with 1 M HCl (10 mL × 5 times), 
followed by millipore water (10 mL × 10 times). HDEDGA 
was separated from the solvent phase by distillation in a 
rotary evaporator. The structure of HDEHDGA is shown 
in Fig. 1. The diglycolic anhydride (Aldrich, 99%) and bis-
2-ethylhexylamine (99%) were used without any purifica-
tion. All other chemicals used for the experiment, such as 
chloroform (RANKEM, AR), nitric acid (RANKEM, AR), 
acetic acid (RANKEM, HPLC), sodium acetate (ALDRICH, 
99%), Tulsion ADS 400 was procured from M/s Thermax, 
India. Tulsion ADS 400 is a polyacrylic polymer of parti-
cle size 0.3–1 mm, (18–50 mesh), a surface area of 375  m2 
/g. The resin was washed with water, followed by acetone 
several times, and dried in air for 48 h before its use. The 
dried resin was used for coating. Different concentrations 
of coated resin were prepared by varying the amount of 
diglycolamic acid ligand. The dried resin was dispersed in 
ethanol, where diglycolamic acid was initially dissolved. The 
solution was agitated in a shaker for 10 h. The solvent was 
removed after 10 h by filtration, and the resin was dried in 
air for 48 h. The weight difference analysis of resin before 
and after coating showed that the loss of diglycolamic acid 
was less than 0.5%.

The optical absorbance of uranium samples was deter-
mined by a Fiber optic coupled (Avantes, UK) UV–Vis-
ible spectrophotometer. An Arsenazo complex of uranium 
was prepared for this purpose. Suitable aliquots of uranium 
samples were added to a mixture of Arsenazo III, sul-
famic acid, and nitric acid in a 10 mL standard flask. The 
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absorbance of the uranium-Arsenazo complex was measured 
at a wavelength of 560 nm after 3 h. The concentrations 
of the different uranium samples were calculated from the 
calibration plot generated by measuring the absorbance of 
standard uranium samples from 1 to 10 μg  mL−1 (supple-
mental Fig. S1).

Adsorption studies

The uranium-adsorption trend to the resin was examined 
by monitoring the concentrations of uranium present in 
the aqueous phase before and after the contact with the 
resin. 10 mL of uranium-containing solutions, prepared 
in which uranium concentration was varied from 10 to 
1000 μg  mL−1in different experiments, were equilibrated 
with 50 mg of the resin for 7 h. The resin dispersed in the 
solution present in a closed glass vial was agitated in a 
shaker with a speed of 250 rpm. All equilibration experi-
ments were performed at 298  K. The concentration of 

uranium, before and after the contact with the resin, was 
measured by UV–Visible spectrometer, as discussed in 
"Materials and methods" section. Aqueous solutions at dif-
ferent pH values were prepared by mixing suitable concen-
trations of acetic acid and sodium acetate. The adsorption 
efficiency was expressed in terms of distribution coefficient 
(described in Eq. 1) or as the amount of uranium loaded per 
gram of resin. The error involved in these experiments could 
be within ± 1%. In order to understand the repeatability of 
the values, all similar equilibration studies were measured 
for four different samples with the same conditions.

The distribution coefficient (Kd) of uranium adsorbed to 
the resin was calculated from Eq. 1.

(1)

Kd =
[U]Ori − [U]af

[U]af

Volume of aqueous solution

Weight of adsorbent

(

mL.g−1
)

Fig. 1  Structure of HDEHDGA
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where [U]ori and [U]af refersto the concentrations of U (VI) 
present in the aqueous solution before and after the contact 
of the resin with the aqueous phase.

For the measurement of the optimum duration required 
for effective adsorption of uranium in the resin, the kinetic 
experiment was also performed with uranium (100 μg  mL−1 
of uranium in 10 mL acetate buffer at pH 6) bearing acetate 
buffer solutions containing 50 mg of dispersed resin beads. 
For this purpose, seven different glass vials containing ura-
nium and resin each were equilibrated for different time 
durations such as 10, 30, 60, 120, 240, 360, 420 min. The 
uranium concentrations from the different time duration col-
lected from different solutions were measured by the method 
discussed above.

The adsorption isotherm experiments were also per-
formed by equilibrating 10 mL of uranium present in acetate 
buffer, adjusted to pH 6 with 50 mg of the resin, for seven 
hours. For this experiment, seven different vials were taken, 
each containing uranium at different concentrations varied 
from 10 to 1000 μg  mL−1. The amount of uranium adsorbed 
to the resin was measured as discussed above.

Elution of uranium from the resin

The elution behavior of uranium loaded to the resin was 
studied by using 0.1 M and 0.5 M nitric acid. Elution stud-
ies were also performed by batch experiments that involved 
contacting uranium-loaded resins with fresh solutions of 
nitric acid (0.1 M or 0.5 M). For the adsorption of uranium 
to resin, 10 mL solutions of 100 μg  mL−1of uranium present 
in the aqueous phase were equilibrated with 50 mg of the 
resin. The uranium adsorbed resin phase was separated from 
the aqueous phase after ensuring the quantitative adsorption 
of uranium and was further contacted with elution solution 
(10 mL of 0.1 M or 0.5 M nitric acid). Uranium present 
in the aqueous phase after the contact of the uranium-
loaded resin with nitric acid was analyzed by UV Visible 
spectrometry.

Column adsorption of uranium

Adsorption of uranium to HDEHGA resin under dynamic 
mode was studied by passing 150  mL of uranium 
(200 μg  mL−1) bearing acetate buffer feed solution to a glass 
column having 8 mm diameter at a flow rate of 0.2 mL/min. 
10 mL fractions of the effluent samples were collected and 
were analyzed for uranium by spectrophotometry.

Stability of the resin and reusability

The stability of the resin in an aqueous environment was 
studied. This experiment involves the treatment of the resin 
with an aqueous phase (pH 6, carbonate medium having 

0.05 M carbonate). 1 g of the resin was soaked in 25 mL 
aqueous phase in a round bottom flask, and the solution was 
subjected to stirring with the help of a magnetic stirring unit. 
50 mg of resin was drawn once in three days and equilibrated 
with 10 mL (pH 6), an aqueous solution containing 100 ppm 
uranium. The uranium adsorption efficiency of the resin was 
tested by measuring the amount of uranium extracted from 
the resin phase. A similar exercise was carried out for thirty 
days.

The reusability of the resin for multiple cycles of opera-
tion has been studied. A typical experiment involves meas-
uring the adsorption efficiency of uranium for HDEHDGA-
coated resin. 50 mg of resin was contacted with 10 mL 
aqueous solution (0.05 M carbonate at pH 6). The adsorbed 
uranium was recovered from the resin phase by 0.5 M nitric 
acid. Another adsorption study was further carried out using 
recycled resin. Uranium loaded to the resin was again recov-
ered using 0.5 M nitric acid. The uranium adsorption and 
recovery were monitored by measuring the uranium concen-
tration in the aqueous phase. This exercise was repeated for 
five cycles of operation.

Results and discussions

Impregnation of HDEHDGA to polystyrene resin

Solvent impregnation is a traditional approach for incorpo-
rating ligands into various resins and employing them for 
adsorption. It has been known from multiple works of litera-
ture, significantly by Warsharsky and several others, that SIR 
leads to the physical entrapment of ligands to the resin struc-
ture. It is, therefore, tough to characterize solvent impregna-
tion. Weight analysis of un-impregnated and impregnated 
resin is a standard technique to assay the amount of ligand 
impregnated to the resin. The weight gain analysis observed 
solvent impregnation of HDEHDGA to the polystyrene resin 
before and after the impregnation. Assuming there is no loss 
of HDEHDGA during the solvent filtration from the resin 
phase, 40% loading of HDEHDGA was observed from the 
weight gain analysis. Analysis of ethanol separated from the 
impregnation medium was analyzed by FTIR, and the spec-
trum did not show the presence of HDEHGA, indicating that 
the HDEHDGA would have been quantitatively adsorbed to 
the resin matrix. Since solvent impregnation relies on the 
physical adsorption of HDEHDGA, the chemical structure 
of HDEHDGA is expected to be retained the same after the 
impregnation. Figure 2 shows the FT-IR spectrum of 40% 
HDEHDGA impregnated with polystyrene resin, which 
indicated the signatures of hydroxyl, carbonyl, and etheric 
groups that could be present in HDEHDGA, as reported 
earlier [38].
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Adsorption behavior of uranium 
by HDEHDGA‑coated resin

Uranium adsorbed to the coated resin (containing 40% HDE-
HDGA) increased from pH 1 to pH 6, followed by a slight 
decrease after pH 7, as shown in Fig. 3. Figure 3 shows the 
variation of distribution coefficients of uranium as a func-
tion of aqueous solutions pH. Since the aqueous solution is 
an acetate buffer, uranium is expected to be in acetate form 
either as  UO2(CH3COO)2 or  [UO2CH3COO]+. The HDE-
HDGA is a cation exchanger with a pKa value of approxi-
mately 5; therefore, the conjugate base,  DEHDGA− is 
supposed to be stable above pH 5. The excessive adsorp-
tion of uranium at pH 6 is attributed to the stability of 
 DEHDGA− above pH 6. Above pH 7, due to the hydrolysis 

of uranium, other species of uranium, such as  UO2(OH)2, 
compete with  UO2(CH3COO)2 and  [UO2CH3COO]+. The 
decrease in adsorption of uranium above pH 7, therefore 
could be due to the competition between  UO2(CH3COO)2 
/[UO2CH3COO]+and the hydrolyzed species of uranium 
 (UO2(OH)2). The cation exchange reaction between HDEH-
DGA and  UO2(CH3COO)2 (expressed as  M2+ for simplicity) 
can be illustrated as follows.

The increase in distribution coefficient from pH 1 to 6 
could be attributed to the formation of M(DEHDGA) as 
the predominant species of uranium in this pH range is 
 UO2(CH3COO)2.

Kinetics of adsorption of uranium on HDEHDGA 
coated resin

Figure 4 shows the amount of uranium adsorbed to the 
coated resin at different durations of contact between resin 
and uranium solutions (50 mg uranium in acetate buffer 
at pH 6, 298 K). The amount of uranium adsorbed to the 
resin was 10 mg  g−1 in just 10 min and was increased to 
68 mg  g−1 at 360 min, and consequently, the value stays 
constant forever. This indicates that within 360 min, equi-
librium is established between uranium and HDEHDGA 
(present in the resin phase). Therefore, all the adsorption 
studies were performed for 420 min to ensure quantitative 
adsorption of uranium to the resin. Furthermore, the data 

(2)2H+DEHDGA− +M2+
⇔ M(DEHDGA)2 + 2H+

Fig. 2  FT-IR spectrum of HDEHDGA-coated polystyrene resin

Fig. 3  Adsorption behavior of U(VI) to HDEHDGA resin as a func-
tion of pH

Fig. 4  Kinetics of adsorption: U(VI) adsorbed as a function of time, 
modeled with PFO and PSO. Adsorbent: 50 mg of HDEHDGA resin, 
Aq. Phase: Acetate buffer at pH 6 containing 100  μg   mL−1 of ura-
nium (10 mL.)
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on the kinetics of uranium adsorption (shown in Fig. 4) 
was modeled with a few of the well-established kinetic 
models for metal ion adsorption on the resin surface. It 
has been generally presumed that the kinetics of metal 
ion adsorption on the resin surface is influenced by the 
chemical reaction between the metal ion and the target site 
in the resin (ligand in this case) and the role of diffusion 
of metal ions to the resin surface. This could be because 
diglycolamic acid is a cation exchanger; the adsorption 
could be primarily driven by the chemical exchange of 
uranium with the hydrogen from the carboxylic acid group 
of diglycolamic acid. Of course, there can be the influence 
of other factors as well. Therefore, it would be too early 
to claim that the adsorption is directed by physisorption 
or chemisorption. Similar to adsorbents based on a cation 
exchange mechanism, the predominant adsorption mode 
for the diglycolamic acid system also is believed to be due 
to the chemical exchange. In this context, the kinetic data 
was modeled with the Lagergren pseudo-first-order (PFO) 
kinetic model, pseudo-second-order model (PSO), Film-
diffusion (FD) model, and intra-particle (IPD) diffusion 
model. Several pieces of literature have described the theo-
retical background behind these models [42–45]. In short, 
according to the PFO and PSO models, the chemical reac-
tions between the adsorption site and the target metal ions 
play a crucial role in the kinetics of adsorption and in the 
film-diffusion and intra-particle diffusion models, the rate 
of diffusion of metal ion guides the kinetics of adsorption. 
All these models were fitted by non-linear analysis and the 
closeness of fit was interpreted in terms of the non-linear 
regression fitting parameters (such as χ2 and  R2).

PFO and PSO models are described by Eqs. 3 and 4

where q is the amount of uranium adsorbed at different dura-
tions of contact between resin and uranium, qe is the amount 
of uranium adsorbed after attaining equilibrium. k1 and k2 
are the rate constants for PFO and PSO.

The model fitting data shown in Fig. 4 describes the 
closeness of the experimental kinetic data with PFO, 
which interprets a direct single-order relation between the 
rate of adsorption and the number of sites available for 
adsorption. The closeness of PFO model can be explained 
in terms of the non-linear fitting parameters such as  R2 and 
χ2, shown in Fig. 4, as well. Uranium adsorbed (mg  g−1) 
to the resin after attaining equilibrium, derived from the 
PFO model, is 53.9 mg  g−1.

(3)q = qe
(

1 − e−k1t
)

(4)q =
q2
e
k2t

(

1 + q2
e
k2t

)

To push it further, the role of diffusion-influenced kinet-
ics of adsorption is modeled for the present system. IPD and 
FDmodels are described by Eqs. 5 and 6.

where, Kid is the intra-particle diffusion rate constant. To 
satisfy the IPD model, the plot of q as a function of  t0.5 
should result in a straight line with a slope  kid and intercept 
C. To fit into the FD model, a linear regression of the plot 
of − ln(1 − F) versus t should result in a straight line passing 
through the origin.F is the fractional attainment of equilib-
rium (F = q/qe),  kfd is the adsorption rate constant for FD. 
The results are depicted in Fig. 5, which describes the role 
of film diffusion (FD) for 120 min(see the fitting param-
eters as shown in Fig. 5). According to the film diffusion 
theory of adsorption, suggested by Boyd et al. and several 
other researchers [46–49], the microscopic film of the tar-
get metal ion formed near the adsorption site deciding the 
kinetics of adsorption and the overall kinetics is governed 
by the chemical interaction between the adsorption site and 
the metal ions. Conversely, the intra-particle diffusion model 
[50, 51] suggests the role of intra-particle diffusion of the 
target metal ions, along with the pores of the adsorbent, to 
the kinetics of adsorption. Figure 5 also depicts the mod-
eling of the kinetics of adsorption with IPD up to 100 min. 
It can be seen between Figs. 4 and 5 and from the fitting 
parameter,  R2, that none of the models are adequately quali-
fied to demonstrate the kinetic phenomenon fully. However, 
the  R2 value of above 0.95 for each of the kinetic models 
(PFO, PSO, IPD, FD), suggests that the adsorption kinetics 

(5)q = kid

√

t + C

(6)ln (1 − F) = −kfdt

Fig. 5  Kinetics of adsorption: U(VI) adsorbed as a function of time, 
modeled with Intraparticle and Film diffusion models
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is influenced by the role of different factors. Therefore, the 
kinetics of adsorption, therefore, could be explained in 
terms of the combined role of diffusion (i) of the metal ions 
towards the ligand surface(ii) diffusion of the metal ions 
across the microscopic film formed near to the ligand moi-
ety, and (iii) the chemical reaction between the adsorption 
site and the target metal ions.

Adsorption isotherm experiments

Efficiency of the uranium adsorption by the resin at dif-
ferent concentrations of uranium has been studied by 
adsorption isotherm experimentsdepicted in Fig. 6. Ura-
nium adsorption seems increased with increase of uranium 
concentration in the aqueous phase. The amount of ura-
nium (mg  g−1) adsorbed to the resin, at different initial 
concentrations of uranium (10 μg  mL−1to 1000 μg  mL−1), 
measured from the equilibration studies was modeled to 
different adsorption isotherms such as Langmuir adsorp-
tion isotherm, Fruendlich isotherm, Dubinin–Radush-
kevich (D-R) isotherm and Tempkin isotherm (Fig. 6). 
Equations representing the Langmuir adsorption isotherm, 

Fruendlich isotherm, D-R isotherm, Tempkin isotherm 
models are shown in Eqs. 7, 8, 9 and 10 respectively.

KF and KL represent the Freundlich and Langmuir con-
stants,  CU represents the uranium present in the aqueous 
phase (μg  mL−1), and β is the heterogeneity of the sur-
face. Kad represents the Dubinin–Radushkevich isotherm 
constant  (mol2/kJ2). R and T are the gas constant (8.314 J/
mol/K) and absolute temperature (K).  ATis the Temkin 
isotherm equilibrium binding constant (L/g) and b is the 
Temkin isotherm constant (Table 1).

The fitting pattern of the different adsorption isotherms 
with the experimental data, showed an explicit agreement 
with the Langmuir adsorption model (as shown in Eq. 7) 
that considers adsorption onto uniformly distributed 
adsorption sites across the resin surface. However, the het-
erogeneous Freundlich, Tempkin and D-R isothermadsorp-
tion models did not concur to the experimentally obtained 
adsorption data. This is obvious from the fitting parameters 
 (R2 and χ2) derived by the non-linear regression analysis 
that suggests thecloseness of the experimental data with 
the Langmuir adsorption isotherm. It is also apparent that 
the Langmuir adsorption capacity (68.2 mg  g−1) derived 
from the Langmuir adsorption equation is reasonably 
close to the value derived by the PSO kinetic model. The 
adsorption capacity values of uranium derived by different 
adsorbents reported previously is compared in Table 2. It 
can be seen that the adsorption capacity exhibited by the 
HDEHDGAcoated resin (Tulsion ADS 400) is on par with 
the similar adsorbents reported elsewhere [52–59].

(7)q =
qeCUKL

1 + CUKL

(8)q = KFC
�

U

(9)q = qe exp

[

−Kad

(

RT ln

(

1 +
1

CU

))2
]

(10)q =
RT

b
ln
(

ATCU

)

Fig. 6  Adsorption isotherm study: U(VI) adsorbed as a function of 
uranium concentration. Adsorbent: 50 mg of HDEHDGA resin, Aq. 
Phase: 10 mL of acetate buffer at pH 6 containing uranium concentra-
tion that was varied from 10 to 1000 μg  mL−1

Table 1  Fitting parameters of 
Langmuir, Freundlich, D-R and 
Tempkin adsorption modeled 
data on the adsorption of U(VI) 
at from different concentrations 
of U(VI) in the aqueous phase

Langmuir Freundlich Tempkin D-R isotherm

b 68.2 β 0.18 AT (L/m g) 285.6 qs(mg  g−1) 66.2
KL 0.28 KF 21.6 b 7.3 Kad (mol2/kJ2) 0.0022
χ2 6.3 χ2 164.6 χ2 70.3 χ2 9.8
R2 0.9933 R2 0.8337 R2 0.9236 R2 0.9781
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Elution behavior of uranium from the adsorbent

Uranium exchanged to the HDEHDGA resin was eluted 
by nitric acid. Two different nitric acid solutions, 0.1 M 
and 0.5  M, were attempted for studying the elution 
behavior of uranium exchanged to HDEHDGA resin. 
Figure 7 shows the elution trend of uranium from ura-
nium adsorbed HDEHDGA resin. The quantitative elution 
of uranium was accomplished in four stages with 0.5 M 
nitric acid on uranium adsorbed HDEHDG resin, whereas 
0.1 M required a minimum of five stages.

Uranium exchange behavior in HDEHDGA resin 
under column mode

Uranium exchange feasibility of HDEHDGA resin under 
a dynamic mode of operation was investigated by column 
chromatography under fixed bed conditions. The amount 
of uranium adsorbed to the packed resin was analyzed as a 
function of the fraction of uranium present in effluent sam-
ples (C) with reference to its concentration levels in the feed 
solutions  (C0) to the volume (V) of the uranium feed solu-
tions used. It can be inferred from Fig. 8 that the fractional 
amount of uranium in the effluent (C/C0) was negligible till 
100 mL of the feed solutions, and it showed a rapid increase 
afterward. The sudden 'S-shaped inflection of the curve after 

Table 2  Uranium adsorption capacity of HDEHDGA compared with the adsorbents reported previously

Adsorbent Adsorption capacity 
(mg.g−1)

Aqueous medium References

Present adsorbent 68.2 pH 6 Present study
Polyacrylamide-based chelating sorbents 65.3 pH 4 [52]
Modified mesoporous silica (MCM-41) using 5-nitro-2-furaldehyde (fural) 47 pH 5.5 [53]
Sodium Bentonite
Activated Clay

11.8 pH 4.2 [54]

Clay cured with ethyl
acetate (Treated clay)

37.2 pH 4.5 [55]

Thermally
and chemically modified bentonite

29.5 pH 6 [56]

Amberlite XAD-4 functionalized with succinic acid 12.3 pH 4.5 [57]
Catechol functionalized aminopropyl silica gel 15.94 pH 5 [58]
Salicylaldehyde-modified mesoporous silica (Sal-APS-MCM-41) 10 pH 5 [59]

Fig. 7  Elution behavior of U(VI) from the resin phase. Adsorbent: 
50 mg of HDEHDGA resin preloaded with 100 μg  mL−1of uranium. 
Eluting solution:10 mL of Nitric acid (0.1 or 0.5 M)

Fig. 8  Breakthrough profile of uranium adsorption onto HDEHGA 
resin, modeled with Thomas model. Resin phase: 0.5 g of HDEHGA 
resin, Feed solution: 200 μg  mL−1of uranium present in acetate buffer 
at pH 6. Flow-rate: 0.2 mL/min. Inner diameter of the column: 8 mm
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100 mL of the effluent reflects the presence of uranium in the 
effluent, otherwise known as 'Break Through.' The amount 
of uranium adsorbed (mg  g−1) up to this volume is known 
as break thorough capacity.

The amount of uranium adsorbed to the resin up to the 
break through capacity can be derived based on the area 
under the break through curve up to the breakthrough point, 
which is approximately 68.2 mg  g−1. Several models have 
been studied for different adsorption systems to investigate 
the dynamic column-based adsorption behavior of adsor-
bents. Among the different models that are studied for 
mathematical modeling of breakthrough behavior of fixed 
bed columns, the Thomas model [60, 61] is widely used, 
as the model assumes pseudo-second-order (PSO) reaction-
based kinetics and Langmuir isotherm-based equilibrium 
adsorption. As the uranium adsorption to HDEHDGA resin 
deciphered betterboth by PSO and Langmuir adsorption iso-
therm models, the Thomas model is therefore expected to be 
valid for the present study.

A mathematical equation representing the Thomas model 
is shown in Eq. 11.

The terms, C (μg  mL−1) and C0 ((μg  mL−1) are the con-
centrations of uranium present in effluent and that of the 
feeds.  kTh is the Thomas equation constant, b is the Thomas 
adsorption capacity (mg  g−1), m is the weight of the adsor-
bent (g), and V is the volume of the solution (mL).

Modeling of the breakthrough capacity data, derived 
from the adsorption of uranium to HDEHDGA-resin, with 
the Thomas model, is shown in Fig. 8. The non-linear fit-
ting parameters  (R2 = 0.98, χ2 = 0.001) also suggest that the 
experimentally derived values are in line with the prediction 
by the Thomas model. The breakthrough capacity deduced 
from the Thomas model based fitting of the breakthrough is 
approximately 49 mg.g−1. After 150 mL, the curve shows 
its saturation level, known as saturation capacity (in mg 
 g−1), which is around 60 mg  g−1 and this value is close to 
the adsorption values derived from the PSO and Langmuir 
models.

Adsorption of uranium under the influence 
of interfering elements

The influence of major elements present in sea water, such 
as Na, V, Zn, Cu, Mg, Ni, etc., could challenge the uranium 
adsorption was studied. Figure 9 compares uranium adsorp-
tion in the absence and in the presence of the interfering ions 
(Na, V, Zn, Cu, Mg, and Ni). The uranium adsorption was 
lowered substantially by the presence of zinc and copper 
and, to a smaller extent, by vanadium. It could also be seen 

(11)
C

C0

=
1

1 + exp
[

kTh

Q

(

bm − C0V
)

]

that sodium has not played any role in uranium adsorption. 
The total reduction in uranium adsorption under the pres-
ence of the above elements was only 30%. Therefore, the 
results of the interference study showed that HDEHDGA-
coated polymeric resin offered excellent performance even 
in the presence of sodium and other interfering ions. Though 
the effect of other alkali and alkaline earth elements was not 
studied, the ion exchange behavior is expected to be similar 
to that of sodium.

Stability of coated resin and reusability

Possible leaching of diglycolamic acid from the coated resin 
was studied by periodic monitoring of the adsorption per-
formance of the HDEHDGA-coated resin with uranium. 
Table 3 shows the adsorption tendency of the aqueous solu-
tion treated resin for uranium adsorption. It can be seen that 
the uranium-adsorption performance of the HDEHDGA-
coated resin did not deteriorated substantially due to the 

Fig. 9  Adsorption of uranium in the presence of interfering elements 
such as Na, Ni, Zn, Mg, Cu, and V. Adsorbent: 0.5 g of HDEHGA 
resin. Aqueous phase: 100 mg L-1 uranium present in sodium acetate 
medium at pH 6. Interfering ions (500 mg  L−1) each added as their 
respective chloride form. T = 298 K. Duration = 6 h

Table 3  Leaching studies

Percentage of U(VI) adsorbed for different days of sampling

Sampling interval/ days Percentage 
adsorption

Un-treated resin 99.0
2 98.9
5 98.1
10 97.2
20 96.1
30 94.1
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leaching of HDEHDGA to the aqueous phase. There was 
only less than 5% reduction of the uranium-adsorption. 
Since the solubility of HDEHDGA is negligible, the leach-
ing probability of HDEHDGA is also expected to be neg-
ligible. Moreover, HDEHDGA being a bulky molecule, 
the leaching of HDEHDGA out of the impregnated resin 
matrix is expected to be minimal in aqueous environments, 
as reported by several authors [7, 8, 62]. Bokhove et al. [62] 
in their study, observed that leaching of the impregnated 
ligand out of the resin matrix was less when a hydrophobic 
ligand was employed . Maximum leaching observed for the 
ligand used in their system was with in 10% after several 
cycles of operation. Similarly, Kabay et al. [8] also have 
reported that the leaching of aqueous insoluble ligands will 
be very minimal when they are used in solvent impregnated 
resins. Contrast to the observations made by Bokhove et al. 
the leaching observed for HDEHDGA in the present system 
is less than 5% after 30 days of contact with aqueous phase.

For the purpose of employing the coated resin for large 
scale separation applications, reusability of HDEHDGA-
coated resin was evaluated. It can be seen from Table 4 that 
the reduction in adsorption of uranium observed for the five 
times recycled resin was within 7%. The reduction in adsorp-
tion performance occurs after fourth recycling. However, 
even after five cycles of operation an adequate adsorption 
performance is maintained. The small amount of HDEH-
DGA leached out of resin matrix could be responsible for 
the reduction in adsorption performance. However, retaining 
7% adsorption performance even after five recycling stages 
suggests that HDEHDGA-coated resin could be further 
employed for five more cycles of operations without any 
difficulty. 

Conclusions

A cost-effective diglycolamic acid coated polymeric adsor-
bent was developed to separate uranium from ultra-low level 
uranium-bearing feed solution. The adsorbent exhibited 
high adsorption of uranium from aqueous solutions at pH 

6. The adsorption tendency of uranium was modeled with 
different adsorption kinetics models, such as pseudo-first 
order, pseudo-second order, intra particle and film diffusion 
models, and different isotherm models such as Langmuir, 
Freundlich, Tempkin, D-R isotherms. Of all the models, 
the favorable kinetic model of adsorption is the pseudo-
second order kinetic model and the role of film diffusion 
during the initial duration of adsorption cannot be ruled out. 
The adsorption isotherm data correlates well the Langmuir 
model of adsorption. Elution of uranium from the adsorbed 
resin phase was achieved by 0.5 M nitric acid. Modeling the 
adsorption behavior of uranium by diglycolamic acid resin in 
fixed bed column fitted well with the Thomas model. Apart 
from the uranium selective adsorption performance, stability 
to withstand in the aqueous environment with insignificant 
leaching of HDEHDGA and exceptional adsorption perfor-
mance with recycled operations proposes that diglycolamic 
acid coated polyacrylic resins can be utilized for uranium 
separation from uranium lean aqueous solutions.
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