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n followed by flow injection ICP-
AES for preconcentration and determination of
aluminium ions

Shahab Shariati,*a Yadollah Yamini,b Mohammad Faraji,c Abolfazl Salehd

and Elahe Bozorgzadeh a

In this study, a convenient and sensitive off-line cloud point extraction method (off-line CPE) was

developed to preconcentrate trace amounts of aluminium (Al) ions prior to their determination by flow

injection (FI) coupled to inductively coupled plasma-atomic emission spectrometry (ICP-AES). The

method is based on the formation of a complex between Al3+ and 3, 20, 40, 5, 7-penta hydroxy flavone

reagent, using Triton X-114 as a non-ionic surfactant to extract the formed complex and facilitate phase

separation. Following extraction, the micellar phase containing Al ions was analyzed using ICP-AES

coupled with a flow injection system (FI-ICP-AES). The off-line CPE variables were optimized using the

Taguchi method, resulting in optimal conditions of pH 4.5, 1000 mg L−1 reagent, 0.1% (w/v) Triton X-114,

0.25 mol L−1 salt concentration, and an equilibrium temperature of 60 °C. Under these conditions,

a linear calibration range of 1.0–500 mg L−1 was achieved for determination of Al ions, with a detection

limit (DL) of 0.89 mg L−1, an enhancement factor of 54.7, and a relative standard deviation (RSD) below

3.1%. The accuracy and applicability of the proposed off-line CPE/FI-ICP-AES method were evaluated by

analyzing Al ions in various aqueous samples, yielding satisfactory and reliable results.
1. Introduction

Aluminium (Al), the most abundant metal in the Earth's crust at
approximately 8.8% by weight, is a pervasive environmental
contaminant with extensive applications across various indus-
tries, including textiles, paper, food processing, electronics,
cosmetics, and pharmaceuticals.1–4 Despite its widespread use,
aluminium poses signicant ecological and human health risks
due to its toxicity. In the environment, aluminium adversely
affects aquatic ecosystems and impairs root development, thus
limiting agricultural plant growth, particularly in acidic soils.5,6

For human health, aluminium exposure has been linked to
serious neurological disorders, including Alzheimer's disease
and multiple sclerosis.7 It can also adversely affect red blood
cells,8 parathyroid glands, and chromosomes.9 Studies have
suggested correlations between aluminium exposure and
certain autism cases, supported by evidence of abnormal
aluminium deposits in brain tissue.10,11 Patients with impaired
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kidney function are at increased risk since they cannot effi-
ciently eliminate the metal, potentially leading to neurotoxicity
and other severe complications.12,13 Consequently, elevated
aluminium levels serve as a critical clinical indicator of poten-
tial central nervous system toxicity.14 Other documented health
effects include dialysis encephalopathy syndrome, Parkinson's
disease,15,16 and aluminium-induced bone disease from skeletal
accumulation.17–19

Different preconcentration methods including cloud point
extraction20–25, coprecipitation,23 and analytical methods such
as sensors,2,26–29 electrothermal atomic absorption spectrometry
(ET-AAS),30–32 spectrouorimtery,28,33–36 and inductively coupled
plasma-atomic emission spectrometry (ICP-AES)37 have been
used for the determination of aluminum (Al3+) ions. At low
concentrations of Al3+ in real samples, suitable enrichment
procedures are required for Al3+ determination. The capabilities
of micellar systems and other self-assembled molecular
assemblies have been acknowledged for a long time and have
seen growing use in multiple domains of analytical chemistry
recently. Cloud point extraction (CPE) relies on the use of high-
concentration solutions of specic uncharged and zwitterionic
surfactants, which form a uniform solution under certain
environments. Water solubility of the surfactant decreases by
altering temperature, pressure, or adding certain substances,
causing the solution to become cloudy.38–42

Trace amounts of metals in complex matrices have been
analysed using CPE methods, which present a practical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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alternative to conventional extraction techniques,43,44 that
require large volumes of toxic and costly solvents. Such solvents
pose signicant risks to human health and the environment. In
contrast, CPE methods are faster, safer, and more efficient,
employing environmentally friendly surfactants that align with
the principles of green analytical chemistry. For trace metal
analyse, CPE is commonly adjusted to incorporate hydrophobic
molecules through ligand complexation to enhance extraction
efficiency. Upon heating, this mixture move into the cloud point
phase, facilitating straightforward separation using centrifu-
gation. When suitable chemicals and conditions are utilized,
extraction at ambient temperature is reliable and effective,
requiring only a brief period to nish.30,38,45–49

In this study, we combined off-line cloud point extraction
with ow injection for sample introduction into the analytical
instrument. A straightforward and adaptable system (off-line
CPE/FI-ICP-AES) was developed to preconcentrate and deter-
mine Al ions in aqueous samples. During off-line CPE pre-
concentration, the hydrophobic chelate formed between Al3+

ions and 3, 20, 40, 5, 7-pentahydroxy avone (morin) was
extracted into the surfactant phase, which was subsequently
injected into the FI-ICP-AES for further analysis.

The method novelty and enhanced analytical performance
are achieved through a synergistic integration of three key
components: morin as a selective chelating agent for Al3+,
Taguchi experimental design for systematic and robust multi-
variable optimization of the extraction process, and the off-line
coupling of CPE with FI-ICP-AES for efficient analyte introduc-
tion. This triad directly addresses the principal constraints of
CPE method for aluminum—namely, susceptibility to interfer-
ences from non-optimal chelation, inefficiencies from univar-
iate optimization, and potential dilution or transfer losses.
Consequently, the protocol delivers the superior analytical
metrics including an expanded linear dynamic range and
a signicantly lowered detection limit, there by advancing the
state-of-the-art in trace aluminum determination.
2. Experimental
2.1. Chemicals and reagents

All chemicals were used with analytical reagent grade. Al3+ stock
solution (1000 mg L−1) was prepared by directly dissolving
aluminium nitrate (Merck; Darmstadt, Germany) in 0.1 M
HNO3. This standard solution was diluted with deionized water
to prepare other concentrations of Al3+ ions. Reagent grade 3, 20,
40, 5, 7-pentahydroxy avone (C15H10O7; morin) obtained from
Merck was utilized as chelating agent. The morin standard
solution was prepared by dissolving an appropriate amount of
the reagent in extra-puremethanol (Merck). Triton X-114, a non-
ionic surfactant (Fluka, Chemie AG, Switzerland), was employed
without further purication. A 2.5% w/v solution was prepared
by dissolving 1.25 g of Triton X-114 in 50 mL of deionized water.
Fig. 1 Schematic diagram of the six-port injection valve containing
loop (L) in conjugation of FI to ICP-AES. (a) Load position, and (b) inject
position.
2.2. Instruments

An ICP-AES (Varian Vista-PRO, Australia) with a radial torch,
a V-groove nebulizer, and a charge-coupled device (CCD), was
© 2026 The Author(s). Published by the Royal Society of Chemistry
applied to determine of Al3+ ions. Argon gas (99.999% purity)
was sourced from Roham Gas Company (Tehran, Iran). To
adjust the temperature of the solutions and to accelerate the
phase separation in CPE process, a thermostat water bath
(Khodsaz Company, Tehran, Iran) and a centrifuge (Ferdous
Ray Company, Tehran, Iran) were utilized, respectively. A peri-
staltic pump (Farayand Gostar Company; Tehran, Iran) and
a two-position injection valve (Tehran University, Iran) were
used to deliver the sample in ow injection system (FI).
Furthermore, a Heidolph MR 3001 K heater stirrer (Kelheim,
Germany) and a pH meter (Inolab, Germany) were utilized for
solution stirring and adjusting the pH of solutions, respectively.
2.3. Procedure of off-line CPE/FI-ICP-AES

In off-line CPE procedure, 10 mL of the solution containing Al3+

ions was adjusted to the appropriate salt concentration and pH
(0.25 mol L−1 sodium acetate; pH = 4.5). Aluminium ions were
complexed with the morin reagent. Subsequently, Triton X-114
(at 0.1% (w/v)) was added, and the solution was mixed thor-
oughly. The samples were then heated in a water bath at 60 °C
for 15 min until turbidity appeared, indicating phase separa-
tion. The surfactant-rich micellar phase typically settled at the
bottom of the aqueous phase and was collected for further
analysis. To speed up phase separation in CPE, the mixtures
were centrifuged at 4000 rpm for 10 min. Aerward, the tubes
were placed in a freezing bath for 5 min to further densify the
micelle-rich phase, facilitating easier separation of the aqueous
phase by pipetting. Following the aqueous phase removal,
a xed volume of 150 mL of 50% (v/v) propanol in distilled water
was added to the micelle-rich phase – obtained in off-line CPE –

to reduce its viscosity. The surfactant-rich phase was then
entered into the ICP-AES through ow injection via a six-port
injection valve equipped with a homemade 160 mL loop posi-
tioned between ports 1 and 4 of the valve. The diluted
surfactant-rich phase was loaded into the loop using a micro-
syringe while the valve was in the “load” position. Once loaded,
RSC Adv., 2026, 16, 1546–1555 | 1547
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Fig. 2 Emission intensity measurement in time scan mode.

Fig. 3 Chemical structure of morin.
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the valve was switched to the “inject” position, allowing the
eluent to ow through the loop and rinse the analyte to the ICP-
AES nebulizer, where the emission signal of Al was recorded
over time. The emission intensity of Al at 396.152 nm was
monitored, with corrections made using a blank solution for
calibration. The schematic of the designed FI-ICP-AES system
for Al3+ ion analysis aer off-line CPE is presented in Fig. 1.

In FI-ICP-AES, the plasma was rst activated during the
sample loading step, with the injection valve set to the “load”
position. Following several injection cycles, a cleaning solution
was introduced into the loop to ensure thorough washing and
purication. Using a Hamilton syringe, 180 mL of the surfactant-
rich phase was injected into the six-port injection valve con-
taining the loop to ll it completely. Subsequently, the valve was
switched to the “inject” position, and the rinsing solution was
pumped through the loop by a peristaltic pump. This process
rinsed the sample through the loop into the nebulizer, enabling
measurement of the Al emission at the appropriate wavelength
during atomization. The instrument operated in time-scan
mode, recording the emission intensity of Al at the specied
wavelength during each injection as a function of time. The
emission intensity was calculated as the difference between the
peak intensity of the emission spectrum and its baseline value,
as detailed in the following equation and Fig. 2.

Peak height intensity = max (all of points)−Average

(baseline points at the left of the peak)
3. Results and discussion

Morin (Fig. 3) is a phenolic compound derived from the
substitution of hydroxyl groups on the avone chromophore. It
forms complexes with non-paramagnetic metal ions, particu-
larly Al3+.

Morin contains two active sites for chelation: the 3-hydroxy
and 4-oxo sites, as well as the 5-hydroxy 4-oxo site. Additionally,
1548 | RSC Adv., 2026, 16, 1546–1555
the 2,3 dihydroxy system can also act as a chelating agent,
capable of forming a 7-membered chelate with Al3+. Studies
indicate that when measuring Al3+ through spectrophotometry
and uorimetry, an acetate medium with a pH of 3.5 to 6.5 is
ideal for forming complexes.50–52 The stoichiometric ratio of the
Al-morin complex is inuenced by the solvent used and the
solution pH. In a methanol solution, Al3+ forms two types of
complexes with morin at stoichiometries 1 : 1 and 1 : 2, while in
acidic methanol solutions containing 0.1 mol L−1 nitric acid,
only 1 : 1 complexes are formed. The absorption spectrum of
morin exhibits a maximum peak at 355 nm, which decreases in
intensity in aqueous solutions at pH 4.5 (using 0.05 mol L−1

ammonium acetate).51,52 Increasing the concentration of Al3+

ions causes the absorption band of morin at 355 nm to
diminish, while a new absorption band appears at 413 nm.52

This red shi in the absorption spectrum of morin is attributed
to the formation of a complex between Al3+ ions and morin,
likely due to coordination of the lone pair of electrons on the
oxygen donor atom with the Al3+ ion, resulting in reduced
electron density on the chromophore. The stoichiometry of the
complex formed between Al3+ and morin has been investigated
using the molar ratio method in solutions with uncontrolled
pH.52 The molar ratio curve at a wavelength of 415 nm for
uncontrolled pH exhibited an inection point at an Al3+/M= 1.5
ratio, indicating a stoichiometry of 3 : 2 (Al3M2) for the complex.
While the molar ratio curves at wavelengths 355 and 413 nm at
pH= 4.5 (amunium acaetate) exhibited an inection point at an
Al3+/M = 1 ratio, indicating a stoichiometry of 1 : 1 (AlM) for the
complex.52

3.1. Optimizing the FI-ICP-AES instrumental variables

Prior to analysing standards and samples, optimization was
conducted to achieve the highest emission intensity for Al3+

ions. Various variables inuencing the Al atomic emission
signals in FI-ICP-AES were optimized using a univariate
approach. For this purpose, a 5 mg L−1 Al3+ standard solution in
50% (v/v) propanol in distilled water containing 10% (w/v)
Triton X-114 was prepared and directly introduced into the FI-
ICP-AES system via six-port injection valve using a micro-
syringe. Homemade loops with internal volumes of 100 and 160
mL were made for these optimizations. Instrumental variables
including viewing height, nebulizer pressure, type and volume
of the organic solvent (used to reduce viscosity of the surfactant-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effects of instrumental variables including (A) viewing height (B) nebulizer pressure (C) rinsing solvent type, and (D) rinsing solvent rate on
the Al emission intensity in ICP-AES.
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rich phase), rinsing solvent ow rate and loop volume were
investigated. The effects of each instrumental variable are
illustrated in Fig. 4. Each level of studied variables was inves-
tigated at multiple replicate injections and the average of
intensities were used.

The maximum emission intensity in the plasma, evaluated
relative to the plasma height above the coil, can be affected by
the element type, solvent, sample matrix, power supply, and
nebulizer gas pressure. For optimizing the viewing height,
argon gas was purged with a plasma gas ow rate of 15 L min−1,
an auxiliary ow rate of 1.5 L min−1, and the RF generator
operating at 40 MHz frequency. Fig. 4(A) illustrates the signal
intensity as a function of time for a 10 mg L−1 Al3+ solution
using the FI method, based on several consecutive injections at
each viewing height. As observed, the highest emission inten-
sity was recorded at the lower viewing height. Consequently,
a height of 6 mm above the induction coil was selected as the
optimal viewing height to achieve greater sensitivity and
reproducibility. Fig. 5 shows the effect of viewing height for
a 10 mg L−1 Al3+ solution analyzed using the FI method, based
on multiple consecutive injections recorded in time-scan mode
at each viewing height.

Nebulizer pressure inuences signal intensity in two main
ways. First, increasing nebulizer pressure enhances nebuliza-
tion efficiency, allowing more analyte species to enter the
plasma. However, higher pressure shortens the residence time
of species within the plasma, potentially reducing their
© 2026 The Author(s). Published by the Royal Society of Chemistry
opportunity for excitation and emission. The optimal nebulizer
pressure depends on factors such as viewing height, RF power,
and sample ow rate. As shown in Fig. 4(B), at a viewing height
of 6 mm, the signal intensity versus nebulizer pressure plot
indicates 160 kPa as the optimal pressure value.

One of the most critical variables affecting the preconcen-
tration process is the choice of solvent used to reduce the
viscosity of the surfactant-rich phase and facilitate its rinsing
from the loop. Even a small increase in the amount of organic
solvents can disrupt micelle aggregates, thereby lowering the
viscosity of the surfactant-rich phase. A selection of common
organic solvents was investigated. To prevent baseline shis in
the injection system, it is ideal that the diluent for the
surfactant-rich phase and the rinsing solvent of the loop to be of
the same type; otherwise, baseline uctuations may occur. Pure
organic solvents, due to their high vapour pressure, can cause
plasma quenching or instability, which compromises analytical
performance. Therefore, mixtures of organic solvents with water
were employed to balance these effects. Several diluents were
evaluated, including 0.5 mol L−1 nitric acid, 20% (v/v) methanol
in distilled water, 20% (v/v) 1-propanol in distilled water, 50%
(v/v) 1-propanol in 0.5 mol L−1 nitric acid, and 50% (v/v) 1-
propanol in distilled water. As indicated in Fig. 4(C), the 50% (v/
v) 1-propanol in distilled water delivered the best performance
and was selected as the optimal diluent for the system.

To investigate the ow rate of rinsing solvent from the loop,
the rinsing solvent (50% (v/v) 1-propanol in distilled water) was
RSC Adv., 2026, 16, 1546–1555 | 1549
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Fig. 5 Optimal viewing height design for a 10 mg L−1 Al3+ solution using the flow injection method, based on multiple consecutive injections at
each viewing height.
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circulated through the loop containing the sample using the
peristaltic pump at different ow rates (viewing height = 6 mm,
nebulizer pressure = 160 kPa). The emission intensity of Al was
measured aer three injections at each ow rate. As shown in
Fig. 4(D), a ow rate of 12 rpm was identied as optimal. To
investigate the effect of rinsing solvent and loop volume, loops
with volumes of 100 and 160 mL were used. The volume of rinsing
solvent was varied from 70 to 220 mL (70–130 mL for the 100 mL
loop and 150–220 mL for the 160 mL-loop). The most stable
condition was observed when the rinsing solvent completely l-
led the loop. Based on these results, the 160 mL loop was selected,
and 150 mL of rinsing solvent was added to the surfactant-rich
phase (resulting in a nal volume aer mixing with surfactant-
rich phase in the range of 165–175 mL). The optimized ICP-AES
instrumental parameters are summarized in Table 1.
3.2. Investigation of effective variables on the off-line CPE
process

The variables affecting the off-line CPE efficiency, including
surfactant and ligand concentrations, equilibrium temperature,
pH, and ionic strength, were optimized using an orthogonal
1550 | RSC Adv., 2026, 16, 1546–1555
array (OA) optimization method to assess the signicance of
each variable on the extraction process. The OA25 design was
employed to study ve factors at ve levels, aiming to identify
the optimal CPE conditions. The parameters investigated
included pH (4.0 to 7.0), surfactant concentration (0.05 to 0.4%
w/v), ligand to metal (L/M) molar ratio (2 to 40), ionic strength
(0.05 to 0.25 mol L−1), and equilibrium temperature (30 to 70 °C
in water bath). All experiments used 10 mL of Al3+ solution at
100 mg L−1, with equilibrium and centrifuge times of 15 and
10 min, respectively. Each OA25 experimental trial was per-
formed in duplicate, and average results were analyzed. The
main effects of each variable on the emission intensity were
calculated to determine the optimal conditions. Considering
the number of factors, a total of 25 experiments were conducted
in a randomized order to avoid bias. The experimental design
and factor levels are detailed in Table S1 (SI).

Analysis of variance (ANOVA) was utilized to analyse the
results and assess the contribution of each experimental
parameter.53 Key statistical metrics, including the F-ratio, sum
of squares (SS), percent contribution (PC%), and puried sum
of squares (SS0) for both error and experimental factors, were
calculated and are presented in Table 2.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The optimized conditions for ICP-AES determination of Al

RF generator power (kW) 1.65 Viewing height (mm) 6
Frequency of RF generator (MHz) 40 Pump rate (rpm) 12
Plasma gas ow rate (L min−1) 15.0 Al wavelength (nm) 396.162
Auxiliary gas ow rate (L min−1) 1.5 Loop volume (ml) 160
Nebulizer pressure (kPa) 160 Rinsing solvent 50% v/v of 1-propanol
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The sum of squares of error (SS error) was calculated by sub-
tracting the sum of squares of the factors from the total sum of
squares. Based on the ANOVA results, the ligand-to-metal molar
ratio (L/M; PC%= 74.09%) was identied as the most signicant
factor affecting the extraction of Al3+, followed by surfactant
concentration % (PC% = 7.99%), solution pH (PC% = 4.74%),
solution temperature (PC%= 2.36%), and ionic strength (PC%=

0.61%). For each factor, the Fisher ratio (F), was determined by
dividing the variance of the factor by the variance of the error.
The critical F-value (Fcritical(4,29)) was 2.70 at a signicance level
of P = 0.05. Comparing the calculated F-values in Table S1 with
Fcritical, indicated that pH (F = 6.08), surfactant concentration (F
= 9.56), temperature (F = 3.53) and L/M molar ratio (F = 80.40)
signicantly inuenced the extraction process as their F-values
exceeded the critical value (F-values > Fcritical).

In the extraction of metal ions by CPE method, a hydro-
phobic complex is rst formed and then extracted into
a reduced volume of micelles to achieve preconcentration. The
efficiency of this extraction process depends on the pH at which
complex formation occurs. In this research, the effect of solu-
tion pH on complex formation was evaluated in the pH range of
4.0 to 7.0 using a sodium acetate solution, along with NaOH or
HNO3. As shown in Fig. 6, the emission intensity reached its
maximum at pH 4.5. Therefore, pH 4.5 was selected for the
following extraction steps.

The salt effect was investigated by adding sodium acetate to
the solution, in the concentrations ranging from 0.05 to
0.75 mol L−1. Similar extraction results were achieved with
sodium acetate concentrations of 0.25 to 0.5 mol L−1. Conse-
quently, 0.25 mol L−1 was chosen as the optimum value for
further experiments (Fig. 6).

Triton X-114 was selected because of its commercial avail-
ability in a highly puried and homogeneous form, low toxicity,
and cost-effectiveness, low cloud point temperature and dense
micelle-rich phase, making it a suitable surfactant for CPE.
Table 2 ANOVA results for Taguchi experimental design in the OA25 ma

Factor DFa SSb MSc

pH 4 784 150 115 196 12
Surfactant 4 123 495 7213 308 73
Ionic strength 4 4 509 692 11 274
Temperature 4 45 618 069.89 114 04
L/M 4 1 038 079 580 2 595 1
Error 29 9 360 831 261 3 227 8
Total 49 1 383 761 490

a DF: degree of freedom; DF for each parameter = number of levels of each
error = DF for total results –

P
DF for each parameter. b SS: sum of squa

e SS0: puried sum of squares. f PC (%): percentage contribution.

© 2026 The Author(s). Published by the Royal Society of Chemistry
The effect of surfactant concentration on the extraction
efficiency was examined within the Triton X-114 concentration
range of 0.05 to 0.4% w/v. As observed in Fig. 6, quantitative
extraction was achieved at 0.1% w/v. Lower surfactant concen-
trations led to reduced extraction efficiency, likely due to
insufficient aggregate formation to effectively capture the
formed complex. Conversely, at concentrations above 0.1% w/v,
a decrease in emission intensity was observed, which can be
attributed to the increased volume of the micelle-rich phase.
Therefore, 0.1% w/v Triton X-114 was selected as the optimal
concentration to ensure high extraction efficiency and effective
enrichment factor.

The stoichiometric ratio of Al : morin complexes is inu-
enced by factors such as the solvent and solution pH. Speci-
cally, at pH 4.5, a 1 : 1 stoichiometric complex (AlM) is formed.
The relationship between emission intensity and reagent
concentration was studied by altering the molar ratio of morin
to Al from 2 to 40. The ndings indicated that a morin to Al
molar ratio of 40 yielded the highest extraction efficiency.
Consequently, this ratio was chosen as the optimal ligand-to-
metal (L/M) ratio. Fig. 6 illustrates the variation of extraction
efficiency with different L/M molar ratio.

Employing the lowest possible equilibration temperature is
desirable to balance effective complexation with efficient phase
separation. With increasing equilibration temperatures, the
phase volume of non-ionic surfactants typically diminishes.
Consequently, optimal analyte preconcentration during CPE is
achieved at temperatures signicantly above the surfactant's
cloud point temperature (CPT).

The phase separation temperature is inuenced by surfac-
tant concentration and can be modied by the addition of other
substances such as salts, ligand, etc. It was determined that 60 °
C is adequate for complex extraction, and thus was selected for
further experiments. Fig. 6 displays how extraction efficiency
varies with equilibration temperature.
trix

F-ratiod SS0e PCf (%)

5 28.8 6.08 655 386 236 4.47
9 303 9.56 1 105 842 299 7.99
229 0.35 −84 017 999 0.61
5 175 3.53 327 065 785 2.36
98 949 80.40 1 025 168 088 74.09
72.9 158 165 770 11.43

parameter − 1; DF for total results= number of total results − 1; DF for
res. c MS: mean squares. d F-ratio: F(4,29), critical value is 2.70 (P < 0.05).
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Fig. 6 Effect of experimental factors investigated by Taguchi method
(the levels of each factor were added to the top of the column).
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Based on the results of repetitive extraction experiments
following the OA25 design, the optimum conditions of off-line
CPE variables were pH 4.5, a L/M molar ratio of 40, 0.1% (w/v)
Triton X-114, 0.25 mol L−1 salt concentration, and an equilib-
rium temperature of 60 °C. To investigate the precision of the
proposed off-line CPE/FI-ICP-AES method for Al3+ analysis, ve
replicate extractions were performed on 10 mL solutions con-
taining 100 mg L−1 Al3+ under optimum conditions. The empirical
mean emission intensity aer ve repetitive extractions was 14
524.4 ± 853.74 (standard deviation), which agrees well with the
Taguchi method-predicted value of 14 334.41 ± 1161.99.
3.3. Study the effect of potential interferences on the off-line
CPE/FI-ICP-AES of Al3+ ions

Due to the high selectivity of ICP-AES, the investigation focused
solely on ions capable of forming complexes with Al3+ or morin
Table 3 Effects of possible interfering ions on the recovery of 100 mg L

Ion Concentration (mg L−1)

Na+, K+ 200
150

Alkaline 200
Earth metal metals 150

100
Ni2+ 100
Mg2+ 100

50
Pb2+ 100
Zn2+ 100
Co2+ 100
F− 5

0.5
Cd2+ 50
Fe3+ 5

5
0.5

Hg2+ 5
0.5
50 (0.01 mol L−1 KI)

Cu2+ 10
5
5 (0.02 mol L−1 SCN−)
5 (0.01 mol L−1 ascorbic + 0.01 mol L−1) KI) ac

a Highly interferent.

1552 | RSC Adv., 2026, 16, 1546–1555
reagent, which could potentially affect Al3+ preconcentration by
off-line CPE. Various ions likely to be present in real samples
were examined as potential interfering species. To study the
interference effects, separate 10 mL solutions containing 100 mg
L−1 Al3+ and different foreign ions at interference to Al3+

concentration ratios ranging from 5 to 2000 were processed
using the proposed extraction method. The interference effect
was assessed by comparing the Al emission intensity in the
presence and absence of these foreign ions, with a ±10%
deviation considered indicative of interference. The effects of
interfering ions are summarized in Table 3.

The outcomes demonstrated that Na+ and K+ ions (at
150 mg L−1), alkaline earth ions, Ni2+, Pb2+, Zn2+ and Co2+ ions
(at 100 mg L−1), as well as Mn2+ ions (at 50 mg L−1), showed no
interference effect on Al analysis by the proposed method.
However, certain ions, including Fe3+, Cu2+, Hg2+, and F−

caused interference in the CPE of Al3+ under the specied
conditions. Further experiments revealed that Fe3+ ions at
a concentration of 5 mg L−1 produced severe interfering effect
on the Al analysis. By reducing Fe3+ concentration to 0.5 mg L−1

and addition of 0.02 mol per L thiocyanate (SCN−) to the
sample, this interference is resolved. This effect is likely due to
the possible reaction of Fe3+ and SCN− ions forming
Fe(SCN)x

3−x. Interference from Cu2+ at 5 mg L−1 (50 times the
Al3+ concentration) was completely eliminated by the addition
of 0.01 mol per L ascorbic acid and KI. Ascorbic acid reduced
Cu2+ to Cu+, which then reacts with I− to form CuI2

− complex,
thus resolving Cu2+ interference. Similarly, Hg2+ interference
was completely removed by adding 0.01 mol per L KI, resulting
in the formation of HgI2. In solution, F− ions react with Al3+ to
−1 of Al3+

Cx/CAl Recovery (%)

2000 116.8
1500 100.6
200 131.3
1500 113.4
1000 97.24
1000 101.2
1000 120.2
500 93.9
1000 103.4
1000 98.9
1000 97.2
50 56.6
5 98.9
500 100.8
50 HIa

50 (0.01 mol L−1 SCN−) HI
5 (0.02 mol L−1 SCN−) 91.6
50 81.4
5 85.8
50 101.8
100 Highly interferent
50 65.4
50 76.1

id + 0.01 M KI) 50 97.9

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the figures of merit of the proposed method with some other published methods for Al3+ determination

Analytical technique LOD (mg L−1) RSD (%) LDR (mg L−1) Ref.

CDots-FIA-uorescent sensors 7.0 <13 40–3000 10
Spectrophotometry 0.01 — 0.01–800 54
CDs@ZIF-90-uorescent sensors 21.87 — 27–5400 33
Fluorimetry 1.3 0.8 50–200 55
UA-DLLME-FI-uorimetrya 1.7 0.95 11–180 56
Spectrouorimetry 2.7 < 5 2.7–300 57
SPE-FAASb 6.8 0.4–1.9 23–5000 58
Fluorimetry 68 — 1000–8000 59
Reectance spectroscopy 3000 <5.0 10 000–125000 60
FI-BSI-spectrophotometryc 2 0.8–1.3 7.5–625 61
Stripping voltammetry 2.3 1.9 2.3–6.3 62
DSFME-spectrophotometry 0.09 2–4 0.28–500 63
Off-line CPE/FIA-ICP-AES 0.89 3.1 1.0–500 This study

a Ultrasound assisted dispersive liquid–liquid microextraction-ow injection. b Flame atomic absorption spectroscopy. c Flow-batch sequential
injection system.
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form a soluble AlF6
3− complex, which reduces the amount of

free Al3+ available for complexation with morin. Reducing F−

concentration to 0.5 mg L−1, eliminated interference, and this
concentration is logical for tap and surface water samples that
usually have F− levels below this value. F− concentrations in
standard drinking and bottled waters usually do not exceed this
value. For matrices with inherently higher uoride content,
such as seawater or certain ground waters, the routine dilution
performed prior to ICP-AES measurement sufficiently lowers
the uoride concentration to eliminate interference, thereby
guaranteeing reliable aluminum quantication in diverse
aqueous environments.

A summary of these results is provided in Table 3.
Table 5 Measurement of Al3+ ions by suggested off-line CPE/FI-ICP-
AES in real samples

Sample Mineral water Tap water Sea water

Determined (mg L−1) 3.4 � 0.6 9.6 � 1.6 9.5 � 0.5
Spiked (mg L−1) 10 10 10
Found (mg L−1) 12.7 � 1.4 20.4 � 0.9 18.5 � 1.1
Relative recovery 94.8 104.1 94.9
3.4. Analytical characteristics of the proposed off-line CPE/
FI-ICP-AES

A calibration curve was prepared with 10 mL of standard solu-
tions adjusted to pH 4.5, containing 0.1% (w/v) Triton X-114 and
Al3+ concentrations varying from 1.0 to 500 mg L−1. Each stan-
dard solution was subjected to extraction following the opti-
mized off-line CPE/FI-ICP-AES procedure. The calibration curve
was constructed by plotting the emission intensity against the
Al3+ concentration in the aqueous phase. The calibration curves
exhibited excellent linearity over the Al3+ concentration range of
1.0–500 mg L−1, with a correlation coefficient (R2) of 0.9977 (I =
146.72C + 302.16; where I and C represent emission intensity
and concentration in mg L−1, respectively) and a limit of
detection (LOD) of 0.89 mg L−1. The relative standard deviations
(RSD (%)), as a measure of repeatability of the proposed off-line
CPE/FI-ICP-AES method, for ve replicates of 10 and 100 mg L−1

Al3+ were 3.1% and 2.8%, respectively. The direct calibration
curve was plotted by analysing Al3+ solutions in the range of 1.0
to 50.0 mg L−1 using FI-ICP-AES. Also, to obtain greater
enhancement factor (EF), off-line CPE procedures from 50 mL
sample solutions were performed under the optimal conditions.
In 50 mL solution, the calibration curve showed very good
linearity over the Al3+ concentration ranging from 0.5–950 mg
L−1, with a correlation coefficient (R2) of 0.9980 (I = 440.21C −
© 2026 The Author(s). Published by the Royal Society of Chemistry
695.8). The enhancement factors (EF), dened as the slope of
the calibration curves aer preconcentration to those obtained
without preconcentration, were calculated as 54.7 and 153.8 for
sample volumes of 10 and 50 mL, respectively.

3.5. Comparison of proposed method with other previously
methods

The proposed method was compared with previously reported
analytical techniques for the determination of Al3+, as
summarized in Table 4. The results reveal that the proposed
method offers superior sensitivity, a broader linear dynamic
range, and precision comparable to existing methods.

3.6. Application of the proposed off-line CPE/FI-ICP-AES for
Al determination in real samples

To validate the applicability of the proposed off-line CPE/FI-ICP-
AES method for extracting and measuring Al ions in water
samples, various aqueousmatrices were evaluated. Each sample
was initially extracted following the addition of 0.02 mol per L
SCN− under the optimal conditions, and the Al concentration
was determined. To assess matrix effects on extraction perfor-
mance, the samples were spiked with 10 mg L−1 of Al3+ ions.
Following spiking, the samples underwent extraction using off-
line CPE procedure, and Al concentrations were quantied
using a calibration curve derived from aqueous standards
subjected to the same CPE process. The obtained results (Table
5) demonstrate strong agreement with the target values, con-
rming the method's suitability for the analysis of Al3+ ions in
aqueous samples.
RSC Adv., 2026, 16, 1546–1555 | 1553
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4. Conclusions

The application of micellar systems offers several advantages
over traditional separation and preconcentration techniques,
including ease of operation, enhanced safety, and cost-
effectiveness. Compared to solvent extraction methods,
micellar systems are much safer since they require only a small
quantity of a low-toxicity surfactant. In this study, off-line CPE
was employed to preconcentrate Al3+ ions prior to their quan-
tication by FI-ICP-AES. This approach demonstrated a low
LOD, satisfactory RSD (%) and excellent linearity for Al3+ ions.
Validation with real water samples yielded satisfactory
outcomes, affirming the method's applicability. Furthermore,
results indicated that improved LODs and PFs could be ach-
ieved by processing larger sample volumes, enhancing sensi-
tivity and analytical performance.
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