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e for uranium(VI)
preconcentration and colorimetric determination
in real samples

Nader Hassana and Alaa S. Amin *b

A membrane optode formed by physical inclusion of a chromophore, 2-(2-benzothiazolylazo)phenol

(BTAP), and uranium(VI) anions into a plasticized cellulose triacetate (CTA) matrix was illustrated for

preconcentration and colorimetric determination of U(VI) from aqueous samples. The optode was

examined for uranium uptake in bicarbonate/carbonate medium (�160 ng mL�1) at pH 6.5–7.0 in the

presence of triethanolamine buffer (TEA). The inclusion of an anion-exchanger, dinonylnapthenic

sulphonic acid (DNNS), was found to be necessary for the formation of a U(VI)–BTAP complex in the

optode matrix, resulting in a distinct color change of the optode from orange to pink after uranium

sorption. The composition of the optode was optimized by varying the amounts of different plasticizers

and DNNS to obtain the minimum response time towards U(VI) in aqueous bicarbonate medium. The

effects of different experimental parameters involved in the detection and quantification of U(VI) using

the optode were optimized. The optode analytical performance was evaluated in terms of interference

of cations and anions, reusability, equilibration time, detection limit, etc. and compared with the

conventional spectrophotometric method for U(VI) using different chromophores. The optode developed

in the present study was tested in real samples with good results compared to the graphite furnace

atomic absorption spectroscopy (GF AAS) method.
Introduction

Natural radionuclides are released into surface and ground
water from rocks and ores by dissolution and desorption during
radioactive decay. Heavy metals and radionuclide contamina-
tion present a signicant environmental problem1,2 as they are
non-degradable and thus persistent.3–5 Release of heavy metals
and radionuclides to the subsurface has been due to both
natural and anthropogenic activities.4,6,7 Some chemo-
lithotrophic and heterotrophic microorganisms are able to
leach uranium and other radioactive elements fromminerals in
both acidic and alkaline water solutions.6 Uranium (U) is an
important radionuclide contaminant in ground water, soils and
subsurface sediments at nuclear weapons manufacturing and
uranium mining sites, due to processing of uranium ore,
mining, milling and tailing operations.8,9 The World Health
Organization has reported that uranium is a carcinogen to
humans and its concentration in aqueous solutions should not
exceed 50 mg L�1.10

The determination of trace amounts of uranium in envi-
ronmental sites and in facilities of the nuclear industry is
important for safety considerations. Atomic power plants
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continuously require uranium resources; therefore, 4.5 billion
tons of total uranium in seawater can be recovered for atomic
power utilization.11 Uranium is dissolved in seawater at
a concentration of about 3.0 mg L�1 in the ionic form of uranyl
tricarbonate ions.11 The World Health Organization (WHO),
Health Canada and Australian drinking water guidelines have
xed the maximum uranium concentration in drinking water to
be less than 9, 20 and 20 mg L�1, respectively.12,13 On the other
hand, uranium and its compounds, like lead, are highly toxic,
resulting in progressive or irreversible renal injury, and in acute
cases may lead to kidney failure and death. The tolerable daily
intake of uranium established by WHO based on Gilman's
studies is 0.6 mg kg�1 of body weight per day.12–15

Thus, determination of uranium in environmental samples
is very important. The methods including inductively coupled
plasma atomic emission spectrometry (ICPAES),16 inductively
coupled plasma-mass spectrometry (ICP-MS),17,18 ion chroma-
tography (IC)19 and capillary zone electrophoresis (CZE),20

graphite furnace atomic absorption spectrometry (GF AAS),21

uorimetry,22 spectrophotometry,23 neutron activation anal-
ysis24 and voltammetry25 have been used for determination of
uranium. However, these methods require expensive equip-
ments and higher running cost and their availability is limited.
Alpha spectrometry has also been used for determination of
uranium but it needs a number of preliminary separation steps
for sample preparation.26
This journal is © The Royal Society of Chemistry 2017
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However, there are still difficulties due to increasing
uranium in natural waters. Hence, the development of simple,
inexpensive, reliable and practical methods for the determina-
tion of uranyl ions in water samples is of paramount impor-
tance. Neutron activation analysis (NAA),27 energy dispersive X-
ray uorescence (ED-XRF)28 and radiochemical methods, such
as alpha spectrometry,29 gamma spectrometry30 and liquid
scintillation counting,31 are suitable for the sensitive determi-
nation of uranyl ions. However, these methods are expensive,
available mostly in equipped and specialized laboratories.32

Spectrophotometric methods, which can provide sufficient
sensitivity, are cost-effective, common in laboratories and are
the easiest techniques for the determination of uranyl ions.33,34

Several organic and inorganic reagents have been used for the
spectrophotometric determination of uranyl ions. Among them,
dibenzoylmethane (DBM) and Arsenazo III (AIII) have the ability
to selectively measure very low concentrations of uranyl
ions.35,36 However, AIII is the most sensitive reagent for the
spectrophotometric determination of uranyl ions.37,38

Optical chemical sensors have drawn much attention in
analytical chemistry, because of some advantages such as good
sensitivity, selectivity, easy fabrication and low cost.39–44

Different strategies have been used to develop optical sensors
for some target ions. Optical or visual test strips allow the
simple detection of analyte by the naked eye, or by a portable
spectrophotometer without any specic pretreatment.45

Membrane-based preconcentration method can be tailor-
made for a specic analytical application. The analyte selec-
tive membrane can be converted to optical chemical sensor
(optode) by immobilizing the indicator that responds to analyte
in a concentration dependent manner.46–48 The membrane
optodes have been prepared by immobilizing the indicator
(ionophores, chromoionophores, and uoroionophores) with
or without extractant in the solid matrix using highly diversied
methods.49–52 These optodes are based on the preconcentration
of the analyte as a chromogenic species on a solid substrate and
subsequent measurement of the absorbance/reectance of the
solid phase, without stripping the chromogenic species. The
presence of extractant provides an increase in selectivity and
sensitivity of optodes as compared to the corresponding solu-
tion spectrophotometry using same chromophore. The appli-
cability of a ber-optic-based laser-induced luminescence
sensor for uranium (10�9–10�4 mol L�1) estimation in different
samples has been studied.53 Collins et al. have developed
a remote optical ber ow-cell with Naon-117 membrane and
capillary electrophoresis method, both using Arsenazo III as an
indicator, for sensing U(VI) in the ground water.54,55 However,
these designs have not yet proven as a viable method for eld
applications due to complicated hardware and lower selectivity.
The color changeable optode for uranium and thorium have
been reported using non-specic Alizarin Red S56 and 4-(p-
nitrophenylazo)-pyroctachol (NAP),57 respectively. The applica-
tions of these optodes require a careful evaluation of possible
interferences in actual applications. Hexyphyrin (1.0.1.0.0.0)
(isometyrin) has been found to give signicant color change in
the presence of UO2

2+, PuO2
2+, and NpO2

2+, which can be used
This journal is © The Royal Society of Chemistry 2017
for developing actinide sensor.58 However, isometyrin requires
a week for complexation with actinides in dark.

In the present work, a colorimetric method for simultaneous
preconcentration and determination of U(VI) anions from
aqueous samples has been developed using a membrane optode
formed by physical inclusion of a chromophore 2-(2-benzothia-
zolylazo)phenol (BTAP) into a plasticized cellulose triacetate
matrix. The choice for BTAP was based on its high sensitivity and
selectivity for uranium estimation by spectrophotometry.59 Two
different plasticizers such as tris(2-ethylhexyl)phosphate
(TEHP), and 2-nitrophenyloctyl ether (NPOE) have been used
to plasticize cellulose triacetate. The dinonylnaphthalene sul-
phonic acid (DNNS), tri-iso-octyl amine (TiOA), and tricapry-
lylmethyl ammonium chloride (Aliquat-336) have been
evaluated as the carriers for facilitating transfer of U(VI) from
aqueous to the optode matrix. The carrier in the optode is
necessary as immobilized BTAP does not interact with U(VI)
present in the aqueous medium. The experimental parameters
such as composition of optode, pH, interference of cations and
anions on the determination of uranium, range of uranium
concentration, response time, and detection limit have been
studied and compared with the conventional spectrophotom-
etry. Finally, the optode has been tested for quantitative deter-
mination of U(VI) in real sea water, soil and sediment samples.
Experimental
Reagents and apparatus

Analytical reagent grade chemicals and doubly distilled water
were used throughout. 2-Nitrophenyloctyl ether, tricapry-
lylmethyl ammonium chloride (Aliquat-336), dinonylnapthenic
sulphonic acid (DNNS), tri-isooctylamine, (TiOA), triethanol-
amine (TEA), and cellulose triacetate were obtained from Sigma-
Aldrich (Steinheim, Switzerland). Tris(2-ethylhexyl)phosphate
was obtained from Koch-Light Laboratories (Coinbrook Bucks,
England). Uranyl nitrate, chloroform, and dichloromethane
were obtained from Merck. A stock solution of uranium
(10�3 mol L�1) was prepared by dissolving suitable quantities of
UO2(NO3)2$6H2O in distilled water and the concentration of
uranium was determined by Davies and Gray method.25

Working standard stock solutions of uranium were prepared by
suitable dilution in the desired medium. Triethanolamine
buffer was prepared by dissolving in distilled water and
neutralizing with perchloric acid (pH 6.8).

2-(2-Benzothiazolylazo)phenol (BTAP) used in this studies
was prepared according to the procedure described previously
(Fig. 1).59 An appropriate weight was dissolved in 100 mL of
absolute ethanol (2� 10�4 mol L�1). The solution was stable for
more than one month.
Fig. 1 2-(2-Benzothiazolylazo)phenol structure.
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Fig. 2 The structure of the formed BTAP–UO2 complex.
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A microprocessor-based pH meter model Orion research
model 601 A/digital ionalyzer was used for pH measurements.
The thickness of the optode was measured by a digital
micrometer (Mitutoy, Japan) with an accuracy of �0.001 mm.
UV-vis spectrophotometer model V 53 from JASCO (Tokyo,
Japan) was used for recording the spectra and the absorbance
measurements. The absorbance measurements were done by
mounting the optode samples (3 cm � 1 cm) inside a quartz
cuvette. The absorbance measurements of the optode samples
were carried out with respect to air as well as blank optode
sample.

Preparation of membrane optode

The membrane optodes were prepared by using the chromo-
phore BTAP, extractant (DNNS/TiOA/Aliquat-336), plasticizer
(TEHP/NPOE), and matrix forming polymer (CTA). Desired
quantities of CTA, extractant, BTAP and plasticizer were dis-
solved separately in CHCl3. Aer complete dissolution, the
casting solution was prepared by mixing the required volumes
of the solutions containing known amounts of the components.
The resulting casting solution was homogenized by ultra-
sonication for 3.0–5.0 min. The casting solution was poured in
a Petri dish to allow the slow evaporation of CHCl3 and the
formation of the homogeneous transparent membrane.

Uptake experiments

The optode strips (3 cm � 1 cm) were equilibrated in sample
solutions of desired medium (�10�4 mol L�1 bicarbonate/
carbonate solution in TEA buffer) and agitated with magnetic
stirring bar at a rate of 500 rpm. TEA buffer (3.0 mL) was added
in 10 mL (sample volume) to maintain a pH of 6.8 � 0.2 unless
stated otherwise. It should be noted that uranium precipitation
was observed in the absence of bicarbonate medium. The
membrane strips were taken out of the sample solutions and
washed with a jet of distilled water. The color of optode strips
changed from orange to pink depending on the uranium
concentration in the sample solution. The change in absor-
bance of U(VI)–BTAP complex was monitored at lmax ¼ 607 nm
under different experimental conditions.

Results and discussion
Composition of optode

Various combinations of the matrix forming polymer, plasti-
cizer (TEHP/NPOE), chromophore BTAP, and the carrier (DNNS/
TiOA/Aliquat-336) were studied to optimize the uranium uptake
in the optode matrix from aqueous samples having pH range of
6.5–7.0. It is seen that BTAP immobilized in the optode could
not form complex with U(VI) in absence of a carrier in the optode
matrix. This seems to suggest that BTAP itself does not act as
a carrier to facilitate the transfer of U(VI) from equilibrating
solution to the optode matrix. Among the different carriers
studied, DNNS was found to be efficient for facilitating the
transfer of U(VI) from equilibrating solution to optode matrix.
This may be attributed to the fact that the presence of
bicarbonate/carbonate anions in the equilibrating solution
46568 | RSC Adv., 2017, 7, 46566–46574
helps in the formation of anionic uranium carbonate complex
species. This anionic form of U(VI) could interact with the liquid
anion exchanger DNNS present in the optode matrix to form an
ion-pair. In addition, the DNNS may also be responsible to
prevent leaching of U(VI)–BTAP anionic complex formed in the
optode matrix.
Spectral characteristics

BTAP is one of the most sensitive reagents for the spectropho-
tometric analysis of uranium present in various aqueous/
organic phase samples. It forms 1 : 2 stable complex with
U(VI) in pH range of 6.5–7.0 (Fig. 2).59 The comparison of UV-vis
spectra of optode samples equilibrated with different aqueous
matrix having same concentration of U(VI) (100 ng mL�1) is
shown in Fig. 1. It is seen from this gure that TEA buffer
(pH 6.5–7.0) in the equilibrating solution enhanced the color
change in optode sample corresponding to the formation of
U(VI)–BTAP complex. In seawater matrix, the optode response
towards U(VI) was signicantly lower as compared to other
aqueous matrices, and may not be useful for the detection and
quantication of U(VI) in seawater. The change in absorbance
spectra of optode samples, equilibrated with solutions having
varying concentrations of U(VI) in TEA buffer is reported (Fig. 3).
The comparison of spectra indicated that there was large
bathochromic shi in absorbance of optode samples from
474 nm (blank) to 607 nm on equilibration with buffer solutions
having U(VI) concentration ranging from 2.5 to 160 ng mL�1.
The absorbance maxima at 585 nm is reported in the literature
as a characteristic of U(VI)–BTAP complex.59 This indicated that
the optode is responsive towards change in the uranium
concentrations in the equilibrating solution. The absorbance of
the blank optode sample (without uranium) is signicantly
lower as compared to that at 607 nm. Therefore, the change in
the absorbance at 607 nm can be used for quantitative detection
of U(VI) in the aqueous samples. It was also observed that pink
color of U(VI)-loaded optode sample changes back to orange on
immersing this optode in well-stirred 0.01 mol L�1 HNO3 for
10 min. This indicated that U(VI)–BTAP complex formed in the
optode is broken at pH 2.0 to regenerate the BTAP in the optode.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Response of optode samples after 3.0 h equilibration with
well-stirred aqueous solution containing U(VI) and 10�3 mol L�1

NaHCO3 at pH 6.5–7.0

Composition Response

CTA (45 wt%) + TEHP (40 wt%) +
BTAP (0.2 wt%)

No color change

CTA (40 wt%) + TEHP (40 wt%) +
BTAP (0.2 wt%) + DNNS (10 wt%)

No color change

CTA (30 wt%) + TEHP (40 wt%) +
BTAP (0.2 wt%) + TiOA (10 wt%)

No color change

CTA (24 wt%) + TEHP (40 wt%) +
BTAP (0.1 wt%) + DNNS (35 wt%)

Color changes from
orange to pink

Fig. 4 Variation of uranium uptake with DNNS concentration in the
optode; Utotal ¼ 1.0 mg; sample volume ¼ 10 mL; duration ¼ 15 h; pH
6.5–7.0 (TEA buffer).

Fig. 3 UV-vis spectra of optode samples (1.0 cm � 3.0 cm) equili-
brated with 10 mL of different aqueous samples spiked with 1.0 mg of
U(VI) in bicarbonate medium.
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Optimization

The optode response depends on the rate of diffusion of anionic
uranyl-carbonate species [UO2(CO3)(HCO3)

�, UO2 (CO3)2
2�, or

UO2(CO3)3
4�] existing in the aqueous phase to the optode

interface, and then to form complex with the BTAP molecule
present in the optode matrix. The primary role of DNNS appears
to mediate the transfer of U(VI) from aqueous medium to optode
matrix. In order to understand the effects of DNNS, the optode
samples having varying amounts of DNNS were prepared by
keeping same initial amounts of CTA, TEHP, and BTAP. The
amount of BTAP in the optode was xed to obtain the absor-
bance at 607 nm not exceeding 1.25%. The high amount of
BTAP was found to degrade the optical quality of the optode.
The amounts of BTAP and CTA used in preparation of the
optodes are given in Table 1. The variation of U(VI) uptake as
a function of DNNS amounts is shown in Fig. 4. As can be seen
from Fig. 4, the U(VI) uptake in the optode samples was
increased from 12 to 87% with increase in the DNNS concen-
tration from 5.0 to 35% under identical conditions of the
equilibrating solution. The optode samples were equilibrated
for 15 h in well-stirred 10 mL buffer solution having U(VI)
concentration 100 ng mL�1. The increase in U(VI) uptake with
increase in DNNS concentration in the optode suggests that the
DNNS enhances the U(VI) loading capacity of the optode.
However, the kinetics of uranium uptake (15 h) was too slow to
allow its use as a chemical sensor for wide ranging applications.

In this context, it is important to study the properties of
plasticizer and their relative concentrations in the optode
matrix. It was reported that increase in amount of plasticizer
increases the diffusion rate of anions in the plasticized
membranes.60 Therefore, the optode samples having varying
amounts of two different plasticizers (e.g. TEHP and NPOE)
were prepared and tested for their response time towards U(VI)
ions in buffered carbonate aqueous medium.
This journal is © The Royal Society of Chemistry 2017
The variation in absorbance of the optode samples, plasti-
cized with varying amounts of TEHP and NPOE, was studied by
equilibrating these with well-stirred 10 mL buffered sample
solutions having 100 ng mL�1 U(VI) concentrations in
bicarbonate/carbonate medium. The optode samples were
taken out at regular time intervals to monitor the absorbance of
U(VI)–BTAP complex at 607 nm as a function of equilibration
time. The variations of absorbance at lmax in the optode
samples as a function of equilibration time are shown in Fig. 5.
This graph indicates the kinetics of sorption of anionic U(VI)
species in the optode. As can be seen from Fig. 5, the rate of
sorption of uranium anionic species increases with increase in
amount of plasticizer in the optode. The matrix forming CTA
chains in the liquid fraction of optode (plasticizer) matrix
produces obstruction in the path of the moving ion-pair.

This obstruction is reduced with increase in the liquid
fraction of the optode. Hence, the plasticizer, which is the major
component of liquid phase, acts as a medium for diffusion
transport of ions in the optode. The optode could not be plas-
ticized more than 40 wt% of the plasticizer as mechanical
strength of the optode was not enough to use it in well-stirred
solution. Out of two plasticizer used in the preparation of
optode, the optode sample with 40 wt% TEHP gave faster
increase in absorbance corresponding to U(VI)–BTAP complex
than the optode formed by NPOE. Although the equilibration
RSC Adv., 2017, 7, 46566–46574 | 46569
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Fig. 5 Uranium uptake kinetics as a function of plasticizer amount in
the optode; Utotal ¼ 1.0 mg; sample volume ¼ 10 mL; pH 6.5–7.0 (TEA
buffer).
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time required for almost complete U(VI) sorption is longer than
3.0 h, the shorter equilibration time could be used for quanti-
tative analysis of U(VI) as % uptake remains constant at xed
equilibration time. The equilibration time of 30 min could be
used for constructing calibration graph for aqueous sample
containing U(VI) greater than 160 ng mL�1. However, the
detection limit for uranium would be better aer 3.0 h equili-
bration of the optode sample as more than 95% of U(VI) sorption
in the optode is achieved. Finally, the composition of optode
was kept as: 24 wt% CTA + 35 wt% DNNS + 40 wt% TEHP +
0.1 wt% BTAP for uranium uptake studies with an equilibration
time of 3.0 h.

The absorbance at 607 nm monitored for a long period over
18 h did not show the evidence of leaching of U(VI)–BTAP
complex from the optode sample to equilibrating bicarbonate
aqueous medium with TEA buffer. There was no dri in the
absorbance when the lm used for uranium uptake was
exposed to light. No appreciable change in the optode absor-
bance value was observed when the lm was dipped in de-
ionized distilled water overnight. These observations suggest
that the optode lm was quite stable under the conditions of
present studies.
Fig. 6 Variation in absorbance of the optode samples at 607 nm
equilibrated with buffer solution containing 1.0 mg of U(VI). The area of
optode was varied by changing length and keeping same breadth
1.0 cm.
Calibration and reproducibility

The response of the optode, in the form of change in absor-
bance at 607 nm, towards uranium concentration is up to
160 ng mL�1 aer correcting for the blank. The blank absor-
bance at 607 nm was measured aer equilibrating optode
sample with blank solution at pH 6.5–7.0, without uranium. The
absorbance linearly varies as a function of U(VI) concentration
range of 2.5–160 ng mL�1. However, the calibration line did not
pass through the zero. This may be due to the chemical changes
produced on sorption of U(VI) in the matrix that might have
changed the absorbance. These chemical changes may be
counter ions or water content in the optode matrix. The water
contents before and aer U(VI) sorption in optode sample were
found to be within 1.5 wt%. The minimum concentration of
U(VI) required in the 10 mL equilibrating solution to produce
distinct color change of optode (dimensions 3 cm � 1 cm) was
46570 | RSC Adv., 2017, 7, 46566–46574
found to be 160 ng mL�1. However, this detection limit of U(VI)
concentration can be further enhanced by using larger volume
of aqueous sample.

The reproducibility of the optode membrane was determined
using standard uranium solution (1000 mg mL�1 from Merck).
Suitable aliquots were spiked from standard uranium solution
in to the medium of uptake experiments, e.g., pH 6.6–7.0, TEA
buffer, volume ¼ 10 mL; and [U] ¼ 100 ng mL�1. The optode
sample was taken out for the absorbance measurements aer
equilibration for 3.0 h. The mean absorbance values with the
relative standard deviation were found to be 1.33 � 0.12 (n ¼ 6).
The small deviations in absorbance values suggest that optode
membrane responses are reproducible under the conditions of
this study.

In order to enhance the change in absorbance at 607 nm in
the optode, the optode samples of different dimensions were
equilibrated with buffered solutions having 1.0 mg of U(VI) in
10 mL in bicarbonate medium. As can be seen from Fig. 6, the
absorbance increases from 0.07 to 0.3 by decreasing area of
optode samples from 4.0 to 1.0 cm2. This can be attributed to
increase in U(VI) concentration in the unit volume of the optode.
Therefore, the possibility exist to improve U(VI) detection limit
of optode by decreasing its volume.

Interfering ions

The selectivity of the optode was tested by equilibrating optode
samples with solutions containing different cations (Th4+, Eu3+,
and Fe3+) and anions (F�, I�, NO3

�, CO3
2�, and C2O4

2�). The
absorbance spectra of optode samples did not change on its
equilibration with solution containing 5.0–250 mg of Th4+.
However, some of these ions were found to affect the U(VI)
sorption in the optode. In order to examine the effects of these
ions on U(VI) sorption in the optode, the uptake studies were
carried out in the presence of micromolar concentrations of
cations such as Th4+, Nd3+, Fe3+, and anions such as F�, C2O4

2�

at pH 6.5–7.0 in TEA buffer with 100 ng mL�1 U(VI) concentra-
tion. In all cases except C2O4

2�, the absorbance variations in the
optode samples were within�5.0%, suggesting that presence of
these cations/anions in the micro-molar concentrations will not
signicantly affect the U(VI) analysis. The tolerance limit was
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra08942b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 1
1:

08
:2

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
taken as 5.0% deviations in the mean absorbance values in
U(VI)–BTAP complex at 607 nm in the absence of the competing
cations/anions. In case of C2O4

2�, the absorbance was reduced
to 11% which indicated that C2O4

2� ions interfere in
the sorption of U(VI) in the optode. Addition of 1.0 mL of
1.0 � 10�3 mol L�1 ammonium molybdate eliminate the
interference of C2O4

2� upto 500 fold molar excess.

Comparison with solution spectrophotometry

The comparison of uranium determination by optode and
spectrophotometry60 using chromophore BTAP is given. Unlike
solution spectrophotometry, the presence of F� ions was not
found to affect the formation of U(VI)–BTAP complex. Only
bicarbonate/carbonate medium was found to be the appro-
priate medium for good response of optode towards U(VI). It is
evident that the detection limit of U(VI) is signicantly enhanced
by using the optode (0.8 ng mL�1) than that which can be
achieved with spectrophotometry (16 ng mL�1). The uranium
determination by optode appears to be simple as it involves less
sample manipulation and can be reused. Apart from this, the
optode samples can be stored for longer period of time. This
would be useful for preparation of standards for calibration plot
or for visual colorimetric analysis of U(VI). The proposedmethod
is more sensitive by 20 times than that by spectrophotometry.59

A comparison of the proposed method with the previously
reportedmethods for preconcentration and spectrophotometric
determination of uranium62–65,67–69,71–73,75 in addition to that
using ICP-AES and GFAAS61,70 FT-IR66 and Laser uorimetric75

(Table 2) indicates that the proposed method is faster and
simpler than the existing methods and that it provides a lower
limit of detection. Although the procedures for xylenol orange74

using laser uorimetry or pyrocatechol violet73 using spectro-
photometry and polymer-based C18 cartridge75 have lower
detection limits, the proposed method has more advantages
through the sensitivity and interference point of view. To the
best of our knowledge, this is the rst report of using BTAP as
chromophoric reagent for membrane optode for preconcen-
tration and determination of uranium(VI).
Table 2 Comparison of the proposed method with some preconcentra

Chelating agent Sorbent or micellar media

o-Vanillin semicarbazone Amberlite XAD-4
Dibenzoylmethane Triton X-114
Arsenazo III Silica gel
5,7-Dichloroquinoline-8-ol Naphthalene
1,2-(Pyridylazo)-2-naphthol Benzophenone
Quinoline-8-ol Chloromethylated polymer
Arsenazo(III) Silica
Quinoline-8-ol Amberlite XAD-4
1,2-(Pyridylazo)-2-naphthol Triton X-114
Quinoline-8-ol Silica
Dibromosuccinic acid Amberlite XAD-4
Diarylazobisphenol Activated carbon
Pyrocatechol violet Triton X-114
Xylenol orange Silica
2-(2-Benzothiazolylazo)-3-hydroxyphenol Polymer-based C18 cartrid
(BTAP) Membrane optode

This journal is © The Royal Society of Chemistry 2017
Applications to real samples

In order to conrm the applicability of the proposedmethod, it has
been applied to the determination of nanogram amounts of U(VI)
in water and in real samples. The uptake experiment was done
under specied experimental conditions such as pH 6.5–7.0 (with
TEA buffer) and volume ¼ 10 mL, using 0.5 mL of the effluent
sample containing �1.0 mg U(VI). The optode lm (3 cm � 1 cm)
was taken out for the absorbancemeasurements aer exposure for
3.0 h. The mean absorbance values were found to be 0.87 � 0.01.
The calibration plot was constructed by adding known amount of
U(VI) in buffered bicarbonate solution as described above.
Seawater analysis

Results for the analysis of two seawater samples (Red Sea and
Mediterranean Sea) are given in Table 3. Since a standard
method for the determination of uranium in seawater has not
been reported in literature, and inductively coupled plasma
mass spectrometry (ICP-MS) as accepted independent method
is not available, the accuracy of the method was examined by
recovery study of the spiked samples. The recovery of the spikes
added to seawater samples is given in Table 3. The quantitative
recovery of the uranium spikes and relative standard deviation
of 1.75% conrm the good precision and accuracy of the
proposed optode method.

The performance of the proposed method was assessed by
calculation of the t value (for accuracy) and F test (for preci-
sion)76 compared with GFAAS method. The mean values were
obtained in Student's t and F tests at 95% condence limits for
ve degrees of freedom. The results showed that the calculated
values (Table 3) did not exceed the theoretical values. A wider
range of determination, higher accuracy, more stability, and
being less time consuming show the advantage of the proposed
method over other method.
Analysis of soil and standard uranium ore samples

To verify applications and validations of the proposed method,
one standard reference material, soil collected from farmland,
tion methods

Analytical method D.L. ng mL�1 Ref.

ICP-AES and GFAAS 100 61
Spectrophotometry 11 62
Spectrophotometry 10 65
Spectrophotometry 5.0 64
Spectrophotometry 5.0 65

ic resin FT-IR spectroscopy 50 66
Spectrophotometry 4.0 67
Spectrophotometry 2.0 68
Spectrophotometry 1.1 69
ICP-AES 1.0 70
Spectrophotometry 2.0 71
Spectrophotometry 5.0 72
Spectrophotometry 0.06 73
Laser uorimetric 0.05 74

ge Spectrophotometry 0.6 75
Spectrophotometry 0.8 This work
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Table 5 Determination of uranium(VI) in soil and sediment samples

No. Description of the sample

Uranium/(mg g�1)
Recovery/
(%)Added Founda

1 Soil sample from farmland
nearby the Enshase City

— 6.85 � 0.30 —
5.0 11.8 � 0.20 101.9
10 16.85 � 0.25 101.3

2 Sediment from Nile River
nearby the Enshase City

— 4.75 � 0.15 —
6.0 10.70 � 0.25 101.5
12 16.85 � 0.20 100.5

a Average and standard deviation from triplicate run.

Table 4 Analysis of uranium ore standard reference material
(GBW04108)

No.
U(VI)
added/(mg g�1)

Uranium founda/(mg g�1)

Recovery/(%)Present method Certiedb

1 None 80.5 � 0.50 79 —
2 30 111.3 � 0.70 100.72
3 60 139.6 � 0.55 99.36
4 90 172.2 � 0.40 101.00
5 120 202.0 � 0.30 100.75
6 150 227.8 � 0.69 98.83

a Average and standard deviation from triplicate runs carried.
b Certied values reported by Centre of China Reference Materials.

Table 3 U(VI) contents of seawater samples

No. of samples

Uranium contentsa (ng mL�1)

Red Sea (El-Gharaa) GFAAS method Mediterranean sea (Alexandria) GFAAS method

1 (t- and F-test)b 2.37 � 0.04 (1.17 and 2.66) 2.37 � 0.13 2.31 � 0.05 (1.24 and 2.77) 2.34 � 0.13
2 (t- and F-test)b 2.35 � 0.04 (1.35 and 2.87) 2.33 � 0.09 2.29 � 0.05 (1.14 and 2.59) 2.29 � 0.09
3 (t- and F-test)b 2.38 � 0.06 (1.28 and 2.57) 2.39 � 0.11 2.33 � 0.04 (1.49 and 3.08) 2.36 � 0.11

C ¼ 2.367, RSD% ¼ 1.75 C ¼ 2.363, RSD% ¼ 2.60 C ¼ 2.31, RSD% ¼ 1.35 C ¼ 2.33, RSD% ¼ 2.7

a Mean � S.D. (n ¼ 6). b Theoretical value for t- and F-values for ve degrees of freedom and 95% condence limits are 2.57 and 5.05, respectively.
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and sediment collected from the Nile River were subjected to
dissolution, preconcentration and determination. The results
obtained for the standard reference material are shown in Table
4, and those for the soil sample and the sediment sample are
shown in Table 5. The results obtained are in good agreement
with the certied values, and the recoveries of spiked uranium
were quantitative. Thus, these results indicated that the
membrane optode method developed in the present work is
accurate, simple, and low in cost for analyzing ore, soil, and
sediment samples containing traces of uranium.
Conclusions

A CTA-based optode has been developed for uranium pre-
concentration and its determination. The optode changes color
due to uranium uptake in bicarbonate/carbonate medium
46572 | RSC Adv., 2017, 7, 46566–46574
(�10�4 mol L�1) at pH 6.5–7.0 in the presence of TEA buffer.
The intensity of color in the optode sample was found to be
dependent on the uranium uptake from the sample solution as
well as the composition of membrane. The composition of the
optode was optimized as: 24 wt% CTA + 35 wt% DNNS + 40 wt%
TEHP + 0.1 wt% BTAP, for uranium uptake studies with an
equilibration time of 3.0 h. The detection limit of the optode
lm (dimension: 3 cm � 1 cm) was determined to be �0.8 ng
mL�1 U(VI) for a 10 mL sample at pH 6.5–7.0 (in TEA buffer). The
presence of micro-molar concentrations of cations such as such
as Th4+, Nd3+, Fe3+, and of anions such as F�, I�, NO3

�, and
CO3

2�, etc. will not signicantly affect the uranium analysis at
pH 6.5–7.0 in TEA buffer. At higher concentration of these ions,
the negative bias was observed in most cases except for Nd3+

ions. This indicated that performance of the optode is depen-
dent on the concentrations of ions in aqueous samples. The
optode lm was quite stable under the conditions of present
studies.
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