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Abstract

The groundwater samples were found to be contaminated with high concentrations of uranium (U) in Punjab state as well
as in few other locations of India. U being chemically toxic can deteriorate health when ingested. Hence, there is a need to
remove U from contaminated water using an efficient, cheap and user friendly method. A study was initiated to investigate
the efficiency of low-cost adsorbents in removing U from water. Seven adsorbents were screened for U removal efficiency,
among which fly ash (FA) and tea waste (TW) were found to have better removal efficiency. Solid—liquid contact time and
solution pH were optimized to establish conditions for better U removal efficiency. The U adsorption on FA and TW fol-
lowed pseudo-second-order kinetics with rate constant values 4.63 g/mg/min and 15.63 g/mg/min, respectively. FA and
TW had the highest U removal capability at pH 6 and pH 4, respectively. The U sorption data were fitted with Freundlich
and Dubinin—Radushkevich isotherm models. The U adsorption on FA and TW is found to be a physical process with mean
free energy (E) values less than 8 kJ/mol. Theoretically calculated maximum adsorption capacity values indicate that FA
is a better adsorbent as compared to TW, which has been further confirmed experimentally. The U adsorption on both the
adsorbents has interference from Ca** and no interference from Fe®* at tested U concentrations. It is also found that FA and
TW are effective in decontaminating U from spiked real groundwater samples to below the WHO (Guidelines for drinking
water quality, 4th ed, vol 1, World Health Organization, Geneva, 2011) limit.
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Introduction

Aquatic environmental contamination is currently one of the
most important issues faced globally (Idrees et al. 2018; He
et al. 2018; Diaz-Cruz and Barcel6 2008). Among various
contaminants of serious concern, heavy metals such as As,
Se, Pb, Cr, Hg, Cd, U are important since they are non-
biodegradable and toxic (Pietrelli et al. 2019; Gupta et al.
2001; El-Bayaa et al. 2009). They can accumulate in living
organisms through the ingestion causing various disorders
in human and can also have negative impacts on agriculture
and aquatic species (Babel et al. 2003a, b; Mishra and Patel
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2009). Major Indian population depends on groundwater for
drinking and irrigation purposes. Hence, it is important to
have contamination-free water supply for various applica-
tions as mentioned above.

In India, high values of uranium (U) concentrations were
recently reported in the ground and surface water samples
of Punjab, India (Singh et al. 2013; Bajwa et al. 2017; Pant
et al. 2017; Virk 2017). The highest U content in Punjab
groundwater has been recorded in the range of 2.1-2.2 mg/L
in 15 habitations of Hoshiarpur district (Virk 2017). The
reported U concentrations are well above the limits pre-
scribed by World Health Organization (WHO 2011; 30 pg/L)
and atomic energy regulatory board (AERB 2004; 60 ug/L).
Also, the drinking water in few other locations of Indian
states were found to have U concentration well above the
WHO and AERB safety standards (Coyte et al. 2018). U
is a long-lived naturally occurring radionuclide present in
different environmental matrices and can enter the human
body mainly through ingestion resulting in both the chemical
and radiological effects (Singh et al. 2013). U predominantly
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deposits in the kidney, liver and bones causing adverse
health effects (Domingo 1995; Sharma et al. 2019). Hence,
it is imperative to remove U from contaminated water.

Different methods such as precipitation, ion exchange,
reverse osmosis (RO), electrochemical treatment, evapora-
tion, solvent extraction and biological materials have been
used to remove heavy metals, organic contaminants and
other unwanted materials from the contaminated water. RO
requires a high operating pressure and fouling of membranes
limits the process. The solvent extraction and electrolytic
processes are economical, but these process are applica-
ble only when the pollutant concentration is high (Wang
et al. 2003). With advancement in science, researchers have
focused on the synthesis of nano-hybrid cation-exchanger,
polymeric hybrid nanocomposite and ion-selective mem-
brane materials for selective separation of toxic metals and
other contaminants from aqueous solutions as well as from
other media (Khan et al. 2019a, b, c; Eltayeb and Khan 2019;
Inamuddin et al. 2017). These materials are proven to be
promising in environmental management studies (Khan et al.
2019a, b, ¢, d). A few processes mentioned above (RO, elec-
trochemical treatment, solvent extraction) are time consum-
ing, high-energy demanding, economically unfavorable and
also applicable only for high metals concentrations (Mishra
and Patel 2009; Qadeer and Akhtar 2005). Therefore, stud-
ies need to be conducted to develop alternative methods that
are user friendly, economically feasible and effective at low
concentrations as well.

Adsorption is a surface phenomenon in which adsorbate
species transfer from the bulk solution to the solid surface.
The adsorption can be either physical or chemical adsorp-
tion depending on the nature of forces involved in binding
the adsorbate on adsorbent. Although various techniques are
available for water/wastewater purification, the adsorption
process has gained attention in wide range of applications
such as pollution control, purification of liquid and gas mix-
tures due to its high efficiency, reusability, cost effectiveness,
simplicity of operation and low sludge production (Anirud-
han et al. 2010; Barakat 2011; Fu and Wang 2011). There are
large number of studies reported on the removal of As, Pb,
Cd, Ni, Hg, Zn, Se, Cr and other contaminants using various
low-cost adsorbents such as fruit peels, rice husk, activated
carbon, saw dust, zeolite, fly ash, tea waste, kaolin, bagasse,
peat moss, chitin, bentonite, blast furnace slag, apatite,
bentonite and industrial waste materials (Dimitrova 1996;
Ajmal et al. 2000; Babel and Kurniawan 2003a, b; Babel
and Kurniawan 2004; Bishnoi et al. 2003; Onal et al. 2007;
Roy et al. 2013; Montes-Atenasa and Schroeder 2015; Tri-
pathi and Ranjan 2015; Jellali et al. 2016; Chen et al. 2017,
Khandaker et al. 2018; Mustapha et al. 2019; Calimli et al.
2019; Demirbas et al. 2019). Some studies reported on U
removal from contaminated water using synthetic cost adsor-
bents (Dimiropoulos et al. 2015; Pang et al. 2019). These
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synthetic materials are reported to have appreciable affinity
for U with good removal efficiencies; however, material syn-
thesis will increase the cost of the adsorbent as compared to
natural adsorbents. The low-cost adsorbents discussed above
were found to have excellent adsorption properties for tar-
geted metals with good metal removal capacities. Therefore,
it is important to search for a low-cost natural adsorbent for
metal decontamination from aqueous solutions.

In the present study, seven adsorbents were examined
for their U removal efficiency from U spiked water samples
using batch method (Maity et al. 2011; Roy et al. 2013).
The screening test was carried out to identify a better adsor-
bents among the seven adsorbents used in the study. The
factors influencing the U adsorption such as solid-liquid
contact time, solution pH, concentration of co-existing cati-
ons and initial adsorbate concentration were studied on the
selected adsorbents which had better U removal efficiency
in screening test. Finally, U decontamination from spiked
real groundwater samples was also studied at optimized
conditions.

Materials and method

Adsorbents and initial screening study for U
decontamination

Seven adsorbents [tea waste (TW), teak wood, rice husk,
coconut charcoal (CC), bentonite clay (MM), corn cob pow-
der and fly ash (FA)] were used to study the U removal effi-
ciency from water. These materials are chosen since they are
cheap and available easily. Teak wood powder was collected
from carpenter shop, and FA was collected from thermal
power plant. Remaining materials were purchased from local
market. TW is washed several times with deionized water
to remove coloring material then dried and homogenized.

All experiments have been carried out in triplicate in
polypropylene centrifuge tubes which were pre-cleaned
with dil. HNO;. One gram of each adsorbent is taken in
centrifuge tubes, and 30 mL of U spiked deionized water is
added to it. The adsorption experiments have been carried
out in an orbital shaker with continuous shaking at 120 rpm
speed. After each experiment, the supernatant is separated
by centrifugation (at 12,000 rpm speed) followed by filtra-
tion through 0.45 pm filter paper and solutions are analyzed
for U after sample preparation.

In the initial screening test, all the above-mentioned
adsorbents were used to estimate their U removal efficiency
by spiking the aqueous solution with known U concentration
(3568 ug/L). The admixtures are shaken for 5 h, centrifuged
and filtered as discussed above. The filtrate is reduced on hot
plate by adding 0.4 mL concentrated high purity nitric acid,
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and final solution is prepared in standard volumetric flask by
giving multiple washings to the sample beaker.

Time variation study and sorption kinetics

One gram of adsorbent was mixed with 30 mL of U spiked
(3568 pg/L) deionized water (solid/liquid ratio 1:30). The
batch experiments were carried out in an orbital shaker for
different contact time period varying from 10 min to 5 h.
The supernatant solution is separated by centrifugation and
filtration. The resulting solution is acidified, reduced and
analyzed for U using differential pulse adsorptive strip-
ping voltammetry (DPAdSV) technique. The time at which
U concentration in the supernatant becomes constant is
accepted as equilibrium time for corresponding adsorbent.
Different kinetic models such as pseudo-first-order model
(Eq. 1), pseudo-second-order model (Eq. 2) (Ho and McKay
1999) and intra-particle-diffusion model (Eq. 3) are used to
fit the time variation study data in order to get the informa-
tion on the controlling mechanisms of U adsorption. The
intra-particle-diffusion model can identify the diffusion
mechanism and its kinetics in the adsorption process. If ¢,
versus 1° plot is linear and passes through the origin then
intra-particle diffusion mechanism is the major rate limiting
step in the adsorption process (Weber and Morris 1963).

K, xt
log(Qe - %) = IOg qe — 2303 (1)
t 1 t
- = — )+ | — 2
q; <K2‘1§ ) < qe > )
q,=kt'? +C 3)

where g, and g, are the amount of U adsorbed (mg/g) at
equilibrium and at time ¢ (min), respectively, and k; (min~")
is the pseudo-first-order rate constant. The terms ¢ and K, in
Eq. 2 represents the time and pseudo-second-order rate con-
stant (min g/mg). K, (mg/g/min~"3) and C in Eq. 3 represent
the intra-particle diffusion rate constant and the intercept.

Effect of pH on U adsorption

Solution pH is an important parameter that controls the
adsorption of U on the adsorbents (Maity et al. 2013).
In the present study, solution pH was varied from 4 to 9
using dilute HNO; and NaOH after spiking the solution
with known U concentration (1415 pg/L). The mixture is
shaken for equilibration time and centrifuged to separate the
supernatant, which is analyzed for U content using DPAdSV
technique.

The point of zero charge (PZC) plays an important role in
surface characterization of adsorbent. In the current study,
PZC of both the adsorbents are estimated using 50 mL of
0.01 M NaCl. The NaCl solutions are adjusted to the dif-
ferent initial pH values. A 0.1 g of adsorbent is added to
the each solution with different initial pH values and then
shaken for 24 h (Zyoud et al. 2019). The difference between
initial and final pH values is calculated and the initial pH
where the ApH becomes zero is considered as PZC of the
adsorbent.

Effect of initial U concentration on adsorption

Adsorption capacity can change with change in initial
adsorbate concentration. Hence, in the present study, experi-
ments were carried out (for equilibration time and at opti-
mized pH) by varying the adsorbate concentration from 109
to 7803 pg/L. U concentration left in supernatant solution
is analyzed for each initial concentration. The change in
adsorption with initial U concentration data was fitted with
different adsorption isotherm models like Langmuir (Eq. 4),
Freundlich (Eq. 5) and Dubinin—Radushkevich (D-R, Eq. 6).
The Langmuir model is based on the assumption that the sur-
face is homogeneous and all the adsorption sites have equal
affinity for adsorbate. Whereas, Freundlich model assumes
that the surface is heterogeneous and adsorption can occur
in multilayer (Mishra and Patel 2009; Mohan and Pittman
2006). D-R model is applied to the adsorption mechanism
with a Gaussian energy distribution onto a heterogeneous
surface can be fitted well when solute concentration is high
and in intermediate range.

C. 1 C.

— = +— 4

¢ 0xb 0 @
1

log g, = log K; + ;log C. )

Ing, =Ing,, — Ke? ©6)

e =RTIn 1+L 7

= c ™

The parameters in Egs. 4, 5 and 6, i.e., q., C., Q and
q,, are the amount of contaminant adsorbed per unit mass
of adsorbent (mg/g) at equilibrium, the equilibrium con-
centration of contaminant in the bulk solution (mg/L), the
monolayer adsorption capacity (mg/g) and the theoretical
isotherm saturation capacity, respectively. Terms b and K
are constants related to the adsorption energy, whereas,
K; and n~! are constants related to adsorption capacity of
the adsorbent (mg/g) and the intensity of the adsorption,
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respectively. R is the universal gas constant (J/mol/K) and T
is the temperature in Kelvin.

The mean free energy of adsorption (E) was calculated
from the constant K using the relation given by Nama-
sivayam and Yamuna (1995).

E = (QK)™'/? (8)

Co-existing cation’s concentration effect on U
adsorption

Major multivalent cations (such as Ca2*, Mg?* and Fe’*)
in water can interfere with U for adsorption on adsorbent
material. The typical concentration of Ca’*, Mg?* and Fe**
in water samples is reported in the range of 28-209 mg/L,
4-75 mg/L and 0.2-0.7 mg/L, respectively (Bajwa et al.
2017). To study the interference effect from these cations on
U adsorption, the added concentration of Ca>* and Mg>* was
varied from 50 to 400 mg/L, whereas Fe3* concentration was
varied from 1 to 20 mg/L. All the solutions were prepared
from their corresponding chloride salts (i.e., MgCl,-6H,0,
CaCl, and FeCl,) using deionized water (18 MQ/cm). Dur-
ing the experiment, the spiked U concentration (1415 ug/L)
was kept constant.

In the present study, surface morphology and major
functional groups of adsorbents are studied using scanning
electron microscope (SEM, EMCRAFTS make, CUBE 100
model) and Fourier-transform infrared spectroscopy (FTIR,
Bruker make ALPHA II model) to understand the role of
surface structure and functional groups on U adsorption.

Chemical reagents

High purity HNO; from Merck is used in the present study
for volume reduction process as well as to adjust solution
pH. Other chemicals (viz. MgCl,.6H,0, CaCl, and FeCl,,
Chloranilic acid and EDTA) used in the present study are
of analytical grade purity and are purchased from Sigma-
Aldrich and Merck. Deionized water (18 MQ/cm) is used
for dilution of standards, samples and chemical compounds.

Analytical method

In the present study, U analysis has been carried out using
DPAdSV technique in metrohm make voltammetry sys-
tem (663 VA stand, PGSTAT-AUTOLAB-302N.220-
AUT84360 model). The system equipped with three elec-
trodes viz. hanging mercury drop, Ag/AgCl electrode and
platinum (Pt) electrode. Hg drop and Ag/AgCl electrode act
as working electrode and reference electrode, whereas Pt
rod acts as auxiliary electrode. Required amount of sam-
ple solution is taken in measuring cell, to that chloranilic
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Fig. 1 U peak (y-axis current in nA; x-axis voltage) in sample solu-
tion observed through standard addition method

Table 1 DPAdASV method parameters optimized for U analysis

Parameters Value Parameters Value

Initial purging time (s) 120 Pulse amplitude (mV) 50

Deposition time (s) 90 Pulse time (s) 0.04
Equilibration time (s) 9 Voltage step time (s) 0.4
Deposition potential (V) 0.08 Sweep rate (mV/s) 9.9

End potential (V) —0.15 No. of standard additions 2 Nos.

acid, ethylenediaminetetraacetic acid (EDTA) and deion-
ized water are added to make total cell volume 10 mL. The
mixture is adjusted for pH in the range of 1.9-2.1 using
dilute HNO; and NaOH. Then, the mixture is purged with
high purity N, gas and analyzed for U content by standard
addition method using freshly prepared U standard solution
(makeup in deionized water). The typical voltammogram of
the sample and detailed method parameters are presented in
Fig. 1 and Table 1, respectively.

Results and discussion
Initial screening test results

The U concentration remained in supernatant solution after
adsorption is shown in Table 2. It was observed that, TW
and FA had better U removal efficiency (w.r.t WHO and
AERB limits) as compared to other adsorbents. Therefore,
further studies are carried out only on these two adsorbents.
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Table 2 U concentration

. . Adsorbents Added U concentration U concentration (ug/L) Removal
rernamt?d in supernatant after (ug/L) remained in solution efficiency
adsorption process (%)

CC modified (using KOH) 3568 379.1 89.4
MM 3568 137.4 96.1
Corn Cob 3568 101.3 97.2
Rice Husk 3568 163.7 95.4
Teak Wood 3568 92.5 974
Tea waste (TW) 3568 60.7 98.3
Fly Ash (FA) 3568 35.7 99.0

Estimation of adsorption equilibrium time

Results presented in Fig. 2 suggest that initially there is
fast U uptake on both the adsorbents up to 120 min. After
120 min, the adsorption became slow and eventually reaches
plateau region. From Fig. 2, it is clear that the equilibrium
is achieved after 210 min of contact time for FA and after
240 min for TW. Hence, further experimental studies are
carried out using established equilibrium time for respec-
tive adsorbent.

Sorption kinetics

The pseudo-first-order, pseudo-second-order and intra-
particle diffusion kinetic models were used to simulate the
experimental data by plotting the linear graph between log
(q.—q,) versus t, (t/q,) versus t, and g, versus 1°°, respec-
tively, and compared the regression coefficients for each
expression. The U adsorption data are not satisfied pseudo-
first-order rate expression and have lower correlation coef-
ficient. Also, theoretically calculated g, value is not in

0-108 R =0.97
0.106 +
0.104
0.102 4

0.100 ~

0.098

U adsorbed (mg/g)

0.096

0.094 ~

0.092 T T T T T T T
0 50 100 150 200 250 300

Time (min.)

agreement with the experimental value. But, the data are
well fitted with the pseudo-second-order kinetic model (pre-
sented in Fig. 3) for both the adsorbents with R? value of
0.99. The pseudo-second-order rate constant is calculated
from intercept, and the values are found to be 4.48 g/mg/
min for FA and 15.63 g/mg/min for TW. The experimental g,
value observed for both the adsorbents is also well matched
with the theoretically calculated values from the pseudo-
second-order rate model.

The adsorption data are also fitted with the intra-particle
diffusion model. As shown in Fig. 4, the plot between ¢,
and / is a multi-linear. This indicates that U adsorption on
FA and TW is a multi-step process. It is clear from Fig. 4
that U adsorption is rapid during the first 1 h and then,
the adsorption became slow between 60 and 180 min and
then reaches equilibrium after 200 min. Three phases (i.e.,
sharply linear, linear and plateau) can be seen in both the
plots that do not pass through the origin, which indicates that
the intra-particle-diffusion is not the only rate-determining
step in U adsorption on FA and TW. The first (sharp linear)
portion of the graph represents the diffusion of U through

b 0.1055 A R =0.98
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Fig.2 Variation of U adsorption with respect to solid-liquid contact time for a FA and b TW
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Fig. 3 Plots of pseudo-second-order model for U adsorption using a FA and b TW
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Fig.4 Intra-particle diffusion model plot for U adsorption on a FA and b TW

the solution to the external surface of the adsorbents or
macro-pore diffusion. The second linear portion describes
the gradual adsorption, where intra-particle or micro-pores
diffusion is the rate-determining step and the third phase
can be attributed to the final equilibrium in which the intra-
particle diffusion starts to slow down due to extremely low
U concentration left in the supernatant solution. The intra-
particle diffusion constant (K;) values were obtained from
the slope of the straight-line portions of plot of g, versus
%3, and the values are found to be 2E—03 mg/g/min®? for
FA and 2.4E—04 mg/g/min*> for TW. In the present study,
the intercept values are observed to be positive for both the
adsorbents.
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Effect of solution pH

From Fig. 5, it can be observed that there is a lesser change
in percentage U adsorbed on TW, whereas appreciable
change in adsorption is observed in the case of FA over
the range of tested pH values. Results (shown in Fig. 5)
indicate that, U adsorption is low at higher solution pH
values (i.e., from 7 to 9), whereas higher U adsorption is
observed at lower pH (i.e., 4 to 6) for both the studied adsor-
bents. Highest adsorption of U is found at pH 6 and pH 4
for FA and TW, respectively. The U concentration left in
the supernatant solution at these pH values is found to be
20.4 pg/L and 31.1 pg/L, for FA and TW, respectively. The
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Fig.5 Variation of U removal with solution pH in a FA and b TW
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Fig.6 Variation of ApH with the change in initial pH of adsorbent—
solution mixture

removal efficiency is found in the range of 84.2-99.5% and
97.4-99.3% for FA and TW, respectively over the tested pH
values. Although the highest adsorption of U is observed at
pH 4 for TW, further studies are carried out at pH of 6 for
both the adsorbents, as pH 6 is close to the standard pH for
drinking water given by Bureau of Indian Standards (BIS).

The PZC (Fig. 6) of FA and TW are found at pH 2.1 and
pH 5.5, respectively. Davis et al. (1978) and Sahoo et al.
(2013) also reported the ZPC in the range of 2.2-3.5 for
Silica and alumino-silicate minerals. For FA, the surface
charges are negative at pH > 2.1, whereas for TW surface
charges are negative at pH> 5.5 and favors the U adsorption.
The lower U uptake at pH 4 for FA could be due to high con-
centration of H* ions which being smaller in size and highly
mobile competes for available adsorption sites leading to
decreased UO,>* adsorption. Also, the ion-exchangeable
sites (i.e., iron-oxides, aluminum oxides and natural organic

99 —
98 - \

97 A
96 -
95 A

94 -

Removal efficiency (%)

93 1

92 T i T T T T T T T T T

matter) available on adsorbent surface decreases at lower
pH (Maity et al. 2011) resulting in poor adsorption. In the
case of TW, lower adsorption is not observed at pH 4, which
might be found at even lower solution pH conditions (i.e.,
less than 4) which was not included in the present study. A
slight increase in the U adsorption at pH <5 on TW indicates
that the adsorption is not exclusively due to the electrostatic
interactions. As pH increases (up to pH 6), the adsorbent
surface becomes more negative and the competition from H*
ions decreases which favors the U adsorption on adsorbent
surface. As pH increases further, there is a drastic decrease
in the U adsorption. At solution pH>7 (i.e., beyond PZC),
the adsorbent surface becomes more negative and the U spe-
cies also form anionic complexes such as UO,(CO5);~ and
UO,(CO3);~ which faces repulsions from the negatively
charged adsorbent surface and does not favors the adsorp-
tion (Silva and Nitsche 1995; Echevarria et al. 2001).

Effect of initial U concentration and adsorption
isotherms

The initial U concentration was varied from 109 to
7803 pg/L (solid/liquid—1:30) to investigate the U removal
efficiency of adsorbents over wide concentration range main-
taining the solution pH at 6. Results indicate that, as initial
U concentration increases, the amount of adsorbed U also
increases. But, the percentage removal remains almost con-
stant over the tested concentration range. The U concentra-
tion left in the supernatant solutions (shown in Table 3) after
adsorption is found to be less than the limits prescribed by
WHO (2011) and AERB for all initial U concentrations up
to 3568 pg/L and 7803 ug/L, respectively in the case of FA.
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Table 3 U concentration left in supernatant for different U initial con-
centrations with 1 g of FA and TW at pH 6

Added U ini- U concentration (ug/L) in supernatant solution after
tial concentra- adsorption

ti /L

ion (ug/L) FA % Removal TW % Removal
109.7 09+0.04 992 4.0+0.17 96.3

179.5 2.7+0.10 98.5 8.9+0.35 95.1

691.2 8.9+0.31 98.7 21.0+0.67 97.0
1415.9 11.6+0.37 99.2 354+1.17 97.5
3568.3 28.1+0.65 99.2 84.5+2.11 97.6
7803.2 36.1+0.72 995 103.4+2.17 98.7

Whereas, TW was able to reduce the U concentration to
less than WHO and AERB limits for initial U concentration
only up to 691.2 pug/L and 1415.9 pg/L, respectively. From
Table 3, it can also be observed that, FA has more removal
capacity for U as compared to TW.

The study data are not well fitted with Langmuir iso-
therm model (with R? values 0.35 for FA and 0.63 for
TW), indicating that the adsorption is not monolayer.
However, the data are well fitted with Freundlich and D-R
isotherm models. Thus, it can be said that U adsorption

on these adsorbents is a multilayer processes and the sur-
face of these adsorbents consists of small heterogeneous
particles. This observation is also explained in intra-par-
ticle-diffusion model. Freundlich constants related to the
adsorption capacity (K;) and adsorption intensity (n) are
calculated from the slope (1/n) and an intercept (log K;) of
plot between log (g.) versus log (C,). The U adsorption on
FA and TW is favorable as the n value (shown in Table 4)
is greater than 0.1. Similarly, the D-R isotherm constants
are calculated from the plot between Ln(g,) versus €? and
are presented in Table 4. The adsorption energy (E) values
are found to be 5.3 kJ/mol (for FA) and 4.3 kJ/mol (for
TW) which being less than 8 kJ/mol indicates that U sorp-
tion on both the adsorbents is a physical process, which
suggests that the adsorbents can be regenerated for further
use through desorption.

In the present study, the reported maximum adsorp-
tion capacity results are compared (in Table 5) with the
literature reports that used various other adsorbents for U
removal from aqueous solution. It can be said that FA and
TW have moderate adsorption capacities with very high
U removal efficiency (99%). Some synthetic adsorbents
(presented in Table 5) had high U adsorption capacities.
However, synthesis will increase the cost of the material
and may not be easily available for use to the public in
villages.

Table 4 Freundlich and D-R

. Adsorbent Freundlich isotherm D-R isotherm

isotherm constants for the

adsorption of U on FA and TW R? K, (mg/g) n R? 4, (Mg/g) E (kJ/mol)
FA 0.94 13.80 1.19 0.89 0.43 5.28
™ 0.97 3.28 0.77 0.93 0.34 4.27

Tablg 3 Comparispn of . Adsorbent material Maximum adsorption  References

maximum adsorption capacity Capacity for U (mg/g)

reported in the present study

Wilth the literature reported Amidoximated hydrogels 564.0 Pekel and Giiven (2003)

vaues Si0, nanotubes (SNTs) 250.0 Tripathi et al. (2018)

Rice straw-based carbon
Mesoporous silica

Cross linked chitosan
Reduced grapheme sheets
MX-80 bentonite
Activated carbon
Maghemite NPs

Diarylazobisphenol modified carbon

Magnetite NPs

Silicon oxide nanoparticles
FA

™

100.0 Yakout and Abdeltawab (2015)
58.4 §tamberg et al. (2003)
49.1 Wang et al. (2009)

47 Lietal. (2012)

37.4 Ren et al. (2009)

28.3 Mellah et al. (2006)
20.3 Etale et al. (2016)

18.7 Starvin and Rao (2004)
5.0 Das et al. (2010)

2.9 Wau et al. (2016)

13.8% Present study

3.3 Present study

#Derived from Freundlich isotherm model
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Effect of co-existing cations on U adsorption

From results (shown in Fig. 7), it can be observed that,
with the increase in solution concentration of Ca2*, Mg2+
and Fe*, the U remained in the supernatant solution also
increases (i.e., decrease in adsorption). This indicates that
these metal ions are competing with U022+ for adsorp-
tion sites causing interference. Among three major ions
(Ca®*, Mg** and Fe’") studied, the highest interference was
observed from Ca”* followed by Mg** and Fe** on both the
adsorbents. The interference effect is more in the case of TW
as compared to FA material.

In the case of FA, U removal percentage was dropped
from 99% (without ion’s interference) to 97% and 97.6%
(with ion’s interference), whereas for TW, the percentage
removal was dropped from 97% to 92.5% and 96.9% at the
highest tested concentrations (400 mg/L) of Ca>" and Mg?*,
respectively. Negligible interference was observed from Fe**
for U adsorption on both the adsorbents at all tested Fe**
concentrations. The U concentration remained in the solu-
tion was found to be within the WHO limit up to the con-
centration levels of 20 mg/L, 200 mg/L and 200 mg/L for
Fe’*, Mg?* and Ca®*, indicates less interference from these
cations at the mentioned concentration levels. Whereas for
TW, U remained in solution was observed to be above the
WHO limits for all tested cation concentration levels.

Microstructure of adsorbents
From adsorption isotherm study, it was understood that U

adsorption on both FA and TW is physical in nature. Hence,
surface characterization was carried out on the adsorbents
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using SEM. The SEM image (Fig. 8) shows that the FA is
a heterogeneous material which consists of particles of dif-
ferent sizes and shapes. From Fig. 8, it is clear that the FA
finer particles are mostly spherical in nature. But, the larger
size particles are irregular in shape and have higher porosity,
which enhances the U sorption due to the increase in sur-
face area. Also, FA contains cenospheres (Hanif et al. 2017)
which are spherical hollow alumino-silicate particles. The
non-spherical cenospheres offer even more surface (inner
and outer) area for adsorption leading to higher U adsorption
in FA. Whereas, TW has more irregular-shaped particles
and are porous. Also, TW particles are coarse in nature (low
surface area) as compared to FA particles, which might be
the reason for lower U adsorption on TW than on FA.

The FA and TW are also analyzed to get the information
on the major functional groups attached to the surface of
adsorbents. Results presented in Fig. 9 suggest that there
are various surface functional groups on the adsorbents. By
comparing the observed frequencies with available literature,
peak in the region (for Fig. 9a) of 1070 cm™' may be due to
Si—O-Si asymmetric stretching vibration (Katara et al. 2013)
or S=0 stretching vibration, whereas peak at 876 cm™!
may be attributed to C—O or C-H bending. The frequen-
cies observed at 786 cm™! may be due to Si-O symmetrical
stretching vibrations (Hlavay et al. 1978). The peaks in the
region of 536-523 cm™! can be due to Si-O—Al stretching
vibration (Manoharan et al. 2012). In Fig. 9b, the peak at
3219 cm™! is due to the presence of O—H groups, whereas
peak at 2891 cm™" can be attributed to C—H stretching vibra-
tions. Furthermore, peaks at 1592 cm~! and 1219 cm™!
may be attributed to the N-H bending vibrations and C-O
stretching of epoxy group (Moosa and Jaafar 2017). Peaks
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Fig. 7 Effect of co-existing cations a Ca** and Mg>* b Fe** on U adsorption at initial U concentration of 1415 pg/L
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Fig.8 SEM images of FA and
™
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Fig. 9 FTIR spectrum of a FA and b TW

in the range of 900-700 cm™' represent the C—H bending
vibrations. However, the adsorption being physical in nature,
these functional groups might have played a minor role in U
adsorption on FA and TW.

Application of adsorbents for U removal from spiked
real groundwater samples

To see the reproducibility of above results on real groundwa-
ter samples, three different groundwater samples were col-
lected. The collected samples were filtered and spiked with
known U concentration (267 ug/L). One gram of TW and FA
was added to the spiked solutions separately, and then, the
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mixture is adjusted for pH 6 and shaken for equilibrium time
period. After that, the supernatant is separated by centrifuga-
tion and analyzed for U left out in the solution. The results
(shown in Table 6) indicate that the adsorbents are almost
equally effective in decontaminating U from groundwater
samples as well.

Conclusions

The most important conclusion from the study is that the FA
can be used to reduce the U initial concentration to less than
the WHO and AERB prescribed limits with 99% adsorption
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Table 6 Application of adsorbents for U removal from spiked real
groundwater samples

Sample code U in supernatant solution (ug/L)

FA % Removal TW % Removal
GW-1 4.1+0.6 98.5 10.7+£0.5 96.0
GW-2 10.5+£0.8 98.5 109+0.6 959
GW-4 4.0+£0.3 985 79+£0.5 97.0

efficiency at all the examined concentrations (except at
7803.2 pug/L), whereas TW can be used to decontaminate
the U concentration to less than WHO limit for initial U
concentration only up to 691 ug/L. Adsorption of U on both
the adsorbents followed pseudo-second-order kinetics. The
application of intra-particle diffusion model on adsorption
data indicates that both the boundary layer diffusion as well
as the intra-particle diffusion is responsible for U adsorption
on FA and TW. U adsorption followed multilayer adsorp-
tion process and is physical in nature; hence, the adsorbents
can be regenerated using mild acids through desorption pro-
cess for further use. The highest interference from Ca’* (at
400 mg/L concentration) was observed for U adsorption on
both the adsorbents, whereas no significant interference was
observed from Fe?* at tested concentrations; the interference
effect is more in TW as compared to FA. To conclude, both
FA and TW can be used to remove U from contaminated
water. However, application of adsorbents on U spiked real
groundwater samples suggests that FA is a better adsorbent
as compared to TW for U removal with very high removal
efficiency and moderate adsorption capacity. The present
study results also indicate that FA can be used in develop-
ing the filters or cartridges to remove U from contaminated
water samples, which may adds to the new ways of using the
generated FA in India.
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