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Abstract The current work proposed a new green procedure that is not sophisticated to recognize

and determine the Al(III) ions in multiple water samples. The suggested method was conducted

based upon the direct immobilization of aurintricarboxylic acid reagent into the mesoporous silica

nanospheres to shape a unique and novel solid sensor. Al(III)-ATA red-complex has been formed at

pH 4.0 and spectrophotometrically measured at 525 nm. Moreover, the complexation was reversi-

ble, and the ATA sensor retained his functionality even after six-time reuse/cycles using EDTA as

eluent. Univariate and multivariate (partial least squares 1, PLS-1) calibration techniques were uti-

lized for calculating the figures of merit for the determination of the Al(III) ions. The obtained cal-

ibration curve was linear from 2.0 to 70 ppb Al(III) ions concentration. The developed method has

a detection limit of 3.5 ppb. In addition, the ATA sensor showed high adsorption capacity value

(118.53 mg/g) which gives it a great advantage to be applicable as nanocollector for trapping Al
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(III) ions. The novel ATA sensor showed high degree of selectivity, sensitivity, reproducibility, and

stability. The current study explores the effectiveness of the ATA sensor for the first time to produce

a green solid sensor to determine the trace amount of Al(III) in diverse water types; tap, mineral,

river, well, and sea water.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aluminum (Al) is the third most common element on our pla-
net’s solid surface (Sposito, 1995). Aluminum was widely used
in meals, drinking water, medications, and cooking utensils,

exposing humans to excessive doses of it (You and Song,
2013). Through treating water within the plant, aluminum salts
are predominantly and extensively used as flocculating agents.

In multiple developing countries, the aluminum was broadly
used as utensils for storing drinking water (Tria et al., 2007).
It has been reported that there is a significant interconnection

between the levels of Al found in drinking waters and a few
human diseases such as osteomalacia, senile dementia and gas-
trointestinal symptoms (Nordberg, 1990). It is essential indeed
to focus on its biological significance. Thus, the determination

and assessment of Al in drinking waters is crucial to evaluate
its biological effects. Several studies concentrated on the rela-
tion between toxicity of aluminum and dangerous disease like

Alzheimer (Huat et al., 2019).
According to WHO, several factors can significantly affect

the normal Al(III) ion concentration in water systems. Around

0.01 to 0.05 ppm of Al(III) ions often exist in natural waters.
Most drinking waters also contain at the ppb levels (WHO,
1998). Therefore, there is increasingly needed to monitor Al

(III) ion concentration to avoid coming near its serious limits.
There are many methods that are widely utilized to deter-

mine Al(III) ions in environmental samples. These approaches
are commonly used, but they have some pitfalls when dealing

with severe matrix interferences. Method like GF-AAS is
costly and require significant expertise (S�ahan et al., 2015).

Spectrofluorimetric (Yıldız et al., 2017), and voltammetry
(Downard et al., 1991) are other popular methods used for

Al(III) ion determination. Alison et al. determined the Al
(III) ions by applying single use of chemically changed elec-
trode. Even though their detection system was simple, they

possessed specific points of weakness in terms of sensitivity
and selectivity (Downard et al., 1991). The zetasizer device
has been used by erife and Mustafa to establish a new specific
and quick magnetic dispersive solid-phase extraction

(MDSPE) approach for the separation/determination of Al
(III) in honey samples (Saçmacı and Saçmacı, 2020).

Researchers urge finding analytical methods with unique

capabilities such as the easy, quick usage and low cost. Optical
chemical sensors possess those capabilities with unique effi-
ciency in terms of sensitivity and selectivity (Radwan et al.,

2020; Shahat et al., 2020; Wang and Anslyn, 2011). The perfor-
mance of the optical chemical sensors can be enhanced by care-
ful choice of the supporting material. Mesoporous silica is

among the powerful solid-supporting materials which are
one of the top interesting materials. This may be because of
its unique characteristics, such as extremely broad surface area
that attached with huge-sized pore (Kresge et al., 1992). If
compared to other ordinary materials, the surface of meso-

porous materials could be changed with organic or inorganic
chromophores, which lead to producing novel materials that
have special physicochemical properties. Such products, when

utilized with reagents, could be used as optical chemical sen-
sors for analyte targets (Shahat et al., 2015; El-Sewify et al.,
2018; El-Sewify et al., 2018; Abou-Melha et al., 2021; El-

Safty et al., 2013; Altalhi et al., 2021; El-Sewify et al., 2017;
Shahat et al., 2017).

In this work, we synthesized mesoporous silica nanospheres
(MSNs) material, and it was used as a scaffold. Then we mod-

ified its surface by Aurintricarboxylic acid ammonium salt to
create the ATA optical chemosensor. This created chemosen-
sor is remarkably stable, rapid, selective, reusable and has a

very low detection limit of Al(III) that reaches 3.5 ppb. Uni-
variate and multivariate (partial least squares 1, PLS-1) cali-
bration techniques were utilized for calculating the figures of

merit for the determination of the Al(III) ions. Within multiple
kinds of water samples, the ATA sensor has also been vali-
dated to track Al(III).

2. Experimental

All chemicals used in this study were analytical grade and used

without further purification. Milli Q-water was used in all the
experiments. Also, all experiments were independently
repeated three times. A stock solution of Al(III) (1000 ppm)
was purchased from Merck (Darmstadt, Germany).

2.1. Preparedness of mesoporous silica nanospheres

The mesoporous silica nanospheres -solid scaffold- were pre-

pared as previously mentioned, but with some modifications
(Shahat and Trupp, 2017). Typically, Milli Q-water (50 mL)
was mixed with ethanol (20 mL) and diethyl ether (20 mL) and

stirred for 30min.After that, cetyltrimethylammoniumbromide
(0.5 g, CTAB, Sigma-Aldrich, USA) was added and stirred for
another 30 min. NH4OH (1.0 mL, 25 wt%) was added and
shacked for over 30 min. Next, Tetraethyl orthosilicate

(2.5 mL, TEOS, Sigma-Aldrich, UK) was added to the above
mixture.Thegelatinousmixture gotwaspreservedunder stirring
ath25± 2 �C for 8 h. The precipitated silica was isolated by fil-

tration, Milli Q-water was used for washing, and dried at 80 �C
for 24 h. Then, after raising the temperature from room temper-
ature to500 �Cgraduallyover5h, itwascalcinedat500 �Cfor8h.

2.2. Recognition of supreme Al(III) ion trace amounts using the

ATA sensor

The ATA sensor obtained was by direct immobilization of the
aurintricarboxylic acid ammonium salt (Sigma-Aldrich, UK)

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Illustrative design of the ATA sensor by direct immobilization of the aurintricarboxylic acid ammonium salt probe onto the

MSNs structure, and the reusability of the ATA sensor by using EDTA [0.2 M].

Eco-friendly green synthesis of functionalized mesoporous silica nanospheres 3
reagent, as described before (Scheme 1) (Shahat et al., 2015;

El-Sewify et al., 2018; El-Sewify et al., 2018; Abou-Melha
et al., 2021; El-Safty et al., 2013; Altalhi et al., 2021; El-
Sewify et al., 2017). The immobilized amount of the aurintri-

carboxylic acid ammonium salt was calculated as described
also before (Shahat et al., 2015; El-Sewify et al., 2018; El-
Sewify et al., 2018; Abou-Melha et al., 2021; El-Safty et al.,
2013; Altalhi et al., 2021; El-Sewify et al., 2017). So, the immo-

bilized amount of the ATA chromophore was found to be
1.88 mmol per gram of mesoporous silica nanospheres. The
resulted novel ATA sensor was used for the optical colorimet-

ric detection of Al(III) ion at multiple values of pH; from (2–
12). The system containing a mix of a certain concentration of
Al(III) ions (0.07 ppm Al(III)), �20 mg of the fabricated ATA

sensor and pH buffer solution with the 2–12 range. For the
suspended solutions, analytical method was used involving
the technique of UV–vis spectrometry (A Shimadzu 2600
UV/Vis spectrophotometer, solid state, Made in Japan). Uni-

variate (Univar) and multivariate (partial least squares 1,
PLS-1) calibration techniques were used for determination of
Al(III). All software programs used in this paper are available

for free (Olivieri and Olivieri, 2018).

2.3. Applications for actual specimens

The experimental approach has been successfully applied to
water samples, such as tap, mineral, river, well, or sea water.
A filter membrane of cellulose was used to filter samples before

acidification with HNO3 (1.0% v/v) and being stored at 4.0
± 1 �C. 50 mL of each sample of water was digested with
H2O2 (30% w/v) and HNO3 (65% w/w) to oxidize the organic
content of water samples. The solution was kept on a hot plate

with stirring to the semi-dried. Those samples with Milli-Q
water were diluted to 50 mL and the phosphate buffer solution
applied to change the pH of the samples to �4.0. 20 mg of the

ATA sensor was then applied. The mixture was sonicated for
5 s and stirred for 15 min then measured by the UV–vis spec-
trophotometer. Inductively coupled plasma Mass Spectrome-

try (ICP-MS), Perkin Elmer SCIEXDRC-e ICPMS analyzer,
was utilized to estimate Al(III) ion concentrations in the real

water samples, and before and after the ATA sensor treatment.

3. Results and discussion

3.1. Structure and morphology of the mesoporous silica
nanospheres

Using MSNs as a chromophore scaffold is noted for its special
characteristics. Such features allow the ability of MSNs to
enhance the features of this carried organic reagent in terms

of selectivity and sensitivity. The low and wide angles X-ray
diffraction patterns were collected to characterize the mor-
phology of the MSNs and its ATA sensor using a X PERT

PRO PANalytical (Made in Netherlands). For both the
ATA sensor and the parent MSNs, the XRD low angle pattern
(Fig. 1A) revealed a shoulder peak at 2h � 1.8� assuring that

regular meso-structured exists. The curve also showed the sim-
ilarity between the ATA sensor and the parent MSNs carrier,
showing that the immobilization method doesn’t affect the

mesostructured pattern or its order. The XRD wide angle pat-
tern (Fig. 1B) shows the stereotypical characteristic amor-
phous silica broad peaks at 2h � 18.0–38.0�. Also, there is
no considerable change to this peak when the mesoporous sil-

ica was loaded by the ATA reagent.
A Nova 3200 pore size and surface area analyzer was used

for measuring N2 adsorption–desorption isotherms. The iso-

therm of N2 adsorption desorption is known to be a powerful
technique for characterizing such mesoporous materials. The
average pore width of MSNs and the surface area, along with

the ATA sensor, were determined. In the IUPAC sorting, the
Brunauer-Emmett-Teller (BET) isotherm points out the type
IV adsorption activity, showing the characteristics of meso-
pores (Fig. 2A) with a precarious pressure adsorption stage

p/po = 0.03 and a large hysteresis loop p/po = 0.5–0.8. The
BET surface area and the pore volume of the MSNs before
addition the ATA reagent were 638.72 m2g�1 and 0.708 cm3-

g�1, respectively. While after addition, the ATA reagent to
form the ATA sensor was 532.27 m2g�1 and 0.59 cm3g�1.



Fig. 1 The XRD low angle (A) and the wide angle patterns (B) of the MSNs and the ATA sensor samples.

Fig. 2 Low-temperature nitrogen adsorption–desorption isotherms (A) and the corresponding pore size distributions (B) of the MSNs

carrier and ATA sensor.

Fig. 3 FESEM micrographs of the MSNs (A) and the ATA sensor (B).
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A (Hitachi S-4300 field emission) (FESEM) was applied on
the MSNs carrier and its ATA sensor to investigate their sur-
face topography and particulate shapes. The MSNs carrier and

its ATA sensor, as seen in Fig. 3, emerged as nanospheres,
most of them with a diameter of around 90 nm. This was con-
firmed by using the transmission electron microscope. A HR-

TEM (Tecnai G20, Made in Netherlands) has been used on
the MSNs carrier and its ATA sensor for the collecting the
images of their morphology. The HR-TEM and the FESEM
images were found to be in accordance, where the MSNs car-

rier and its ATA sensor are found as nanospheres with a mean
diameter about 90 nm as shown in Fig. 4A and B.
3.2. Identification process for Al(III) ions by ATA sensor

There are many variables that can affect the efficiency of the

chemical sensors. Adjusting these variables heightens the selec-
tivity and the sensitivity of them. These variables were such as
the pH, the sensor amount, the response time, and the temper-

ature (Shahat et al., 2015; Kamel et al., 2021; Awual et al.,
2015; Awual et al., 2014). To detect the optimum conditions
for the identification process of Al(III) ions by ATA sensor

these variables were carefully studied. The best pH value for
Al(III) ion sensing was selected by measuring the absorbance
spectra of [Al(ATA)3] formed in a series of different pH solu-



Fig. 4 Representative HR-TEM images for the MSNs (A) and the ATA sensor (B).

Fig. 5 Signal response of the impact of pH changes on 10 mL solution containing of 0.07 ppm Al(III) ions stirring at 25 �C using 20 mg

ATA sensor and absorbance at 525 nm (A), effect of temperature on a solution containing of 0.07 ppm Al(III) ions at pH 4 and

absorbance at 525 nm (B), effect of amount of the ATA sensor on 10 mL solution stirring at 25 �C, containing of 0.07 ppm Al(III) ions at

pH 4 and absorbance at 525 nm (C), effect of time for 10 mL solution stirring at 25 �C, containing of 0.07 ppm Al(III) ions at pH 4 to react

with 20 mg ATA sensor at absorbance of 525 nm (D).
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tions containing 0.07 ppm of Al(III) ion (Fig. 5A). The high

absorbance intensity was observed at pH 4.0.
The influence of temperature upon this complexation reac-

tion was examined by running the experiment at temperatures

varying from 0 to 60 �C. It was discovered that the most suit-
able temperature range for complexation is 20–40 �C (Fig. 5B).
In addition, the signal response decreases above 40 �C. So, we
conducted all our measurements at room temperature. The

amount of the ATA sensor was also checked using different
weighted from 5 to 40 mg sensor (Fig. 5C). Results showed
that 20 mg of the ATA sensor was the perfect amount for get-

ting the highest response signal.
The effect of time on the complexation reaction (the reac-

tion of the ATA sensor with Al(III0 ions) was also observed
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when the reaction was run for 30 s to 10 min (Fig. 5D). It was
noticed that after 30 s, the complexation reaction was com-
plete. The maximum color intensity of the complex formed

after only 30 s proved this. This time is too short comparing
with the reaction of the ATA reagent in aqueous media which
take over 20 min (Robtelsky and Ben-bassat, 1965; Tria et al.,

2007; Clark and Krueger, 1985).
The reusability of the ATA sensor after reacting with the Al

(III) ions has been checked. Many eluents have been tested but

EDTA [0.2 M] was found as a perfect recycling reagent
(Scheme 1). The used ATA sensor was stirred for 1 h with
EDTA [0.2 M]. The recycled ATA sensor was reacted again
with Al(III) ions and this process was repeated for six times

as shown in Table 1. The sensing efficiency of the ATA sensor
was calculated each time described in Table 1. The results indi-
cated that the ATA sensor kept its efficiency (82%) even after

six-times recycling.

3.3. The analytical parameters and method validation

By utilizing the solid ATA sensor, the detection range (DR) can
be quantitatively evaluated by the UV–vis-spectroscopy exper-
iments as presented in Fig. 6. The color’s concentration of the

ATA sensor at wavelength 525 nm increased with increasing
the Al(III) ions concentration. The calibration plot presented
in Fig. 7 elaborates that there is a linear connection between
the ATA sensor and the low concentrations of Al(III) ions.

The linear curve shown in Fig. 8 demonstrated that, over a
concentration ranged from 2 to 70 ppb, the Al(III) ions can
be determined with high sensitivity. Figures of merit for the

determination of the Al(III) ions were calculated by univar
and PLS-1 calibration techniques and summarized in Table 1.
The mathematical theories for these figures have been

described in relevant literature (Olivieri and Olivieri, 2018),
so not to repeat them here. The limit of detection (LOD)
and the limit of quantitation (LOQ) were calculated according

to IUPAC recommendations based on types I and II errors
(false positives and false negatives), and on the propagation
of uncertainties in slope and intercept as defined in the Equa-
tions presented in Table 1. The LOD value showed that the

ATA sensor allowed tracking of Al(III) ions up to 3.5 ppb.
The use of nanomaterial (mesoporous silica nanospheres) as
a carrier increased the sensitive property of the immobilized

reagents, which explains the high sensitivity of the ATA sen-
Table 1 Regression and validation data for the determination of A

Statistic parameter Univar PLS 1

SENa / gamma 1077.4 8678.7

LODb (ppb) 3.5 4.3

LOQc (ppb) 10.2 13.0

Slope 2.598 –

Intercept 0.134 –

Coefficient of determination (R2) 0.9992 0.9994

aSensitivity SENð Þ; SENn ¼ lnf½ AT
cal I� AunxA

þ
unx

� �
Acal

� � � BT
cal I� Bunx

��
bLimit of detection LODð Þ; LODn ¼ 3:3 SEN�2

n r2x þ h0SEN
�2
n r2x þ h0r2y

�
cLimit of quantitation LOQð Þ; LOQn ¼ 10 SEN�2

n r2x þ h0SEN
�2
n r2x þ h0

�
dThe sensing efficiency (E) of the ATA sensors within the recycle number

(III) and (tR) recovery time. It was calculated as % (A/Ao), where A is the

absorbance. (Olivieri and Olivieri, 2018).
sor. It is clear from Table 2 that the LOD is relatively low when
compared to the other spectrophotometric methods (Winter
et al., 1929; Shokrollahi et al., 2008; Ahmed and Hossan,

1995; Rodrigues et al., 2005; Huseyinli et al., 2009; Norfun
et al., 2010; Zarezba and Melke, 2000). As noted in numerous

articles, chemical sensors using nanomaterials as a scaffold
improved their selectivity, sensitivity, reproducibility, and
acceptable degree of stability and shelf-life (Shahat et al.,
2015; El-Sewify et al., 2018; El-Sewify et al., 2018; Abou-

Melha et al., 2021; El-Safty et al., 2013; Altalhi et al., 2021;
El-Sewify et al., 2017; Shahat et al., 2017; Shahat and
Trupp, 2017).

3.4. Effect of interfering species

In order to evaluate selectivity and the possible analytical

applications of this chemosensor, the impact of some foreign
ions such as Fe3+, Mg2+, Ca2+, Co2+, Ag+, Cd2+, Ni2+,
Zn2+, Pb2+, Cu2+, Hg2+, Mn2+, Sr2+, Na+, Sn2+, or K+

have been tested by two ways using the ATA senor. First
way, 20 mg ATA sensor was added to a specific concentration
of the foreign ion at pH 4. The absorption spectra of these
solutions were collected as shown in Fig. 9. In the second

way, the absorption spectra were collected for 20 mg ATA sen-
sor, 0.07 ppm of Al(III), and a specific concentration of each of
the above foreign ions at the recommended analytical proce-

dure explained above. The tolerance limit for the interfering
ions, which gives an error less than ±5% in absorbance read-
ing, is given in Table 3. From Fig. 9 and Table 3, Determina-

tion of Al(III) ion was defined with high accuracy, selectivity
and precision, while a large amount of alkaline and alkaline
earth ions besides some transition metal ions exist. Cu(II)
and Fe(III) with a concentration of 10-fold can cause increases

of 5% in the signal of the ATA sensor. They can be masked
after adding 0.2 M of L-histidine and 0.2 M of ascorbic acid,
sequentially. Therefore, this proposed method is suitable for

analyzing natural water with high sensitivity and selectivity.

3.5. Adsorption capacity

The adsorption is always important due to the practical use in
large-scale. To estimate the adsorption capacity of the ATA
sensor, a batch method was applied. 20 mg ATA solid sensor
l(III) by the ATA sensor with the sensor features of reuse cycles.

Sensor features of reuse cycles Ref.

Eluent No. tR min Ed%

[0.2 M] 2 20 92

EDTA 4 30 89

6 50 82

Bþ
unx

�
Bcal

���1g
1=2
nn

(Olivieri and Olivieri, 2018).

cal

�1
2

(Olivieri and Olivieri, 2018).

r2ycal

�1
2

(Olivieri and Olivieri, 2018).

s was estimated in terms of the sensitivity during the detection of Al

absorbance at k525 of ATA sensor after reusability and Ao is the initial



Fig. 6 Observed concentration-proportionate color transition profiles and concentration-dependent changes in the absorbance spectra

of 20 mg ATA sensor in 10 mL solution containing several concentrations of Al(III) ions at pH 4.0 and stirring at 25 �C.

Fig. 7 The calibration plot of 20 mg ATA sensor in 10 mL

solution containing several concentrations of Al(III) ions at pH

4.0, absorbance at 525 nm and stirring at 25 �C.

Fig. 8 Univariate determination plot of 20 mg ATA sensor in

10 mL solution containing several concentrations of Al(III) ions at

pH 4.0, stirring 25 �C, and absorbance at 525 nm.

Table 2 Comparison of some reagents characteristics for

spectrophotometric determination of the Al(III) ions men-

tioned in the literature.

Reagent / Sensor pH LOD

ppb

Ref.

Aurintricarboxylic acid in solution 4.5 200 (Winter et al.,

1929)

Eriochrome cyanine with N,N-

dodecyltrimethylammonium

bromide

6 0.14 (Shokrollahi

et al., 2008)

Morin 6 100.0 (Ahmed and

Hossan, 1995)

Eriochrome cyanine R with

cetyltrimethylammonium bromide

4 3.24 (Rodrigues

et al., 2005)

2,20,3,4-Tetrahydroxy-30,50-
disulphoazobenzene

5 5.0 (Huseyinli

et al., 2009)

Guercetin with

cetyltrimethylammonium bromide

5.5 24.0 (Norfun et al.,

2010)

3-(30,40 -dihydroxyphenylazo-10)-
1,2,4-triazole

6.2 0.6 (Zarezba and

Melke, 2000)

Aurintricarboxylic acid ammonium

salt on mesoporous silica

nanospheres

4 3.5 This work
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was added to 50 mL solution containing of 50 ppm of Al(III)
ions at pH 4.0. The mixtures were shaken for 15 min, then fil-

tered off and, the remained Al(III) ions in supernatant solution
measured by ICP-MS. The adsorption capability was
117.17 mg of Al(III) ions per gram of the ATA sensor.

The influence of the different concentrations of the Al(III)
ions on the adsorption capability were also studied (Fig. 10).
The Al(III) ion concentrations were varied from 0.1 to

30 ppm. In addition, the ATA sensor amount was fixed at
20 mg, and the solution pH was 4.0. The maximum adsorbed
amount of Al(III) ions can be estimated by the Langmuir
adsorption isotherm model as was expected from other resem-

ble materials (Shahat et al., 2015; El-Sewify et al., 2018; El-
Sewify et al., 2018; Abou-Melha et al., 2021). So, the Langmuir
isotherm equation was used to evaluate the adsorbed amount

of the Al(III) ions on the ATA sensor at constant temperature
(Langmuir, 1918):



Fig. 9 The absorption spectra of 10 mL solution containing

20 mg ATA sensor and Al3+ (0.07 ppm), Fe3+ (10.0 ppm), Mg2+

(50.0 ppm), Ca2+ (50.0 ppm), Co2+ (50.0 ppm), Ag+ (0.07 ppm),

Cd2+ (50.0 ppm), Ni2+ (50.0 ppm), Zn2+ (35.0 ppm), Pb2+

(30.0 ppm), Cu2+ (15.0 ppm), Hg2+ (40.0 ppm), Mn2+

(50.0 ppm), Sr2+ (40.0 ppm), Na+ (100.0 ppm), Sn2+

(50.0 ppm), or K+ (100.0 ppm) at pH 4 and after 60 s of contact.

The experiments are performed at 25 �C.

Fig. 10 Langmuir adsorption isotherms for Al(III) ions adsorp-

tion onto the ATA sensor. The insets display the linear formula of

the Langmuir isotherm model at pH = 4.0 and shaken at 25 �C.
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Ce= qe ¼ Ce= qm þ 1= KLqm

where Ce is the concentration of the Al(III) ion at equilibrium
(ppm), qe is the quantity adsorbed to the equilibrium ATA sen-
sor (mg/g), qm is the quantity of Al(III) target ion adsorbed to

procedure a monolayer (mg/g) coverage, and KL is the equilib-
rium constant of Langmuir adsorption. The straight line got-
ten from plotting Ce/qe with Ce of this adsorption

experiment confirmed the formation of mono-layer of Al(III)
ions coverage the ATA sensor surface (Fig. 10 (inset)). The
slope and intercept of the Langmuir linear areas have been
used to compute the effective adsorption capability (qm) and

the Langmuir coverage constant (KL). The linear adsorption
curve demonstrates that it is important to collect a wide range
of Al(III) ion concentrations. The isotherm of Langmuir

adsorption describes the attempts of adsorption against Al
(III) analyte, as shown by a linear graph with a score of
Table 3 Tolerance limit for interfering diverse species during recogn

experimental conditions of pH 4, solid amount of 20 mg ATA senso

Foreign cations’ tolerance limit (ppm)

Fe3+* Mg2+ Ca2+ Co2+ Ag+ Cd2+ Ni2+ Zn2+

10 50 50 50 50 50 50 35

* Masked by 0.2 M of ascorbic acid.

** Masked by 0.2 M of L-histidine.
0.988 for the ATA sensor curve. The maximum adsorption
capacity was as high as 118.53 mg/g and this was because of
the high surface area of the ATA sensor as well as abundant
active functional sites.

4. Application

The reliability of ATA sensor was checked by applying Univar

and PLS-1 analysis on the proposed method to estimate Al(III)
in real water samples. The precision and accuracy of this ATA
sensor for detecting traces of Al(III) ions was evaluated by the

mean relative standard deviation (RSD). As seen in Table 4,
the relative recovery (RR) was used to illustrate the precision
of data collected by the ATA sensor.

The data aggregated with the ATA sensor for the detection
of Al(III) ions in real samples will endorse our assumption
that, this proposed method is dependably extended to the trace

monitoring of Al(III) ions in real samples with high selectivity
and sensitivity. It is preferable to examine the elliptical joint
confidence region (EJCR) for each slope and intercept
(Kamel et al., 2021). As shown in Fig. 11, the ellipses for the

Al(III) analyte include the theoretically expected values of (1,
0), showing that the proposed method is accurate.
ition of 0.07 ppm Al(III) by utilizing the ATA sensor at specific

r, volume of 10 mL, and stirring at temperature of 25 ◦C.

Pb2+ Cu2+** Hg2+ Mn2+ Sr2+ Na+ Sn2+ K+

30 15 40 50 40 100 50 100



Table 4 Application of the proposed ATA sensor for trace detection of Al(III) ion in real water samples using Univar and PLS-1

methods (N = 3).

Samples Added

(ppb)

Univar PLS-1 Reference method (ICP-

MS) ± SDa (ppb)
Found ± SDa

(ppb)

(RSD

%)

RR

(%)b
Found ± SDa

(ppb)

(RSD

%)

RR

(%)

Tap water –

25

50

10.48 ± 1.36

34.09 ± 1.25

58.98 ± 1.35

6.04

1.71

1.07

–

94

97

10.01 ± 0.76

34.50 ± 0.44

58.31 ± 0.33

7.59

1.27

0.56

–

98

97

10.25 ± 1.06

34.30 ± 0.85

58.65 ± 0.85

Mineral

water

–

25

50

3.94 ± 0.66

30.53 ± 0.58

53.97 ± 0.61

16.81

1.91

1.13

–

105

100

4.09 ± 0.58

29.50 ± 0.44

53.78 ± 0.76

11.79

1.02

1.70

–

97

98

4.24 ± 0.50

28.54 ± 0.29

53.40 ± 0.91

River water –

25

50

12.66 ± 0.62

36.02 ± 0.59

61.16 ± 0.64

4.94

1.62

1.05

–

93

97

12.70 ± 0.20

36.87 ± 0.78

61.11 ± 0.11

1.57

2.11

0.18

–

98

97

12.68 ± 0.42

36.44 ± 0.68

61.14 ± 0.37

Well water –

25

50

13.31 ± 0.26

36.91 ± 0.75

61.93 ± 0.46

4.68

1.58

1.04

–

94

97

13.55 ± 0.46

37.01 ± 0.78

62.46 ± 0.41

4.70

2.15

0.58

–

96

99

13.80 ± 0.65

37.12 ± 0.81

63.0 ± 0.37

Sea Water –

25

50

19.85 ± 0.60

46.53 ± 0.59

69.12 ± 0.67

3.04

1.28

0.98

–

106

99

18.30 ± 0.71

42.50 ± 0.24

66.98 ± 0.29

3.87

0.56

0.51

–

98

97

19.07 ± 0.65

44.51 ± 0.42

68.05 ± 0.48

RMSEc

(ppb)

1.30

REPd % 3.73

a Mean of three measurements ± standard deviation.
b Relative recovery percentage (RR%); RR% = {(Cfound - Creal)/Cspiked} � 100 where Cfound, Creal, and Cspiked were defined as follows: the

concentrations of the analyte following the addition of a particular quantity of Al(III), the concentration of Al(III) ions in the real sample, and

the known concentration of Al(III) that was added to the real sample, in that order.
c RMSE (root mean square errors) = ½1= I� 1ð ÞP

I

1

Cfound � Cspiked

� �2�
1=2

, where I = 10.
d REP (relative error of prediction) = 100 � RMSE/c�, where c� is the mean calibration concentration.

Fig. 11 (A) The Al(III) concentrations predicted by the spectrophotometric/PLS method are based on the corresponding nominal

values. (B) Elliptical joint area (at 95% confidence level) for the slope and intercept of the least-square weighted data regression shown in

the plot (A).

Eco-friendly green synthesis of functionalized mesoporous silica nanospheres 9
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5. Conclusions

A laboratory experiment was conducted to provide a spec-
trophotometric technique for the determination of Al(III) ions

in multiple samples of different water. The proposed method
was conducted based upon the preparation of mesoporous sil-
ica nanospheres and using it as a scaffold. Direct immobiliza-

tion of aurintricarboxylic acid reagent into the mesoporous
silica nanospheres was done to shape a unique and novel solid
sensor. Experimental studies have been done to detect the opti-
mum conditions for the identification process of Al(III) ions by

ATA sensor. Al(III)-ATA red-complex has been formed at pH
4.0 and spectrophotometrically measured at 525 nm. More-
over, the complexation was reversible, and the ATA sensor

retained his functionality even after six-time reuse/cycles using
EDTA as eluent. Univariate and multivariate (partial least
squares 1, PLS-1) calibration techniques were utilized for cal-

culating the figures of merit for the Al(III) ions determination.
The obtained calibration curve was linear from 2.0 to 70 ppb
Al(III) ions concentration. The developed method has a detec-

tion limit of 3.5 ppb. In addition, the ATA sensor showed high
adsorption capacity value (118.53 mg/g) which gives it a great
advantage to be applicable as nanocollector for trapping Al
(III) ions. The novel ATA sensor showed high degree of selec-

tivity, sensitivity, reproducibility, and stability. The current
study explores the effectiveness of the ATA sensor for the first
time to produce a green solid sensor to determine the trace

amount of Al(III) in diverse water types; tap, mineral, river,
well, and sea water.
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