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Abstract

A highly selective optical sensor for V(IV) ions was established depended on entrapment of a sensitive reagent, 5-
(2°,4°-dimethylphenylazo)-6-hydroxy-pyrimidine-2,4-dione (DMPAHPD), in a silica sol-gel thin film coated on a
glass substrate. The thin films fabricated depended on tetraethoxysilane (TEOS) as precursor, sol—gel of pH = 2.5,
water: alkoxyde ratio of 4; 1 and DMPAHPD concentration of 2.5 x 10+ M. The effect of sol-gel parameters on
sensing behavior of the fabricated sensor was also illustrated. The fabricated sensor can be used to detect V(IV)
ion with an outstanding high selectivity over a wider dynamic range of 5.0-145 ng mL™" and a detection limit of
1.35 ng mL~". It also recorded reproducible results with relative standard deviation of 1.75% and 1.02% for 20 and
70 ng mL! of V(IV), respectively, along with a fast response time of two min. Total vanadium was determined
after reduction of V(V) to V(IV) using ascorbic acid as reducing agent. The V(V) amounts were estimated by
subtracting the concentration of V(IV) from the total vanadium concentration. Interference studies reported a good
selectivity for V(IV) with trapping DMPAHPD into sol-gel matrix and appropriately adjusting the structure of
doped sol-gel. The proposed sensor was compared with others and was applied to define vanadium in different

environmental samples with good results.
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1. INTRODUCTION

In the recent years. an element chemical form
plays a significant role involving the
bioavailability, toxicity and transport properties
was accepted. In the past, total detection of an
element was used to find out potential health
harmfulness or benefits, whereas, a researcher
knows that total elemental quantification alone is
deficient [1]. For understanding the biochemical
influence of elements on living organisms
mechanism, it is essential to not only detecte the
species formed inside specific environmental or
biological matrix but also quantify those species
with high accuracy [2].

The exposure of trace elements to the
environment has increased and activated the
science community to introduce new analytical
techniques and instrumentation, capable of
detecting concentration levels at ultra trace
amount [3]. Vanadium is known as an essential
trace element for animals and plants, which
performs in helps young animals to grow and the
preparation of chlorophyll. The studied daily
intake of vanadium ranges from 6.0 to 18 pg [4].
Compounds containing vanadium are toxic after
long periods of exposure or in high levels [5].
They exhibit chemotherapeutic influences in the
treatment of leukemia and recent studies showed
promising application in management of diabetes

[6].
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Vanadium in air is released in large amounts from
the combustion of fuel oil, especially residual oil,
which is known to be rich with vanadium and is
precipitated on the soil that was drained by rain
and groundwater and can be directly adsorbed by
plants [7]. Vanadium is applied as a developer in
photography a depolarizer, a catalyst (e.g., in
polymer synthesis), and in the manufacture of
yellow glass [8]. Dissolved vanadium is generally
noticed as the index element in natural water and
environmental pollution. It can be toxic in high
concentration levels (ug mL™") [9].

Vanadium can exist in various oxidation states
from —1 to +5, but it is most commonly found in
the +4 and +5 states. Speciation analysis of trace
amounts of V(V) known as vanadate ion and
V(IV) presents as vanadyl ion, has become
important. Vanadium(V) is more toxic than
vanadium(lV) therefore, it is nesseccary to
monitor the concentration of individual oxidation
form vanadium in the environment for detecting
both the potential risk and benefits [10].
Vanadium concentration in water ranges from 0.5
to 2.5 mg L™ in natural water [11], from 0.2 to 29
ng mL! in sea water [13], from 0.2 to > 100 ng
mL! in fresh and drinking water [12], and typical
values being between 1.0 and 6.0 ng mL™! [14].
The permitted vanadium level is 50 pug mL™!
according to the Environmental Protection
Agency (EPA) [3].
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Various analytical techniques have been applied
to detect vanadium and they include gamma-ray
spectrometry [15], fluorescence spectrometry
[16], electro-analytical methods [17], liquid
chromatography  [18], atomic  absorption
spectrometry [19], Inductively coupled plasma-
atomic emission spectrometry [20], inductively
coupled plasma optical emission spectrometry
[21], laser-induced breakdown spectroscopy [22]
and inductively coupled plasma-mass
spectrometry [23]. However, spectrophotometric
methods are most frequently applied to determine
vanadium due to their simplicity, reliability,
relatively low-cost instrumentation, sensitivity,
and selectivity [24]. Spectrophotometric methods
employ optical sensors [25], the catalytic effect of
vanadium on chemical reactions [26,27] or in
most cases various colorimetric reagents {e.g.,
leucocrystal violet [28], desferrioxamine B [29],
2-pyrrolealdehyde phenylsemi-carbazone [30],
rhodamine B [31], variamine blue [32],
salicylaldehyde acetoacetic acid hydrazone [33],
and xylenol orange [34]. Most of these
colorimetric reagents, and in particular xylenol
orange, form coloured complexes with different
metal ions and therefore an appropriate separation
step could be done in the analytical procedure to
complete reliable determination of vanadium.
Comparison with other analytical methods [35—
39], sensors depended on optical signal
measurements and fabricated with ionospheres,
have been accepted as fast and economical
sample monitoring device with an excellent
detection limit and sensitivity, which should
minimize the effect of other captions and anions
present in real sample matrixes especially to
heavy metal analysis in a real time. Optical
sensors need simple instrumentation and are
suitable for multi-sensor array fabrication [40,41].
Type of polymer matrix has a significant
influence on the performance of the sensors.
Different supporting materials, as polydimethyl-
siloxanes  (PDMS), cellulose  derivatives,
polyvinyl chloride (PVC) and sol—gel can be used
to prepare the sensor membranes [42,43].

The sol-gel technology has recently attracted
considerable attention for the development of the
biosensors and sensors, largely due to its
versatility and simplicity [44-46]. In this
technique, a porous silica matrix is formed from
hydrolysis and condensation of alkoxyde
precursors under acidic or basic conditions,
followed by the densification process at low
temperature while entrapping the analyte sensitive
species within it. The structure and properties of
doped sol—gels heavily based on some operational
parameters involved in the preparation as water :
silica molar ratio, catalyst, pH, solvent, and

temperature. These factors are highly affected on
the hydrolysis and condensation while allowing to
the pore size control of the final product [47].
Such a control is essential for obtaining a proper
balance between nonleaching characteristic of the
entrapped dye molecules and its accessibility to
the analyte. The advantage of applying doped sol-
gel thin film as sensing material is that they are
inert, tough, more resistant in aggressive
environments and exhibit fast response times
[48,49]

To the best of our knowledge, most of the
illustrated sol-gel based optical sensors were
hitherto related to the measurement of pH and a
few reports were published concerning the metal
ions detection [42]. In this work, a durable optical
chemical sensor was syntheses using sol-gel
procedure to determine trace Vanadium. To
construct the sensor 5-(2°,4 -dimethylphenylazo)-
6-hydroxypyri-midine-2,4-dione (DMPAHPD) is
incorporated into a sol-gel matrix onto the glass
substrate. The sensor response is easily monitored
by means of spectral and color changes. The main
objective is to design a highly selective, sensitive,
and stable V(IV) sensor that can be applied to the
analysis of the real samples.

2. EXPERIMENTAL

2.1. Apparatus

A pH-meter of type Jenway 3505 pH meters 9V-
AC Power was applied to measure the pH values.
The spectroscopic measurements were made
applying a JASCO 530V UV-Vis
spectrophotometer. A Perkin Elmer model 5300
DV; ICP-AES (Waltham, MA, USA) was used
for all ICP-AES measurements. The thin films
were placed in a quartz cuvette and all absorption
experiments were carried out in a batch mode at
room temperature.

2.2. Reagents and solutions

All chemicals used were of analytical grade and
bidistilled water was used throughout the
experiments. Tetraethoxysilane (TEOS), absolute
ethanol (EtOH), methanol (MeOH) hydrochloric
acid (HCI) were purchased from Merck. 5-(2°,4°-
dimethylphenylazo)-6-hydroxypyrimidine-2,4-
dione (DMPAHPD) applied in the present
investigation was prepared according to the
method described previously [50,51]. A stock
solution 25 x 10* M of DMPAHPD was
prepared by dissolving an appropriate weight of
the reagent in a minimum amount of pure MeOH
and brought to 100 mL in measuring flask with
pure MeOH.

Stock solutions (1000 mg L™!) of vanadium(1V)
and vanadium(V) were prepared by dissolving
NH.VO3; (Merck) and VOSO4.5H,0O (Merck) in
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bidistilled  water, respectively and were
standardized [52]. Working standard solutions
were prepared by diluting stock solution. To
investigate the interferences, the metal cations
tested were of their nitrate salts. All glassware
used for handling solutions were cleaned with
detergent solution, soaked in aqueous HNOj3
(10% v/v) then rinsed thoroughly with bidistilled
water several times.

2.3. Preparation of sol-gel coated slides
According to the procedure described in the
literature [48], the sol—gel thin film was prepared.
The sol-gel silica thin films containing
DMPAHPD were synthesized by spin-coating on
soda-lime glass microscope slides as substrates.
Prior to coating, the silanol groups on the surface
of the glass were activated via treatment with
concentrated nitric acid for one day and then
washed with copious amounts of bidistilled water
and methanol, followed by drying at 100 °C for
45 min. Several types of sol—gel thin films were
prepared to achieve the most suitable sensor with
high sensing parameters. The sol-gel process
characters such as H,O : TEOS and pH were
illustrated. The acid-catalyzed procedure and
water : TEOS ratios of 2, 4, 6 and 8 were used.
The coating mixture was synthized by mixing
equal volumes (2.0 mL) of methanol and TEOS in
closed vial. After stirring the solution for 15 min,
several amounts of water, HCI (to adjust pH of
the solution to = 1.0, 2.0 and 3.0), 2.0 mL dopant
(DMPAHPD) in the range of 2.5x10* M in
methanol and few drops of Triton X-100 were
added while continuing to stir at 25 + 1.0 °C. The
prepared sols containing the DMPAHPD were left
to age in absence of light for various times to give
more viscous solutions, before coating on glass
slide,. This aging time should be < the gelation
time. The coatings were performed by a
handmade spinning device in a duration time of
1.0 min on both sides of glass slides. All films
were dried in air at 25 + 1.0 °C for ten days which
led to obtain crack-free thin films. The thin films
were stored in desiccators before their applied.

2.4. Analytical procedure

An aliquot of V(IV) solution and a suitable
amount of phosphoric acid were added to a 5.0
mL measuring flask so that the final concentration
of phosphoric acid reached to 0.1 M and was

diluted to mark with water. A certain amount of
this  solution was transferred to a
spectrophotometer cell in which a glass slide was
presented. Then, the absorbance was measured at
Amax= 624 nm after 3.0 min.

2.5. Preparation of samples

2.5.1. Determination of V(IV) in water and
dietary supplements samples

Tap water samples were collected from the water
tap in laboratory of Benha University, Egypt.
River water which supplies water to Benha River
Rashid, Egypt and rain water was achieved in
Benha. All bottles and filtration apparatus were
previously washed with 10% (v/v) HNO;3 [53] and
then rinsed thoroughly with distilled water.
Dissolved and particulate matters in the river
water were commonly separated by filtration via a
cellulose membrane filter having 0.45 pm pore
size. Filtered aliquots of sample were stored in
polyethylene bottles and stored in a refrigerator
when not used. The water samples were spiked
with different levels of V(V) and V(IV) before
analysis. The analysis was recorded out at Amax
624 nm using a calibration curve.

The vanadium concentration was also determined
in three dietary supplements samples. The sample
preparation followed the method reported in the
literature [54,55] which involved the addition of
concentrated HNOs (10 mL) to a measured mass
of ground tablets or capsule powder and heating
the mixture to reduce the volume followed by the
addition of 5.0 mL of 30% hydrogen peroxide
with further heating. Deionized water was added
and the solution was filtered. The pH of the
solution was checked to be in the range 1.5-4.0,
and, if required, was adjusted by the addition of
sodium hydroxide solution. Finally, the sample
volume was transferred to 100 mL with deionized
water. Depending on its V(IV) concentration,
between 2.5 and 5.0 mL of the sample solution
were further diluted to 10 mL prior to the
analytical measurement. V(IV) was detected in
three replicate samples by both developed sensor
and by ICP-OES methods.

2.5.2. Soils

The samples were dried and grounded into fine
powder applying a glass mortar, then an
accurately weight of 1.00 g of a powdered soil
sample was brought into a 25 mL platinum
crucible and digestion method was carried out in
accordance to the protocol of Molathegi [56]. The
sample was treated firstly with 10 mL of HF and
2.0 ml of HCIO4 and then evaporated till near
dryness. Subsequently a 2.0 mL HF and 1.0 mL
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of HCIO, were added and the mixture again
evaporated to near dryness. Finally, HCIO, (1.0
mL) was added and the sample was evaporated
until white fumes appeared. The residue was
dissolved in 5.0 mL of 6.0 M HCI and diluted to
50 mL with deionized water. Extraction and
determination of vanadium species were
performed by the proposed and ICP-OES
methods.

2.5.3. Rice

The rice sample was treated according to the
method adopted [57] by taking 1.0 g of dried rice
at 110 °C and digested with 10 mL of 5.0 M
HNO:; followed by addition of 5.0 mL of HCIO4
(70% wi/w). The solution was evaporated to near
dryness and the residue was dissolved in 10 mL
of 0.1 M HCI. Then heated to boiling, cooled and
filtered. The filtrate was brought into a 50 mL
measuring flask and completed to the mark with
deionized water. An appropriate amount (i.e. 2.0
mL) of this solution was transferred and subjected
to the sensor described above to determine
vanadium species by the proposed and ICP-OES
methods.

2.5.4. Vegetables

Three vegetables samples (potato, spinach, carrot)
were supplied from local markets and subjected to
the method described by [58] with little
modification. Dried vegetables were first air-dried
in an oven at 105 °C for three days under
uncontaminated conditions. A 1.0 g of each
grounded powder sample were brought into glass
beaker and digested with 10 mL of HNO3 and 2.5
mL of HCI (4 : 1 v/v) on a hot plate at low
temperature till complete digestion. After cooling
at at 25 + 1°C, the solution was completed 50 mL
with deionized water in a 50 mL measuring flask.
An aliquot (2.0 mL) of the sample solution was
transferred, followed the proposed sensor
procedure and the amount of the two species was
detected using the proposed and ICP-OES
methods.

3. RESULT AND DISCUSSION

The pH and the water : TEOS molar ratio (R) are
the most significant process parameters which
have strong influences on porosity and pore size
of sensor and performance of key factors as
stability, response time and reagent leaching.
Concentration of reagent, the R-value of the sol
and the HCI acid concentration were the most
important factors that can greatly affected on
incorporation of reagent rhodamine B in their
case into silica sol-gel films and optical, leaching
and light fastness properties of a silica layer [59].
By careful tailoring of these factors a proper
balance between non-leaching characteristic of

the entrapped reagent molecules and its
accessibility to the analyte can be obtained.
Preparation of sol at pH = 1.0 is the most
frequently applied pH in the production of sol—gel
optical sensors due to its typically produces
structures with higher durability, small pore size
and less prone to leaching and so it was the
strategy firstly adopted for the preparation of the
sensor. The spectroscopic information of the
given films depended on polymerization of
tetraethoxysilane with a H,O : TEOS of 4 : 1 at
pH = 1.0 reported no interaction with vanadium
on any of the pH values examined. The same
results were obtained for other water : alkoxyde
ratios (R) (2, 6 and 8). This may be attributed to
the fact that the pore sizes were not optimized for
V(IV) ions to penetrate into porous gel-silica
matrix and react with the reagent studied.

In most of the reports, in order to both increase
porosity and maintain  excellent optical
characteristics, base-catalyzed sol-gel procedures
have been employed. Using the basic mechanism,
a highly porous matrix with more open structure
is introduced, whereas, the base-catalyzed sol—gel
films are more susceptible to degradation and
leaching of reagents than acid-catalyzed films.
Increasing sol-gel pH gave an increase in
porosity and pore size; therefore, the
performances of the sensor were examined
through controlling various pHs of the sol-gel by
means of acid-catalyzed process [33, 42-44]. The
films achieved at pH 1.5 showed no reaction with
vanadium, however, at pH about 2.5 good optical
response was achieved when immersing into
V(IV) solution. In the next step, the effect of
water : alkoxyde ratio (2, 4, 6 and 8) on the
response time and reagent leaching of the sensor
was investigated. When immersed into V(IV)
solution, reagent leaching of films produced with
R = 4 was visible to the naked eye but such a
phenomenon was not obtained for sensors
produced with R = 2, 6 and 8 even after long
immersion time (120 min) in V(IV) solution. So
they were adopted for further investigates. In the
next step, response time for films with R = 2, 6
and 8 was illustrated. For the films with R = 6 and
8 no acceptable signal was observed in the first
two min while for R = 2 only after half min
absorbance of 0.06 and 0.156 was recommended
for V(IV) concentration of 45 and 90 ng mL™!,
respectively.

Reagent leaching behavior of film with R = 4 was
also investigated. For this purpose, the reagent
leaching was reported by soaking the sol- gel
glass slide doped with DMPAHPD in the
acidified water with HsPOs and then the
absorbance of the solution measured as a function
of soaking time at the wavelength of 423 nm
(wavelength of maximum absorbance for
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DMPAHPD in the solution). As demonstrated in
Fig. 1, no reagent leaching was reported for
sensor even in long soaking time. As a result, the
optimum H,O : TEOS ratio and sol-gel pH were
fixed at 4 : 1 and 2.5, respectively for the
preparation of the sol-gel standard solution.

0.5
0.4 |
0.3 |
0.2 |
0.1 |

0}
-0.1

Absorbance

O 40 80 120 160
Time (Min)

Fig. 1. Leaching profile of the sol-gel film based on
R=4 in the acidifield water with H3POa.

3.2. Optical properties of DMPAHPD entrapped
in sol-gel-derived matrix

DMPAHPD is often applied as a chromogenic
reagent for the detection of Y(II) [50], Pt(IV)
[51], Th(IV) [59] and Hg(ll) [60]. V(IV) form a
complex with  DMPAHPD in acidic media.
DMPAHPD is examined as extremely sensitive
and selective reagent for spectrophotometric
detection of trace amount of vanadium which can
form an intensely violet colored complex with
tetravalent vanadium with a molar absorptivity of
9,750 L mol™' cm™,

After incorporating DMPAHPD in the sol-gel
thin film, the optical characterization of the sensor
was recommended against blank thin film. Fig. 2
represents the absorbance spectra of the glass
slide before and after reaction with various levels
of V(IV).

Absorbance

500 550 600 650 700 750
Wavelength (nm)
Fig. 2. Absorption spectra of DMPAHPD immobilized
in sol-gel film after reaction with different amount of
V(1V) in 0.1 M phosphoric acid (a)0, (b) 20, (c) 40, (d)
60, 80 and 100 ng mL1.

Formation of the complex caused an obvious
change in color of the sensor from orange to
violet with a strong absorption maxima at 624 nm
which was the wavelength adopted for all

analytical studies. These noticeable color and
spectral changes can be associated with diffusion
of V(IV) into sol-gel film and the effective
interaction between the V(IV) ion and the
DMPAHPD in the film.

3.3. Optimization of the experimental variable
parameters

3.3.1. Effect of pH of solution on the response of
the sensor

The influence of pH on the response of sensor
was investigated when it was introduced into a
solution 70 ng mL™" V(1V) at variable pH values
for a fixed time of 2.0 min. The pH of solutions
was adjusted using HsPO, and NaOH. Fig. 3
shows the effect of different pHs on the complete
color development of the sensor formed. It can be
reported that the optimum pH value for complex
formation between immobilized DMPAHPD and
V(IV) is from 2.0 to 2.5. Since pH = 2.0-2.5 was
selected as optimum, in another experiment the
influence of acidity on the sensitivity of sensor
(A) was studied using phosphoric acid in the
range of 0.00-0.25 M. As demonstrated in Fig. 4,
the optimum HsPO4 concentration was observed
in range of 0.03-0.25 M for the complex
formation between immobilized DMPAHPD and
V(IV). The absorbance was enhanced by
increasing HsPO4 concentrations up to 0.12 M
while in higher concentration a slight decrease
was observed. Therefore, 0.1 M of phosphoric
acid concentration was selected as optimum pH
value.

0.5
0.4 |
0.3 |

0.2 |

Absorbance

0.1 |

(0] 1 2 3 4 5
pH

Fig. 3. Effect of acidity on the optode response.

0.5
04 |
0.3 |

0.2 |

Absorbance

0.1

0
0O 0.1 0.2 03 04

[HsPO,] M
Fig. 4. Effect of phosphoric on the optode response.
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3.3.2. Response time and regeneration

The response time is an important analytical
feature for any sensor. The absorbance responses
of the optical film wversus time in chosen
experimental conditions for 40 and 120 ng mL™!
of V(IV) were established. As represented in Fig.
5, the response times of the prepared sensor (tose,)
were calculated to be three and two min for 40
and 120 ng mL™! of V(IV), respectively. Thus, a
sensor response time of three min was selected for
the subsequent experiments. A good sensor could
completely regenerate at short time for repeated
usages. The sensor can be regenerated and reused
by exposure to an EDTA solution in pH = 9.0. A
short regeneration time of lower than one min
obtained using a 0.25 M solution of EDTA.

1
0.8 |
3 _,--""
S 0.6 [ —e— a
= —=—b
& 0.4 |
< o
0.2 —/
o . . .

(0} 80 160 240 320
Time (Sec)

Fig. 5. Response curve of the sensor as a function of
time when the [V (V)] were (a) 40 and (b) 120 ng mL™2.

3.4. Determination of V(V)

Since V(V) does not react with DMPAHPD, total
vanadium could be measured after the reduction
of V(V) to V(IV) by 2.5 x 1073 M ascorbic acid as
reducing reagent. The V(V) concentration should
be calculated by subtracting the concentration of
V(IV) from the total vanadium concentration. In
the next step, to check the reliability of sensor,
various solutions containing mixtures of both
oxidation states (IV and V) were prepared and
vanadium concentration was determined by
applying the procedure. The results recorded sin
Table 1 indicates that this procedure is perfectly
capable of vanadium speciation.

Table 1. Results for the determination of V(IV, V).

3.5. Effect of interfering ions

The influence of various species on the
absorbance of a mixture containing V(IV) was
established. An ion was considered as
interference when its presence produced a
variation in the absorbance of the sample greater
than 5.0 %. This increment of absorbance was
evaluated at 624 nm (corresponding to the
maximum absorption of V(IV) complexes), in
order to establish the different influences of the
interfering ions on the analyte. As it is well-
known, various metal ions are ubiquitous in real
samples. Hence, it is essential to carry out an
interference study to evaluate the performance of
sol-gel membrane doped with DMPAHPD as a
selective colorimetric sensor. The selectivity of
the glass slide was examined for 70 ng mL™' of
vanadium in the presence of various levels of
foreign ions using the reported method. The
results of the interference investigation were
recorded in Table 2. Result specified that most of
the common cations and anions have no obvious
influence on the determination of vanadium even
at high concentrations.

Table 2. Effect of interfering ions on the determination
of 70 ng mL™! of V(IV)

Foreign ion Tolerance limit molar ratio
([interference]/[V(IV)])

Na*, K*, POs*" 1500

Cs*, Lit, Ti** 1200

C20477, SO4*, CI7 1000

NOs~, 1057, Br- 800

Ca?*, Mg?*, AI**, 650

Ag*, Fe¥*, Ph?*, 500

Be?*, Ba?*, Cd?*, 400

Hg?*, Ni?*, Zn?*, 350

Mn?*, Cr3*, Cré*, 300

Co?, Cu?* 250

Pt?*, Pd?* 200

La3*, Y3, Sc®* 160

Th*, U0 140

V5 Mob*, We* 125

Added Found Calculated
(ngmL™") (ng mL™)? (ngmL™)
V(IV) V(V) V(IV) V(IV) + V(V)
V(V)
100 0 99.70+ 99.75+ NDP
0.78 0.87
75 25 7430+ 9950+ 25.20+1.46
1.05 1.27
50 50 50.75+ 100.30+ 4955+1.55
0.85 1.15
25 75 2480+ 101.20+ 76.40+1.73
0.94 0.69
0 100 NDP 101.25+ 101.25+0.90
0.86

a x=ts /Nn, n =3;° Not detected

3.6. Analytical figure of merit

All optimized parameters mentioned above are
applied in order to make an V(IV) calibration
curve. The calibration graph depended on
absorbance of the thin film wversus V(IV)
concentration was linear in the range of 5.0-145
ng mL~! with equation of A =0.0066C + 0.07 and
correlation coefficient (R?) of 0.9992, where C is
concentration of V(IV) in ng mL™! and A is
absorbance of sensor at 624 nm. The limit of
detection and of quantification based on three and
ten times the standard deviation of blank [65]
were 1.35 and 4.95 ng mL™!. When the detection
limits of several detection methods for the
determination of vanadium are compared, it can
be said that the detection limit of the proposed
method is comparable or lower than most of those
reported in the literature (Table 3).
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Table 3. Comparison of detection limits of some methods for vanadium speciation

Complexing reagent Amax/  Detection limit Matrix Ref.
nm pg mL™!

Variamine blue (VVB) as a chromogenic reagent for 570 0.1 Steel [32]

V(V)

Pyrogallol red as chelating - 0.6 (IV) Real [61]

agent for V(IV) and V(V) 0.3V(V) samples

3-hydroxy-2-(2-thienyl)-4H-chromen-4-one (HTC) 420 13 Synthetic [62]

as chromogenic reagent for V(V) and in 0.04-0.30 and technical

M CHsCOOH samples

Calmagite 490 0.12 Tap, rain and [63].

0.18 river water

1-(2-hydroxy-4-methoxybenzo-phenone)-4- 560 0.16 Natural water [64]

phenylthiosemi- carbazone (HMBPT) as

chromogenic reagent for V(IV)

5-(2°,4"-dimethylphenylazo)-6- 624 0.0135 Environmental This

hydroxypyrimidine-2,4-dione samples work

Additionally, in the analytical characteristics, this
optode in comparison with other literature
procedures for VV(V) detection, it can be seen that
the proposed method is applied for tap, rain and
river water but others only worked on natural
water, synthetic and technical samples. It is
simpler and this method does not require any
pretreatments.

The analytical characteristics of this optode
compared with other literature methods for V(V)
determination can be seen that the proposed
method is more superior in terms of sensitivity
and simplicity. The analysis of water samples
revealed the reliability, selectivity and robustness
of the proposed method (with total relative
standard error less than 4.0%). These findings
might open up new opportunities in the speciative
spectroscopy of cations.

3.7. Reproducibility and lifetime of the sensor

The reproducibility and repeatability are two of
the crucial properties of the chemical sensor for
knowing its working activity. Reproducibility was
investigated through the results obtained from the
V(IV) solution 70 ng mL™! using five sol-gel
coated glass slides which were constructed
independently in similar conditions. The relative
standard deviation of response among sol—gel thin
films found to be 1.75%. In addition, the
repeatability using a single membrane was tested
by performing eight replicate measurements on 20
and 70 ng mL™! of V(IV) solutions. The relative
standard deviation (RSD) was 1.75% and 1.02%,
respectively.

The useful lifetime of the sensor was estimated by
subsequent dipping of film in solution containing
70 ng mL™! V(IV). After 35 determinations, a
reduction of 5.0 % was observed in the sensor
response. In another experiment, the change in the

absorbance was measured after keeping the sol—
gel coated glass slides in desiccators for 45 days
(maximum time tested). The absorbance values of
the thin film at 624 nm were decreased only about
1.5 % over a period of one month. This result
indicates that the sensor is very stable; therefore,
it can be stored for at least 45 days without losing
its characteristics.

3.8. Analytical application to real samples

The proposed sensor methodology was applied
for the analysis of V(IV) in various real samples
such as two spiked water samples (tap and
reservoir water) and in three dietary supplements
samples was carried out using the optimized
sensor system and the results are presented in
Table 4 together with those obtained using ICP-
AES [20]. The results obtained by the two
methods were statistically indistinguishable by
using the t-test at the 95% confidence level.
According to the considerable analytical features
that have been achieved in the proposed method,
such as low detection limit, high recoveries and
interference-free, the method was employed for
the detection of both species in water, soil, rice
and vegetables samples after the digestion
procedures that described in experimental work
and measured in triplicate. At the same time, the
sample solutions were also determined by
electrothermal atomic absorption spectrometric
method (ICP-AES) to test the significance of the
proposed method. The findings are presented in
Tables 5. The statistical computations using t-
paired test for all tested sample reveals that the
proposed method has no significant difference
compared with ICP-AES method at 95%
confidence level.

The performance of the proposed method was
assessed by calculation of the t- value (for
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accuracy) and F- test (for precision) compared
with ICP-AES method. The mean values were
obtained in a Student’s t- and F- tests at 95%
confidence limits for five degrees of freedom
[66]. The results showed that the calculated
values (Table 4 and 5) did not exceed the

Table 4. Determination of vanadium in water and dietary supplements samples.

theoretical

values. A  wider

range

of

determination, higher accuracy, more stability and
less time consuming, shows the advantage of the

proposed method over other method.

Sample Added  Concentration — found” texp
actual Sensor ICP-AES™[20]*
Spiked tap water (ng mL!) 50 49.2 +0.06 50.7 £ 0.02 0.89
100 98.5 £ 0.07 103.0 £ 0.02 1.13
Spiked reservoir water (ng mL™) 60 60.4 + 0.08 58.8 + 0.03 1.34
120 118.7 £ 0.07 122.2+£0.01 1.39
Dietary supplement 1 (ug/tablet) 30 29.6 £ 0.08 29.5+£0.10 1.65
60 60.8 £ 0.07 59.1+0.12 1.87
Dietary supplement 2 (ug/tablet) 40 40.5%0.10
80 80.7 £ 0.07 83.0+0.05 1.19
Dietary supplement 3 (ug/tablet) 60 59.2 +0.09
120 118.5+ 0.06 123.2+£0.04 1.42

* The results with their + standard deviations are calculated based on six replicate measurements.
™ t- value at 95% confidence level and for four degrees of freedom is 2.57.

Table 5. Results of the estimation of V(IV) and V(V) ions in different real samples with statistical paired t-test at 95%

confidence level

Sample Added V(IV) (ng mL™) Paired F-value®
ng mL™! Proposed? ICP-AES? [20] trest”
Rice
Egypt 0.35+0.28 0.25+0.72 3.94
10 10.50 £ 0.47 10.15+1.07 1.64
20 20.25+0.28 20.40+0.89 3.56
Iragi 0.28 £0.14 0.20 £ 0.048 1.81
15 15.20+0.52 15.40 £ 0.76 2.98
30 30.35+0.33 30.10+0.82 1.37
Indian 0.17+0.19 0.16 +1.22 3.27
20 20.30+0.34 20.35+0.76 1.84
40 40.10 £ 0.63 40.45+0.93 3.76
Soil
1 <0.120 <0.120
7.5 7.60 +£0.47 7.80+£0.78 1.26
15 15.10+0.51 15.30 + 0.65 2.78
2 <0.120 <0.120
5.0 4.97 £0.67 5.10+1.07 3.35
10 10.10+0.48 9.80+0.79 1.69
3 <0.120 <0.120
10 9.95+0.19 10.15+0.93 2.77
20 20.25+£0.45 20.35+0.78 1.43
Vietnamese 0.60+0.15 0.57+0.83
6.0 6.55 +0.36 6.75 +0.64 3.27
12 12.70 +0.53 12.40 + 1.05 1.16
Potato - <0.12 <0.12
15 15.05+0.54 15.10+0.71 2.59
30 29.95+0.72 30.20£0.54 1.49
Spinach 0.15+0.09 0.14+£0.83 2.24
125 12.70 £0.22 12.75+0.58 1.08
25 25.05+0.39 25.25+0.73
Carrot 0.63+0.23 0.72 £0.67
175 18.10 + 0.56 18.40+0.82 3.04
35 36.50 +£0.38 35.95+1.11 1.53

aThe mean value and its standard deviation for six replicate measurements at 95% confidence level (x t.s/Vn);
b: Theoretical values for t and F at 95% confidence limit are 2.57 and 5.05, respectively.
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4. CONCLUSION

The use of sol-gel as support material for optical
sensing applications seems to be very promising.
To fabricate a sensitive and selective sensor for
determination of vanadium species depended on
encapsulation of DMPAHPD in sol-gel matrix
was described. These results allow us to conclude
that entrapment of a sensitive reagent into the sol-
gel matrix and control of the variables of the
preparation procedure to tailor the network
structure and pore size could improve the
selectivity. The proposed sensor is able to
determine V/(IV) even in the presence of other
metal ions that can exist in environmental
samples with an excellent limit of detection. The
fabricated glass slides elucidate high performance
in all key parameters such as reproducibility,
reversibility, stability, response time and leaching
characteristics. Moreover, this sol-gel sensor
offers low limit of detection, fast response time
and long-term stability in comparison to the
sensors which were previously reported.

REFERENCES

[1] Z. Chen, and L.G.Owens, Trends in
speciation analysis of vanadium in
environmental samples and biological
fluids—a review, Anal. Chim. Acta 607
(2008) 1-14.

[2] A.L. Rosen, and G.M. Hieftje, Inductively
coupled plasma mass spectrometry and
electrospray mass spectrometry for speciation
analysis: applications and instrumentation,
Spectrochim. Acta (B) 59 (2004) 135-146.

[3] K.T.G. Naeemullah, and M.Tuzen, Magnetic
stirrer  induced  dispersive ionic-liquid
microextraction for the determination of
vanadium in water and food samples prior to
graphite ~ furnace  atomic  absorption
spectrometry, Food Chem. 172 (2015) 161-
165.

[4] S.K. Wadhwa, M. Tuzen, T.G. Kazi, and M.
Soylak, Graphite furnace atomic absorption
spectrometric detection of vanadium in water
and food samples after solid phase extraction
on multiwalled carbon nanotubes, Talanta
116 (2013) 205-2009.

[5] K.G. Fernandes, A.R.A. Nogueira, J.A.G.
Neto, and J.A. Noébrega, Determination of
vanadium in urine by electrothermal atomic
absorption spectrometry using hot injection
and preconcentration into the graphite tube,
J. Braz. Chem. Soc. 15 (2004) 676-690.

[6] A.R. Khan, D.C. Crans, R. Pauliukaite, and
E. Norkus, Spectrometric and
electrochemical investigation of
vanadium(V) and vanadium(lV) tartrate

complexes in solution, J. Braz. Chem. Soc.
17 (2006) 895-903.

[71 K. Pyrzynska, and T. Wierzbicki,
Determination of vanadium species in
environmental samples, Talanta 64 (2004)
823-829.

[8] H. Tavallali, and G. Hosseini, Colorimetric
“naked eye” sensing of anions in aqueous
solution, Am. Lab. 25 (2002) 40-47.

[91 D. Wang, and S.AS. Wilhelmy,
Development of an analytical protocol for the
determination of V(IV) and V(V) in
seawater: Application to coastal
environments, Mar. Chem. 112 (2008) 72—
80.

[10]M.J.C.  Taylor, and J.F.V. Staden,
Spectrophotometric determination of
vanadium(lV) and vanadium(V) in oeach
ther's presence. Review, Analyst 119 (1994)
1263-1276.

[11]L. Friberg, G.R. Nordberg, and V.B. Vouk,
Handbook on the Toxicology of Metals;
Elsevier-North Holland Biomedical Press:
Amsterdam, (1979).

[12]Committee on  Biologic  Effects of
Atmospheric  Pollutants;  Medical and
Biologic Effects of Environmental Pollutants,
Vanadium, National Academy of Sciences:
Washington, D.C., (1974).

[13]M.D. Waters, R.A. Goyer, M.A. Mehima,
Advances in Modern Toxicology, Toxicology
of Trace Elements; Wiley: New York,
(1977).

[14]D.J.A. Davies, B.G. Bennett, Exposure
Commitment Assessments of Environmental
Pollutants; University of London Monitoring
Assessment and Research Centre: London,
(1983).

[15]J. Kamenik, K. Dragounova, J. Kucera, Z.
Bryknar, V.A. Trepakov, V. Strunga,
Determination of vanadium in titanate-based
ferroelectrics by INAA with discriminating
gamma-ray spectrometry, J. Radioanal. Nucl.
Chem. 311 (2017) 1333-1338.

[16]M. Hou, and J. Na, Determination of
vanadium(V) with CdTe quantum dots as
fluorescent probes, Anal. Bioanal. Chem. 397
(2010) 3589-3593.

[17]C. Rojas-Romo, V. Arancibia, D. Moreno-
daCosta, and R.A. Tapia, Highly sensitive
determination of vanadium(V) by catalytic
adsorptive stripping voltammetry. Substituent
effect on sensitivity 111, Sens. Actuators (B),
224 (2016) 772-779.

[18] T.S.M. Tengku Azmi, A.R.M. Yusoff, and
KJ. Abdul Karim, Determination of


https://www.sciencedirect.com/science/article/pii/S0003267007018739
https://www.sciencedirect.com/science/article/pii/S0003267007018739
https://www.sciencedirect.com/science/article/pii/S0003267007018739
https://www.sciencedirect.com/science/article/pii/S0003267007018739
http://www.scielo.br/scielo.php?pid=S0103-50532004000500011&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532004000500011&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532004000500011&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532004000500011&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532004000500011&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532006000500012&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532006000500012&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532006000500012&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532006000500012&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532006000500012&script=sci_arttext
https://www.sciencedirect.com/science/article/pii/S003991400400270X
https://www.sciencedirect.com/science/article/pii/S003991400400270X
https://pubs.acs.org/doi/abs/10.1021/jo0520487
https://pubs.acs.org/doi/abs/10.1021/jo0520487
https://pubs.acs.org/doi/abs/10.1021/jo0520487
https://pubs.rsc.org/en/content/articlehtml/1994/an/an9941901263
https://pubs.rsc.org/en/content/articlehtml/1994/an/an9941901263
https://pubs.rsc.org/en/content/articlehtml/1994/an/an9941901263

Iranian Journal of Analytical Chemistry 8 (2021) 65-77 | 74

vanadium (1V) and vanadium(V) in Benfield
samples by IEC with conductivity detection,
Chromatographia 72 (2010) 141-144.

[19]R.Q. Aucelio, A. Doyle, B.S. Pizzorno,
M.L.B. Tristao, and R.C. Campos,
Electrothermal atomic absorption
spectrometric method for the determination
of vanadium in diesel and asphaltene
prepared as detergentless microemulsions,
Microchem. J. 78 (2004) 21-26.

[20]S.L.C. Ferreira, A.S. Queiroz, M.S.
Fernandes, and H.C. Dos Santos, Application
of factorial designs and Doehlert matrix in
optimization of experimental variables
associated with the preconcentration and
determination of vanadium and copper in
seawater by inductively coupled plasma
optical emission spectrometry, Spectrochim.
Acta (B) 57 (2002) 1939-1950.

[2Z1]M.A. Gab-Allah, and A.B. Shehata,
Determination of iron, nickel, and vanadium
in crude oil by inductively coupled plasma
optical emission spectrometry following
microwave-assisted wet digestion, Chem.
Pap. (2021) In Press,
https://doi.org/10.1007/s11696-021-01633-8.

[22]W. Zhang, Z. Zhuo, P. Lu, T. Sun, W. Sun,
and J. Lu, Determination of vanadium, iron,
and nickel in petroleum coke by laser-
induced breakdown spectroscopy,
Spectrochim. Acta (B) 177 (2021) 106076.

[23] Y. Wang, and 1.D. Brindle, Ultra-trace
determination of vanadium in lake sediments:
a performance comparison using Oz, N0,
and NHjs as reaction gases in ICP-DRC-MS,
J. Anal. At. Spect. 26 (2011) 1514-1520.

[24]K. Pyrzynska, Recent developments in
spectrophotometric methods for
determination of vanadium, Microchim. Acta
149 (2005) 159-164.

[25] M.M.Bordbar, H. Khajehsharifi, and A.
Solhjoo, PC-ANN assisted to the
determination of Vanadium (IV) ion using an
optical sensor based on immobilization of
Eriochorome Cyanine R on a
triacetylcellulose film, Spectrochim. Acta (A)
151 (2015) 225-231.

[26] A.A. Mohamed, A.T. Mubarak, K.F. Fawy,
and M.F. El-Shahat, Highly sensitive kinetic
spectrophotometric determination of
vanadium based on the oxidation of 2,3,4-
trihydroxybenzoic acid with bromate. Mon.
fiir Chem. 143 (2012) 527-534.

[271K.F. Fawy, A.l. Al-Sayed, and A.M. Idris,
Developing an ultra-sensitive  catalytic
spectrophotometric method for vanadium
determination in virgin and used lubricating
oils, Petr. Chem. 61 (2021) 220-230.

[28]S.B. Mathew, G. Pataila, A.K. Pillai, and
V.K. Gupta, Direct and selective
spectrophotometric ~ method  for  the
determination of vanadium in steel,
environmental and biological samples,
Spectrochim. Acta (A) 81 (2011) 774-777.

[29] Y. Takagai, H. Yamaguchi, T. Kubota, and S.
Igarashi, Selective visual determination of
vanadium(V) ion in highly acidic solution
using desferrioxamine B immobilization
cellulose, Chem. Lett. 36 (2006) 136-137.

[30]G.M. Mastoi, M.Y. Khuhawar, and R.B.
Bozdar, Spectrophotometric determination of
vanadium in crude oil, J. Quant. Spect. Rad.
Trans. 102 (2006) 236-240.

[31]A. Sao, A. Pillai, and V. Gupta,
Spectrophotometric determination of
vanadium using rhodamine-B, J. Indian
Chem. Soc. 83 (2006) 400-402.

[32] T.N. Kiran Kumar, and H.D.
Revanasiddappa, Spectrophotometric
determination of vanadium using variamine
blue and its application to synthetic,
environmental and biological samples, J.
Iran. Chem. Soc. 2 (2005) 161-167.

[33]V. Srilalitha, A.R.G. Prasad, V. Seshagiri,
and L. Ravindranath, Spectrophotometric
determination of trace amounts of
vanadium(V) using salicylaldehyde
acetoacetic acid hydrazone. Applications
Analele Universitatii din Bucuresti Chimie. 1
(2010) 69-76.

[34] K. Oguma, O. Yoshioka, J. Noro, and H.
Sakurai, Simultaneous determination of
vanadium(lV) and vanadium(V) by flow
injection analysis using Kinetic
spectrophotometry  with  xylenol orange,
Talanta 96 (2012) 44-49.

[35] T.S-Bahchevanska, N. Milcheva, S. Zaruba,
V. Andruch, V. Delchev, K. Simitchiev, and
K. Gavazov, A green cloud-point extraction-
chromogenic  system  for  vanadium
determination, J. Mol. Lig. 248 (2017) 135-
142.

[36]H. Filik, and Z. Yanaz, A sensitive method
for determining total vanadium in water
samples  using  colorimetric-solid-phase
extraction-fiber optic reflectance
spectroscopy, J. Hazard. Mat. 172 (2009)
1297-1302.

[37] A.P. Santos, and V.A. Lemos, Determination
of vanadium levels in seafood using
dispersive liquid-liquid microextraction and
optical sensors. Water Air Soil Pollut. 226
(2015) 60-67.

[38] N.P. Milcheva, F. Genc, P.V. Racheva, V.B.
Delchev, V. Andruch, and K.B. Gavazov, An
environmentally ~ friendly cloud point


https://doi.org/10.1007/s11696-021-01633-8

A.S. Amin and H.H. El-Feky/ A Novel Optode for Vanadium Speciation .... | 75

extraction—spectrophoto-metric determination
of trace vanadium using a novel reagent, J.
Mol. Lig. 334 (2021) 1160-86.

[39]S. Nunes, M.G.A. Korn, and V.A. Lemos, A
novel direct-immersion single-drop
microextraction combined with digital
colorimetry applied to the determination of
vanadium in water Leane, Talanta 224
(2021) 1218-93.

[40]S. Rastegarzadeh, and V. Rezaei, An optical
sensor for zinc determination based on
Zincon as sensing reagent, Sen. Actuators (B)
129 (2008) 327-331.

[41]S. Rastegarzadeh, and V. Rezaei, A Silver
optical sensor based on 5(p-dimethylamino
benzylidene) rhodanine immobilized on a
triacetylcellulose membrane, J. Anal. Chem.
63 (2008) 897-901.

[42]P.C.A. Jeronimo, A.N. Araujo, M. Conceic,
and B.S.M. Montenegro, Optical sensors and
biosensors based on sol—gel films, Talanta 72
(2007) 13-27.

[43]C. McDonagh, C.S. Burke, and B.D.
MacCraith, Optical chemical sensors, Chem.
Rev. 108 (2008) 400-422.

[44]1H.G. Floch, and P.F. Belleville, A scratch-
resistant single-layer antireflective coating by
a low temperature sol-gel route, J. Sol-Gel
Sci. Technol. 1 (1994) 293-304.

[45]B.D. MacCraith, C.M. McDonagh, G.
OKecffe, E.T. Keyes, J.G. Vos, B. OKelly,
and J.F. McGilp, Fiber optic oxygen sensor
based on fluorescence quenching of
evanescent-wave excited ruthenium
complexes in sol-gel derived porous coatings,
Analyst 118 (1993) 385-388.

[46] R.A. Doong, and H.C. Tsai, Immobilization
and characterization of sol-gel-encapsulated
acetylcholinesterase fiber-optic biosensor,
Anal. Chim. Acta 434 (2001) 239-246.

[47]1D. Avnir, D. Levy, and R. Reisfield, The
nature of the silica cage as reflected by
spectral changes and enhanced photostability
of trapped Rhodamine 6G, J. Phys. Chem. 88
(1984) 5956-5959.

[48]C. McDonagh, F. Sheridan, T. Butler, and
B.D. MacCraith, Characterisation of sol-gel-
derived silica films, J. Non-Cryst. Solids 194
(1996) 72-77.

[49]1Y. Tang, E.C. Tehan, Z, Tao, and F.V.
Bright, Sol—gel-derived sensor materials that
yield linear calibration plots, high sensitivity,
and long-term stability, Anal. Chem. 75
(2003) 2407-2413.

[50]A.S. Amin, T.Y. Mohammed, and A.A.
Mousa, Spectrophotometric studies and
applications for the determination of yttrium

in pure and in nickel base alloys,
Spectrochim. Acta (A) 59 (2003) 2577-2584.

[51]A.S. Amin, and M.Y. Nassar, Cloud-point
extraction for preconcentration and platinum
determination using spectrophotometry in
environmental samples, Anal. Chem. Lett. 7
(2017) 128-141.

[52]A.l. Vogel, A Textbook of Quantitative
Inorganic  Analysis, 5" edn.; Longman:
London, (1979).

[53]J.M. Bosque-Sendra, M.C. Valencia, and S.
Boudra, Speciation of vanadium (IV) and
vanadium (V) with Eriochrome Cyanine R in
natural waters by solid phase
spectrophotometry, Fresenius J. Anal. Chem.
360 (1998) 31-37.

[54] A.P. Kumar, P.R. Reddy, and V.K. Reddy, A
rapid, simple, and sensitive
spectrophotometric determination of traces of
vanadium(V) in foodstuffs, alloy steels, and
pharmaceutical, water, soil, and urine
samples, Anal. Lett. 41 (2008) 1022-1037.

[55] B.R. Reddy, P. Radhika, J.R. Kumar, D.N.
Priya, and K. Rajgopal, Extractive
spectrophotometric determination of
cobalt(ll) in synthetic and pharmaceutical
samples using Cyanex 923, Anal. Sci. 20
(2004) 345-349.

[56] R.O. Molatlhegi, M. Sc. Thesis. Faculty of
Natural Sciences. Tshwane University of
Technology, (2005).

[57]M. Swetha, R.P. Raveendra, R.V. Krishna,
Direct derivative spectrophoto-metric
determination of micro amounts of
Vanadium(V) by 5-bromo salicylaldehyde
isonicotinoyl hydrazone (5-BrSAINH), Inter.
J. Chem. Tech. Res. 5 (2013) 2322-2328.

[58]B. Lokeshappa, S. Kandarp, T. Vivek, and
K.D. Anil, Assessment of toxic metals in
agricultural products, Food and Public
Health 2 (2012) 24-29.

[59]A.S. Amin, M.A. Kassem, and T.Y.
Mohammed, Utilization of cloud-point
extraction for colorimetric determination of
trace amounts of thorium(IV) in real samples,
RSC Adv. 5 (2015) 52095-52100.

[60]A.S. Amin, Application of a
triacetylcellulose membrane with
immobilized of 5-(2¢,4‘-dimethylphenylazo)-
6-hydroxypyrimidine-2,4-dione for mercury
determination in real samples, Sens.
Actuators (B), 221 (2015) 1342-1347.

[61] A. Abbaspour, and R. Mirzajani, Application
of spectral B-correction method and partial
least squares for simultaneous determination
of V(IV) and V(V) in surfactant media,
Spectrochim. Acta (A) 64 (2006) 646-652.


https://www.sciencedirect.com/science/article/pii/S0925400507006478
https://www.sciencedirect.com/science/article/pii/S0925400507006478
https://www.sciencedirect.com/science/article/pii/S0925400507006478
https://www.sciencedirect.com/science/article/pii/S0039914006006679
https://www.sciencedirect.com/science/article/pii/S0039914006006679
https://pubs.acs.org/doi/full/10.1021/cr068102g
https://link.springer.com/article/10.1007/BF00486172
https://link.springer.com/article/10.1007/BF00486172
https://link.springer.com/article/10.1007/BF00486172
https://link.springer.com/article/10.1007/BF00486172
https://www.sciencedirect.com/science/article/pii/S0003267001008534
https://www.sciencedirect.com/science/article/pii/S0003267001008534
https://www.sciencedirect.com/science/article/pii/S0003267001008534
https://www.sciencedirect.com/science/article/pii/0022309395004882
https://www.sciencedirect.com/science/article/pii/0022309395004882
https://pubs.acs.org/doi/abs/10.1021/ac030087h
https://pubs.acs.org/doi/abs/10.1021/ac030087h
https://pubs.acs.org/doi/abs/10.1021/ac030087h
https://pubs.acs.org/doi/abs/10.1021/ac030087h

Iranian Journal of Analytical Chemistry 8 (2021) 65-77 | 76

[62]N. Agnihotri, R. Dass, and J.R. Mehta, 3-
Hydroxy-2-(2-thienyl)-4H-chromen-4-one as
an analytical reagent for spectrophotometric
determination of vanadium (V), J. Indian.
Chem. Soc. 75 (1998) 514-515.

[63]H. Tavallali, R. and Nejabatm, Developing
fast and facile method for speciation analysis
of vanadium(V/IV) ions with calmagite
immobilization on  triacetyl cellulose
membrane in water samples, J. Braz. Chem.
Soc. 26 (2015) 592-599.

[64] M.A. Alk, A.A. EI-Asmy, and W.M. Y ossef,
Separation via flotation, spectrophotometric
speciation, and determination of vanadium
(IV) in wastes of power stations. Anal. Sci.
21 (2005) 1325-1335.

[65] ITUPAC Nomenclature, symbols, units and
their usage in spectrochemical analysis—I.
General atomic emission  spectroscopy
Analytical chemistry division, Spectrochim.
Acta (B) 3 (1978) 241-245.

[66]J.N. Miller, and J.C. Miller, Statistics and
Chemometrics for Analytical Chemistry, 5
edn, Prentice-Hall, England, (2005).


https://inis.iaea.org/search/search.aspx?orig_q=RN:29064940
https://inis.iaea.org/search/search.aspx?orig_q=RN:29064940
https://inis.iaea.org/search/search.aspx?orig_q=RN:29064940
https://inis.iaea.org/search/search.aspx?orig_q=RN:29064940
https://inis.iaea.org/search/search.aspx?orig_q=RN:29064940
https://www.jstage.jst.go.jp/article/analsci/21/11/21_11_1325/_article/-char/ja/
https://www.jstage.jst.go.jp/article/analsci/21/11/21_11_1325/_article/-char/ja/
https://www.jstage.jst.go.jp/article/analsci/21/11/21_11_1325/_article/-char/ja/
http://www.sciencedirect.com/science/article/pii/0584854778800433
http://www.sciencedirect.com/science/article/pii/0584854778800433
http://www.sciencedirect.com/science/article/pii/0584854778800433
http://www.sciencedirect.com/science/article/pii/0584854778800433

A.S. Amin and H.H. El-Feky/ A Novel Optode for Vanadium Speciation .... | 77

miSb19 comd STy SIS 4l 52 539 S w0019 Lo Sl e Si9 R D

S plias *gaol L ol N
f.@nu\.@;! 1739 eli.fldb 041\.; r}k— 0dSlisls c@.:.f-: a}f?
Voo 9098 iy b LA § WE TV R RO TR 1 1

XN

S ols 53 (DMPAHPD) ) (65 ¥ oV ivon y —5—(55] i sio (o3Fs¥)0 Lolus K238l 31 oolial b o bl Mol (695 S
PH=Y L J5 Jo @dlo i plsie 4 (S 315 51 oalital b Sb old 8 as V(IV) (g o sl ciind 59y 32 b (J= o
Pl S A5 oy S By 59) 2 S5 slaselly S8 (b YAXNTM cbile L DMPAHPD 5 2 s ¢ s 1]
)5 )5 osliul 30 VYD (NG ML™Y) Laseis as 5 0,—VF0 (NG ML) as g5,y 10 YU oy bl L V(IV) b g (alolids sl o
ol Gty 4B ¥ (23 gusly oo b V(IV) 2 (o y2 98 9l Ve Ve (slo clale (el VoV 705 VYO 7L s 3 sl Gl b (29 sy )89
03) e wodlly JS clale SIV(IV) clale 13,8 o8 5l am V(V) jlaie 135,8 cesd sl SpyaSnl bawgs V(IV) & V(V) LialS 5l aws gaabily S
b duglio j (ool S 315 L5 5= oo g ile 3 4t o038 DMPAHPD 1 oslizl b V(IV) (sl 1y (95 (s pdy bl M35 o b5
Wl lis dg8 jl lisee aore (sla diged 3 madlly e 2 1) 0 s b Kus Lo

SlS slaejly
5 plagiby Sl i dbly (s 6598 S (SLEE



