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Abstract

A selective optical sensor based on immobilization of Eriochrome Cyanine R for the determination of AI(III) ions in
aqueous solution has been developed. The method is based on the spectrophotometric measurement of complex
Eriochrome Cyanine R-aluminium at 537 nm. The sensing membrane is made of a triacetylcellulose film containing
Eriochrome Cyanine R colorimetric reagent immobilized as an ion pair with methyltrioctylammonium chloride. The
response of the sensor is based on the Eriochrome Cyanine R absorbance decrease by the coordination of Al(I11) ions. At
pH= 6.0, the linear dynamic rangeis varied from 3.22x10- to 4.10x10-° mol L-* with a detection limit of 1.2x 108 mol L.
A dynamic working range, detection limit, sensitivity, selectivity and the response time were discussed in detail. The
response was pH dependent. The membrane responds to Al(I11) ions irreversibly by changing color from pink to blue.
The membrane was regenerated in less than 30 seconds with 0.1 mol L™ EDTA solution and was ready for further
measurements. The response time of the sensor was within 16 min depending on the concentration of Al (111) ions. The
sensor response was found to have a repeatability and reproducibility of 1.62% and 3%, respectively. The sensor provides
appropriate selectivity to Al(I11) ions over transition metal cations, including Co(ll), Ni(ll), Fe(lIl), Cu(ll) and Zn(ll).
The sensor has been used for the determination of Al(I11) ions in potable water and aluminium — magnesium syrup.
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1. INTRODUCTION monitoring in waste water outlets, rivers,
Heavy metal ions represent a  major reservoirs or sources of potable water is necessary
environmental problem and their detection and [1]. The toxicological effects of metal ions, such
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as aluminum, on living system, especially in
human beings, are now well known. Several
recent epidemiological studies investigated the
correlation between the uptake of aluminum ions,
mostly from potable water, on the one hand, and
such diseases as Alzheimer, Parkinson, and
dialysis-related diseases, on the other [2-6]. Long-
term total parenteral nutrition (TPN) patients can
inadvertently receive significant amounts of
aluminium present as a contaminant in TPN.
Many of the solutions for parenteral nutrition
have an aluminium content which exceeds the
suggested threshold concentration of 25 mg 121
recommended by the American Society for
Clinical Nutrition (ASCN) and the American
Society for Parenteral and Enteral Nutrition
(ASPEN) [7].

Some methods such as graphite furnace atomic
absorption spectrometry (GF-AAS), inductively
coupled plasma-atomic emission spectrometry
(ICP-AES) [8-9], liquid chromatography [10],
flow injection analysis [11] and stripping
voltammetry [12] have been used to determine
aluminum ions. Although these methods have
good sensitivity, well-controlled experimental
conditions, and profound sample-preparation [13],
time and money consuming, expensive and do not
permit real-time or even on-site determinations
and the accurate determination of aluminium
requires considerable expertise [14-15].
Spectrophotometric methods due to advantages
such as accuracy and good precision, acceptable
accuracy, low cost and simple operation have
been applied for trace metal determination.
Several reagents such as xylenol orange, stilbazo,
chlorophosphonazo | and methylthymol blue have
been reported for the spectrophotometric
determination of aluminium [16-17]. ECR is one
of the most common spectrophotometric reagents
for aluminum determination since it was
extensively studied a few decades ago and is a
well-known reagent for the trace determination of
aluminum that forms a 3:1 complex at a high and
2:1 or 1:1 complex at lower concentrations of the
reagent  [18-20]. The introduction of more
rigorous environmental controls is generating a
demand for simple, rapid and sensitive field-
based detection instrument for monitoring the
presence of environmental pollutants. Optical
sensors are particularly suitable to this type of
application as they may easily be incorporated
into low-cost, easy to use kits, yet at the same
time, they can offer the selectivity and sensitivity
necessary for environmental monitoring [21] The
most  optical sensor chemistries for the
determination of heavy-metal ions are based on
either conventional indicator dyes, neutral
ionophore or on the biological recognition

component [22]. Over the past two decades, an
interest has been increased on the development of
optical chemical sensors (known as sensors or
optrodes) as viable alternatives compare to
electrochemical sensors [23]. These sensors have
lower detection limits and high sensitivity [21],
do not require internal and external reference
devices, long preconditioning time is not a
prerequisite, and are not subjected to electrical
noise [24].

Herein, we investigate the use of ECR as a
colorimetric reagent for developing and designing
of the aluminium optical sensor. This sensor has
high sensitivity and selectivity in monitoring
AI(I11) ions and successfully was used to measure
AI(IIT) ions in potable water and aluminium-
magnesium syrup samples.

2. EXPERIMENTAL

2.1. Chemicals and Apparatus

All stock solution of metal ions was prepared
from analytical grade nitrate salts and used
without further purifications. ECR,
ethylenediamine and MTOACI were purchased
from Merck, Darmstadt, Germany. An ammonia-
acetic acid buffer solution (pH=6.0) was prepared
according to the literature [25]. A Jasco V-570
double beam Uv-vis spectrophotometric (slit
width: 1.0 nm, scan rate: 2000 cm/min) was used
for absorbance measurements between 350-800
nm. The sensor membranes were fixed in 1 cm x
1 cm of glass cells. The pH measurement was
carried out by Metrohm 744 pH-meter with a
combined glass electrode. Double-distilled water
was used throughout all experiments.

2.2. Sample preparation

2.2.1. Aluminium — Magnesium syrup sample

To prepare Aluminum - Magnesium syrup
sample, ImL of Al-Mg syrup was heated in a
furnace to dryness. The remainder was dissolved
in nitric acid and diluted to 50 mL [26].

2.2.2. Potable water sample

According to the literature [26], the water sample
was acidified with concentrated HNO3 to pH<2,
and the sample was left for five hours at room
temperature, and then filtered. Finally, a volume
of 25 mL of the prepared water sample was
diluted to 50 mL.

2.3. Preparation of the sensor membrane

To prepare the transparent triacetylcellulose
membrane, the procedure of reference of [27] was
used. According to this procedure, the transparent
triacetylcellulose membranes were produced from
waste photographic membrane taps and cut into 1
cm x 3 cm and were treated with commercial



H. Khajehsharifi / Iranian Journal of Analytical Chemistry 3 (2016) 145-152 | 147

sodium hypochlorite for several seconds to
remove colored gelatinous layers. Then, washed
and dried membrane was placed in the solution
containing  ECR and MTOACI (1:1) and
ethylenediamine for 12 min at room temperature.
Then, it was washed with water for removing the
extra reagents. The prepared membrane was kept
in water when not used.

2.4. Spectrophotometric procedures

All absorption spectra of the sensor were obtained
against a without chromoinophore membrane as a
reference. To measure the absorbance of the
sample, firstly the prepared membrane was
immersed in ammonia-acetic acid buffer solution
(pH 6.0) for 15 min. Then the membrane was
placed in the inner wall of the spectrophotometric
cell that contains 3 mL of buffer solution and the
titration of solution with Al (111) ions was done,
and the absorbance spectrum was recorded
(within the wavelength range of 350-800 nm).
The absorbance difference is defined as AA = Ag
— A, where A and Ay are the absorbance of the
membrane in the presence and absence of Al (l11)
ions, respectively at the same wavelength.

3. RESULT AND DISCUSSION

3.1. Mechanism of response

ECR is a spectrophotometric reagent for the
determination of Al (IIl) ions [28, 25]. It was
found that the formation of aluminium-ECR
complex was more complete in pH range 5.8-6.5
[29]. The reagent ECR has one sulfonic group
capable of dissociation, and therefore, it could
form an ion pair. ECR is soluble in water due to a
sulfonic group in its chemical structure and it
cannot be immobilized effect on triacetylcellulose
membrane. The water soluble indicator (ECR)
was lipophilised in the form of an ion pair with
MTOACI (Fig.1), and then immobilized on the
membrane. To achieve the best result, the
concentration of MTOACI should be optimized.
The MTOACI ion pair doesn’t form well at the
low concentration of MTOACI, and the higher
concentration of MTOACI caused the membrane
to become opaque. It was found that the
additional amount of MTOACI prevents leaching
of the dye, by stabilizing the charged form of the
indicator [1]. The optimal amount was found to
be 1:1 ECR/ MTOACI. The effect of ECR
amounts on the sensor response was investigated
in the range of 0.01-0.04 gr. The maximum
response and sensitivity were used. The
immobilization of the ECR/ MTOACI ion pair
was  effectively performed when  using
ethylenediamine as solvent. The hydrolyzed
cellulose film in ethylenediamine shaped the
proposed structure in the polymer, which

minimizes barriers of mass transport [30]. To
have a membrane with the best response and
sensitivity the preparation time of sensing
membrane in ethylenediamine and ion pair
solution should be optimized. The appropriate
time for the maximum response is obtained at 12
min. At the time longer than 12 min, the
sensitivity of the membrane was reduced, and the
membrane began to degrade.

CH, CHa
HO. i l O
NaQO OONa
OaNa

Fig.1. Chemical structure of ECR-MTOACI.

3.2. Spectral characteristics

Fig. 2 shows the absorption spectra of the sensor
membrane after being equilibrated in ammonia-
acetic acid buffer solution pH 6.0 containing
varying concentration of Al (I11) ions which are
recorded at 350-800 nm.
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Fig. 2. Absorption spectra of the optode film at pH=6.

The spectrums of ECR-MTOACI ion pair on
triacetylcellulose membrane have two absorption
maxima at 537 and 576 nm in the buffer solution.
The color of the membrane has changed from
pink to blue when exposed to Al (111) ions and has
reached to absorption maxima at 560 and 611 nm
which is due to extraction of Al (I11) ions from the
bulk solution to the reagent phase was saturated
into the membrane and complex formation. The
absorption spectra of immobilized indicator on
the sensing membrane were shifted in comparison
with those of their soluble form. From the above
data, it can be suggested, that the structured
conformation of the immobilized indicator is
planer than that of its soluble analogue [31]. Thus,
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the appearance of the characteristic absorption
band at 560 and 611 nm are likely to depend on
the structure of the complex [32]. Because of the
stoichiometries of the complex has a strong
influence on the response function of trivalent
ions that can be determined by optical
measurements [33]. As the data of Fig. 2 show, by
increasing the concentration of Al (I11) ions, the
absorbance of the complex was increased and the
wavelength was shifted. For this reason, 537 nm
was selected for measuring the response of the
sensor when exposed to Al (111) ions.

3.3. Effect of pH

As the response of the membrane depends on the
absorbance of the buffer solution, it was
necessary to optimize the pH to obtain maximum
AA [34]. The change in absorbance at 537 nm
versus pH plot for the Al (111) sensor shown in
Fig. 3, was obtained from investigations on the
effect of pH over the range of 4.0-9.0 on exposure
to the fixed concentration of the Al (111) ions at
1.3x105 mol L* for a fixed time. At lower pH
values, the absorbance intensity of the sensor
decreased, because of the competition between
hydrogen and aluminium ions for the complex
formation with reagent and ligand protonation, in
high pH values, competition between hydroxyl
and organic ligand ions was observed for a
complex formation with aluminium ions [35]. In
addition, at the pH of high values, the leaching of
the reagent from the membrane to a solution is
important. Therefore, in general, aluminium-ECR
complexation is at a maximum in the acidic to the
natural pH range [36]. As it can be seen in Fig. 3,
the maximum absorbance intensity was observed
at pH=6.0 of ammonia-acetic acid buffer solution.
Thus, a solution of pH=6.0 was selected as an
ideal experimental condition.

03
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Fig. 3. Effect of pH on the optode response at 537 nm
for 1.3x10° mol Lt Al (111) ions.

3.4. Response time

An important analytical feature of the sensor is its
response time. The response time refers to the
time required to reach 95% of the equilibrium
signal (tgs) [33]. To reach an equilibrium state of

the absorbance signal, the analyte ion must
diffuse through the entire thickness of the
membrane, so it depends on the concentration of
Al (111) ions [32]. For highly diluted solutions, the
sensors show very long response times due to the
respective saturation of the membrane with
analyte [37- 38]. Because of the response time of
the sensor film is governed by three processes: (1)
diffusion in the film, (2) the rate of complex
formation between the metal ion and ligand, and
(3) the rate of complex dissociation [26]. In
general, the response time is shorter when
proceeding from dilute to the concentrated
solution [13]. The response time curve obtained
by recording the changes of absorbance from a
pure buffer to buffered Al (111) solutions. It takes
16 min to reach the tgs value (Fig. 4) when the
sensor was exposed to 2.60x10°5 mol LT Al (1)
solution at 537 nm. The results were depending
on the concentration of Al (111) solution.
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Fig. 4. The response time of the optode at 537 nm

when the optode membrane was exposed to 2.60x10-°
mol Lt Al (111) ions.

3.5. Regeneration of the sensor

One of the main characteristics of an optical
sensor is its regeneration, which allows using the
sensor many times leading to the consumption of
a small amount of reagent [30]. After the sensor
membrane exposed to Al (I11) solution, the sensor
membrane must be regenerated by using a
suitable regenerating reagent. Some reagents,
including HCI, HNO3, H3sPO4, and EDTA were
studied as regenerating reagents in different
concentration. Because of the degradation of the
membrane and increasing the leaching of the
indicator from the membrane, regenerating the
membrane by the above acids have no good
results. Oppositely, the good regeneration was
done by EDTA. The best result was obtained
when 0.1 mol L' EDTA solution was used,
which gave short membrane regenerating times
(less than 30 seconds) and had no side effect to
sensor membrane. Fig. 5 shows the variation of
absorbance of the sensor membrane at 537 nm for
repetitively exposing it into 1.96x10° mol L Al
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(111) solution and a 0.1 mol L'* EDTA solution.
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Fig. 5. Variation of absorbance of the optode
membrane at 537 nm for repetitively exposing it into
1.96x10° mol Lt Al (111) solution and a 0.1 mol L*
EDTA solution.

3.6. Repeatability and Reproducibility

The reproducibility and repeatability of the sensor
were evaluated by exposing it to 1.96x10° mol L
L Al (1) solution and ammonia —acetic acid
buffer solution (pH=6.0). The repeatability of the
membrane response at 537 nm was evaluated by
performing five determinations using a single
membrane with the same standard solution of Al
(1) (1.96x10° mol LY). The relative standard
deviation (RSD) for these determinations was
found to be 3%. The reproducibility of the
response of different membranes was also
studied. To calculate the reproducibility, five
different membranes prepared from the same
batch and the same procedure were done all
membranes. The RSD for the measurement was
1.62 %.

3.7. Short—term stability and lifetime

To monitor the loss of reagent from the
membrane into the buffer solution, the absorbance
signal values of the membrane in contact with
1.96x105 mol Lt Al (I11) solution in ammonia —
acetic acid buffer solution (pH=6.0) was recorded
every 30 minutes over a period of 6 hours and no
significant leaching of the indicator arose during
this time. The sensor membrane is readily subject
to the leaching of the active component of the
membrane to the aqueous solution on which the
lifetime of the membrane depends [39]. When the
sensor was exposed to light or stored in wet
condition, the absorbance change was not
significant, as a result, it may be concluded, that
the indicator was stable in the membrane and has
no leaching in contact with water and over the
duration of the experiment. Therefore, to keep the
membrane from drying up, the membrane could
be kept under the water when it is not used. Also,
the membrane showed good stability after it was

stored in water for more than two weeks.

3.8. Response to Al (I11) ions

The dynamic response to Al (lIl) ions was
monitored as a change in absorbance at 537 nm
(absorption maximum of ECR) as the membrane
was exposed to a buffer solution containing Al
(1) ions. Absorption spectra obtained for
different concentrations of Al (111) ions are shown
in Fig. 6. The calibration graph based on the
absorbance of the sensor wversus Al (lIl) ion
concentration was linear in the range of 3.22 x 10°
8 to 4.10 x 10 mol L* with the detection limit
equal to 1.20x 10 #mol L.
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Fig. 6. The optode film response versus Al (IlI) ion
concentrations at pH 6.0.

3.9. Selectivity

Perhaps the most important characteristic of an
ion-selective membrane is its selectivity [40]. The
tolerance limit is defined as the maximum
concentration of a foreign ion, causing, an error of
less than + 5% in the determination of Al (lI1)
ions [30]. The interference for some common
species for the absorbance determination of Al
(1) was investigated to examine the response of
the sensor to other cations and anions. For
obtaining the selectivity of the proposed method,
the solutions contain a fixed concentration of Al
(1 (1.96x10° mol L1) and different
concentration of interfering species were
prepared, and according to the developed method,
the absorbance of the membrane was measured.
The results, presented in Table 1 and Fig. 7,
shows that the proposed sensor has a better
selectivity than other ions. However, the
interference of Cu?*, Fe3* can be eliminated by
using glycine and ascorbic acid respectively.

3.10. Analytical Application

The proposed method was used to evaluate
analyzing aluminium in the potable water and
aluminium—magnesium syrup samples.  The
treated samples were spiked with a different
amount of aluminium ions and the concentration
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was compared with atomic  absorption
spectroscopy (AAS). As is shown in Table 2, the
results of the three real samples were prepared as
described in experimental section correlated very
well with the value for the same samples
determined by AAS.

Table 1. Effect of foreign ions on the determination of

Table 2. Determination of Al (I11) in real sample (n=3).

Aluminium concentration + SD (x 10° M)

Sample Added  Proposed (%)
sensor Recovery
Al-Mg Syrup - 1.23+0.27 -
Potable water ~ ----- <D.L® -
1.14 119020 1045
2.25 2.28+0.14 101.3

Al (111) ions.
Species Tolerance Limit
(Mol Ratio)
Na*, K+, La®", NOs", NH4*, 1000
CH3COO
Co?, Ag*, Cd?*, Ni%*, Zn?*, 500
Tartrate
Hg?, I, Br, CI 200
Cr¥, Cu %, Be ?*, Phosphate , 100
Citrate, Oxalate
Fe3* 20
EDTA 10
1000 1]
_g
% 800
,’: 600
E
:‘ 400
5 200 I
IE o ¥ ' it
"t 2 0 g e
O3Mgg, V2 20, "ot
“H3C00, gy, " Citrgy

Species
Fig. 7. Effect of foreign ions on the determination of
Al (I11) ions.

8 Average of three determinations + S.D.

bAluminium — Magnesium syrup, Soha-jel, cosmetic
company, Tehran, Iran.

°D.L.: detection limit.

4. CONCLUSION

The selective determination of Al (IlI) was
performed by use of ECR, immobilized on a
triacetylcellulose membrane as a lipophilic ion
pair with MTOACI. The purposed sensor has
been shown to have good operating characteristics
such as sensitivity, stability, detection limit and a
wide linear working range. The membrane
responds to Al (I11) by changing color irreversibly
from pink to blue, and it is sensitive to Al (I11)
ions in the 3.22 x 10® to 4.10 x 10 mol L *with
limit of detection 1.2x 10 ®mol L. The
determination of Al (IlI) was performed in a
buffer solution at pH=6.0. The optical sensor was
successfully applied for the determination of
AI(IIl) ions in potable water and aluminium—
magnesium syrup. Therefore, the proposed sensor
shows higher performance compared to the
several fibers based optic sensors (Table 3).

Table 3. Comparison of the proposed Al (I11) sensor with the reported sensor.

lonophore name Membrane and used Linear Range Detection limit ~ pH Ref.
instrument (M) (M)

Morin PVC 3.0x10*- 3.0x107 2.0x 107 48 41
Absorption
spectrophotometry

Morin Sol-gel 1.0x104-1.0x10% - 375 -
Fluorescence

Morin Cellulose powder 1.0x104-1x10® 1.0x 106 48 42
Fluorescence

Purpurin XAD-4 fluorescence 3.2 x103-5,0x 10° 3.0 x10% 6.0 43

Quinolin-8-0l-5- sulfonate  Microcrystal cellulose - 3.0x 107 44
Fluorescence

Chrome Azurol S XAD-2 2.0 x10*-1.3x 10 1.0 x 10 6.0 35
Reflectance
Spectrophotometry

Lumogallion Microstructure optical fiber ~ 1.0x104-1.0x106 1.0x10® 50 45
fluorescence

Eriochorome Cyanine R Triacetylcellulose 3.22x10%-4.10x10° 1.2x10° 6.0 This
membrane work
Absorption
spectrophotometry
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