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ABSTRACT: In this work, silica nanoparticles were modified by 5-chloro-8-quinolinol as a new
nanocomposite for the efficient elimination and preconcentration of Al3+ ions from several water
sources. The fabricated composite was characterized utilizing XRD, SEM, FT-IR, TEM, CHN
elemental analyzer, and N2 adsorption/desorption analyzer. The XRD demonstrated the existence of
a wide peak at 2θ = 30°. Also, all the peaks of silica were severely reduced, which confirms the success
of loading the 5-chloro-8-quinolinol on the surface of the silica. The SEM and TEM images
demonstrated that the composite resembled cotton, and this confirms that 5-chloro-8-quinolinol was
successfully loaded on the silica surface. The specific surface area, the average pore size, and the total
pore volume of the synthesized composite are 80.53 m2/g, 3.26 nm, and 0.185 cc/g, respectively. In
addition, the greatest uptake capacity of the synthesized composite toward aluminum ions is 95.06
mg/g. The results indicated that the adsorption of aluminum ions onto the silica/5-chloro-8-
quinolinol composite follows the Langmuir isotherm and pseudo-second-order model. Moreover, the
adsorption of aluminum ions by the silica/5-chloro-8-quinolinol composite is spontaneous, chemical,
and thermodynamically favorable. The values of % recovery were more than 97%, whereas the values
of % RSD were less than 3.5%. Hence, this confirms the effectiveness of the proposed method in the determination of aluminum ions
in real water samples.

1. INTRODUCTION
Human activities, industrial wastes, and mining operations
have recently contributed to an increase in the contamination
of water, soil, and the environment with several metals.1,2

Aluminum metal is regarded to be a plentiful element in the
earth’s crust, but it is also a non-essential and toxic element to
which humans are exposed through dust, air, food, water, and
the consumption of medications and cosmetics.3 Owing to the
usage of the aluminum compounds as coagulants in the field of
water treatment, the level of aluminum in drinking water may
be increased. Principal organs influenced by aluminum
poisoning are the bones, central nervous system, and lungs.
Alzheimer’s and osteomalacia diseases are the most prevalent
disorders resulting from overexposure to aluminum.4 Accord-
ing to the World Health Organization, the level of aluminum in
water is between 0.001 and 0.05 mg/L. According to the
United States Environmental Protection Agency, the secondary
significant contaminant limit for the aluminum in drinking
water is between 0.05 and 0.20 mg/L.5 Therefore, it is essential
for removing aluminum from the sources of water. Irrespective
of the recognition technique, the assessment of trace amounts
of metals requires preconcentration and separation processes
to eliminate interfering influences and ensure that the analyte
concentration is quantifiable. In the literature, various
procedures for extraction and preconcentration of aluminum
prior to analysis, such as liquid−liquid extraction, co-

precipitation, single-drop microextraction, cloud point extrac-
tion, and solid-phase removal, have been defined.6−9 Solid-
phase removal was employed for the extraction of numerous
kinds of contaminants from aqueous solutions since it provides
many advantages, such as easy operation, high selectivity,
cheap cost, minimal time, and the ability to be combined with
various modern detection techniques.10 Recently, some
adsorbents were used for the removal and preconcentration
of aluminum ions from aqueous solutions, such as Linde type-
A zeolite, magnetic activated carbon/tungsten nanocomposite,
iron-modified activated carbons, cellulose modified with gallic
acid, montmorillonite, spent mushroom substrate, functional
graphene materials, bio-sorbents derived from the stems of
plants, activated carbon, natural zeolite, and polymeric
resins.11−18 In recent years, the fabrication of eco-friendly
and green adsorbents with high separation capacities for
harmful metal ions has posed a significant challenge to the
control of environmental pollution.19−22 In this regard,
Bulgariu and Bulgariu synthesized a novel adsorbent via the
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functionalization of soy waste biomass by an industrial sulfur-
based chelating agent for the removal of Pb(II), Cu(II), and
Ni(II) ions from aqueous media.23 Nowadays, silica is a widely
utilized adsorbent with multiple uses in separation processes.
Numerous advantages of silica include its high activity, high
adsorption capacity, ease of preparation, diverse pore
diameters and surface areas, and the potential for surface
functionalization.24,25 The utilization of silane as a coupling
agent to modify the surface of nanoparticles, such as alumina
and silica, has been the subject of a large number of recent
studies.26,27 By combining various functional groups with the
surface of silica, it has been shown that the adsorption behavior
can be altered and applicable on a large scale. A vast variety of
organic compounds, such as dibenzoylmethane and 4,6-
diacetylresorcinol, capable of chelating with a series of metal
ions were used to functionalize the surface of silica.24,25 Today,
solid-phase removal utilizing nanostructures is regarded as a
clean adsorptive method that protects humans from the
harmful environmental effects of trace amounts of heavy metals
and enhances their reusability and recovery. Once coupled
with solid-phase extraction, nanomaterial’s high surface areas
and strong uptake capacities result in enhanced performance
for the preconcentration of trace heavy metals. Due to the
above information, the objective of this study was the facile
modification of silica nanoparticles with 5-chloro-8-quinolinol
as a new composite for efficient elimination and preconcentra-
tion of aluminum ions from water sources. The reason for
using 5-chloro-8-quinolinol is that it contains a hydroxyl group
and a nitrogen atom that have the ability to form five-ring
chelates with several metal ions. Consequently, it is expected
that this substance will be effective in the field of treatment and
assessment of pollutants. According to our review of the
relevant literature, the novelty of this study lies in the fact that
the fabricated composite was not previously used as an
adsorbent for the removal of aluminum ions from aqueous
media as well as its great adsorption capacity due to its ability
to form chelate coordination compounds with the aluminum
ions. The formed composite was identified using XRD, CHN
elemental analyzer, FT-IR, TEM, SEM, and BET analyses.
Using batch experiments, the effect of several parameters that
affect the adsorption process was investigated and adjusted.
Various isotherm models were used to analyze equilibrium
data. In order to comprehend the adsorption mechanism of
aluminum ions on fabricated composite, kinetic and
thermodynamic investigations were conducted.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. 5-Chloro-8-quinolinol

(C9H6ClNO), hydrochloric acid (HCl), potassium nitrate
(KNO3), (3-aminopropyl)trimethoxysilane (C6H17NO3Si),
diethyl ether (C4H10O), sodium metasilicate pentahydrate
(Na2SiO3·5H2O), cetyltrimethylammonium bromide
(C19H42BrN), nitric acid (HNO3), thiourea (CH4N2S),
ethanol (C2H6O), sodium hydroxide (NaOH), xylene
(C8H10), ethylenediaminetetraacetic acid disodium salt dihy-
drate (C10H16N2Na4O10), and aluminum(III) chloride hexahy-
drate (AlCl3·6H2O) were purchased from Merck Chemical
Company (Purity equals 99.99%) and used without any
refinement.
2.2. Fabrication of the Silica/5-Chloro-8-quinolinol

Composite. Initial ly, the sil ica/(3-aminopropyl)-
trimethoxysilane composite was produced by exploiting the
procedure reported by Al-Wasidi et al.25 Afterward, 2.80 g of

the silica/(3-aminopropyl)trimethoxysilane composite was
added to a 120 mL ethanolic solution containing 2.80 g of
5-chloro-8-quinolinol and then refluxed with stirring for about
24 h. Finally, the silica/5-chloro-8-quinolinol composite was
pump filtered, carefully washed using ethanol, water, and
diethyl ether, and dried at 55 °C.
2.3. Instrumentation. The concentration of aluminum

ions was determined by flame atomic absorption spectrometry
(GBC& SensAA Series) at a wavelength equals 309.30 nm.
Using a Nicolet FT-IR spectrometer in the range from 4000 to
400 cm−1, functional groups located on the surface of the
silica/5-chloro-8-quinolinol composite were identified. Utiliz-
ing scanning electron microscopy (JEOL & SEM-JSM-
5410LV) and transmission electron microscopy (JEOL
2010), the morphology of the silica/5-chloro-8-quinolinol
composite was evaluated. The X-ray diffraction (XRD) pattern
of the silica/5-chloro-8-quinolinol composite was recorded on
X-ray diffractometer (Bruker & D8 Advance). Utilizing a
surface area analyzer (Quantachrome & NOVA), the surface
area of the silica/5-chloro-8-quinolinol composite was
determined. A CHN Elemental Analyzer (PerkinElmer) was
utilized for the determination of the CHN precent of the
silica/5-chloro-8-quinolinol composite.
2.4. Removal of Al3+ Ions from the Aqueous

Solutions. 2.4.1. Effect of pH. For studying the effect of pH
in the variation interval from 2 to 6, using 250 mL conical
flasks, 0.06 g of the silica/5-chloro-8-quinolinol nanocomposite
was blended with 60 mL of about 120 mg/L of Al3+ aqueous
solution. Then, the pH of the aluminum solution was adjusted
using 0.1 M HCl and/or NaOH. All the flasks have been
stirred at 550 rpm for 3 h.
2.4.2. Effect of Time. For studying the effect of time in the

variation interval from 10 to 120 min, using 250 mL conical
flasks, 0.06 g of the silica/5-chloro-8-quinolinol nanocomposite
was blended with 60 mL of about 120 mg/L of Al3+ aqueous
solution. Then, the pH of the aluminum solution was adjusted
to about 6. All the flasks have been stirred at 550 rpm.
2.4.3. Effect of Temperature. For studying the effect of

temperature in the variation interval from 298 to 328 K, using
250 mL conical flasks, 0.06 g of the silica/5-chloro-8-
quinolinol nanocomposite was blended with 60 mL of about
120 mg/L of Al3+ aqueous solution. Then, the pH of the
aluminum solution was adjusted to about 6. All the flasks have
been stirred at 550 rpm for 60 min.
2.4.4. Effect of Concentration. For studying the effect of

aluminum concentration in the variation interval from 40 to
160 mg/L, using 250 mL conical flasks, 0.06 g of the silica/5-
chloro-8-quinolinol nanocomposite was blended with 60 mL of
40−160 mg/L of Al3+ aqueous solution. Then, the pH of the
aluminum solution was adjusted to about 6. All the flasks have
been stirred at 550 rpm for 60 min.

After the completion of any of the aforementioned effects,
the adsorbent is separated using a centrifuge, and the
aluminum concentration is estimated in the filtrate using
flame atomic absorption spectrometry. The mass of eliminated
Al3+ ions per gram of the silica/5-chloro-8-quinolinol nano-
composite (Q, mg/g) can be calculated by eq 1.

= [ ] ×Q C C V M/i e (1)

The % removal of Al3+ ions (% R) can be calculated using eq
2.

= ×R C C C% (( )/ ) 100i e i (2)
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where Ci represents the initial concentration of Al3+ ions prior
to adsorption (mg/L), whereas Ce represents the concen-
tration of Al3+ ions in the filtrate after adsorption (mg/L). V is
the volume of Al3+ solution (L), whereas M is the quantity of
the silica/5-chloro-8-quinolinol composite (g).

2.4.5. Effect of Desorption and Reusability. For the
desorption investigation, 0.06 g of the silica/5-chloro-8-
quinolinol nanocomposite was blended with 60 mL of 5 mg/
L of Al3+ solution then stirred for 60 min at temperature = 25
°C and pH = 6. The loaded composite with Al3+ ions was
separated, washed carefully by distilled water, and dried at 50
°C. After that, the loaded composite was blended with 4.00 mL

of about 0.40 M of certain eluting solutions (nitric acid,
thiourea, EDTA disodium salt, and hydrochloric acid) and
then stirred at 550 rpm for 15 min. To test reusability studies
for about four adsorption/desorption cycles, 0.06 g of the
recovered adsorbent was magnetically stirred for 60 min with 5
mg/L of Al3+ solution at pH = 6. Notably, 0.40 M EDTA
disodium salt is used to regenerate the adsorbent after each
cycle. In addition, eq 3 can be exploited to get the percentage
of desorption (% D).

= × ×D C V C C V% (100 )/(( ) )d d i e (3)

where Cd is the concentration of Al3+ ions that exist in the
eluting solution (mg/L), whereas Vd is the volume of eluting
solution (L).
2.4.6. Point of Zero Charge of the Silica/5-Chloro-8-

quinolinol Composite. According to Al-Wasidi et al.,25 the
point of zero charge (pHPZC) of the silica/5-chloro-8-
quinolinol composite can be obtained as follows: Exploiting
0.1 M HCl or NaOH, the initial pH of 0.03 M potassium
nitrate solutions was altered to different values in the variation
interval from 2.0 to 12.0. Then, 0.15 g of the silica/5-chloro-8-
quinolinol nanocomposite was mixed with any potassium
nitrate solution and stirred for 8 h. The silica/5-chloro-8-
quinolinol composite was carefully separated by centrifugation,
and the final pH value of the filtrate was estimated. In a graph,
the final pH values were plotted against initial pH values. The

Scheme 1. Synthesis of the Silica/5-Chloro-8-quinolinol
Composite

Figure 1. FT-IR spectrum of the silica (A), silica/(3-aminopropyl)trimethoxysilane composite (B), and silica/5-chloro-8-quinolinol composite (C).
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pHpzc is the final pH at which a characteristic plateau was
reached.24

2.4.7. Determination of Aluminum Ions in Real Water
Samples. Real water samples were gathered from different
places in Egypt (Alexandria, Ras El-Bar, and Gamasah), at a 50
cm depth from the level of surface water. Additionally, all the
water samples were then filtered and stored in polyethylene
bottles at 5 °C in the refrigerator for future use. Aluminum
ions were separated from real water samples then concentrated
under optimum conditions which were previously explained in
the adsorption and desorption parts. Also, Al3+ concentrations
were added to collected real water samples and the application
of the produced composite for the removal of Al3+ ions was
assessed.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Silica/5-Chloro-8-quino-

linol Composite. 3.1.1. Elemental Analysis. The obtained
results of the elemental analysis for the silica/5-chloro-8-
quinolinol composite showed that % C, % H, and % N are
20.35, 3.42, and 1.89%, respectively. In addition, the presence
of carbon, hydrogen, and nitrogen after the encapsulation of 5-
chloro-8-quinolinol on the surface of silica nanoparticles is a
direct indication of the success of the encapsulation process as
clarified in Scheme 1.
3.1.2. FT-IR. Figure 1A−C represents the FT-IR spectra of

the silica, silica/(3-aminopropyl)trimethoxysilane composite,

and silica/5-chloro-8-quinolinol composite, respectively. In
addition, the bands at 443, 445, and 427 cm−1 are because of
the bending vibration of O−Si−O. The bands at 651, 803, 805,
and 810 cm−1 are owing to the symmetrical stretching
vibration of Si−O−Si. The bands at 1025, 1027, and 1079
cm−1 are because of the asymmetrical stretching vibration of
Si−O−Si. The bands at 1644 and 1654 cm−1 are because of
the bending vibration of the OH and/or NH group. The bands
at 3519, 3522, and 3454 cm−1 are because of the stretching
vibration of OH and/or NH. Several organic groups appeared
in the FT-IR analysis of the silica/5-chloro-8-quinolinol
composite, confirming the success of the functionalization of
silica nanoparticles with 5-chloro-8-quinolinol as clarified in
Scheme 1. Amine groups are good nucleophiles, which reacts
with the chloride group of 5-chloro-8-quinolinol where HCl is
evolved, and the composite is formed as clarified in Scheme 1.
This behavior has been observed previously with other related
materials as reported by Cui et al.28 and Fan et al.29 In this
regard, the bands centered at 3042 and 2870 cm−1 are because
of the stretching vibration of the aromatic and aliphatic CH,
respectively. In addition, the bands centered at 1389, 1421,
1463, and 1559 cm−1 are because of the stretching vibrations
of C�C aromatic. In addition, the band centered at 1318
cm−1 is because of the bending vibration of CH. The bands at
907 and 1015 cm−1 are because of the out-of-plane bending
vibration of aromatic CH.25,30,31 According to the presented
findings, FT-IR demonstrated that silica nanoparticles were

Figure 2. XRD patterns of the silica (A), silica/(3-aminopropyl)trimethoxysilane composite (B), and silica/5-chloro-8-quinolinol composite (C).
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successfully modified with 5-chloro-8-quinolinol as clarified in
Scheme 1.
3.1.3. X-ray Diffraction. Figure 2 represents the XRD

patterns of the silica, silica/(3-aminopropyl)trimethoxysilane
composite, and silica/5-chloro-8-quinolinol composite, respec-
tively. The results confirmed the existence of a wide peak at 2θ
= 30° in the case of silica/5-chloro-8-quinolinol composite. All
the peaks of silica were severely reduced, which confirms the
success of loading the 5-chloro-8-quinolinol on the surface of
the silica as clarified in Scheme 1 because the organic materials
tend to be amorphous.1 This behavior has been observed
previously with other related materials as reported by Kenawy
et al.32

3.1.4. SEM and TEM. Figure 3A,B represents the SEM
images of the SiO2 and silica/5-chloro-8-quinolinol nano-

composite, respectively. Also, Figure 3C,D represents the TEM
images of the SiO2 and silica/5-chloro-8-quinolinol nano-
composite, respectively. In addition, the results demonstrated
that the SiO2 consists of sphere and irregular particles.

Moreover, the results demonstrated that the silica/5-chloro-
8-quinolinol composite resembled cotton and this confirms
that 5-chloro-8-quinolinol was successfully loaded on the
surface of the synthesized silica as clarified in Scheme 1
because the organic materials tend to be amorphous.1 This
behavior has been observed previously with other related
materials as reported by Kenawy et al.32

3.1.5. Surface Textures. The Brunauer−Emmett−Teller
method was used to determine the specific surface area, the
average pore size, and the total pore volume of the silica/5-
chloro-8-quinolinol composite. The specific surface area, the
average pore size, and the total pore volume of the composite
are 80.53 m2/g, 3.26 nm, and 0.185 cc/g, respectively. The
noticeable decrease in the surface area of the composite
compared to silica confirms the success of loading 5-chloro-8-
quinolinol onto the silica surface as clarified in Scheme 1.25

3.2. Removal of Al3+ Ions from the Aqueous
Solutions. 3.2.1. Influence of pH. The values of removal
efficiency (% R) and adsorption capacity (Q) increased when
the pH value increased from 2 to 6, as shown in Figure 4A,B,
respectively. % R and Q (mg/g) values at pH = 6 are 74.52%
and 89.42 mg/g, respectively. The effects of pH values greater
than 6 have not been studied because of the precipitation of
Al3+ ions at those levels.

Plotting the final and initial values of pH of KNO3 solutions
in the presence of the composite prove that the value of point
of zero charge of the nanocomposite is 2.95, as shown in
Figure 5. Placing the silica/5-chloro-8-quinolinol composite in
a medium that has a pH value less than the point of zero
charge (2.95) causes the surface to be surrounded by the
positive hydrogen ions that repel Al3+ ions, thus reducing the
separation efficiency and adsorption capacity.25 Placing the
silica/5-chloro-8-quinolinol composite in a medium that has a
pH value greater than the point of zero charge (2.95) causes
the surface to be surrounded by the negative hydroxide ions
that attract Al3+ ions and ionize the OH group of the organic
substance, thus increasing the separation efficiency and
adsorption capacity.24,25 Therefore, pH = 6 is the best value
at which the maximum possible amount of aluminum ions can
be removed. The removal mechanism diagram of modified
nanoparticles for aluminum ions from water and food samples
is illustrated in Scheme 2.

Figure 3. SEM images of SiO2 (A) and silica/5-chloro-8-quinolinol
composite (B). The TEM images of SiO2 (C) and silica/5-chloro-8-
quinolinol composite (D).

Figure 4. Effect of pH on % R (A) and adsorption capacity (B).
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3.2.2. Influence of Contact Time. The values of removal
efficiency (% R) and adsorption capacity (Q) increased when
the contact time value increased from 10 to 60 min, as shown
in Figure 6A,B, respectively. % R and Q (mg/g) values at time
= 60 min are 75.00% and 90.00 mg/g, respectively. It was also
noted that the values of the removal efficiency and adsorption
capacity are almost constant when the time is increased from
60 to 120 min. Therefore, time = 60 min is the best value at
which the maximum possible amount of aluminum ions can be
removed.

To study the significant step of the uptake process,
experimental results were fitted with pseudo-second-order
and pseudo-first-order models, which are described by eqs 4
and 5, respectively.

= +t
Q K Q Q

t1 1

t 2 e
2

e (4)

=Q Q Q
K

tlog( ) log
2.303te e

1
(5)

where Qe is the uptake capacity of the silica/5-chloro-8-
quinolinol composite (mg/g) at equilibrium. Qt (mg/g) is the
adsorption capacity of the silica/5-chloro-8-quinolinol compo-
site (mg/g) at time t. K1 is the rate constant of the pseudo-
first-order model (1/min), whereas K2 is the rate constant of
the pseudo-second-order model (g/mg min). Figure 7A,B
displays the pseudo-first-order and pseudo-second-order
models, respectively. The constants of the pseudo-first-order
and pseudo-second-order models, as well as their correlation
coefficient R2 values, are tabulated in Table 1.

The preceding results indicated that the adsorption of
aluminum ions onto the silica/5-chloro-8-quinolinol composite
follows the pseudo-second-order model due to the following
reasons: (1) The value of correlation coefficient (R2) of the
pseudo-second-order model is more than that of the pseudo-
first-order model. (2) The value of Qe predicted by the pseudo-
second-order model corresponds more closely to the
experimental data than the value of Qe predicated by the
pseudo-first-order model. Hence, there is a powerful force
between the silica/5-chloro-8-quinolinol composite and
aluminum ions due to the complexation of aluminum ions

Figure 5. Point of zero charge of the silica/5-chloro-8-quinolinol
composite.

Scheme 2. Mechanism of the Removal of Al3+ Ions Using
the Synthesized Composite

Figure 6. Effect of time on % R (A) and adsorption capacity (B).
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with functional groups (OH and C�N) on the surface of the
composite.
3.2.3. Influence of Temperature. The values of removal

efficiency (% R) and adsorption capacity (Q) decreased when
the temperature value increased from 298 to 328 K, as shown
in Figure 8A,B, respectively. % R and Q (mg/g) values at
temperature = 328 K are 25.00% and 30.00 mg/g, respectively.
Therefore, temperature = 328 K is the best value at which the
maximum possible amount of aluminum ions can be removed.

The thermodynamic parameters such as a change in free
energy (ΔG°), change in the entropy (ΔS°), and change in
enthalpy (ΔH°) were estimated using eqs 678.1

= ° °
K S

R
H

ln
RTd (6)

= ° °G H T So (7)

=K
Q

Cd
e

e (8)

Figure 7. Pseudo-first-order (A) and pseudo-second-order (B) models.

Table 1. Constant of the Pseudo-First-Order and Pseudo-
Second-Order Models

pseudo-first-order pseudo-second-order

K1 (1/min) Qe (mg/g) R2 K2 (g/mg min) Qe (mg/g) R2

0.0244 74.02 0.992 0.0004 98.43 0.999

Figure 8. Effect of temperature on % R (A) and adsorption capacity (B).

Figure 9. Plotting of lnKd against 1/T.
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where T represents the absolute temperature (K), while Kd
represents the distribution constant (L/g). In addition, R (kJ/
mol K) is the universal gas constant. Figure 9 shows the
plotting of lnKd versus 1/T. The thermodynamic constants are
tabulated in Table 2.

The negative values of ΔG° indicate that the adsorption of
aluminum ions by the silica/5-chloro-8-quinolinol composite is
spontaneous and thermodynamically favorable. The value of
ΔH° is −58.17 KJ/mol. Hence, the value of ΔH° indicates that

the adsorption of aluminum ions by the silica/5-chloro-8-
quinolinol composite is exothermic and chemical. The value of
ΔS° is 0.187 KJ/mol K. Hence, the adsorption of aluminum
ions by the silica/5-chloro-8-quinolinol nanocomposite takes
place in a disordered approach.1

3.2.4. Influence of Concentration. The values of removal
efficiency (% R) and adsorption capacity (Q) decreased when
the aluminum concentration value increased from 40 to 160
mg/L, as shown in Figure 10A,B, respectively. % R and Q (mg/

Table 2. Thermodynamic Constants

ΔH° (KJ/mol) ΔS° (KJ/mol K)

ΔG° (KJ/mol)

298 308 318 328

−58.17 0.187 −113.85 −115.72 −117.59 −119.46

Table 3. Constants of the Langmuir and Freundlich Isotherms

Langmuir Freundlich

KL (L/mg) Qe (mg/g) R2 KF ((mg/g)(L/mg)1/n)) Qe (mg/g) R2

0.665 95.06 0.999 45.21 114.09 0.586

Figure 10. Effect of concentration on % R (A) and adsorption capacity (B).

Figure 11. Langmuir (A) and Freundlich (B) isotherms.
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g) values at concentration = 160 mg/L are 58.13% and 93.00
mg/g, respectively.

To study the significant step of the removal process,
experimental results were fitted with Freundlich and Langmuir
isotherms, which are described by eqs 9 and 10, respectively.

= +Q K
n

Cln ln
1

lne F e (9)

= +C
Q K Q

C
Q

1e

e L m

e

m (10)

where Qm (mg/g) is the maximal adsorption capacity of the
silica/5-chloro-8-quinolinol composite. KL (L/mg) is the
Langmuir constant, whereas KF (mg/g) (L/mg)1/n) is the
Freundlich constant. Besides, the heterogeneity constant is
denoted by the fraction 1/n. The Freundlich isotherm can be
applied to compute Qm using eq 11.4

=Q K C( )n
m F i

1/
(11)

Figure 11A,B exhibits the Langmuir and Freundlich
isotherms, respectively. The constants of the Langmuir and
Freundlich isotherms, as well as their correlation coefficient R2

values, are tabulated in Table 3.
The preceding results indicated that the adsorption of

aluminum ions onto the silica/5-chloro-8-quinolinol composite
follows the Langmuir isotherm because the value of correlation
coefficient (R2) of the Langmuir isotherm is more than that of
the Freundlich isotherm.

As clarified in Table 4, the adsorption capacity of the silica/
5-chloro-8-quinolinol nanocomposite was compared to that of

more adsorbents, for example, brilliant green-Amberlite XAD-
2, poly(2-hydroxyethyl methacrylate), tiron-modified resin,
XAD-4 functionalized by salicylic acid, activated charcoal, and
starch.33−37 Owing to its high adsorption capacity, the silica/5-
chloro-8-quinolinol composite outperformed the aforemen-
tioned adsorbents.
3.2.5. Influence of Reusability and Desorption. Figure 12

depicts the plot of % D versus various eluting solutions. As
eluting solutions, 0.40 M nitric acid, hydrochloric acid,
thiourea, and EDTA disodium salt were used. Results indicated
that 0.40 M EDTA disodium salt is the most effective eluting
solution applied for recovering the greatest quantity of Al3+
ions from the silica/5-chloro-8-quinolinol nanocomposite. In
addition, EDTA is the most prominent member of the ligand
family. In an aqueous solution, EDTA is a hexadentate ligand

that forms very strong complexes with metal ions as reported
by Khalifa et al.24 Therefore, it is able to uptake Al3+ ions from
the composite surface.

Figure 13 depicts the plot of % R versus the cycle number.
The small decrease in % R indicates that the silica/5-chloro-8-

quinolinol nanocomposite can be efficiently regenerated and
reutilized for the uptake of aluminum ions from the aqueous
solutions.
3.2.6. Influence of Co-Existing Ions. In order to determine

the effect of some cations and anions on the elimination
efficiency of aluminum ions by the existing method, the
possible interfering ion was introduced at several concen-
trations to a 60 mL of 200 μg/L Al3+solution. The elimination
technique was carried out accurately as illustrated earlier, and
its effectiveness was estimated. The tolerance limit was
recognized as the greatest concentration of the accompanying
ion resulted in a 5 percent extraction error. Table 5 clearly
illustrates that the majority of coexisting ions have a rather
great tolerance limit, revealing the selectivity of the procedure.
Accordingly, the technique can be applied to the analysis of
real samples containing various components.
3.3. Application. Prior to atomic absorption spectrometer

investigation, the recommended removal procedure was
applied to preconcentrate Al3+ ions in real water samples
that were gathered from different places in Egypt (Alexandria,

Table 4. Comparative Study between the Uptake Capacity
of the Silica/5-chloro-8-quinolinol Composite and that of
Other Adsorbents

adsorbent Q (mg/g)
equilibrium time

(min) ref

brilliant green-Amberlite
XAD-2

10.80 10 33

poly(2-hydroxyethyl
methacrylate)

17.50 60 34

tiron-modified resin 5.60 35 35
XAD-4 functionalized by
salicylic acid

4.40 60 36

activated charcoal 0.360 90 37
starch 0.292 90 37
silica/5-chloro-8-quinolinol
composite

95.06 60 this
study

Figure 12. Plot of % D versus various desorbing solutions.

Figure 13. Plot of % R versus the cycle number.
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Ras El-Bar, and Gamasah), as previously described in the
experimental part. Besides, different volumes (0.2 and 0.4 mL)
of a 1000 mg/L stock solution of Al3+ ions have been added to
the water samples to evaluate the method under different
conditions. Then, the adsorption and preconcentration experi-
ments were performed for the resulting samples as previously
described in the experimental part. The results of the
preconcentration of Al3+ ions and the % recoveries for all the
samples are displayed in Table S1.

% Recovery was determined by eq 12.

= ×%Recovery
Found Concentration (Practically)

Total Concentration (Theoretically)
100

(12)

In addition, % RSD (relative standard deviation) was
determined by eq 13.

= ×%RSD
Standard deviation

Mean
100

(13)

The results confirmed that the values of % recovery were
more than 97%, whereas the values of % RSD were less than
3.5%.38 Hence, this confirms the effectiveness of the proposed
method in the determination of aluminum ions in real water
samples.

4. CONCLUSIONS
5-Chloro-8-quinolinol was utilized to modify the silica
nanoparticles to create a new nanocomposite for the efficient
elimination and preconcentration of aluminum ions from
several water samples. The CHN elemental analyzer, FT-IR,
XRD, SEM, TEM, and N2 adsorption/desorption analyzer
were utilized to identify the synthesized composite. The
greatest uptake capacity of the synthesized nanocomposite is
95.06 mg/g. The adsorption of Al3+ ions onto the silica/5-
chloro-8-quinolinol composite follows the Langmuir isotherm
and pseudo-second-order model. The values of % recovery
were more than 97%, whereas the values of % RSD were less
than 3.5%.38 Hence, this confirms the effectiveness of the
proposed method in the determination of aluminum ions in
real water samples.
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