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a b s t r a c t

A cinnamoyl derivative, 3–[4–(dimethylamino)cinnamoyl]–4–hydroxy–6–methyl–3,4–2H–pyran–2–one,
was used as a ligand for the determination of aluminium. Upon the addition of an acetonitrile solution of
the ligand to an aqueous solution containing Al(III) and a buffer solution at pH 8, a marked change in
colour from yellow to orange is observed. The colour intensity is proportional to the concentration of Al
(III); thus, the ‘naked–eye’ detection of aluminium is possible. The reaction is also applied for sequential
injection determination of aluminium. Beer's law is obeyed in the range from 0.055 to 0.66 mg L�1 of Al
(III). The limit of detection, calculated as three times the standard deviation of the blank test (n¼10), was
found to be 4 μg L�1 for Al(III). The method was applied for the determination of aluminium in spiked
water samples and pharmaceutical preparations.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Aluminium is a widespread metal occurring naturally in baux-
ite rock, silicates and cryolite. Its path into drinking water and food
occurs through a transmission chain in nature caused primarily by
human activity [1]. Aluminium and its compounds have extensive
applications in a variety of fields, mainly in the manufacture of
alloys, glass and ceramics and in the automobile and transport
industries. It is also used in cosmetics production and the
pharmaceutical and food industries [1,2]. Aluminium salts are
used as coagulants for the treatment of drinking water. According
to WHO, the tolerable value of aluminium in drinking water is
limited to 0.2 mg L�1 [3]. The continuous increase in human
activity leads to soil acidification and thus contributes to higher
levels of mobile forms of aluminium. Hartwell and Pember [4], in

1918 studied the toxic effect of aluminium on plants due to
increasing acidity in the soil substrate, and thus far several studies
have been published on this topic [5–7]. The effect of aluminium
on the human body and human health as well as aluminium
intake through cosmetic preparations [8] and pharmaceutical
preparations [9–11], particularly in childhood vaccines [12–14], is
still being discussed. Aluminium has a potential neurotoxic effect
[15], and its intake by the human organism is connected with, for
example, Alzheimer's disease [16–19], autism [20] and breast
cancer [8]. Therefore, the determination of aluminium in environ-
mental, pharmaceutical and cosmetic preparations is very impor-
tant and greatly needed [21].

Several articles concerning the determination of aluminium using
flow analysis and atomic spectrometry [22], fluorimetry [23,24], or
spectrophotometry [25–27] have been published. Developing visual
detection procedures can be considered as one of the most interesting
topics in analytical chemistry today. Several articles on the visual
detection of a variety of cations and anions [28–33], including
aluminium, have been published (Table 1).

In this work, the reaction of Al(III) with 3–[4–(dimethylamino)
cinnamoyl]–4–hydroxy–6–methyl–2H–pyran–2–one ligand (L) was
employed (Fig. 1) for the visual detection and sequential injection
determination of aluminium. The ligand is a cinnamoyl derivative
belonging to the family of cinnamoyl pyrones. Cinnamoyl pyrones
are known as medicaments and as intermediate products of
medicament synthesis [34]. The structure and spectral properties
of cinnamoyl pyrones were discussed by Tykhanov et al. [34,35].
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To the best of our knowledge, there have been no publications on
the application of this ligand to the spectrophotometric determina-
tion of analytes.

2. Experimental

2.1. Reagents

All reagents and solvents were of analytical grade purity.
Distilled water was used throughout the experiment. A stock
aqueous solution containing 10 mmol L�1 of Al(III) was prepared
by dissolving 0.1876 g of Al(NO3)3 �9H2O (Centralchem, Slovakia)
in water and diluting to 50 mL. The working solutions of various
concentrations of Al(III) were prepared by step-wise dilution of
the stock solution. The 1 mmol L�1 solution of ligand was pre-
pared by dissolving 0.0299 g of 3–[4–(dimethylamino)cinna-
moyl)]–4–hydroxy–6–methyl–2H–pyran–2–one in 100 mL of
acetonitrile (Merck, Germany). The pH of the aqueous phase was
adjusted by the addition of CH3COOH–NH4OH buffer solutions,
which were prepared by mixing equimolar solutions (1 mol L�1)
of CH3COOH and NH4OH (both Centralchem, Slovakia) in various
ratios (v/v). The buffer solution with pH 8 was prepared in ratio of
24.65:25.35 (CH3COOH:NH4OH, v/v).

2.2. Apparatus

A Lightwave II UV–vis spectrophotometer (Biochrom Ltd.,
United Kingdom) and a Specord S 600 diode-array spectrophot-
ometer (Analytik Jena AG, Germany) equipped with matched

quartz cells of 10 mm path length were used for UV–vis spectro-
photometric measurements. The pH values were measured using
an ORION 720Aþ pH metre with a glass electrode. The ATR
measurement technique was performed on a Nicolet 6700 FT–IR
spectrometer (Thermo Fisher Scientific Inc., USA).

The sequential injection manifold (Fig. 2) is based on the
commercially available FIAlabs 3500 system (FIAlabs Instrument
Systems Inc., Bellevue, USA) and equipped with a glass syringe
pump (SP) (5 mL) and a central eight-port Cheminert selection
valve (Valco Instrument Co., Houston, USA). The central port of the
selection valve (SV) was connected to a holding coil (HC), and the
lateral ports of the SV were connected as follows: waste (port 1),
reaction chamber (RC – a 2 mL microcentrifuge polypropropylene
tube with a snap-on cap and 1.2 cm of i.d. width) (port 2), sample
(Al) (port 3), ligand (port 4), buffer solution with pH 8 (port 5),
methanol (port 6), air (port 8). Port 7 was directed to an optical Z-
flow cell (20 mm) and flowed into a waste receptacle. An LS-1-LL
tungsten halogen lamp (Ocean Optics Inc., Dunedin, USA) was
used as the light source and the CCD USB 2000 diode array
spectrophotometer (Ocean Optics Inc., Dunedin, USA) as the
detector. FIAlabs software (version 5.9.321) served as the operat-
ing programme, enabling the control of the flow procedure and
the acquisition and evaluation of data.

Table 1
Comparison of the developed visual method of Al(III) with those previously published in the literature.

Ligand Comments Sample CC LOD Ref.

3–[4–(Dimethylamino)cinnamoyl]–4–
hydroxy–6–methyl–2H–pyran–2–
one

Water:AN (4.3:0.7, v/v); pH 8.0; SIA UV–vis detection (CC: up to
0.66 mg L�1, LOD: 4 μg L�1)

Tap and
spring
water

0.11–
0.88 mg L�1

0.11 mg L�1 This
work

5–[(2–Hydroxy–5–nitro–benzylidene)
–amino]–1 H–pyrimidine–2,4–dione

DMSO:water (95:5, v/v) – – 25–50 μmol L�1 [36]

2–(2–(2–Hydroxyethoxy)ethoxy)ethyl
8–propoxyquinoline–2–carboxylate

AN:water (95:5, v/v) Tap water 0–
23 μmol L�1

0.8 μmol L�1 [37]

5–[{(2–Hydroxynaphthalen–1–yl)
methylene}amino]pyrmidine–2,4
(1H,3H)–dione

UV–vis detection (CC: up to 50 μmol L�1 in AN) Fluorescent detection (CC:
0–2 equiv Al3þ; LOD: 3.2�10�7 mol L�1 in AN, 1�10�6 mol L�1 in water)

– – – [38]

Under UV-light
2,20–Dihydroxyazobenzene Spot test on hydrophobic filter paper; pH 6.5 – – 2�10�8mol L�1 [39]
2,2´–Dihydroxyazobenzene The hydrophobic surface of the octadecylsilanized silica thin layer Tap and

river water,
tea

– 1 μg L�1 [40]

4–(80–Hydroxyquinolin–50–yl)
methyleneimino–1–phenyl–2,3–
dimethyl–5–pyzole

10% methanol solution; pH 4.5; Fluorescent detection (CC: 0–22 μmol L�1;
LOD: under 10�7 mol L�1)

– – – [41]

2–Hydroxynaphthylidene– (80–
aminoquinoline)

DMF solution; Fluorescent detection (CC: 0–16 equiv Al3þ; LOD:
1 μmol L�1)

– – – [42]

Methyl pyrazinylketone benzoyl
hydrazone

Ethanol solution; Fluorescent detection (CC: 0–1 equiv Al3þ; LOD:
10�7 mol L�1)

– – – [43]

CC, Calibration curve; AN, Acetonitrile; –, data not found in paper.

Fig. 1. Structure of 3–[4–(dimethylamino)cinnamoyl]–4–hydroxyl–6–methyl–2H–
pyran–2–one.

Fig. 2. The suggested set-up of sequential injection manifold. SP, syringe pump;
HC, holding coil; RC, reaction chamber; SV, selection valve; L, ligand; B, buffer
solution.
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2.3. General procedure for visual and spectroscopy study

Aqueous solutions containing Al(III) from 0.055 to 0.66 mg L�1

were put into test tubes, and 1 mL of buffer solution was added.
The volume was then filled up to 4.3 mL with water, and 0.7 mL of
the 1 mmol L�1 acetonitrile solution of ligand was added to
achieve final volume of 5 mL. The solution was mixed thoroughly
after the addition of each reagent, especially during the last
addition.

2.4. Operational protocol for sequential injection analysis

The entire procedure started with the aspiration of water from
the reservoir (1500 μL, 1000 μL s�1) into the SP. The reagents were
then aspirated into HC at 35 μL s�1 in this order: sample (80 μL),
buffer solution pH 8 (80 μL) and the ligand (80 μL). Afterwards,
the volume of 240 μL containing all reagents was injected into the
RC, which was refilled with water up to 400 μL (40 μL s�1) in
order to achieve the final volume of the solution. The solution was
then intensively mixed by air bubbling (800 μL, 800 μL s�1). After
a delay of 30 s, which proved to be sufficient time for complex for-
mation between Al(III) and the ligand, the 100 μL of the aqueous
solution was aspirated back into the HC at 30 μL s�1

flow-rate and
pushed to waste in order to fulfil tube connecting port 2 with RC
and avoiding any occurence of bubbles inside the HC. In the next
step, the volume of 65 μL (30 μL s�1) of aqueous solution was
aspirated to HC once again and immediately propelled (450 μL at
40 μL s�1) toward the Z-flow cell for UV–vis spectrophotometric
detection at 520 nm wavelength. In the final step, the HC and the
RC were twice cleaned using methanol–water mixture. The deter-
mination of aluminium was accomplished in less than 220 s.

3. Results and discussion

3.1. Visual detection and UV–vis spectrophotometric study

Upon the addition of an acetonitrile solution of the ligand to an
aqueous solution containing Al(III) and a buffer solution at pH 8, a
marked change in colour from yellow to orange is observed. The
change in the colour intensity is proportional to the increasing
concentration of Al(III). Thus, the ‘naked–eye’ detection of alumi-
nium was easily observable (Fig. 3A). Other ions, such as Na(I),
K(I), Mg(II), Ca(II), Cr(VI), Mn(II), Co(II), Ni(II), Zn(II), Ag(I), Cd(II),
and Pb(II), did not exhibit any detectable colour change in the
absence of Al(III) (Fig. 3B). By testing of standard solution contain-
ing Fe(III) ion, a minor colour change was observed in comparison
with blank (Fig. 3B). Therefore masking of Fe(III) with CN- ions was
carried out. According to obtained results, Fe(III) in the presence of
CN- provided the same colour as other above mentioned cations in
the absence of Al(III), thus no interference was observed at this
stage. The selectivity is tested in more detail in the SIA procedure
section. Visual detection was applied in different water samples
(tap water and spring water), spiked with known amount of
aluminium. From the Fig. 3C it is obvious, that in all cases, same
colour changes were observed.

The interaction between the ligand and Al(III) was confirmed
using UV–vis spectrophotometry upon the addition of an acetoni-
trile solution of the ligand to an aqueous solution containing
various amounts of Al(III) at pH 8, while the ligand concentration
was kept constant in all experiments. The ligand exhibited its
primary absorption peak at 407 nm (Fig. 4). Upon addition of an
increasing amount of Al(III), the peak at 407 nm gradually
decreased and a new absorption band gradually appeared at
515–545 nm. The distinct isosbestic point at 448 nm indicates
the formation of the complex of Al(III) with ligand. From the

results obtained, the calibration plot was constructed at 520 nm
(Fig. 4).

3.2. Reaction kinetic study

Due to the low water solubility of the ligand its solubility in
various water-miscible solvents such as methanol, ethanol, 2–
propanol, acetone and acetonitrile was investigated. The best
solvents seem to be acetonitrile and acetone.

The reaction kinetics of the ligand dissolved in acetonitrile,
acetone and in mixtures of acetonitrile and acetone at various v/v
ratios and Al(III) were investigated for 1 h by means of UV–vis
spectrophotometry. The experimental conditions are described in
the General procedure section. A part of this reaction course is
shown in Fig. 5. The analytical response shows more rapid growth
and reaches a maximum value much faster in the case of
acetonitrile (4 min) compared with acetone (20 min). However,
the signal stability is better in the case of acetone. Therefore, we

Fig. 3. Pictures illustrated the colour changes. The final conditions: 0.14 mmol L�1

of ligand, pH 8, ratio of water:acetonitrile (4.3:0.7 v/v). (A) Colour changes of the
ligand proportional to various concentration levels of Al(III), from 0.11 to
0.88 mg L�1 (from 4 to 32 μmol L�1); (B) Comparison of colour changes of the
ligand in the presence of 0.1 mmol L�1 of Al(III) to 0.1 mmol L�1 of other metal
ions; (C) Visual detection of Al(III) in different spiked water samples (DW – Distilled
water, TW – Tap water, SW – Spring water) at 0.44 mg L�1 (16 μmol L�1) of Al(III).
(For interpretation of the references to colour in this figure legend,the reader is
referred to the web version of this article)
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investigated a mixture of acetone and acetonitrile in different v/v
ratios. We can note some advantages of using this mixture: for
example, the analytical response reaches a maximum value faster
when compared with acetone, and the signal stability in time is
better comparing with acetonitrile. However, due to the lower
value of the blank test and better repeatability, acetonitrile was
chosen as the most appropriate for subsequent experiments.

3.3. IR spectroscopic study

The composition of the ligand and the Al(III)–ligand complex in
the solid state was verified using the IR technique (ATR). Absorp-
tion bands were identified and assigned according to the literature
[44,45]. As expected, the spectrum is rather complex due to the
low symmetry of the ligand. On the other hand, we did not expect
any strong intermolecular interaction, so the assignment in the
solid state can be performed as though with an unperturbed
molecule. The main features are at 1730 cm�1 and 1653 cm�1,
and the absorption bands belong to C¼O stretching vibration of
the carbonyl groups. The localised C¼C bond in the structure was
identified by the absorption band at 1593 cm�1, and in the region
from 1540 cm�1 to 1450 cm�1 the absorption bands were assig-
ned to the stretching vibration of C–C from the aromatic ring
accompanied by the stretching vibration of C–N and C–C bonds.
Unfortunately, the precise assignment of the absorption bands is

complicated, and without the use of other techniques (e.g. isotopic
exchange) it is unreasonable. The aromatic ring can also be
identified by the weak absorption bands at 3099 cm�1 and
3078 cm�1, which belong to stretching vibration of the C–H
bonds. The methyl group can be identified by the symmetrical
and unsymmetrical deformation vibration that is evidenced by the
weak bands at 2914 cm�1 and 2829 cm�1, which belong to the
stretching vibration of the C–H bonds. All other absorption bands
were difficult to identify and therefore no further analysis was
performed.

The IR technique was also used to verify the formation of the
aluminium atom bond to the oxygen atom in the formed complex.
The complex of the ligand with Al(III) was prepared from 64 mg of
Al(NO3)3 �9H2O dissolved in 3 mL of distilled water and 153 mg of
the ligand dissolved in 1.5 mL of methanol. The mixture was
refluxed for 3 h before being filtered and dried. As is mentioned
in the literature [46], the coordination of the oxygen atom from
the carbonyl group leads to a lowering of the frequency of the
stretching vibration. In our case, the absorption band that was
before found at 1730 cm�1 (as mentioned above) not only shifted
to 1723 cm�1, but its shape changed and a shoulder appeared at
1716 cm�1. As expected, no other bands shifted; they remained
more or less in the same position (Fig. 6 ).

3.4. SIA procedure

3.4.1. Optimisation of the SIA procedure
In order to find the appropriate experimental conditions, the

effect of the following variables was investigated: pH, concentra-
tion of ligand, flow rate, aspiration sequence, and reaction time.
The highest analytical signal at the lowest value of blank and the
lowest relative standard deviation was chosen as the main
criterion. From Fig. 7 it is obvious that the maximum complexation
of Al(III) with the ligand is reached at pH 8 and a ligand
concentration equal to 0.2 mmol L�1.

The various volumes of reagents in a range 40–100 μL, the flow
rate in a range 10–100 μL s�1 and different aspiration sequences of
reagents were also studied. The following aspiration sequences
were tested: Al–pH–L, Al–L–pH, pH–Al–L, pH–L–Al, L–pH–Al, L–
Al–pH (80 μL for all reagents), pH–Al–L–pH, Al–pH–L–pH; L–pH–
Al–pH (40 or 50 μL for each pH segment and 80 μL for the other
reagents), pH–L–pH–Al–pH (30 μL for each pH segment and 80 μL
for the other reagents). The best result was obtained in the case of
aspiration sequence Al–pH–L, 80 μL volume of all reagents at a

Fig. 4. UV–vis spectra of 0.14 mmol L�1 of ligand in water–acetonitrile (4.3:0.7 v/v) solution at pH 8 with increasing concentrations of Al(III); l¼1 cm and calibration curve
(inset graph) measured at 520 nm.

Fig. 5. Kinetic study of complex formation between Al(III) and the ligand dissolved
in (A) acetone and (AN) acetonitrile pH 8; 0.14 mmol L�1 of ligand; l¼1 cm;
λ¼520 nm.
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flow rate of 35 μL s�1 and mixing using 800 μL air at a flow rate of
800 μL s�1. Finally, the reaction time (the time between mixing of
the sample and all necessary reagents in the RC and the detection
step) required for complex forming of Al(III) with the ligand in
range 0–300 s was tested. The analytical response increases up to
30 s and does not change with further increase in reaction time.
Thus, in order to reduce the time for analytical assay, a reaction
time of 30 s was chosen for further experiments.

3.4.2. Figures of merit
A calibration plot was constructed in the range from 0.055 to

0.66 mg L�1 at seven concentration levels. The regression equation
was A¼0.1627�Cþ0.0131, where A is the absorbance and C is the
concentration of aluminium in mg L�1. The limit of detection
(LOD), calculated as three times the standard deviation of the
blank test (n¼10), was found to be 4 μg L�1 of Al(III). The
precision and accuracy of the developed method were checked
by performing five replicate determinations of aluminium at two
concentration levels on three different days and then calculated as
the relative standard deviation percentage (RSD, %) and the
recovery percentage (R, %). The precision and accuracy results

are presented in Table 2; they show the good repeatability of the
suggested method.

The effect of some interfering ions on the determination of
0.22 mg L�1 of Al(III) was also examined. A molar ratio of Al(III):
interfering ion which resulted in an error not exceeding 75% was
taken as the tolerable amount. Among cations, a more than 5,000–
fold excess of Na(I) and K(I), a 250–fold excess of Mg(II), a 150–fold
excess of Ca(II), a 50–fold excess of Cr(VI) and Ag(I), a 25–fold
excess of Co(II), a 20–fold excess of Mn(II), a 10–fold excess of Ni
(II), Cd(II) and Zn(II) and a 10–fold excess of Fe(III) after masking
with CN- ions did not interfere the determination of aluminium.
With anions a 5,000–fold excess of Cl� , I� , SO4

2� and a 1,000–fold
excess of S2O3

2� and HCO3
� showed no interference with the

determination of aluminium.

3.4.3. Analysis of real samples
The applicability of the developed SIA procedure was tested as

a study of precision and accuracy of the determination of alumi-
nium in water samples after standard addition. The recovery study
shows that added aluminium can be quantitatively recovered from
water samples. The method was also applied to the determination
of aluminium in pharmaceutical preparations. An antiperspirant
solution containing 185 mg/mL of AlCl3�6H2O and an antacid
suspension containing 382 mg/5 mL of Al(OH)3 were used as
pharmaceutical samples. In order to obtain a clear solution of
antacid from the suspension form, 1 mol L�1 HCl was used. Before
analysis, the real samples were diluted with water to reach a
concentration of Al(III) located within the linear working range.

Fig. 6. IR spectra.

Fig. 7. Effect of pH (A), and concentration of ligand (B). Experiments at optimal
conditions: 0.33 mg L�1 Al(III); l¼2 cm; λ¼520 nm. (A) 0.2 mmol L�1 of ligand,
(B) pH 8.

Table 2
Inter-day precision and accuracy data for the determination of aluminium, n¼5.

Realized Taken (mg L�1) Determineda (mg L�1) RSD (%) R (%)

1st day 0.28 0.2970.01 2.8 103.6
0.50 0.4970.01 1.6 98.0

2nd day 0.28 0.2770.01 3.0 96.4
0.50 0.5170.01 1.6 102.0

3rd day 0.28 0.2870.01 2.9 100.0
0.50 0.4970.01 1.6 98.0

a x7s ðt= ffiffiffi

n
p Þ (t¼2.776, P¼0.95), t-student coefficient for n–1 degrees of

freedom; RSD – Relative standard deviation percentage; R – Recovery percentage.

Table 3
Application of the suggested method to the determination of aluminium in spiked
and real samples.

Sample
aAdded (mg L�1)/
bDeclared

dFound (mg L�1)
RSD
(%)

R (%)

Tap water – – – –
a0.22 0.2270.01 3.7 100.0
a0.55 0.5670.02 2.9 101.8

Spring water – – – –
a0.22 0.2370.01 3.5 104.5
a0.55 0.5570.03 4.4 100.0

Antacid
suspension

b,c382 mg/5 mL
e370.7715.6 mg/
5 mL

3.4 97.0

Antiperspirant
solution

b,c185 mg mL�1 e184.776.8 mg mL�1 3.0 99.8

a Amount of Al(III) added to the sample.
b Declared amount of aluminium compound contained in preparation.
c Content of aluminium compound in preparation.
d x7s ðt= ffiffiffi

n
p Þ (t¼2.776, P¼0.95), t-student coefficient for n–1 degrees of free-

dom; RSD – Relative standard deviation percentage; R – Recovery percentage.
e Calculated as content of aluminium compound in preparation.
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For adjustment of neutral pH, 1 mol L�1 NH4OH was used. The
results are shown in Table 3.

4. Conclusion

The reaction of Al(III) with the ligand 3–[4–(dimethylamino)
cinnamoyl]–4–hydroxy–6–methyl–2H–pyran–2–one was employed
for novel and simple methods of visual detection and sequential
injection determination of aluminium. The suggested visual method,
in comparisonwith previous published in the literature: (1) presents
visual calibration in the range 0.11–0.88 mg L�1; (2) is suitable for
aqueous samples, as only the ligand must be dissolved in acetoni-
trile; and (3) was applied to the determination of aluminium in real
samples. Table 4 shows a comparison of the suggested SIA method
with previous flow-based methods published in the literature for
on-line determination of Al(III) using UV–vis detection. The sug-
gested SIA method: (1) gives a better LOD value [25–27,48–54];
(2) requires a smaller amount of sample [47,48,52,53]; and (3) unlike
previous methods, requires no adding of a surfactant [26,47,48,51].
The SIA procedure was applied to the determination of aluminium in
spiked water samples and pharmaceutical preparations.
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