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sensor of Gd(III) based on 5-(20-
bromophenyl- azo)-6-hydroxypyrimidine-2,4-
dione immobilized on poly(methyl methacrylate)
and 2-nitrophenyloctylether matrix

Eslam M. I. Moustafa,a Alaa S. Amin *a and Eman R. Darwishb

A novel optical chemical sensor (optode) was fabricated for the determination of Gadolinium ions. The

optical sensor was prepared by incorporating a recently synthesized ionophore, 5-(20-bromophenylazo)-

6-hydroxy pyrimidine-2,4-dione (BPAHPD), and 2-nitrophenyloctylether (NPOE) as a plasticizer in

poly(methyl methacrylate) (PMMA) membrane. The color of the sensing membrane in contact with Gd(III)

ions changed from yellow to red-orange due to the adsorption of Gd(III) with the maximum absorbance

(lmax) at 563 nm. The chemical sensor responds optimally towards Gd(III) ions at the optimum conditions

of pH 7.5, contact time 10 min, 150 ng mL�1 Gd(III), and 5.0 mL solution. The linear regression equation

achieved was A ¼ 4.36C (mg mL�1) – 0.15 (r ¼ 0.9976). A linear Gd(III) calibration curve can be

established in the concentration range of 5.0–250 ng mL�1 with R2 ¼ 0.9976. Detection and

quantification limits are 1.47 and 4.75 ng mL�1, respectively. The molar absorptivity and Sandell sensitivity

are found to be 6.86 � 107 L mol�1 cm�1 and 0.023 ng cm�2, respectively. In addition to its stability and

reproducibility, the optode revealed a great selectivity toward Gd(III) ions as compared to other

coexisting ions in real samples. The recovery of Gd(III) ions from the sensor material was achieved using

0.4 M HNO3
. The offered optode sensor membrane has been employed to monitor Gd(III) in soil,

sediments, river water, and urine with an internal standard addition method and compared statistically

with the ICP-OES method. The results revealed calculated t-values between 1.11–1.85, whereas F values

were in the range of 2.46–3.77 which did not exceed the theoretical values, indicating no significant

difference at 95% confidence level. The observed percent recovery is in the range of 97.24–102.52%.
Introduction

Rare-earth elements (REE) are becoming more critical in high-
tech ceramics, cutting-edge engineering, and specialized
glasses, which has driven the development of reliable and effi-
cient analytical procedures for assessing traces of these metals.
Fluorescent bulbs, energy-saving lights, color televisions, and
eyeglasses are just a few examples of common objects that
contain the rare chemical gadolinium.1 Gadolinium mainly
occurs in two different types of ores. Gadolinium is increasingly
being used because it is suitable for making catalysts and pol-
ishing glass.

Gadolinium can be inhaled as fumes and damps and is oen
dangerous to the environment. Lung embolisms may arise from
this, especially if you are exposed for a prolonged period of time.
The liver is put in danger when gadolinium accumulates in the
body. There are many ways that gadolinium is released into the
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environment, but the petroleum sector is the main source.
Additionally, when household items are thrown away, it may be
discharged into the environment. Gadolinium will gradually
accumulate in soils and aquatic environments, increasing
concentrations in humans, animals, and soil particles. Gadoli-
nium damages cell membranes in aquatic species, which has
a number of negative effects on reproductive and nervous
system functions.

Due to the effective use of gadolinium compounds in
industry, monitoring of Gd(III) ions has lately become necessary.
Diverse techniques have been used for Gd(III) assessment which
most of them have been spectroscopic procedures like induc-
tively coupled plasma-mass spectrometry (ICP-MS),2–7 atomic
emission spectroscopy,4 electron spin resonance,5–10 laser-based
multi-step resonance ionization,11 phosphorescence opto-
sensing,12 high-resolution I3-spectroscopy,13 time-resolved
uorimetry,14 spectrophoto-uorimetric assessment,15,16

quenching of gadolinium uorescence,17 spectrophotometry.18

Ion selective electrode (ISE),19,20 several nucleic21 and other
methodologies.22–24
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Each of these procedures demand expensive, sophisticated
equipment. Therefore, a practical, affordable approach that can
provide the selectivity to detect Gd(III) in the presence of other,
extremely similar lanthanides is essential.25–31 In our Labora-
tory, various strategies for optical sensors for different metal
ions in aqueous samples have been investigated,32–37 since they
can easily be included in low-cost, user-friendly kits. Addition-
ally, they can offer the required sensitivity and selectivity for
environmental checking.39–49

In this study, we have developed a new optode sensor Gd(III)
sensing method that is straightforward, secure, affordable,
ecologically friendly, and focused on green analytical chemistry.
The sensing membrane is advanced constructed on immobili-
zation of BPAHPD in polymethyl methacrylate (PMMA)
membrane using 2-nitrophenyl octyl ether (NPOE) as plasti-
cizer. Theoretical and basic concepts of bulk optode
membranes relying on reversible mass analyte movement from
sample in the bulk of the sensing layer have been explained.50,51

The sensor can be simply regenerated, by using a 0.4 M HNO3

solution. According to the best of our knowledge no manufac-
tured optode has been described in the literature for deter-
mining of gadolinium applying the studied reagent.
Experimental
Chemicals and instruments

Cadmium(II) nitrate [Cd(NO3)2], copper(II) chloride (CuCl2),
zinc(II) nitrate [Zn(NO3)2], nickel(II) nitrate [Ni(NO3)2], iron(III)
chloride (FeCl3), lanthanum nitrate[La(NO3)3], samarium
nitrate [Sm(NO3)3], scandium nitrate[Sc(NO3)3], yttrium nitrate
[Y(NO3)3], thorium nitrate [Th(NO3)4], uranyl nitrate
[UO2(NO3)2], sodium hydroxide (NaOH), hydrochloric acid
(HCl), and tetrahydrofuran (THF) were obtained from Merck.
BPAHPD was synthesized according to the method described
previously.52–54 Poly(methyl methacrylate) (PMMA) was obtained
by synthesis with an average molecular weight of about 220 000.
The double distilled water was applied as a solvent throughout
all assessments. The pH of the solution was adjusted by drop-
wise addition of either 0.10 M NaOH or 0.10 M HCl. Standard
elation of Gd(III) were prepared by dissolution of reasonable
amounts of the oxide (99.99% pure, Aldrich) in small volumes of
concentrated HCl, followed by dilution with distilled water.
Standardization was achieved as ascribed in the literature.55
Instrumentation

The thickness of the optode was assessed by a digital microm-
eter (Mitutoy, Japan) with an accuracy of � 0.001 mm. A
microprocessor-based pH meter model Orion research model
601 A/digital ionalyzer was used for pH assessments. Atomic
absorption spectrometer model 6300 (AAS), Shimadzu (Japan),
was done for assessments with ame of N2O–C2H2 and the
device settings were according to the manufacturer's recom-
mendations. UV-vis spectrophotometer model V 53 from JASCO
(Tokyo, Japan) was employed for recording the spectra and the
absorbance measurements. The absorbance measurements
were achieved by mounting the optode samples (1 cm � 2 cm)
© 2022 The Author(s). Published by the Royal Society of Chemistry
inside a quartz cuvette. The absorbance measurements of the
optode samples were accomplished with respect to air as well as
blank optode sample.

Preparation of optode sensor membrane

The optode sensor membrane was prepared by dissolving
0.300 g PMMA, 40 mg BPAHPD, and 120 mL NPOE in 10 mL
THF. The mixture was stirred at a constant speed for 5.0 h at
room temperature. Consequently, the reaction mixture was
poured into a casting glass (5 cm � 12 cm) and le at room
temperature for 8.0–10 hours, until all the solvent evaporated.
The membranes were released from the cast, washed with
distilled water, dried at room temperature, and cut into rect-
angle shape (1 cm � 2 cm). The membrane thickness was c.a.
0.05 mm.

It was important to adjust the various experimental condi-
tions in order to achieve the optimum sensing optode lm in
terms of uniformity and maximal sensitivity toward Gd(III). The
BPAHPD amount was optimized by varying its concentration
from 15.0 to 60 mg in the casting solution. The optode lms
thus gotten were equilibrated with 5.0 mL standard solution of
150 ng mL�1 Gd(III), and the absorbance values at lmax ¼
563 nm were recorded. The amount of BPAHPD in the optode
lm that provided the highest absorbance was xed for rest of
the investigates.

Determination of optimum pH

The optimum pH was detected by evaluating the absorbance of
membranes that were previously soaked in 5.0 mL solution
involving 1.0 mg L�1 of Gd(III) ion in the pH range of 6.0–9.0 for
a denite time. The optimum pH was specied by better
absorbance at 563 nm.

Interfering ions

The interfering ions including K+, Na+, Ca2+, Mg2+, Cd2+, Cr3+,
Ni2+, Cu2+, Pb2+, Fe2+, Fe3+, Al3+, Zn2+ La3+, Sm3+, Er3+, Sc3+, and
Y3+, were investigated by assessing the absorbance of the solu-
tion in the existence of the interfering cations and Gd(III) in
various concentration ratio at 563 nm and pH 7.5.

Accuracy and precision

To investigate the achieved optodes accuracy and precision,
solutions including three various concentrations of Gd(III) were
prepared. The assay optode was analyzed in six replicates, and
the relative standard deviation (RSD) was evaluated as
a percentage within the same day to assess the repeatability
(intra-assay) and over ve days to estimate evaluate the inter-
mediate precision (inter-assay).

Determination of Gd(III) in urine samples

Urine was collected and stored in plastic containers without any
preservatives. The urine samples were digested following the
procedure previously reported by Moyano et al.56 The resultant
clear solution from the previous step was loaded onto a AG50-X8
cation-exchange column, and the chromatographic procedure
RSC Adv., 2022, 12, 26090–26098 | 26091
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Fig. 1 UV-vis spectra of optode samples (1.0 cm � 2.0 cm) equili-
brated with 5.0 mL of different aqueous samples spiked with 150 ng
mL�1 of Gd(III) at pH 7.5.
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recommended by Crock and co-worker57 was performed in order
to remove Ca(II) and other possible contaminants present in the
sample. The elution procedure was as follows: (a) load 15 mL of
sample solution; (b) elute with 15 mL of 2.0 M HCl, followed by
15 mL of 2.0 M HNO3, discarding both eluates; (c) elute with
15 mL of 7.5 M HNO3, and collect the eluate for subsequent Gd
determination; (d) regenerate the column by washing with
50 mL of 8.0 M HNO3.

In order to demonstrate the validity of the proposed optode
method, 150 mL of spiked urine sample was collected and
divided into 10 portions of 15 mL each. The proposed method
was applied to six portions and the average quantity of Gd(III)
obtained was taken as a base value. Then, increasing quantities
of gadolinium were added to the other sample aliquots and
Gd(III) was determined by the same optode. Using the calibra-
tion procedure to assess Gd(III) content was employed by the
recommended sensor in the urine samples.

Determination of Gd(III) in water samples

In order to test the applicability of the proposed SFODME
method for the analysis of real samples, mineral and river water
(obtained of Benha, Egypt) were studied. In order to remove
each solid material, all water samples were centrifuged at
6000 rpm for 5.0 min and were ltered with lter paper No. 0.45
mm before use. A reasonable volume of water sample (500–1000
mL) was moved to a 1000 mL beaker and 0.2 mL of concentrated
HCl was added. The beaker was heated in a water-bath and the
solution was evaporated to 5.0 mL. The concentrated solution
was poured quantitatively into a 5.0 mL calibrated ask and
diluted with water to the mark. The treated solutions were
emptied into the sample optode, and lanthanum assessments
were taken under the previously stated circumstances.

Determination of Gd(III) in soils and sediments

Sample (1.0 g) was weighed into a PTFE beaker, and 5.0 mL of
70% HClO4 and 10 mL of 48% HF were added. The sample was
heated in sand bath to incipient dryness. The acid attack with
HClO4 and HF (1 + 2) was repeated three times to complete
digestion of the silicate matrix. Then the samples were moved
into asks and diluted with 5.0 mL of 5.0% NaOH and distilled
water to 50 mL (pH ¼ 7.5). Subsequently, the spectra of these
solutions were assessed by applying the developed Gd(III) sensor
as well as its calibration curve, which was attained aer
measuring a series of gadolinium ion standard solutions. Then,
the gadolinium ion concentration in the samples was evaluated.

Results and discussion
Spectral characteristics

Supporting matrix stability and sensor membrane response
toward Gd(III); PMMA was preferable as a supporting matrix for
BPAHPD owing to its transparency, hydrophobicity, resistance
to acid, base and salt solutions,58 and low absorbance in the UV-
vis range.59 These will maintain the sensor membrane stable
throughout Gd(III) in water examination and enable for quan-
titative UV-Vis spectrophoto-metry analysis. As a ligand,
26092 | RSC Adv., 2022, 12, 26090–26098
BPAHPD can achieve a colorful complex ion with a number of
cations, that are Y(III),52 Sm(III),53 and Bi(III).54 The complex ions
of BPAHPD with those cations are advanced through the coor-
dination bond amongst –OH and azo-nitrogen groups of the
phenolic ring with the cations.

In our Laboratory, various strategies for optical sensors for
different metal ions in aqueous samples have been illus-
trated.32–38 The comparison of UV-vis spectra of optode samples
equilibrated with diverse aqueous matrix having same concen-
tration of Gd(III) (150 ng mL�1) is shown in Fig. 1. It is seen from
this gure that a pH 7.5 � 0.2 in the equilibrating solution
improved the colour variation in optode sample corresponding
to the formation of Gd(III)-BPAHPD complex. The optode
response to Gd(III) in seawater was substantially lower than in
other aqueous matrices, and it may not be effective for detecting
and quantifying Gd(III) in seawater. The absorbance spectra of
optode samples equilibrated with solutions containing
different Gd(III) samples in pH 7.5 are given (Fig. 1). The
comparison of spectra specied that there was great bath-
ochromic shi in the wavelength and absorbance of optode
samples from 451 nm (blank) to 563 nm on equilibration with
buffer solutions involving Gd(III) concentration ranging from
5.0 to 250 ng mL�1. The absorbance maxima at 563 nm is stated
as a characteristic of Gd(III)-BPAHPD complex. This designated
that the optode is responsive towards variation in the Gd(III)
concentrations in the equilibrating solution. The absorbance of
the blank optode sample [without Gd(III)] is expressively lower
as compared to that at 563 nm. Hence, the change in the
absorbance at 563 nm can be applied for quantitative assess-
ment of Gd(III) in the aqueous samples. It was also observed that
red-orange colour of Gd(III)-loaded optode sample varies back to
yellow on immersing this optode in well-stirred 0.02 M HNO3

for 10 min. This induced that Gd(III)-BPAHPD complex estab-
lished in the optode is broken at pH 2.0 to regenerate the
BPAHPD in the optode.
Membrane characterization

The FTIR spectra of BPAHPD immobilized in the membrane
matrix are seen in Fig. 2. It is clearly displayed that BPAHPD has
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Infrared spectra of themembrane components. (a) BPAHPD, (b)
NPOE, (c) PMMA.
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been effectively incorporated into the membrane. The peak at
3443 cm�1 indicates a stretching vibration of –OH group of
naphthol, however the peak at 2336 cm�1 is thanks to the N]N
group. Themedium peak at 1606 cm�1 is attributed to the N]O
bond. Further, the peak at 1250 cm�1 suggests the attendance of
caryl–Ocalkyl group. Both peaks reveal the existence of NPOE as
a plasticizer in the membrane.
The effect of pH on sensing performance

The pH of the test solutions plays an important role in achieving
a better membrane performance. The analyte solution has been
subjected to pH variation, from 6.0 to 9.0. Fig. 3 recommends
that the solution pH of 7.5 provides the best response.
Furthermore, at optimum pH, the amount of OH� ion in the
solution is larger and the donor atom in the ligand tends to
release H+ ion (deprotonated) and thus becomes partially
negative-charged species (L�). This condition enhances the
reaction between Gd3+ or [Gd(OH)2]

+ in the solution and
BPAHPD ligand in the matrix to form GdL2. On the other hand,
at lower pH, large amount of H+ in the solution causes the
construction of free metal ion (Mn+) and the hydroxyl group in
the ligand remains protonated. This situation causes the
interaction between metal ion and ligand much more prob-
lematic to occur due to charge repulsion between positive metal
ion and positively protonated ligand. At higher pH (>9.0), the
Fig. 3 Effect of pH on the optical sensor of 150 ng mL�1 Gd(III)
complexed with BPAHPD at the optimum conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
absorbance is getting smaller possibly because of leaching
process of BPAHPD ligand from the membrane matrix as indi-
cated by the orange-red color change of the solution. For all of
the tested pH, the absorbance has been observed to reach its
maximum value aer 10 min of reaction.
Optimization

In this context, it is signicant to study the features of plasti-
cizer and their relative concentrations in the optode matrix. It
was stated that increase in amount of plasticizer increases the
diffusion rate of anions in the plasticized membranes.60 Thus,
the optode samples having varying amounts of two diverse
plasticizers (e.g. PMMA and NPOE) were prepared and checked
for their response time towards Gd(III) ions in pH 7.5 medium.

The absorbance variation of the optode samples, plasticized
with varying amounts of PMMA and NPOE, was studied by
equilibrating these with well-stirred 5.0 mL buffered sample
solutions having 150 ng mL�1 Gd(III) concentrations in pH 7.5
medium (Fig. 3). The optode sensor samples were taken out at
regular time intervals to monitor the absorbance of Gd(III)-
BPAHPD complex at 563 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. 4. This graph
indicates the kinetics of sorption of anionic Gd(III) species in the
optode sensor. As can be seen from Fig. 4, the sorption rate of
gadolinium anionic species increases with increasing amount
of plasticizer in the optode. The matrix establishing PMMA
chains in the liquid fraction of optode (plasticizer) matrix
produces obstruction in the path of the moving ion-pair.

The plasticizer, which is the major component of liquid
phase, acts as a medium for diffusion transport of ions in the
optode sensor. The optode could not be plasticized more than
95 wt% of the plasticizer as mechanical strength of the optode
was not enough to use it in well-stirred solution Fig. 5. Out of two
plasticizer used in the preparation of optode, the optode sample
with 1.0 wt% NPOE gave faster increase in absorbance corre-
sponding to Gd(III)-BPAHPD complex than the optode made by
TEHP. Although the equilibration time needed for almost
Fig. 4 Gadolenium uptake kinetics as a function of plasticizer NPOE
amount in the optode; Gd ¼150 ng mL�1; sample volume ¼ 5.0 mL;
pH 7.5.

RSC Adv., 2022, 12, 26090–26098 | 26093
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Fig. 5 Variation of Gadolinium uptake with PMMA concentration in
the optode; Gd¼ 150 ng mL�1; sample volume ¼ 5.0 mL; duration ¼
15 min; pH 7.5.

Fig. 6 Progress of optode sensor membrane colour change along
with increase in Gd(III) concentration.
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complete Gd(III) sorption is longer than 10 min, the shorter
equilibration time could be used for quantitative analysis of
Gd(III) as % uptake remains constant at xed equilibration time.
The equilibration time of 10 min could be used for constructing
calibration graph for aqueous sample including Gd(III) greater
than 250 ng mL�1. Nevertheless, the detection limit for Gd(III)
would be better aer 10 min equilibration of the optode sensor
sample as more than 96.5% of Gd(III) sorption in the optode is
acquired. Lastly, the optode sensor composition was kept as:
87.2 wt% PMMA + 1.1 wt% NPOE + 11.7 wt% BPAHPD for Gd(III)
uptake studies with an equilibration time of 10 min.

The absorbance at 563 nm examined for a long period over
12 h did not show the evidence of leaching of Gd(III)-BPAHPD
complex from the optode sample to equilibrating aqueous
medium with pH 7.5. There was no dri in the absorbance when
the lm used for gadolinium uptake was exposed to light. No
appreciable variation in the optode absorbance value was detec-
ted when the lm was dipped in de-ionized distilled water over-
night. These observations recommend that the optode sensor
lm was quite stable under the circumstances of current studies.

Stoichiometric ratio

The complex nature was accomplished at the optimum condi-
tions described above using the continuous variation and molar
ratio methods. The plot of absorbance versus the mole faction of
Gd(III), attained by varying the BPAHPD and Gd(III) concentra-
tion, revealed inection at 0.33, indicating the attendance of two
BPAHPD molecules in the established complex. Besides, the
molar ratio method showed a ratio of BPAHPD to Gd(III) ¼ 2.0.
Subsequently, the results indicated that the stoichiometric ratio
was (2 : 1) [BPAHPD: Gd(III)]. The conditional formation constant
(log K), calculated using the Harvey and Manning equation
applying the data achieved from the above two methods, was
achieved to be 7.41, while the true constant was 7.58.

2 BPAHPD + Gd(III) [(BPAHPD)2Gd]
26094 | RSC Adv., 2022, 12, 26090–26098
Response of sensor membrane

The UV-vis spectra of sensing membrane before and aer
contact with Gd(III) solution are displayed in Fig. 1. Before
contact with Gd(III) solution, the sensor membrane has highest
absorbance (lmax) at 451 nm, and aer contact with Gd(III)
solution at pH 7.5, it shis to 563 nm. The complex formation
Gd(III)-BPAHPD in the sensor membrane exhibits substantial
bathochromic shi from 451 to 563 nm. It has been described
that the lmax of BPAHPD and Gd(III)�BPAHPD complex in
chloroform is 456 nm and between 540–570 nm, respectively.
The slight variance in our results may be owing to the BPAHPD
sensitivity in various environments that lead to shi in lmax

when it packs in the solid membrane matrices.44 It is note-
worthy to note that the cation permeability in the polymer
matrix is lower than that in the solution. This may also cause
the shi of lmax. For comparison, it has been stated that the
lmax of BPAHPD and Gd(III)�BPAHPD complex in the CTA
membrane is observed at 451 and 563 nm, respectively. The
membrane was prepared by solvent mixing of 10 mL dichloro-
methane and 10 mL chloroform, and dried for 48 h. By applying
this reported membrane, it has been found that the linear range
of Gd(III) calibration curve was in the range of 5.0–275 ng mL�1

and the equilibrium time for complex formation was achieved
aer 50 minutes of reaction at pH 7.5. It is, hence, obvious that
our results is superior, especially in term of response time (10
min), required sample size (5.0 mL only), less usage solvent and
shorter evaporation time, meaning that the preparation of the
sensing membrane in our study produces less waste, reduces
gas emission and needs shorter analysis time. Aer contact with
Gd(III) solution, the membrane colour variations from yellow to
red-orange as revealed in Fig. 6. The colour intensity of the
membrane increases along with the increase of the Gd(III)
concentration in the solution.
Regeneration of the sensor

The reversibility of the sensor was examined by washing the
applied sensors with 0.2 M iodate and/or thiocyanate solutions.
The results conrmed that the sensors were not regenerated to
be use one more time for Gd(III) determination. In addition, HCl
and/or HNO3 were also tested for the regeneration of the used
© 2022 The Author(s). Published by the Royal Society of Chemistry
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sensor by immersion of the applied sensor into the acids
solution (0.1–0.7 M) for 5.0 min. The results demonstrated that
the sensors could be regenerated in 0.4 M HNO3 solution.
Hence, each sensor can be used many times for Gd(III) analysis.

Interfering ions

The optode selectivity was checked by equilibrating optode
samples with solutions containing various cations (Th4+, La3+,
Sc3+, Y3+, Sm3+, Nd3+, Eu3+, Lu3+ and Fe3+) and anions (F�, I�,
NO3

�, CO32�, PO43� and C2O4
2�). The absorbance spectra of

optode samples did not vary on its equilibration with solution
having 5.0–500 mg of Th4+. Conversely, some of these ions were
established to affect the Gd(III) sorption in the optode. In order
to investigate the effects of these ions on Gd(III) sorption in the
optode, the uptake studies were done in the existence of
micromolar concentrations of cations like Th4+, Nd3+, and
anions such as F� at pH 7.5 with 150 ng mL�1 Gd(III) concen-
tration. In all cases except F�, the absorbance variations in the
optode samples were within � 5.0%, suggesting that existence
of these cations/anions in the micro-molar concentrations will
not expressively inuence the Gd(III) examination. The tolerance
limit was taken as 5.0% deviations in the mean absorbance
values in Gd(III)– BPAHPD complex at 563 nm in the absence of
the competing cations/anions. In case of F�, the absorbance
was reduced to 18% which designated that F� ions interfere in
the sorption of Gd(III) in the optode. Addition of 1.0 mL of 1.0 �
10�3 M aluminium chloride eliminate the interference of F� up
to 500-fold molar excess. It is recommended that all other
foreign ions studied can be tolerated in considerable amounts,
so that the proposed optode method can be used to determine
Gd(III) in environmental samples directly.

Calibration and reproducibility

The optode response, in the form of variation in absorbance at
563 nm, towards gadolinium concentration is up to 275 ng
mL�1 aer correcting for the blank. The blank absorbance at
563 nm was assessed aer equilibrating optode sample with
blank solution at pH 7.5, without gadolinium. The absorbance
linearly varies as a function of Gd(III) concentration range of
5.0–275 ng mL�1. Nevertheless, the calibration line did not pass
through the zero. This may be because of the chemical changes
created on sorption of Gd(III) in the matrix that might have
varied the absorbance. These chemical alterations may be
counter ions or water content in the optode matrix. The water
contents before and aer Gd(III) sorption in optode sample were
Table 1 Analytical features of the proposed method

Parameters Using optode

pH 67.5
Equilubrium time (min) 15
Stirring time (min) 5.0
Beer's range (ng mL�1) 5.0–250
Ringbom range (ng mL�1) 25–225
Molar absorptivity (L mol�1 cm�1) 6.86 � 107

Sandell sensitivity (ng cm�2) 0.0022

© 2022 The Author(s). Published by the Royal Society of Chemistry
created to be within 1.2 wt%. The least concentration of Gd(III)
required in the 5.0 mL equilibrating solution to achieve distinct
color change of optode (dimensions 2.0 cm � 1.0 cm) was
established to be 275 ng mL�1. Though, this detection limit of
Gd(III) concentration can be further greater by using larger
volume of aqueous sample.

The linear regression equation achieved was A ¼ 4.36C (mg
mL�1) – 0.15 (r ¼ 0.9976). The molar absorptivity was accom-
plished to be 6.86 � 107 L mol�1 cm�1 at 563 nm, whereas the
Sandell sensitivity was established to be 0.023 ng cm�2 Table 1.
The standard deviations of the absorbance assessments were
calculated from a series of 13 blank solutions. The detection (K
¼ 3) and quantication (K ¼ 10) limits of the method were
established61 and recorded in Table 1, according to the IUPAC
denitions C1¼ KSo/s where C1 is the limit of detection, So is the
standard error of blank, s is the slope of the standard curve and
K is the constant related to the condence interval. The relative
standard deviation was 1.56% attained from a series of 10
standards each including 150 ng mL�1 of Gd(III). For more
precise results, Ringbom optimum concentration range were
evaluated and recorded in Table 1.

The reproducibility of the optode membrane was estimated
applying standard gadolinium solution. Reasonable aliquots
were spiked from standard gadolinium solution into the
medium of uptake investigates, e.g., pH 7.5, volume ¼ 5.0 mL;
and [Gd] ¼ 150 ng mL�1. The optode sample was taken out for
the absorbance assessments aer equilibration for 15 min. The
mean absorbance values with the relative standard deviation
were established to be 0.0.65 � 0.03 (n ¼ 6). The small devia-
tions in absorbance values recommend that optode membrane
responses are reproducible under the conditions of this study.

The intra-day and inter-day accuracy and precision analytical
results represented that the attained approach is highly
repeatable and reproducible, with coefficients of variation
ranging between 1.33 and 1.96%.

So as to enhance the variation in absorbance at 563 nm in the
optode, the optode samples of diverse dimensions were equili-
brated with pH¼ 7.5 solutions involving 1.0 mg of Gd(III) in 5.0mL
medium. The absorbance increases from 0.22 to 0.65 by
decreasing area of optode samples from 4.0 to 1.0 cm2. This can
be attributed to increase in Gd(III) concentration in the unit
volume of the optode. As a consequence, by decreasing the
volume of the optode, the Gd(III) detection limit can be enhanced.

The characteristics of the suggested Gd optical sensor were
compared with other techniques for evaluation of Gd in the
Parameters Using optode

Regression equation
Slope (mg mL�1) 4.36
Intercept �0.15
Correlation coefficient (r) 0.9976
RSD a (%) 1.56
Detection limits (ng mL�1) 1.47
Quantication limits (ng mL�1) 4.75

RSC Adv., 2022, 12, 26090–26098 | 26095
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Table 2 Comparison of Gd(III) optical sensor with previous methods
for determination of gadolinium

Method DLa (ng mL�1) LRb (ng mL�1) Ref.

SPE-ICP 78.6 — 3
ICP-OES 4.0 15–200 6
Spectrophotometry 80 100–1400 18
Ion-selective membrane 912 1100–15850 19
Ion-selective membrane 1100 2000–16000 20
Optical sensor 17.3 90–3150 39
Optical sensor
membrane

1.47 5.0–250 This work

a Detection limit. b Linear range.

Table 4 Determination of gadolinium in soil and sediments samples
(the results are based on triplicates measurements)

Samples

Gd(III) founda ng mL�1

t-testb F-valuebProposed ICP-OES

1 46.2 � 0.2 44.5 � 0.3 1.27 2.73
2 32.8 � 0.2 31.0 � 0.3 1.38 2.99
3 37.2 � 0.4 36.3 � 0.4 1.51 3.27
4 68.6 � 0.2 67.4 � 0.4 1.11 2.56
5 59.9 � 0.5 59.0 � 0.3 1.73 3.53
6 49.5 � 0.3 48.3 � 0.4 1.82 3.77

a Average of six determinations. b Theoretical value for t- and F-values
for six degrees of freedom and 95% condence limits are 2.57 and
5.05, respectively.
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literature in Table 2. It was mentioned that the obtained
detection limit is much lower than previously reported proce-
dures [3,6,18–20,39] (Table 2). Although, the proposed method
has more advantages through the sensitivity and interference
point of view, it safer from a narrow range compared with other
methods. Moreover, for the determination of Gd(III) ions in
diverse samples, there is a speedy, ecologically safe, and easy
procedure that may be used. The broader range of detection,
greater accuracy, better stability and lower time consumption
demonstrate the advantages of the recommended method over
the other techniques.
Application of the sensor to synthetic sample and real
samples

The gadolinium membrane sensor was employed in the fruitful
spectrophotometric titration of a gadolinium ion solution (1 �
10�4 M) with EDTA (1 � 10�2 M). The amount of gadolinium
can be determined with the proposed sensor.
Table 3 Results of the Gd(III) ion concentration measurements in spiked

Sample Gd(III) added ng mL�1

Gd(III) founda ng m

Optode ICP

Urine 1 0.0 ND ND
100 99.2 104
150 151.5 147
200 203.4 195

Urine 2 0.0 ND ND
80 79.4 81
160 162.1 158
240 237.8 244

River water 0.0 ND ND
60 60.8 59
120 117.9 123
180 182.0 175

Mineral water 0.0 ND ND
75 76.2 72
150 147.6 153
225 228.6 222

a Average of six determinations. b Theoretical value for t- and F-values fo
respectively.

26096 | RSC Adv., 2022, 12, 26090–26098
The recommended Gd(III) optical sensor device was
employed to the assessment of gadolinium ions in synthetic
and river water samples. Table 3 lists the respective resulting
data of these assays. Furthermore, the membrane was applied
to assess the Gd(III) ion content of a 50mL urine sample through
spiking method, and the results are shown in Table 3. As can be
seen, the amounts of the Gd ions, which were added to the urine
sample, could be assessed by the sensor with relatively great
accuracy.

The offered technique could effectively recover gadolinium
ion from soils and sediments including various foreign ions.
The concentrations of Gd(III) were evaluated once varying
amounts of Gd(III) were spiked into soil and sediment samples.
The ndings are provided in Table 4.

The performance of the suggested method was evaluated by
calculation of the t-value (for accuracy) and F-test (for precision)
compared with the ICP-OES method.62 The mean values were
samples

L�1 Recovery%

t-testb F-valueb-OES Optode ICP-OES

— — — —
.3 99.2 104.3 1.42 2.97
.5 101.0 98.33 1.67 3.43
.5 101.7 97.75 1.12 2.46

— — — —
.5 99.25 101.88 1.63 3.18
.2 101.31 98.88 1.85 3.61
.5 99.08 101.88 1.37 2.87

— — — —
.3 101.33 98.83 1.66 3.17
.4 98.25 102.83 1.32 2.58
.6 101.11 97.56 1.76 3.63

— — — —
.5 101.60 96.67 1.58 2.81
.4 98.40 102.27 1.79 3.72
.2 101.60 98.76 1.46 3.07

r six degrees of freedom and 95% condence limits are 2.57 and 5.05,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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gotten in a Student's t- and F-tests at 95% condence limits for
ve degrees of freedom.63 The results revealed that the calcu-
lated values (Tables 3 and 4) did not exceed the theoretical
values.
Conclusions

A PMMA-based optode sensor membrane has been developed
for the preconcentration, separation, and evaluation of gado-
linium. The optode variations color owing to Gd(III) from to
yellow to red-orange uptake at pH 7.5. The color intensity in
the optode sample was accomplished to be reliant on the
gadolinium uptake from the sample solution as well as the
membrane composition. The absorbance linearly varies as
a function of Gd(III) concentration range from 5.0–275 ng
mL�1. The detection and quantication limits of the optode
lm (dimension: 2.0 cm � 1.0 cm) were assessed to be 1.47
and 4.75 ng mL�1 Gd(III), respectively. The attendance of
micro-molar concentrations of cations like Th4+, Nd3+, Fe3+,
and of anions such I�, NO3

�, and CO3
2�, etc. cannot be toler-

ated throughout gadolinium revealing. With the exception of
F� ions, the negative bias was detected at higher concentra-
tions of these ions. The results demonstrated that the sensors
could be regenerated in 0.4 M HNO3 solution. Under the
circumstances of the existing experiments, the optode lm was
relatively stable. The outcome of this work reported a non-
toxic, economical, stable, accurate, easy-to-use, and novel
optical sensor material to assess Gd(III) in synthetic, river
water, soil, sediments, and urine water samples and compared
statistically with the ICP-OES method.
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