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KEYWORDS Abstract In this paper, a novel composite based on the formation of Schiff base on silica nanopar-
Adsorption; ticles was facilely synthesized. Firstly, silica nanoparticles, which contain silanol groups (Si-OH),
Heavy metals; were modified with (3-aminopropyl)trimethoxysilane. Then, the modified silica reacted with 1-
Nanocomposite; hydroxy-2-acetonaphthone to form a novel Schiff base/silica composite. The synthesized composite
1-hydroxy-2- was characterized using several tools such as XRD, FT-IR, FE-SEM, N, adsorption/desorption
acetonaphthone; analyzer, and CHN analyzer. The considerable reduction at 20 = 21.9° in the intensity of the
SiO, nanoparticles XRD peak of the composite is owing to the formation of the Schiff base. Also, the observed FT-

IR bands in the composite at 3440 and 1604 cm™! are owing to the stretching and bending vibra-
tions of OH and/or C—=N, respectively. The FE-SEM images confirmed that the silica includes
irregular shapes whereas the composite possesses a flaky surface owing to the formation of the
Schiff base. Elemental analysis of the composite demonstrated that the % C, % H, and % N are
15.26, 3.24, and 1.65 %, respectively. The BET surface area and total pore volume of the composite
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were reduced because the formed Schiff base blocks the pores of silica. The synthesized composite
was employed for the efficient removal of Ni(Il), Cu(Il), Zn(II), and Hg(II) ions from aqueous
media. The maximum uptake capacity of the composite toward Cu(Il), Hg(Il), Zn(II), and Ni(II)
ions is 68.630, 50.942, 45.126, and 40.420 mg/g, respectively. The adsorption processes of the stud-
ied metal ions were spontaneous, chemical, and well described using the pseudo-second-order
kinetic model and Langmuir equilibrium isotherm. The synthesized composite can be successfully
regenerated and utilized various times in the removal of studied metal ions from aqueous media.
© 2022 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

Refining industrial effluents that are filled with heavy metal ions is con-
sidered one of the main challenges in the field of wastewater treatment
owing to their extreme toxicity and the difficulty of degrading them by
chemical or biological methods (Sharma et al., 2022; Malik et al., 2019;
Mudhoo et al., 2012; Bashir et al., 2019). Heavy metal ions such as Ni
(IT), Cu(II), Zn(II), and Hg(IT) cause much harms to the environment
and humans because of their ability to accumulate in organisms
through the food chain (Malik et al., 2017). A high concentration of
Ni(Il) ions in water, exceeding 0.1 mg/L causes many problems such
as sensory disturbances, digestive disorders, high red blood cell count,
and kidney failure (Osinska, 2017). A high concentration of Cu(II) ions
in the water, exceeding 1.3 mg/L, causes many health problems for the
kidneys, stomach, liver and causes anemia (Ashokkumar et al., 2016).
A high concentration of Zn(Il) ions in water, exceeding 5 mg/L, causes
many problems such as stomach pain, nausea, headache, and diarrhea
(Najafi, 2015). A high concentration of Hg(II) ions in water, exceeding
0.002 mg/L, cause many problems such as nervous system disorders,
genetic disorders, skin rashes, fatigue, and headaches (Saad et al.,
2013). Consequently, it is essential to research more cheaper and effec-
tive methods to remove heavy metal ions from effluents. The literature
contains a lot of wastewater treatment methods for removing heavy
metals such as liquid-liquid extraction, chemical precipitation, adsorp-
tion, membrane process, ion exchange, coagulation, and reverse osmo-
sis (Amini-Fazl et al., 2021; Moja et al., 2021; Cerrahoglu et al., 2017;
Liu et al., 2022; Liang Liao et al., 2021; Efome et al., 2019; Ainscough
et al., 2017). Adsorption has been widely relied upon as an effective
method for removing a lot of heavy metal ions due to its high effi-
ciency, ease, and simplicity (Abdelrahman et al., 2021; Abdelrahman
et al., 2020; Abdelrahman and Hegazey, 2019; Abdelrahman and
Hegazey, 2019; Abdelrahman et al., 2020; Abdelrahman and
Subaihi, 2020; Hameed et al., 2020; Youssef et al., 2021). There are
various reports about numerous adsorbents such as agricultural
wastes, resins, activated carbon, organic/inorganic composites, zeolite,
and bio-sorbent, which have been utilized for removing heavy metal
ions from aqueous media (Sheng et al., 2004; Febrianto et al., 2009;
Chang et al., 2007; Tan and Xiao, 2009; Shawabkeh, 2009; Denizli
et al., 2003). Various metal organic frameworks (MOFs) have been
identified as promising candidates for the adsorptive removal of heavy
metal ions because of their unique features such as tunable porosity,
large surface area, chemically stability, etc (Shamim et al., 2022). There
are many products, have the ability to remove a lot of heavy metal
ions, such as 2,4-Dinitrophenylhydrazine functionalized sodium dode-
cyl sulfate-coated magnetite nanoparticles, oxidized Multi-Walled Car-
bon Nanotubes, CeO, nanoparticles supported on CuFe,O4
nanofibers, chitosan, TiO,/SiO,/Fe;O04 nanoparticles, and Fe,Oz@-
SiO; thin films (Sobhanardakani et al., 2015; Sobhanardakani et al.,
2016; Talebzadeh et al., 2016; Sobhanardakani et al., 2016;
Sobhanardakani and Zandipak, 2017; Sobhanardakani et al., 2018;
Sobhanardakani and Zandipak, 2015). However, it is very important
to synthesize new and effective adsorbents in simple ways. Our
research group synthesizes a novel composite based on silica nanopar-
ticles and Schiff base. Numerous Schiff bases can form chelates with a
large number of heavy metal ions due to the strong affinity of metal

ions toward N and O atoms. As a result, loading them onto solid sup-
ports such as silicon oxide to create novel composites can be efficiently
used in the water pollution treatment. The paper’s novel aspect stems
from our research group’s development of a new composite composed
of silica nanoparticles and Schiff base. Firstly, silica nanoparticles,
which contain silanol groups (Si-OH), reacted with (3-aminopropyl)tri
methoxysilane. Then, the modified silica reacted with 1-hydroxy-2-
acetonaphthone to form a novel Schiff base/silica composite. The syn-
thesized composite was employed for the removal of Ni(II), Cu(1l), Zn
(IT), and Hg(Il) ions from aqueous media. Besides, 1-hydroxy-2-
acetonaphthone was chosen as a material to modify the surface of sil-
ica because it contains two adjacent groups, OH and C—=0, which are
easily converted to C—=N, making them have the ability to form stable
hexagonal chelates with target metal ions and thus facilitate their effi-
cient separation. Also, 1-hydroxy-2-acetonaphthone is easy to obtain
due to its low price compared to the rest of the organic materials used
for loading, such as dibenzoylmethane. Indeed, it is expected that this
ligand can adsorb many ions, but for this research paper not to be too
large, the ions of nickel, copper, zinc, and mercury were chosen as
examples to prove the ability of the material to remove them, especially
since these ions are highly toxic and dangerous.

2. Experimental

2.1. Materials and reagents

1-hydroxy-2-acetonaphthone (C;,H;00,), sodium metasilicate
pentahydrate (Na,SiO3-5H>0), (3-aminopropyl)trimethoxysi
lane (CqH7NOsSi), cetyltrimethylammonium bromide (Cio-
H4BrN), nitric acid (HNOj), xylene (CgHpp), ethanol
(C,HgO), thiourea (CH4N,S), sulfuric acid (H,SOy),
hydrochloric acid (HCI), nickel(I) chloride hexahydrate
(NiCl,-6H,0), sodium hydroxide (NaOH), potassium chloride
(KCl), copper(Il) chloride dihydrate (CuCl,-2H,0), mercury
(IT) chloride (HgCl,), zinc(II) chloride (ZnCl,), and ethylenedi-
aminetetraacetic acid disodium salt dihydrate (C;oH;sN,Nay-
Oy9) were gotten from Sigma Aldrich Company
(Purity = 99.99%) and utilized as received without further
purification.

2.2. Synthesis of silica composite

Primarily, the SiO,/(3-aminopropyl)trimethoxysilane sample
was prepared according to the procedure illustrated by
Khalifa et al. (2020). For obtaining silica nanoparticles;
12.00 g of cetyltrimethylammonium bromide was dissolved
in 460 mL of distilled water. Then, 80.38 g of sodium metasil-
icate pentahydrate was added then the mixture was stirred for
30 min. Besides, the pH of the mixture was adjusted to 9 using
2 M of hydrochloric acid then the mixture was stirred for 4 hrs.
The white gelatinous precipitate product was filtered, washed


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

Modification of silica nanoparticles with 1-hydroxy-2-acetonaphthone 3

with distilled water, dried at 120 °C for 6 hrs, and calcined at
550 °C for 6 hrs. For obtaining SiO,/(3-aminopropyl)trime
thoxysilane, 2.00 g of the silica nanoparticles were added to
a round flask containing 2.2 mL of (3-aminopropyl)trimethox
ysilane and 30 mL toluene then the mixture was stirred under
reflux at 120-140 °C for 24 hrs. The product was filtered,
washed with ethanol, and dried at 50 °C for 24 hrs. After that,
2 g of the SiO,/(3-aminopropyl)trimethoxysilane sample was
mixed with 25 mL ethanolic solution including 2 g of 1-
hydroxy-2-acetonaphthone then refluxed under stirring for
one day in the presence of a few drops of concentrated
H,SO,. Sulfuric acid helps to remove the water formed as a
result of the reaction between the NH, and C—O groups.
Hence, it facilitates the process of Schiff base formation. Fur-
ther, the produced SiO,/Schiff base composite was filtered off,
washed with ethanol, and dried under vacuum at 60 °C for one
day.

2.3. Apparatus

The X-ray diffraction (XRD) patterns of the silica sample and
their Schiff base composite were performed using an X-ray
diffractometer (D8 Advance, Bruker, Billerica, Massachusetts,
United States) where K, Cu radiations with a wavelength equal
to 0.15 nm were used. The Fourier transform (FT-IR) spectra
of the silica sample and their Schiff base composite, were per-
formed using Fourier transform infrared spectrophotometer
(Nicolet, Waltham, Massachusetts, United States). The mor-
phologies of the silica sample and their Schiff base composite
were investigated using scanning electron microscopy (SEM,
JEOL, SEM-JSM-5410LV, Akishima, Tokyo, Japan). The
percent of carbon (C), hydrogen (H), and nitrogen (N) of the
silica composite was estimated using CHN Elemental Analyzer
(PerkinElmer, 2400, Waltham, United States). BET surface
area, average pore radius, and total pore volume of the silica
sample and their Schiff base composite were estimated using
a nitrogen gas sorption analyzer (Quantachrome, NOVA,
Boynton Beach, United States). Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-AES) (PerkinElmer,
7500, Waltham, United States) was utilized for determining
the concentration of studied metal ions in the solution.

2.4. Removal of Ni(Il), Cu(Il), Zn(I1l), and Hg(II) ions from
aqueous media

In order to examine the effect of pH of metal ion solution, the
pH values of 80 mL of 120 mg/L of Ni(II), Cu(Il), Zn(II), or
Hg(II) solutions were controlled to several values (pH = 2.
5-6.5) before the addition of the composite utilizing 0.1 M
NaOH or HCI. Afterward, 0.10 g of the composite is mixed
with each Ni(II), Cu(Il), Zn(II), or Hg(II) solution then the
mixture was stirred for 200 min. In order to examine the effect
of contact time, the pH values of 80 mL of 120 mg/L of Ni(II),
Cu(Il), Zn(11), or Hg(II) solutions were adjusted to 6.5 before
the addition of the composites. Afterward, 0.10 g of the com-
posite is mixed with each Ni(II), Cu(Il), Zn(II), or Hg(II) solu-
tion then the mixture was stirred for several times (15—
120 min).

In order to examine the effect of temperature, the pH values
of 80 mL of 120 mg/L of Ni(II), Cu(Il), Zn(II), or Hg(II) solu-
tions were adjusted to 6.5 before the addition of the composite.

Afterward, 0.10 g of the composite is mixed with each Ni(II),
Cu(Il), Zn(II), or Hg(II) solution then the mixture was stirred
at several temperatures (298-328 K) for 90 min. In order to
examine the effect of initial metal ion concentration, the pH
values of 80 mL of 40-160 mg/L of Ni(Il), Cu(II), Zn(II), or
Hg(II) solutions were adjusted to 6.5 before the addition of
the composite. Afterward, 0.10 g of the composite is mixed
with each Ni(Il), Cu(II), Zn(II), or Hg(II) solution then the
mixture was stirred at 298 K for 90 min. After studying each
of the aforementioned effects, the composite is separated utiliz-
ing centrifugation. Afterward, the residual concentration of Ni
(I1), Cu(II), Zn(II), or Hg(II) ions in the filtrate is determined
using Inductively Coupled Plasma Atomic Emission Spectrom-
etry (ICP-AES). The mass of the adsorbed Ni(II), Cu(Il), Zn
(I1), or Hg(II) ions per gram of the composite (Q, mg/g) can
be obtained utilizing Eq. (1).

0=[Ci—Clx; (n

The % removal (% R) of Ni(Il), Cu(Il), Zn(II), or Hg(II)
ions can be obtained utilizing Eq. (2).
C —C,

i

%R =

x 100 )

where, C; (mg/L) represents the initial concentration of Ni(II),
Cu(Il), Zn(II), or Hg(II) ions while C. (mg/L) represents the
final concentration of Ni(Il), Cu(Il), Zn(II), or Hg(II) ions.
Furthermore, V (L) represents the volume of Ni(Il), Cu(Il),
Zn(I1), or Hg(II) solution while M (g) represents the mass used
of the composite. In order to examine the influence of desorp-
tion, 0.10 g of the composite was stirred with 80 mL of 120 mg/
L of Ni(II), Cu(Il), Zn(II), or Hg(II) solution (pH = 6.5) for
90 min. Furthermore, the composite was separated utilizing
centrifugation then carefully washed with distilled water. The
composite which loaded with Ni(Il), Cu(Il), Zn(II), or Hg
(IT) ions was then stirred for 50 min with 40 mL of 0.45 M
of some desorbing solutions (hydrochloric acid, nitric acid,
EDTA disodium salt, and thiourea). In order to examine the
reusability experiments for four cycles of adsorption/desorp-
tion, 0.10 g of the regenerated composite was stirred with
80 mL of 120 mg/L of Ni(II), Cu(II), Zn(II), or Hg(I) solution
(pH = 6.5) for 90 min. It is noteworthy that 0.45 M of EDTA
disodium salt is utilized for regenerating the composite after
each cycle. The % desorption (% D) can be obtained utilizing
Eq. (3).

100C,; V4

%D:(C[—C@)V

3)
where, C4 (mg/L) represents the concentration of Ni(II), Cu
(I1), Zn(II), or Hg(II) ions that exist in the desorption solution
while V4 (L) represents the volume of desorbing solution.
The point of zero charge (pHpzc) of the composite can be
obtained as clarified by Khalifa et al. (Khalifa et al., 2020) as
the following; the initial pH value of 0.025 M of potassium
chloride solutions was controlled to several values from 2 to
12 utilizing 0.1 M NaOH or HCIl. Afterward, 0.10 g of the
composite was mixed with each potassium chloride solution
then the mixture was stirred for 8 hrs. Furthermore, the com-
posite was separated utilizing centrifugation then the final pH
value (pHgna) of the filtrates was determined. pHgp, values
were plotted against pHipiia values. The pHp,. is the pHgnal
level where a typical plateau was gotten (Khalifa et al.,
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2020). The effect of interference between each of the Cu(Il),
Hg(II), Zn(II), or Ni(Il) metals ions and interference metal
ions such as Co(II), Fe(IIT), Pb(II), and AI(III) were studied
as follows: 0.1 g of the synthesized composite was mixed
together with 80 mL of 120 mg/L of metal ions (Cu(Il), Hg
(D), Zn(II), or Ni(I)) solution (pH = 6.5) which contains
Co(II), Fe(III), Pb(Il), or AI(IIT) with different concentrations
(50, 80, and 100 mg/L). Then, the mixture was stirred at 298 K
for 90 min.

3. Results and discussion

3.1. Characterization of the composite

Fig. 1A-B illustrates the X-ray diffraction patterns of the silica
and their Schiff base composite, respectively. Also, the results
confirmed that the synthesized silica is cristobalite that has a
tetragonal system as consistent with JCPDS card No. 00-
039-1425 (Xue et al., 2015). The average crystallite size of
the formed silica is 45.63 nm. The considerable reduction at
20 = 21.9° in the intensity of the XRD peak of the composite
is owing to the formation of the Schiff base as clarified in
Scheme 1. Fig. 2A-B illustrates the FT-IR spectra of the silica
and their Schiff base composite, respectively. Six bands for sil-
ica are observed at 466, 620, 790, 1069, 1618, and 3445 cm™".

The observed band at 466 cm ™! is owing to the bending
vibrations of Oxygen-Silicon-Oxygen. The observed bands
at 620 and 790 cm~! are owing to the symmetrical stretching
vibrations of Silicon—Oxygen—Silicon. The observed band at

1069 cm ™! is owing to the asymmetrical stretching vibrations
of Silicon—Oxygen—Silicon. The observed bands at 3445 and
1618 cm ™! are owing to the stretching and bending vibrations
of OH (Correcher et al., 2009). In the case of the composite,
the bands of silica are observed at 476, 619, 790, 1090, 1604,
and 3440 cm™!. The shift in the positions of these IR peaks
confirmed that the Schiff base has undergone a chemical
change with the silica. The observed bands at 3440 and
1604 cm ™! are owing to the stretching and bending vibrations
of OH and/or C=N, respectively. The observed bands at 3005
and 2942 cm~! are owing to the stretching vibrations of CH
aromatic and CH aliphatic, respectively. The observed bands
at 1437, 1476, and 1510 cm ™! are owing to the stretching vibra-
tions of C—=C aromatic. The observed band at 1373 cm™' is
owing to the bending vibrations of CH. The observed bands
at 840 and 920 cm~' are owing to the out-of-plane bending
vibrations of CH aromatic (Xu and Braterman, 2003). Elemen-
tal analysis of the composite demonstrated that the % C, % H,
and % N are 15.26, 3.24, and 1.65 %, respectively. Conse-
quently, the presence of nitrogen and carbon proves the effec-
tive loading of the Schiff base on the silica as displayed in
Scheme 1. Fig. 3A-B illustrates the FE-SEM images of the sil-
ica and their Schiff base composite, respectively. The results
confirmed that the silica includes irregular shapes whereas
the composite possesses a flaky surface owing to the formation
of the Schiff base. Fig. 4A-B illustrates the N, adsorption/des-
orption isotherms of the silica and their Schiff base composite,
respectively. The data demonstrated that the gotten isotherms
belong to type IV (Abdelrahman et al., 2019). Total pore vol-
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Fig. 2 The FT-IR spectra of the silica (A) and their Schiff base composite (B).

ume, BET surface area, and average pore size were presented
in Table 1. The BET surface area and total pore volume of
the composite were reduced because the formed Schiff base
blocks the pores of silica. Therefore, this analysis proves the
effective loading of the Schiff base on the silica as presented
in Scheme 1.

3.2. Removal of Ni(Il), Cu(Il), Zn(I1l), and Hg(II) ions from
aqueous media

3.2.1. Effect of pH

Fig. 5A-B illustrates the effect of pH of the studied metal ion
solution on % R and Q (mg/g), respectively. The results con-
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Fig.3 The FE-SEM images of the silica (A) and their Schiff base
composite (B).

firmed that % R or Q increases with the increases in the pH to
attain a maximum at pH 6.5. At pH = 1.5, Hg(II) ions exhibit
abnormal behavior because they can form anions in chloride
media at low pH (HgCl3) and electrostatically connect with
the protonated sides of the ligand. % R of Cu(Il), Hg(II),
Zn(IT), and Ni(II) ions at pH = 6.5 is 62.02, 47.44, 44.88,
and 35.83, respectively. Q of the composite toward of Cu(Il),
Hg(1I), Zn(I1), and Ni(II) ions at pH = 6.5 is 59.54, 45.54,
43.09, and 34.40 mg/g, respectively. Fig. 5C illustrates the plot
of pHg,a against pHipia for some potassium chloride solu-
tions. The results confirmed that the point of zero charge of
the composite is 3.01. If the pH of the Cu(Il), Hg(II), Zn(II),
or Ni(II) solution is less than 3.01, the composite is positively
charged because it is surrounded by positive hydrogen ions
that repel studied metal ions and therefore % R or Q
decreases. In contrast, if the pH of the Cu(Il), Hg(Il), Zn
(IT), or Ni(II) is higher than 3.01, the composite is negatively
charged because it is surrounded by negative hydroxide ions
that attract studied metal ions and therefore, % R or Q
increases (Khalifa et al., 2020).

3.2.2. Effect of contact time

Fig. 6A-B illustrates the effect of contact time of the studied
metal ion solution on % R and Q (mg/g), respectively. The
results confirmed that % R or Q increases with the increases
in the time to attain a maximum at time = 90 min. Q or %
R was not changed when the contact time go beyond 90 min
owing to the saturation of the active sites. % R of Cu(Il),
Hg(II), Zn(I1), and Ni(II) ions at time = 90 min is 62.50,
47.50, 45.00, and 35.83, respectively. Also, Q of the composite
toward Cu(Il), Hg(I), Zn(II), and Ni(I) ions at
time = 90 min is 60.00, 45.60, 43.20, and 34.40 mg/g,
respectively.

The results of contact time were investigated by two kinetic
models, namely: pseudo-second-order (Eq. (4)) and pseudo-
first-order (Eq. (5)) (Abdelrahman et al., 2021; Abdelrahman
et al., 2020; Abdelrahman and Hegazey, 2019; Abdelrahman
and Hegazey, 2019).

t 1 1

— = 4

) @
K

log (0, ~ Q) = 10gQ, — 5331 (5)

where, Q. (mg/g) represents the uptake capacity of the com-
posite toward studied metal ions at the equilibrium while Q,
(mg/g) represents the uptake capacity of the composite toward
studied metal ions at the contact time t. K; (1/min) represents
the rate constant of the pseudo-first-order model while K, (g/
mg.min) represents the rate constant of the pseudo-second-
order model. Fig. 7A-B illustrates the pseudo-first-order and
pseudo-second-order models, respectively. The data demon-
strated that the correlation coefficients (R?) of the pseudo-
first-order model are smaller than those of the pseudo-
second-order model as displayed in Table 2. Besides, Q., which
was gotten from the pseudo-second-order, is consistent with
the experimental uptake capacity more than that of the
pseudo-first-order. Therefore, the kinetic results were well
described using the pseudo-second-order model than the
pseudo-first-order model. Nonlinear kinetic models were stud-
ied as described by Altowayti et al. (Figures omitted for brev-
ity). The R? value derived from the nonlinear plot is much
smaller than that derived from the linear model. The results
of this study showed that the nonlinear method is a good
way to show the kinetic data (Altowayti et al., 2021).

3.2.3. Effect of temperature

Fig. 8A-B illustrates the effect of temperature of the studied
metal ion solution on % R and Q (mg/g), respectively. The
results confirmed that % R or Q decreases with the increases
in the temperature to attain a minimum at temperature = 32
8 K. % R of Cu(Ill), Hg(Il), Zn(Il), and Ni(II) ions at
temperature = 328 K is 22.50, 15.00, 10.83, and 6.08, respec-
tively. Also, Q of the composite toward Cu(Il), Hg(II), Zn(II),
and Ni(II) ions at temperature = 328 K is 21.60, 14.40, 10.40,
and 5.84 mg/g, respectively. Hence, the optimum temperature
is 298 K. The thermodynamic parameters such as a change in
enthalpy (AH®), change in the entropy (AS°®), and change in
free energy (AG®) were calculated utilizing Egs. (6)&(7)
(Abdelrahman et al.,, 2021; Abdelrahman et al., 2020;
Abdelrahman and Hegazey, 2019; Abdelrahman and
Hegazey, 2019).
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Fig. 4 The N, adsorption/desorption isotherms of the silica (A) and their Schiff base composite (B).
Table 1 The surface textures of the silica and their Schiff base composite.
Sample BET surface area (m?/g) Total pore volume (cc/g) Average pore size (nm)
SiO, 110.142 0.340 6. 253
Composite 89.431 0.172 3.067
AS’  AH’ 0,
Ky =————+ 6 K;== 8
'""R RT (6) 1TC, (®)
AG® — AH® — TAS® (7) Fig. 8C illustrates the plot of InKy against temperature. The

where, T (Kelvin) represents the adsorption temperature while
K4 (L/g) represents the distribution constant. Also, R (kJ/mol
kelvin) represents a gas constant. The distribution constant
(Kq) was calculated utilizing Eq. (8) (Abdelrahman et al.,
2021; Abdelrahman et al., 2020; Abdelrahman and Hegazey,
2019; Abdelrahman and Hegazey, 2019).

thermodynamic parameters are scheduled in Table 3. The data
confirmed that the uptake of Cu(Il), Hg(Il), Zn(II), or Ni(II)
ions using composite is chemical because the value of enthalpy
is above 40 kJ/mol (Khalifa et al., 2020). Besides, the uptake of
Cu(Il), Hg(I), Zn(II), or Ni(Il) ions using composite is
exothermic due to the negative sign of enthalpy. The synthe-
sized composite can form chelates with Cu(Il), Hg(Il), Zn
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Fig. 5 The effect of pH of the studied metal ion solution on % R (A) and Q B).

(I), or Ni(Il) ions as shown in Scheme 2. Moreover, the
uptake of Cu(Il), Hg(IT), Zn(II), or Ni(II) ions using compos-
ite is spontaneous due to the negative sign of free energy. Addi-
tionally, the uptake of Cu(II), Hg(Il), Zn(II), or Ni(II) ions
takes place in a disordered approach at the solution bound-
ary/composite owing to the positive sign of entropy.

3.2.4. Effect of concentration

Fig. 9A-B illustrates the effect of concentration of the studied
metal ion solution on % R and Q (mg/g), respectively. The
results confirmed that % R decreases while Q increases with
the increases in the concentration. % R of Cu(II), Hg(II), Zn
(II), and Ni(II) ions at concentration = 160 mg/L is 52.50,
38.13, 34.38, and 30.00, respectively. Also, Q of the composite
toward Cu(Il), Hg{dI), Zn(II), and Ni(I) ions at
concentration = 160 mg/L is 67.20, 48.80, 44.00, and
38.40 mg/g, respectively. The results of concentration were
investigated using two equilibrium isotherms, namely: Fre-
undlich (Eq. (9)) and Langmuir (Eq. (10)) (Abdelrahman
et al., 2021; Abdelrahman et al., 2020; Abdelrahman and
Hegazey, 2019; Abdelrahman and Hegazey, 2019).

nQ, = nK; + llnCe 9)
n

C, 1 C,

e + 10

0. K0, 0, (1)

where, Q., (mg/g) represents the maximum uptake capacity of
the composite. K4 (L/mg) represents the Langmuir constant
while K5 (mg/g)(L/mg)") represents the Freundlich constant.
1/n represents the heterogeneity constant. The Q. can be
determined from the Freundlich isotherm utilizing Eq. (11)
(Abdelrahman et al., 2021; Abdelrahman et al., 2020;
Abdelrahman and Hegazey, 2019; Abdelrahman and
Hegazey, 2019).

0, =K(c") (1)

Fig. 10A-B illustrates the Langmuir and Freundlich iso-
therms, respectively. The data demonstrated that the correla-
tion coefficients (R?) of the Freundlich isotherm are smaller
than those of Langmuir as clarified in Table 4. Therefore,
the equilibrium results were well described using the Langmuir
isotherm than the Freundlich isotherm. Nonlinear equilibrium
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Fig. 7 The pseudo-first-order (A) and pseudo-second-order (B) models.

Table 2 Kinetic constants for the removal of Cu(Il), Hg(II), Zn(II), and Ni(II) ions using the synthesized composite.

Metal ion Pseudo first order Pseudo second order
Q. (mg/g) K (1/min) R? Q. (mg/g) K, (g/mg.min) R?
Calculated Experimental Calculated Experimental
Cu(II) 48.84 59.54 0.014 0.990 60.49 59.54 0.00048 0.999
Hg(II) 31.19 45.54 0.015 0.963 43.59 45.54 0.00115 0.999
Zn(IT) 32.62 43.09 0.016 0.979 44.42 43.09 0.00086 0.999
Ni(II) 29.67 34.40 0.018 0.984 38.61 34.40 0.00073 0.995

isotherms were studied as described by Altowayti et al. (Fig-
ures omitted for brevity). The R? value derived from the non-
linear plot is much smaller than that derived from the linear
isotherm. The results of this study showed that the nonlinear

method is a good way to show the equilibrium data
(Altowayti et al., 2021). The maximum uptake capacity of
the composite toward Cu(Il), Hg(I1), Zn(II), or Ni(II) ions is
68.630, 50.942, 45.126, and 40.420 mg/g, respectively. The
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Fig. 8 The effect of temperature of the studied metal ion solution on % R (A) and Q B). Fig. 8C. The plot of InK4 against temperature.

Table 3 Thermodynamic parameters for the removal of Cu(Il), Hg(Il), Zn(II), and Ni(II) ions using the synthesized composite.

Metal ion AG® (KJ/mol) AS°® (KJ/molK) AH® (KJ/mol)
Temperature (Kelvin)
298 308 318 328
Cu(II) —92.887 —94.431 —95.975 —97.519 0.154 —46.875
Hg(II) —90.117 —91.641 —93.166 —94.690 0.152 —44.89
Zn(II) —102.662 —104.394 —106.126 —107.858 0.173 —51.049
Ni(II) —117.241 —119.232 —121.224 —123.216 0.199 —57.884

maximum uptake capacity of the unmodified silica toward Cu
(D), Hg(II), Zn(I), or Ni(Il) ions is 5.25, 4.26, 2.83, and
2.24 mg/g, respectively. These values are weak for unmodified
silica because the adsorption is physical in the absence of a
Schiff base. On the contrary, the high adsorption capacity val-
ues in the case of the composite are due to the presence of a

Schiff base, which has the ability to the chemical adsorption
through the formation of chelates with studied metal ions. A
comparison study was carried out between the uptake capacity
of the synthesized composite with that of other adsorbents
such as iron oxide/chitosan composite, graft copolymer, mont-
morillonite, modified zeolite with 4-(3-triethoxysilylpropyl).
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Scheme 2 The adsorption mechanism.

thiosemicarbazide,  guanyl-modified  cellulose, and
mercaptotriazole-functionalized nickel-zinc ferrite micro-
spheres as clarified in Table 5 (Shah et al., 2021; Adamovich
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et al., 2021; Chen et al.,, 2015; Kenawy et al., 2018; Ma
et al., 2021; Monier and Abdel-Latif, 2012). Noticeably, the
synthesized composite reaches higher Q values (mg/g) com-
pared to the materials presented in Table 5. This can be
explained because the loaded Schiff base can form chelates
with studied metal ions due to the strong affinity of metal ions
toward N and O atoms as shown in Scheme 2.

3.2.5. Effect of desorption and reusability

Fig. 11 illustrates the plot of % D against some desorbing
solutions. The used desorbing solutions are 0.45 M of
hydrochloric acid, nitric acid, thiourea, and EDTA disodium
salt. The data demonstrated that 0.45 M of EDTA disodium
salt is the suitable desorbing solution that needed for the max-
imum recovery of the studied metal ions from the synthesized
composite. EDTA is the head member of the family of ligands.
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Fig. 9 The effect of concentration of the studied metal ion solution on % R (A) and Q B).
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Fig. 10 The Langmuir (A) and Freundlich (B) isotherms.
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Table 4 Equilibrium constants for the removal of Cu(Il), Hg(II), Zn(II), and Ni(II) ions using the synthesized composite.

Metal ion Langmuir Freundlich

Qm (mg/g) K4 (L/mg) R’ Qu (mg/g) Ks (mg/g)(L/mg)'"" R’
Cu(II) 68.630 0.301 0.993 76.526 29.379 0.505
Hg(II) 50.942 0.185 0.998 53.005 19.765 0.880
Zn(II) 45.126 0.339 0.999 46.336 24.294 0.959
Ni(II) 40.420 0.096 0.971 36.570 18.362 0.794

Table 5 A comparative study between the adsorption capacity of the composite with other materials.

Adsorbent Q (mg/g) Q (mg/g) Q (mg/g) Q (mg/g) Ref
toward Cu(II) toward Hg(II) toward Zn(II) toward Ni(II)
ions ions ions ions
Iron oxide/chitosan composite - - - 1.140 (Shah et al., 2021)
Graft copolymer of chitosan with 2- - - - 32.74 (Shah et al., 2021)
acrylamido-2-methyl-1-propanesulfonic acid
Zeolite modified with 4-(3- 29.50 - - 16.60 (Adamovich
triethoxysilylpropyl) thiosemicarbazide et al., 2021)
Montmorillonite 7.500 - 9.664 - (Chen et al., 2015)
Guanyl-modified cellulose 83.78 48.00 68.52 - (Kenawy et al.,
2018)
Mercaptotriazole-functionalized nickel-zinc - 66.25 - - (Ma et al., 2021)
ferrite microspheres
Modified magnetic chitosan - - 35.30 - (Monier and
Abdel-Latif,
2012)
SiO,/Schiff base composite 68.630 50.942 45.126 40.420 This study

Table 6 The effect of interference ions on the % removal of Cu(Il), Hg(II), Zn(II), and Ni(II) ions using the synthesized composite.

Interference metal ion % R

Type Concentration (mg/L) Cu(I) Hg(II) Zn(II) Ni(IT)

Co(1I) 0 62.02 47.44 44.88 35.83
50 60.14 46.04 43.78 34.16
80 50.25 38.03 36.04 27.97
100 48.23 35.00 34.75 25.08

Fe(11I) 0 62.02 47.44 44.88 35.83
50 59.06 45.00 42.03 33.15
80 S1.12 35.75 35.12 30.03
100 45.87 33.03 33.09 28.16

Pb(II) 0 62.02 47.44 44.88 35.83
50 60.13 46.01 43.00 33.00
80 56.05 39.12 37.06 26.37
100 50.32 36.43 34.25 24.95

AI(IIT) 0 62.02 47.44 44.88 35.83
50 61.06 46.56 42.97 31.14
80 50.75 38.07 39.03 28.07
100 47.98 36.16 37.35 25.86

EDTA is a hexadentate ligand forming highly stable complexes
with Cu(Il), Hg(I1), Zn(I1), and Ni(II) ions in an aqueous solu-
tion. So, it has the affinity to uptake these metal ions from the
composite surface (Valle et al., 2015; Elgueta et al., 2016).
Fig. 12 illustrates the plot of % R against the adsorption/des-
orption cycle number. The slight reduction in % R proves that
the synthesized composite can be effectively utilized various
times in the uptake of Cu(Il), Hg(Il), Zn(II), and Ni(II) ions
from aqueous media.

3.2.6. Effect of interference

To examine the effect of several ions such as Co(II), Fe(I1I), Pb
(II), and AI(IIT) on the extraction efficacy of Cu(Il), Hg(II),
Zn, and Ni(Il) ions operating the present composite, the
potential interference ion was added at several concentrations
to a 80 mL solution containing 120 mg/L of the examined
metal ion individually. Then, the adsorption procedure was
carried out exactly as stated in the experimental part. Table 6
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represents the effect of the concentration of interference ions
on % R of studied metal ions. The interfering ions were Co
(II), Fe(I1I), Pb(1I), and AI(III). The obtained results indicate
that there is a slight decrease in the value of % R of studied
metal ions in the presence of 50-fold excess of the interfering
metal ion concentration. Also, there is a significant decrease
in the value of % R of studied metal ions when the concentra-
tion of the interfering metal ion equals 80 or100 fold excess.

4. Conclusions

A novel composite was synthesized by modifying silica nanoparticles
with 1-hydroxy-2-acetonaphthone. The synthesized composite was
characterized using several tools such as XRD, FT-IR, FE-SEM, N,
adsorption/desorption analyzer, and CHN analyzer. The synthesized
composite was employed for the efficient removal of Ni(II), Cu(II),

Zn(II), and Hg(II) ions from aqueous media. The maximum uptake
capacity of the composite toward Cu(Il), Hg(IT), Zn(II), or Ni(II) ions
is 68.630, 50.942, 45.126, and 40.420 mg/g, respectively. The results
confirmed that the maximum % removal of studied metal ions was
achieved at pH = 6.5, contact time = 90 min, and adsorption
temperature = 298 K.
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