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Abstract

The diethylenetriamine (DETA) organic moiety was anchored covalently on the surface of silica gel to obtain a surface-
modified adsorbent abbreviated as Si-DETA. The adsorbent was characterized by FT-IR, Raman spectroscopy, thermo-
gravimetry, scanning electron microscopy, and energy dispersive X-ray analysis. The adsorption behavior of uranium on
Si-DETA was studied as a function of pH of the aqueous phase, duration of contact time, and concentration of uranium in the
aqueous phase. The kinetics of uranium adsorption on Si-DETA was fitted with pseudo-first order and pseudo-second order
kinetic models. The adsorption isotherm obtained from uranium loading was fitted into popular models such as Langmuir,
Freundlich, Temkin, and D-R adsorption isotherms. The statistics of fitting revealed that the Langmuir adsorption model
obeyed the adsorption data. The performance of the adsorbent was also evaluated under dynamic conditions by passing feed
solution containing uranium in a buffered solution and seawater into a fixed bed column containing Si-DETA. The results
were compared with those obtained in a batch mode. The study showed the possibility of using Si-DETA for the separation

and recovery of uranium from aqueous waste and seawater.
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Introduction

Nuclear reactors are the promising option for clean energy
production compared to coal, bio-fuels, and other natural gas
products [1-5]. Nuclear reactors are supplementing about
10% of the global power requirement at present [4-8]. In
all cases, uranium has been chosen as the primary fuel for
operating nuclear reactors. According to the International
Atomic Energy Agency (IAEA), at least 65 thousand tons
of uranium per year are required to produce 10% electricity
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[4-8]. The primary resource of uranium employed for the
fabrication of fuel is from the land-based ores, essentially
obtained by mining [8§—10]. Due to the enormous consump-
tion of uranium, its availability from the earth’s crust is
likely to be exhausted in the near future [9-11]. In view
of these, there is a need to look for an alternative resource
of uranium for the sustained production of nuclear power.
One such resource is seawater, which is considered the best
resource for uranium owing to the large quantity of uranium
present in seawater (4.5 trillion kilograms) [11-14]. How-
ever, the difficulty associated with the separation of uranium
from seawater is the ultra-trace concentration of uranium
in seawater (3.3 ppb) and coexistence of several other ions,
which interfere during the separation of uranium. In spite
of this, the attractive feature of seawater is the total quantity
of uranium present in the ocean (~4.5 x 10'? kg), which is
drawing the attention of energy-policy makers and research-
ers to develop methods and materials for the recovery of ura-
nium from seawater. In addition, the mining of uranium from
terrestrial sources also generates aqueous waste containing
a significant amount of uranium. The presence of uranium
in these wastes contaminates the groundwater raising con-
tamination levels beyond the permissible level of tolerable
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daily intake (TDI) limit of 15 pg L' (by WHO) [15]. This
kind of contamination also calls for the separation of trace
levels of uranium from wastewater.

The major challenges in the separation and recovery of
uranium from waste water arising from mines and seawa-
ter are the trace level concentration of uranium coexisting
with high amounts of other interfering ions [16—19]. These
challenges eliminate the conventional separation techniques
such as solvent extraction and calls for the development of
advanced methods and materials for the separation of ura-
nium from aqueous wastes and seawater. On the other hand,
the solid phase adsorption technique is a proven and viable
method for separating trace level concentration of metal ions
present in a large volume of the aqueous phase containing
significant amount of other interferences. To further improve
the selectivity of solid adsorbents towards target metal ions,
the surface of the solid phase is usually modified with tar-
get specific organic functional groups. In fact, such organo
functionalized adsorbent materials are indeed suitable for
the separation of uranium from aqueous waste, mine wastes
and seawater [20-23].

In this perspective, several authors reported organo func-
tionalized solid-phase adsorbents for separation of uranium
from an aqueous solution. For instance, Dominic et al.
prepared silica particles modified with Schiff base for the
extraction of uranium from acidic solution and reported the
uranium extraction capacity of 95 mg g~! from pH 6 solution
[23]. Ali et al. designed Rhodamine-B modified silica for the
adsorption of uranium from aqueous waste [24]. The results
showed that more than 94% of uranium was adsorbed from
waste solution containing 168 mg L™! of uranium at pH 5.
Anbeer et al. [25] synthesized silica gel modified with tris(2-
aminoethyl)amine moiety. The author reported about 98%
of uranium adsorption from uranium contaminated water
containing 1 mg L~! at pH 7. Similarly, Liu et al. [26] syn-
thesized amine-functionalized magnetic mesoporous silica
(SBA-15) for uranium adsorption and reported the apparent
adsorption capacity of 395.05 mg g~! from pH 6 solution.

We previously reported amidic succinic acid anchored
silica gel for the adsorption of uranium and reported the
uranium adsorption capacity of 61 mg g~! from the aqueous
phase and 16 mg g~! from synthetic seawater [27]. How-
ever, the same amidic succinic acid anchored on mesoporous
silica, improved the uranium adsorption capacity to
850 mg g~! [28]. We also reported diethylenetriamine func-
tionalized iron oxide with the uranium adsorption capacity
of ~230 mg g~ from pH 6 solution [29], and diethylenetri-
amine functionalized mesoporous silica with the adsorption
capacity of ~1000 mg g~! for uranium [30]. In this present
study, the silica gel was chosen as a base solid matrix in con-
trast to the above mentioned high capacity adsorbents due
to the convenient of particle size (100-150 pm) for facile
column operation (Lower particle size are not suitable due
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to chocking during column study). In this paper, the results
on the preparation of the diethylenetriamine anchored silica
gel (Si-DETA) and studies on the adsorption behavior of
uranium (U(VI)) from aqueous solution on Si-DETA have
been reported. The influence of pH, time, and initial con-
centration of uranium in the feed solution on the adsorp-
tion behavior of uranium was studied in batch equilibration
mode. The adsorption performance of Si-DETA was also
evaluated under dynamic column conditions. The adsorbent
Si-DETA was also tested for the adsorption of uranium from
seawater spiked with natural uranium under dynamic column
conditions and compared the results with those obtained in
batch and column studies.

Experimental
Materials

HPLC or AR grade chemicals were used for all experimental
studies. Silica gel (Aldrich, >99% purity, ~ 100 pm aver-
age particle size) was employed for anchoring of organic
moiety. The precursor materials employed for anchoring
were (3-chloropropyl)trimethoxysilane (Aldrich, 99.5%),
diethylenetriamine (E-Merck, AR grade, 97%). Toluene
(Aldrich, HPLC grade) and chloroform (Aldrich, HPLC
grade) were used as solvents. Acetic acid (Rankem, AR
grade) and sodium acetate (SD fine, purity >99%) were used
for the preparation of buffer solution. Nitric acid (Rankem,
AR grade) was employed for pH adjustment. The uranyl
nitrate hexahydrate was obtained from Nuclear Fuel Com-
plex, Hyderabad, India. A concentrated stock solution of
uranium was prepared by dissolving the required quantity of
uranyl nitrate in a nitric acid medium (50 mg mL~! uranium
in 0.1 M HNO,).

Instrumentation

The scanning electron micrographic (SEM) image of silica
gel, Si-DETA, and uranium loaded Si-DETA were recorded
using Field Emission Gun-Scanning Electron Microscopy
(Carl-ZEISS, Germany). The elemental composition of the
scanned image was obtained using an Energy-dispersive
X-ray spectroscopy analyzer (Oxford EDX analyzer, UK)
working in tandem with the SEM unit. The FT-IR spectrum
of silica gel, Si-DETA, and uranium loaded Si-DETA was
recorded using an FT-IR spectrometer (Tensor II, Bruker,
Germany). For recording FT-IR spectra, KBr powder (dry)
was mixed with the sample (1% weight) and ground using
pestle and motor. The powder was then made into a disk of a
thickness of ~0.1 mm and a diameter of ~ 10 mm. The trans-
mittance spectrum of the disk was recorded using an FT-IR
spectrometer. The Raman spectra of silica gel, Si-DETA, and
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uranium loaded Si-DETA were recorded by Renishaw PLC
Raman microscope system (Gloucestershire, UK) equipped
with a Leica microscope using 785 nm excitation laser (300
mW). The thermal analysis of the solid sample was per-
formed in a thermogravimetric analyzer (TGA/SDTA 851e,
Metler Tolledo, UK). The concentration of uranium present
in the aqueous phase was determined by a spectrophotomet-
ric method (UV-2100, Shimadzu, Japan) using Arsenazo III
as a coloring agent.

Synthetic procedure for preparation of Si-DETA
Preparation of intermediate compound

The Si-DETA was prepared by the two-step reaction. The
first step involves the reaction between (3-chloropropyl) tri-
methoxysilane (27.4 mmol, 5 mL) and diethylenetriamine
(27.6 mmol, 3 mL) (1:1 mol ratio) to obtain the intermedi-
ates. The entire reaction was carried out in a chloroform
medium for 6 h at 298 K. The intermediates formed are
abbreviated as ATDTS and ADTS, as shown in Fig. 1.

Surface modification of silica gel with diethylentriamine

The intermediate compounds (amount varied) obtained in
the above reaction was then allowed to react with silica gel
(1 g) (pre-heated at 333 K in the air for about an hour) in
a toluene medium at 350 K for about 12 h. The amount of
intermediate required for efficient functionalization on to
silica gel was optimized by determining the uranium dis-
tribution coefficient on the obtained product from pH 3 and
6 solutions. The distribution coefficient was measured as
discussed below. The optimum ratio of intermediate to silica
gel was determined from the distribution coefficient meas-
urements, and the same was employed for the bulk prepara-
tion of Si-DETA.

Adsorption of uranium from aqueous solution

The batch equilibration method was employed for testing
the adsorption behavior of uranium from aqueous solutions
at 298 K. For this experiment, about 50 mg of the adsorbent
(Si-DETA) was equilibrated with 10 mL of uranyl nitrate
solution (U=200 mg L") taken in a stoppered glass tube.
The pH of the aqueous phase, pH 1 and 2, was adjusted
using diluted nitric acid, whereas the pH 3 and above was
made with sodium acetate-acetic acid (both 0.2 M) buffer
solution. The acetate buffer was employed for adjusting the
pH of the solution from 3 and above to prevent the hydroly-
sis of uranyl ion in the aqueous solution. It should be noted
that extensive hydrolysis leads to the precipitation of ura-
nyl ions from the solution as hydroxides. However, it was
found that the acetate-acetic acid buffer solution prevents

the precipitation of uranium, which was confirmed by the
material balance of uranium during the experimental study
[31, 32]. The stoppered glass tubes were then equilibrated
by rotating them in an upside-down manner for 6 h, at the
speed of 50-60 revolutions per minute (rpm). After equili-
bration, an aliquot was taken from the aqueous phase. The
concentration of uranium present in the aqueous phase was
determined by a spectrophotometric method using Arsenazo
IIT as a chromophore, described elsewhere [33]. The distri-
bution coefficient of uranium (X, mL g_l) on Si-DETA was
determined using Eq. 1.

il U

Ky of UVD) = —
f

-1

= )mLg M
where [U]; and [U]; represent the concentrations of U(VI)
in the aqueous phase before and after equilibration, respec-
tively, and V (in mL) and m (in g) are the volumes of the
aqueous phase and weight of Si-DETA taken for equilibra-
tion. All the adsorption experiments were performed in trip-
licate, and the distribution coefficient of U(VI) obtained in
the triplicate agreed well with each other, with less than a
5% difference.

Kinetics of uranium adsorption

The time dependency of uranium adsorption on Si-DETA
was studied using batch equilibration mode at two different
uranium concentrations (200 and 500 mg L) present in pH
3 and 6 buffer solutions at 298 K. The procedure adopted
for the batch equilibration is similar to that discussed above.
However, at various intervals of time, the equilibration was
stopped, and an aliquot was taken from the aqueous phase
for determining uranium concentration. The amount of ura-
nium adsorbed on Si-DETA at a particular time (g,, in mg
g~ 1) was determined using Eq. 2. A similar batch experiment
was adopted for the next time interval.

4, = U}, - [U)( > ) me g™ @

Column studies

The uranium adsorption behavior on Si-DETA was studied
under dynamic conditions by column method. In this study,
about 1 g of Si-DETA was soaked in Millipore water for
30 min prior to the packing in a glass column of diameter
8 mm. The packed column was pre-conditioned with 50 mL
of pH 6 buffer solutions (acetic acid and sodium acetate). A
feed solution composed of uranyl nitrate (U=200 mg L")
in pH 6 buffer was passed into the column at a particular
flow rate (1 mL per minute). The effluent that emerged out
from the column was collected in 10 mL standard flasks
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Fig. 1 Reaction scheme for the synthesis of Si-DETA

sequentially. The concentration of uranium present in the
flask was determined by the spectrophotometric method dis-
cussed above. The effluent was collected until the concentra-
tion of uranium in the effluent (C,) nearly becomes equal to
the uranium concentration in the feed (C,). A similar pro-
cedure was also adopted for the feed solution passed at a
flow rate of 0.5 mL min~', and other conditions remaining
the same.
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The Si-DETA was also tested for the adsorption of ura-
nium from seawater spiked with uranium in dynamic mode.
A feed solution of seawater collected from the coastal area
of Kalpakkam, India, was spiked with natural uranium with
a concentration of 100 mg L™" and passed into the column.
The effluent was collected in a 10 mL standard flask, as
indicated above, and the concentration of uranium was
determined, as stated above. For all these dynamic mode
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experiments, various break-through curves were obtained by
plotting the ratio of uranium concentration in the effluent to
feed versus the time of feed solution passed.

Effect of possible interfering ions during adsorption
of uranium on Si-DETA

It is vital to know the adsorption behavior of uranium from
aqueous solutions containing possible interfering ions such
as CO5°~, Na*, Cr?, Fe*?, Fe™, Co™, Ni*? and VO**. In
order to know the adsorption behavior of uranium in the
presence of these interfering ions, the batch experiment was
performed by equilibrating ~ 50 mg of Si-DETA with 10 mL
of the aqueous solution containing 200 mg L™! of uranium
and 500 mg L~! of each interfering ion. Batch experiments
were performed for each interfering ion separately. After
equilibration, an aliquot was taken from the aqueous phase,
and the uranium concentration was determined, as discussed
above.

Recycling studies

The adsorbent can be regarded as valuable only when it is
possible to recycle the adsorbent as many times as possi-
ble. To determine the number of reusable cycles, a batch
experiment was performed for loading of uranium on Si-
DETA to its maximum capacity, followed by stripping with
0.1 M HNOs;. For this experiment, 0.5 g of adsorbent was
equilibrated with 10 mL of the aqueous solution contain-
ing 1000 mg L' of uranium at pH 6 for 6 h, as discussed
above. After equilibration, the aqueous phase was separated
by centrifugation, and the adsorbent was treated with 10 mL
of 0.1 M of HNOj; (three times) to strip back the uranium.
The aqueous strip solution was collected together and the
concentration of uranium was determined by a spectrophoto-
metric method, as discussed above. This process is repeated
about 10 times with the same adsorbent.

Results and discussion
Optimization of functional groups on Si-DETA

Si-DETA was prepared by a two-step chemical reaction. The
first step involved the reaction between DETA and CPTS
to obtain the intermediates ATDTS and ADTS as shown
in Fig. 1. This was further reacted with silica gel to obtain
Si-DETA. To optimize the amount of intermediate required
for effective functionalization of silica gel, the weight ratio
of the intermediate to silica gel taken in the second step
of the reaction shown in Fig. 1 was varied, and the prod-
uct obtained was tested for the adsorption of uranium at
pH 3 and 6. Figure 2 shows the variation of the distribution
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Fig.2 Optimization of functional groups on Si-DETA. Variation
in the distribution coefficient of U(VI) on Si-DETA at pH 3 and 6
studied as a function of weight ratio of intermediate to silica gel.
Adsorbent: 50 mg of Si-DETA prepared at different weight ratios
of intermediate to silica gel. Aqueous phase: Uranyl nitrate solution
(U=200 mgL"") at pH 3 and pH 6. Temperature: 298 K

coefficient of uranium on Si-DETA obtained at different
weight ratios of intermediate to silica gel. It can be seen that
the distribution coefficient of uranium on Si-DETA increases
with increasing the weight ratio of intermediate to silica gel
and reached a saturation value at the intermediate to silica
gel weight ratio of 5:1. Based on these studies, the optimum
amount of intermediate compound to silica gel was fixed at
5:1 for the preparation of bulk quantity of Si-DETA.

Characterization of adsorbent
FT-IR and Raman spectroscopy

The FT-IR spectra of Si-DETA and uranium loaded Si-
DETA (abbreviated as Si-DETA-U) are shown in Fig. 3.
The FT-IR spectra of Si-DETA show the transmittance
bands corresponding to the N—H stretching at 3476 cm™!
and N-H bending vibrations at 1457 and 1384 cm™' [24-26,
29, 30]. The hydroxyl group stretching and bending vibra-
tional modes are observed at 3475 and 1644 cm™' due to
the presence of adsorbed water molecules on the surface of
Si-DETA. The bands at 1075 and 786 cm™' are due to the
vibrations arising from the silica matrix [24-26, 29, 30].
All these vibrational bands confirm the presence of amine
moiety on silica gel.

The Raman spectra of silica gel and Si-DETA are shown
in Fig. 4. The Raman spectrum of silica gel shows several
bands at 1232, 1318, and 1695, etc. All these vibrational
bands are due to the Si—O stretching, Si—O-Si stretching,
Si—O-Si bending, and other miscellaneous silica matrix
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vibrations [29, 30]. The Raman spectra of Si-DETA showed
various amine bands in the range of 1150-1630 cm™'
The skeletal C—C stretchings are observed in the range of
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670-1060 cm™!, C-N bands in the range of 1030-1080 cm™".
The Raman spectrum of Si-DETA also confirms the pres-
ence of amine moiety on silica gel [29, 30, 34, 35].

Thermogravimetry

The amount of organics present on Si-DETA was quantified
by thermogravimetric analysis. Figure 5 shows the thermo-
gravimetric analysis of silica gel and Si-DETA. The curve
obtained for silica gel shows a 7% weight loss in the tem-
perature range 311430 K, which is due to the loss of water
molecules adsorbed on the surface of silica gel. Beyond
430 K and up to 1200 K, the weight loss is about 3%, which
could be due to the cross condensation of hydroxyl groups
present on the surface of silica gel leading to the loss of
water molecules. In the case of Si-DETA, about 12% water
loss occurs in the temperature range 311-430 K due to the
loss of adsorbed water molecules. In addition, there is also
a two-step weight loss occurring in the temperature range
430-1000 K, which is due to the decomposition of organic
moiety present on the surface of Si-DETA. The weight loss
due to the decomposition of organics was determined to be
about 15%, which corresponds to the presence of 0.56 mmol
of an organic moiety (DETA) per gram of Si-DETA.

Effect of pH on the adsorption of uranium

Figure 6 shows the pH (equilibrium) dependency of uranium
adsorption on Si-DETA. It can be seen that that the distribu-
tion coefficient of U(VI) on Si-DETA is low in the lower pH
range (K4 <500 at pH <2), and the distribution coefficient
increases with an increase in the pH of the aqueous phase

100
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95 |
¥
w 9F
I3
o
=
D 85|
)
2
S
80 |
75 F
1 1 1 1 1
400 600 800 1000 1200

Temparature/ K

Fig.5 Thermogravimetric pattern obtained for silica gel and Si-
DETA
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Fig.6 Variation in the distribution coefficient of uranium on Si-
DETA as a function of equilibrium pH. Adsorbent: 50 mg of Si-
DETA. Aqueous phase: Uranyl nitrate solution (U=200 mgL™!) at
pH 1-8. Temperature: 298 K

followed by saturation in K, values at pH greater than 6.
This trend can be explained by considering the protonation
of amine groups on Si-DETA by H* ions at lower pH values.
Since amine groups are responsible for the adsorption of
uranium on Si-DETA, the protonation of amine lowers the
availability of amine moiety for coordination with uranium.
However at higher pH, the protonation of amine is less and
the Kd of U(VI) increases with increase in the pH of aque-
ous phase. Since the K, of U(VI) was maximum at pH 6
(~17,000 mL g~") and beyond, further adsorption studies
were carried out at pH 6.

Kinetics of uranium adsorption

The variation in the adsorption (g/mg g~') of uranium on
Si-DETA as function of time is shown in Fig. 7. The experi-
ment was carried out at pH 3 and 6 and at the uranium con-
centrations of 200 mg L ™! and 500 mg L™ in aqueous phase.
It can be seen that the adsorption of uranium increases with
increase in the duration of equilibration and reaches satura-
tion beyond 120 min. The adsorption is rapid in the initial
stages of equilibration at both the concentrations and pH
values. The adsorption of uranium at pH 6 is more than
that observed at pH 3 at all time intervals. Therefore, all
batch experiments were conducted for 600 min to ensure
the establishment of equilibrium. The kinetic data obtained
at pH 3 and 6 were modeled with pseudo-first order and
pseudo-second order rate equations shown in Eqgs. 3 and
4, respectively [36—38]. The fitting parameters and the rate
constants are tabulated in Table 1. From the fitting param-
eters, it is apparent that the adsorption kinetics is described
well by pseudo-second order kinetics.
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Fig.7 Variation in the amount of uranium loaded on Si-DETA as a
function of various intervals of time. Adsorbent: 50 mg of Si-DETA.
Aqueous phase: Uranyl nitrate solution (200 and 500 mg L™') at pH 3
and pH 6. Temperature: 298 K

4= q.(1—¢™) 3)
kyq?t

=_°¢ 4

g 1+ kyq.t )

where g, (mg g™") is the amount of U(VI) adsorbed on
Si-DETA at different intervals of time, g, is the amount
of U(VI) adsorbed at equilibrium, &, (min~') and &,
(g mg~! min~!) are the pseudo-first order and pseudo-second
order rate constants, respectively.

The adsorption isotherm
The effect of uranium concentration in aqueous phase on

the adsorption of uranium (VI) on Si-DETA was inves-
tigated at pH 3 and 6. Figure 8 shows the adsorption
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Table 1 The non-linear

. ) Equilibrium pH of Kinetic model Parameter Amount of uranium in aqueous
regression anal)./s1s of the . aqueous phase phase
kinetics of uranium adsorption
on Si-DETA and the resultant 200 mg L' 500 mg L~
fitting parameters. Aqueous
phase: 10 mL of aqueous 3 Pseudo first order R? 0.865 0.918
solution containing 200 mg L! )(2 54 72
-1 .
or 500 mg L AU(VI) inpH3 k,/min~" 3.4% 1072 3.9% 1072
and pH 6 solution. Adsorbent ! i )
phase: 50 mg of Si-DETA Pseudo second order R 0.970 0.980
7 1.5 1.8
ky/mg g~! min~! 3.0x1073 2.6x1073
6 Pseudo first order R? 0.908 0.946
7 15.8 12.9
ky/min~! 53x1072 12x1072
Pseudo second order R’ 0.961 0.994
Ve 6.6 1.2
ky/mg g~! min~! 2.8x107° 47x1073

of uranium (VI) (q./mg g_l) on Si-DETA studied as a
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Fig.8 Variation in the loading behaviour of uranium on Si-DETA as
a function of equilibrium concentration of uranium in aqueous phase.
Adsorbent: 50 mg of Si-DETA. Aqueous phase: Uranyl nitrate solu-
tion (U=10-2000 mg L~') at pH 3 and pH 6. Temperature: 298 K
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function of equilibrium concentration of uranium in aque-
ous phase. The loading of uranium on Si-DETA increases
with the increase in the equilibrium concentration of ura-
nium in aqueous phase, reaches the saturation at higher
concentration levels. The loading of uranium at pH 6 is
more than that observed at pH 3. The experimental iso-
therms were fitted into popular models such as Langmuir,
Freundlich, Temkin, and Dubinin—-Radushkevich (D-R)
adsorption models represented in Eqs. 5-8 respectively
[39-42]. The model parameters and statistical fitting
parameters are shown in Table 2. From the statistics of fit-
ting, it is apparent that the Langmuir adsorption model fits
the experimental data well as compared to other models.

KLQOCe
q. = 1+—KLCe (5)
1/ 6
qe = KFCe " ( )
RT
e =7~ InArC, (7
T
G =qme " ®)

where Q, is the apparent Langmuir adsorption capacity
(mg g™ 1), K; is the Langmuir adsorption constant (mg L"),
C. is the equilibrium amount of U(VI) in the aqueous phase
(mg L_l), q. 1s the amount of U(VI) in Si-DETA at equi-
librium (mg g™, % is the heterogeneity parameter and Ky
is the Freundlich adsorption constant of the adsorbent, £ is
Dubinin-Radushkevich constant (mol® J™"), ¢, is the D-R
apparent capacity (mg/g), ¢ is the Polanyi potential and Ay
and b are the constants. From Langmuir fitting, the apparent
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Table 2 Fitting parameters obtained by modelling of uranium adsorp-
tion on Si-DETA. Aqueous phase: 10-2000 mg L™! in pH 3 and 6
solution. Adsorbent: 50 mg of Si-DETA

Model Parameter pH3 pH6
Langmuir Q/mg g~ 25.36 78.3

K, /mg L™ 1.75%1072  1.01x 1072

R? 0.957 0.986

7 49 13.9
Freundlich 1/n 0.165 0.187

Kg/mg g~! 8.6 24.0

R? 0.815 0.814

Ve 21.3 193.4
Temkin by/T mol ™! 845.8 266.71

AL g7t 9.13 8.04

R? 0.883 0.900

Ve 13.5 103.29
D-R g/mg g7} 24.90 70.2

pimol? J~! —45%x107° —-6.8x107°

EM:J_;T/J mol~! L1x10™  7.3x107°

e=RT1n(1+é>/ 1.77 1.95

mol? J~!
R? 0.975 0.948
Ve 2.8 53.8

Langmuir adsorption capacity of uranium on Si-DETA at pH
6 was determined to be 78 mg g~ .

The binding of uranium on Si-DETA was also con-
firmed by FT-IR and Raman spectroscopy. The FT-IR
spectrum of uranium loaded Si-DETA sample is shown in
Fig. 3 and compared with Si-DETA before uranium load-
ing. It can be seen that the amine group N-H bending
vibrations is shifted from 1384 to 1389 cm™'. This could
be due to the coordination of uranyl ions with amine moie-
ties. The asymmetric stretching mode of uranyl ion around
900 cm~! was not observed in the FT-IR spectrum [43,
44], perhaps due to the masking of intense Si—O stretch-
ing vibrations. The Raman spectra of uranium adsorbed
Si-DETA showed all the peaks corresponding to C-C,
C-N, C-H, and N-H, bands similar to Si-DETA. However,
the various N—H vibrational modes in the region 1465,
1551, 1624 cm™! in Si-DETA are shifted to 1471, 1556,
1627 cm™", which could be due to the coordination of ura-
nyl ion with amine moieties [43, 44]. The Raman bands at
734, 827 cm~! are due to the stretching vibrations of coor-
dinated uranyl ions [43—45]. All these observations con-
firmed the adsorption of uranyl ions on Si-DETA occurs
through the coordination of amine functional groups pre-
sent on Si-DETA.

Figure 9 shows the SEM image of Si-DETA, and uranium
loaded Si-DETA. It can be seen that both the adsorbents
have appeared as particles having a size of ~100 pm with

irregular shape. The surface morphology of the adsorbent
was not affected upon anchoring of amine moieties on Si-
DETA, and also after uranium adsorption. The EDX spec-
tra of adsorbents are also shown in Fig. 9. The Si-DETA
shows the elements such as carbon and nitrogen in addition
to silicon and oxygen, indicating the presence of functional
groups on silica gel. The uranium loaded Si-DETA shows
the presence of adsorbed uranium on silica gel.

Column studies and analysis of the break-through
curve

Figure 10 shows the breakthrough curve obtained for the
adsorption of uranium from an aqueous solution containing
uranium (200 mg L™") at pH 6. The breakthrough curve was
obtained by plotting the ratio of the concentration of ura-
nium in the effluent (C,) to feed (C) as a function of time.
The ratio of C,/C, is known as the breakthrough. The column
study was carried out at two different flow rates (1 mL min~!
and 0.5 mL min~"). It can be seen that the onset of break-
through occurs after passing about 200 mL of feed solution
at the flow rate of 1 mL min~!, whereas the onset of break-
through occurs after passing 300 mL of the feed solution
at a flow rate of 0.5 mL min~!. The uranium adsorption
capacity at the onset of breakthrough was determined to be
40 mg g~' and 60 mg g~! at flow rates of 1 mL min~! and
0.5 mL min~!. For a better understanding of the complete
breakthrough curve up to C/Cy~ 1, the experimental data
were fitted into the Thomas model of the form shown in
Eq. 9 [46, 47], and the fittings are also shown in Fig. 10.

G 1
C, | +exp (quQKTh _ cr;igz) ©)]

where m is the mass of dry Si-DETA taken in a column
packing, Ky, is the Thomas rate constant for the adsorption
of U(VI) in a fixed bed column, Q is the volumetric flow rate
(L min™h), C, the concentration of uranium (mg LY in the
feed and C, is the concentration of uranium in the effluent.
The Thomas model is generally employed to describe the
behavior of metal ion/adsorbent’s adsorption in a fixed bed
column in a continuous mass flowing system. The Thomas
model assumes pseudo-second order adsorption kinetics and
Langmuir model with no axial dispersion of mass during
the continuous flow of feed into the column [48, 49]. Since
the adsorbent in the present study follows pseudo-second
order kinetics and Langmuir type of adsorption, the column
breakthrough behavior was fitted using the Thomas model.
The fittings are shown in Fig. 10. The fitting parameters,
such as Thomas rate constant and other statistic parameters
obtained from fitting of the experimental data are tabulated
in Table 3. From the Thomas model fitting, the uranium
adsorption capacity at 100% breakthrough was determined

@ Springer



346 Journal of Radioanalytical and Nuclear Chemistry (2021) 329:337-349
Adsorbent SEM EDX
. Spectrum 9
Wit% o
485 03
337 02
141 04
36 03
Si-DETA
EHT = 1500 kV Signal A= SESI Date :27 Jan 2021
WD= 52mm Mag= 98X Time :16:54:52
- Spectrum 1
Wt% o
305 05
268 06
237 04
162 06
28 0.5
Si-DETA-U

EHT= 200 kV
WD= 52mm

Signal A= SESI

Mag= 99X Time :16:25:04

Date :27 Jan 2021

Fig.9 Scanning electron microscopic images of Si-DETA and Si-DETA-U and energy dispersive X-ray spectroscopy

12F @ 200 mg.L", pH=6,1 mL.min"
@ 200 mg.L", pH =6, 0.5 mL.min"
1.0 |
0.8}
o
S o6
04}
0.2}
0.0 |
0 200 400 600 800 1000
Time/ min

Fig. 10 Breakthrough behaviour of uranium on Si-DETA in a packed
column. Adsorbent phase: Si-DETA (1 g), Aqueous phase: Ura-
nyl nitrate solution (U=200 mg L~!) maintained at pH 6 or seawa-
ter spiked with uranium (100 mg L™"). Flow rate of 1 mL min~' and
0.5 mL min~!. Temperature: 298 K

@ Springer

to be 77.5 and 78.5 mg g~!, which are comparable with the
Langmuir adsorption capacity of 78 mg g~!. This indicates
the efficient performance of the Si-DETA adsorbent in a
packed column for the adsorption of uranium from the aque-
ous phase.

The performance of Si-DETA was also tested for the
adsorption of uranium from seawater. The seawater was
collected from the coastal area of Kalpakkam, India, and
its composition is shown in Table 4 [50]. The seawater was
spiked with uranium (100 mg L"), and the column study
was performed. The breakthrough curve obtained for the
adsorption U(VI) from seawater is shown in Fig. 10 and
compared with other breakthrough curves. An early break-
through is observed for the adsorption of uranium from sea-
water as compared to other cases. The breakthrough curve
obtained in this case was also fitted using the Thomas model,
and the fitting parameters are also shown in Table 3. The
uranium adsorption capacity at 100% breakthrough was
determined to be 22 mg g~!. The early breakthrough and
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Table 3 Fitting parameters ~ : -1 2

obtained by modeling the Iijér/glcg:?_clentra ;ll(i“:n rl:;tf:l/ Capacity/mg g Ky, R 7
breakthrough behavior of Atonset  From From Lang-

uranium on Si-DETA using Thomas muir model

Thomas model. Aqueous phase: model

200 mg L~" in pH 6 solution

and 100 mg L tin seawater. 200, pH 6 1 40 71.5 78.3 0.104 0.998 2.6x107*
Adsorbent: 1 g of Si-DETA. 200, pH 6 0.5 60 78.5 - 0.107 0998 1.7x10™*
Temperature: 298 K 100 (sea water) 1 6 226 - 0213 0997 3.8x107*

Table 4 Elemental composition of seawater collected from costal
area of Kalpakkam, India [50]

lower capacity observed in the case of seawater could be due
to the presence of other competing ions in seawater.

The effect of interfering ions

Property Magnitude
DS 25,600 ma L The effect of possible interfering ions such as CO32_, Na™,
S ded solid 41;) IE% X Crt3, Fe*?, Fe*?, Co™, Ni*? and, VO?* on the adsorption
TUSPle;l Z sot (S: o 6300mg L of U(VI) on Si-DETA was studied in a batch equilibration
0:; ardness (Ca0s) s ;ng B mode, and the distribution coefficient of uranium obtained
iollflm 41,80 > n}i‘% IL in the presence of interfering ions are shown in Fig. 11. The
Ma Clunf 1272mg L data was compared with the distribution coefficient obtained
b Agfiestim 380 mgL_1 in the absence of these elements. It can be seen that the dis-
TOtaTSIllel. o (CaCO 138 mg L tribution coefficient of uranium on Si-DETA in the presence
C(l)ltla éd alinity (CaC0;) 8 9gllg -~ of each element is reduced to some extent. The reduction is
S lfor1 ¢ 26;0 mi . more in the presence of Fe*? and Co>*, perhaps due to the
F;l at.e; 3 mi n strong competition of these ions with uranium for adsorption
uoride O mg .
Iron 0.l mgL” on Si-DETA.
Silicon 0.8 mg L~!
pH 8.1
F!g. 1 1 Comparlsqn in the B silica gel I silica gel
distribution coefficient of 3000 |- Bl Absence of interfering ions Absence of interfering ions
uranium on silica gel and I carbonate ion 16000 [ [ carbonate ion
Si-DETA determined in the - g:((lll)) ] :‘:((:,))
presence and absence of pos- I Fe(n) 14000 I Fe()
. B * 2500 Colll) Co(ll)
sible interfering ions. The E i) = iy
mark is for silica gel. Adsor- B cr(n) Il cr(n
bent: 50 mg of Si-DETA. - I vom) 12000 [ . vo()
Aqueous phase: Uranyl nitrate 3’ 2000 -
solution (U=200 mg L) and = 10000 F
500 mg L™! of each interfering —
ion at pH 3 and pH 6. Tempera- X 1500
ture: 298 K 8000
6000 |-
1000 |-
4000 [
500 -
2000 [
0
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Fig. 12 Recycling behaviour of Si-DETA. Adsorbent: 50 mg of Si-
DETA. Aqueous phase: Uranyl nitrate solution (U=2000 mg L™') at
pH 6. Temperature: 298 K

Recycling studies

Figure 12 shows the variation in the apparent adsorption
capacity of uranium on Si-DETA. After loading uranium on
Si-DETA, the adsorbent was separated and contacted with
0.1 M HNOs; three times to recover uranium. After recovery,
the adsorbent was washed with Millipore water and then
subjected to uranium loading at pH 6. In this way, the Si-
DETA was recycled 10 times. From Fig. 12, it can be seen
that the adsorbent is quite efficient even after 5 times of recy-
cling, without much loss of adsorption capacity. However,
the adsorption capacity marginally decreases upon recycling
more than 5 times. Around 10-15% of loss in the apparent
adsorption capacity is observed upon recycling the adsor-
bent for ten times.

Conclusions

The Si-DETA adsorbent was prepared by anchoring of dieth-
ylenetriamine groups on silica gel by surface modification
reaction. The Si-DETA was studied for the adsorption of
uranium from aqueous solution as well as from seawater.
The amount of DETA functional groups present on Si-DETA
was determined to be 0.56 mmol per gram by thermogravi-
metric analysis. From FT-IR and Raman spectroscopy, the
presence of an amine functional group was confirmed. The
adsorption of uranium on Si-DETA was due to the coor-
dinate bond formation between uranyl ion and amine. The
morphology of all samples was not changed upon anchor-
ing amine moieties and also upon uranium adsorption.
The distribution coefficient of uranium increased with the

@ Springer

increase of equilibrium pH, and the maximum distribu-
tion coefficient of 16,300 mL g_1 was obtained at pH 6 and
above. The rate of adsorption of uranium on Si-DETA fol-
lowed pseudo-second order rate kinetics at all concentra-
tions of uranium and pH. The rate constant of 2.8 x 107
and 4.7x 1073 mg g~ min~! at the uranium concentrations
of 200 and 500 mg L~! in pH 6 medium was obtained. The
adsorption of uranium on Si-DETA followed Langmuir
type of adsorption with K; =1.0x 1072 mg L~" and appar-
ent adsorption capacity of 78.3 mg g~! at pH 6. From the
column studies, it was concluded that Si-DETA could be
effectively utilized for the adsorption of uranium from aque-
ous solutions. The breakthrough behavior of experimental
data was explained well by the Thomas model, which ren-
dered a breakthrough capacity of 78 mg g~! at 100% break-
through for the aqueous solution spiked with uranium, and a
breakthrough capacity of 22 mg g~ for the seawater spiked
with uranium. The adsorbed uranium was recovered quan-
titatively by 0.1 M HNO; solution and recycled about 10
times without losing much adsorption capacity. The study
showed that the adsorbent Si-DETA is a potential candidate
for the adsorption of uranium from both aqueous solutions
as well as from seawater.
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