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KEYWORDS Abstract In this paper, sodium aluminum silicate hydrate was synthesized using rice husk as a sil-
Solmn el sifeie icon source and scrap aluminum cans as an aluminum source. Afterward, with the aid of microwave
hydrate; heating, a composite of sodium aluminum silicate hydrate and (3-aminopropyl)trimethoxysilane
Thioglycolic acid; was facilely synthesized then modified by thioglycolic acid to produce a new composite. Besides,
Novel composite; characterization of the synthesized composite was carried out using XRD, FT-IR, TEM, CHN ele-
Adsorption; mental analyzer, nitrogen gas sorption analyzer, and SEM. The XRD pattern of the produced com-
Heavy metals;. posite shows that there is a halo at 20 = 25.0°, which means that there is a crystalline structure that
Preconcentration is combined with an amorphous background. The SEM and TEM studies indicate that the synthe-

sized composite has a structure similar to cotton. The synthesized composite was utilized for the
efficient removal and preconcentration of Pb(II), Cu(Il), and Zn(II) ions from food and water sam-
ples prior to determination by flame atomic absorption spectrometry. The produced composite has

* Corresponding author.
E-mail addresses: dr.chabsaleh(@yahoo.com, ehab.abdelrahman(@fsc.bu.edu.eg (E.A. Abdelrahman).

Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104178
1878-5352 © 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 license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104178&domain=pdf
mailto:dr.ehabsaleh@yahoo.com
mailto:ehab.abdelrahman@fsc.bu.edu.eg
https://doi.org/10.1016/j.arabjc.2022.104178
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.104178
http://creativecommons.org/licenses/by/4.0/

A.S. Al-Wasidi et al.

a maximum adsorption capacity of 185.53, 168.92, and 125.94 mg/g for Pb(II), Cu(Il), and Zn(II)
ions, respectively. The recovery findings demonstrate that the process is accurate, adaptable, and
resulted in quantitative separation (greater than95 percent). Furthermore, the % RSD was less than
3.5 percent, indicating good reproducibility. The Langmuir isotherm and pseudo-second-order
model fit the experimental results well. The thermodynamic studies established that the adsorption
process is spontaneous, chemical, and exothermic. The produced composite was successfully regen-
erated and used multiple times to remove the metal ions under investigation from aqueous solu-

tions.

© 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Zinc and copper are important elements for humans because they play
a role in a number of biological processes (Rani et al., 2021;
Takahashi, 2022). Numerous disorders are associated with an imbal-
ance of zinc and copper in the human body (Covre et al., 2022;
Disilvestro et al., 2012; Li et al., 2021). In comparison, Lead is not rec-
ognized to have any known biological roles. Lead poisoning has the
greatest effect on the renal, reproductive, and neurological systems
(Stota et al., 2022). Numerous techniques were used for the identifica-
tion of metal ions including electrothermal atomic absorption spec-
trometry (ETAAS), flame atomic absorption spectrometry (FAAS),
inductively coupled plasma mass spectrometry (ICP-MS), and induc-
tively coupled plasma optical emission spectrometry (ICP-OES)
(Chen et al., 2018). In the majority of cases, a preconcentration method
is necessary to increase the instrument’s sensitivity and remove any
matrix interference (Ahmad et al., 2020). Cloud point extraction, dis-
persive solid phase extraction, and liquid—liquid microextraction are
the most frequently used separation procedures (Igbal et al., 2020;
Mandal and Lahiri, 2022; Ramezani et al., 2022). The dispersive solid
phase extraction is distinguished by its ease of use, reproducibility, and
selectivity (Abdelrahman and Hegazey, 2019a, 2019b). Recently, there
has been a surge of interest in the development of effective adsorbents
for a variety of contaminants derived from agricultural wastes
(Abdelrahman et al., 2021). The biosorbents feature a porous structure
that include functional groups, for example, COOH and OH that can
be modified to enhance their capacity for adsorption (Dai et al., 2018).
Rice husk is a byproduct of rice milling with an annual output capacity
of around 500 tons (Seliem et al., 2016). The majority of this quantity
gets disposed of improperly, particularly in developing nations, endan-
gering the environment’s safety (Zhang et al., 2021). Rice husk, which
is composed primarily of silica (approximately 20 %), cellulose (about
55 %), and lignin (approximately 22 %), has been employed as a
source of silica in the creation of mesoporous silica and zeolite com-
pounds (Abdelrahman et al., 2021; Kamari and Ghorbani, 2021). Rice
husk-based materials were enhanced with polypyrrole, diethanola-
mine, and sulfuric acid or nitric acid/potassium carbonate treatment
to serve as effective substances for the removal of metal ions
(Akhtar et al., 2010; El-Shafey, 2010; Xiong et al., 2019). Additionally,
untreated Rice husk ash was employed to adsorb metal ions from
aqueous solutions (Saeed et al., 2022). Also, various zeolite nanoparti-
cles were synthesized from aluminum wastes (Abdelrahman, 2018;
Abdelrahman and Hegazey, 2019a, 2019b). Adsorption with environ-
mentally acceptable materials is an extremely forward-thinking tech-
nology for the removal of organic and inorganic contaminants from
aqueous solutions, particularly when zeolites or geopolymers derived
from solid wastes are used. Recent studies have concentrated on the
use of zeolites or geopolymers as environmentally beneficial nanoad-
sorbents owing to their high efficiency, stability, ease of manufacture,
great binding property, and low cost (Abdelrahman, 2018;
Abdelrahman and Hegazey, 2019a, 2019b). Microwave irradiation is
currently widely utilized in chemical synthesis because it has several

advantages over conventional heating (Wang et al., 2021). The advan-
tages usually involve accelerated reaction times, pure samples, high
yields, and security. Microwave heating works by directing energy
via the container’s walls and heating only the components of the vessel.
Because the heating is homogeneous, there are undesirable by-products
and the potential of particle agglomeration is minimized (Liu et al.,
2021). Despite these benefits, microwave heating is only used in a
restricted number of cases to modify adsorbents for dispersive solid
phase extraction. The use of microwave to modify the compounds
resulted in more effective compounds than those generated using reflux
method (Hussain et al., 2022; Naeimi et al., 2022). In this work,
sodium aluminum silicate hydrate was facilely synthesized according
to our previous work by Ehab et al. exploiting rice husk as a silicon
source and waste aluminum cans as an aluminum source
(Abdelrahman et al., 2021). After that, a composite of sodium alu-
minum silicate hydrate with (3-aminopropyl)trimethoxysilane was
facilely synthesized then modified by thioglycolic acid as a novel com-
posite by the aid of microwave heating. The paper’s novel aspect stems
from the loading of thioglycolic acid on sodium aluminum silicate
hydrate, where this acid has hydroxyl and thiol functional groups,
which can react with metal ions to produce chelates. Thus, it is
expected that this new composite will be promising in extracting metal
ions from aqueous solutions. The sodium aluminum silicate hydrate/
thioglycolic composite was identified utilizing XRD, FT-IR, TEM,
CHN elemental analyzer, nitrogen gas sorption analyzer, and SEM.
The synthesized solid phase was operated for the removal and precon-
centration of Pb(II), Zn(II), and Cu(II) ions from aqueous solutions
using the batch protocol. The proposed dispersive solid phase extrac-
tion method was employed for preconcentration of studied metal ions
from real samples before analysis by flame atomic absorption
spectrometry.

2. Experimental

2.1. Chemicals

Sodium hydroxide (NaOH), (3-aminopropyl)trimethoxysilane
(CgH17NO3Si), thioglycolic acid (C>,H40-S), hydrochloric acid
(HCI), toluene (C;Hjg), ethanol (C,HgO), lead(Il) nitrate
(Pb(NO3),), zine(II) chloride heptahydrate (ZnCl,-6H,0), cop-
per(Il) chloride dihydrate (CuCl,-6H,O), potassium chloride
(K (), ethylenediaminetetraacetic acid disodium salt dihydrate
(C1oHN;Nas01g), nitric acid (HNO;3), and thiourea
(CH4N,S) were obtained from Sigma Aldrich Company
(Purity = 99.99 %) and consumed as received without any
additional purification. The rice husk was collected from a rice
mill located near the Egyptian city of Menia Algamh. Besides,
aluminum cans were collected from a local market in Benha

city, Egypt.
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2.2. Synthesis of composite

Firstly, the sodium aluminum silicate hydrate sample was pre-
pared according to our previous work by Ehab et al. exploiting
rice husk as a silicon source and waste aluminum cans as an
aluminum source (Abdelrahman et al., 2021; Al-wasidi et al.,
2022; Al-Wasidi et al., 2022a). For obtaining rice husk ash,
the rice husk was burnt at 700 °C for 7.00 hrs. Also, 2.50 g
of rice husk ash was refluxed for 2.00 hrs using a 100.00 mL
of 1.50 M sodium hydroxide solution for obtaining the silicon
solution. Besides, 1.00 g of the outer part of aluminum cans
was refluxed for 30 min using a 55.00 mL of 2.10 M sodium
hydroxide solution for obtaining the aluminum solution.
Moreover, the aluminum solution was added drop by drop
to the silicon solution with continual stirring for 1.50 hrs. Fur-
thermore, the mixture was heated until 75 mL remained then
the remaining volume was hydrothermally treated for 12.00
hrs at 150.00 °C using a 100.00 mL Teflon-lined autoclave.
The white precipitate formed was filtered using a centrifuge,
washed carefully with hot distilled water and ethanol, and
dried for 24 hrs at 60 °C. The novel composite of sodium alu-
minum silicate hydrate with (3-aminopropyl)trimethoxysilane
was prepared according to our previous work by Khalifa
et al. with some changes (Khalifa et al., 2020). 2.00 g of the
sodium aluminum silicate hydrate and 2.20 mL of (3-aminopro
pyDtrimethoxysilane were mixed then refluxed for 24 hrs at
120 °C using a 50.00 mL toluene. The obtained composite
was filtered using a centrifuge, washed carefully with hot
distilled water and ethanol, and dried for 24 hrs at 60 °C.
Additionally, 1.00 g of sodium aluminum silicate hydrate/
(3-aminopropyl)trimethoxysilane composite, 1.00 mL of
thioglycolic acid, and 60.00 mL of toluene were mixed then
transferred into a 100.00 mL Teflon-lined autoclave to
hydrothermally treated for 3.00 hrs at 120.00 °C using a
domestic microwave oven (Abdelrahman et al., 2021;
Al-wasidi et al., 2022; Al-Wasidi et al., 2022a). The formed
product was filtered using a centrifuge, washed carefully with
hot distilled water and ethanol, and dried for 24 hrs at
60 °C. The processes involved in the synthesis of sodium
aluminum silicate hydrate/(3-aminopropyl)trimethoxysilane/
thioglycolic acid composite are summarized in Scheme 1
(Abdelrahman et al., 2021; Al-wasidi et al., 2022; Al-Wasidi
et al., 2022a).

2.3. Instruments

X-ray diffraction patterns of the synthesized samples were
obtained utilizing Dg Advance X-ray diffractometer adopting
copper target with K, line have a wavelength equal to
0.15 nm. Infrared spectra of the synthesized samples were
obtained using KBr disc in the range from 4000 to 400 cm ™"
utilizing a Nicolet FT-IR spectrometer. A Quantachrome
NOVA touch LX, nitrogen gas sorption analyzer was
employed for the measurement of the average pore radius,
BET surface area, and total pore volume of the synthesized
samples. The surface morphology and EDX spectra of the syn-
thesized samples were obtained utilizing a JEOL 2000 Scan-
ning electron microscope. The morphologies of the
synthesized samples were obtained utilizing an EM-2100
high-resolution transmission electron microscope. A PerkinEl-

mer CHN Elemental Analyzer was utilized for the measure-
ment of the CHN percent of the synthesized composite. The
concentration of studied metal ions was determined utilizing
a 210 Buck Scientific atomic absorption spectrometer equipped
with an acetylene—air flame. The wavelengths for lead, zinc,
and copper were 283.30, 213.90, and 324.80 nm, respectively
whereas a spectral bandwidth equals 7 A.

2.4. Extraction of Cu(II), Pb(II), and Zn(II) ions from
aqueous solutions

The effect of pH was studied as the following; 50 mg of the
synthesized composite were mixed with 80 mL of 120 mg/L
of the studied metal ion at adapted pH (2.00-8.00). After
180 min of stirring, the mixture was filtered. An atomic
absorption spectrometer was used to determine the remaining
concentration of the examined metal ion in the filtrate. The pH
of the metal ion solution was adjusted using 0.1 M NaOH or
HCI. A value higher than pH = 8 has not been studied for
the occurrence of precipitation, which makes the % removal
as a result of adsorption unreal. The effect of time was studied
as the following; 50 mg of the synthesized composite were
mixed with 80 mL of 120 mg/L of the studied metal ion at
pH = 6 for varied times (5-120 min). After stirring at specified
times, the mixture was filtered. An atomic absorption spec-
trometer was used to determine the remaining concentration
of the examined metal ion in the filtrate. The effect of temper-
ature was studied as the following; 50 mg of the synthesized
composite were mixed with 80 mL of 120 mg/L of the studied
metal ion at pH = 6 for varied temperatures (298-323 K).
After stirring for 80 min, the mixture was filtered. An atomic
absorption spectrometer was used to determine the remaining
concentration of the examined metal ion in the filtrate. The
effect of concentration was studied as the following; 50 mg
of the synthesized composite were mixed with 80 mL of varied
concentrations (5-180 mg/L) of the studied metal ion at pH
equals 6. After stirring for 80 min, the mixture was filtered.
An atomic absorption spectrometer was used to determine
the remaining concentration of the examined metal ion in
the filtrate. Eq. (1) was utilized to determine the quantity of
extracted Pb(II), Zn(II), or Cu(II) ions per gram of the synthe-
sized composite (Q, mg/g).
vV

0=I[C~-C,] XM (1)

Eq. (2) was utilized to determine the % removal (% R) of
Zn(11), Pb(II), or Cu(II) ions.
C—C,

i

%R = x 100 (2)

C; (mg/L) denotes the starting concentration of Zn(II), Pb
(IT), or Cu(Il) ions. Besides, C. (mg/L) denotes the equilibrium
concentration of Zn(II), Pb(Il), or Cu(Il) ions in the filtrate.
Moreover, V (L) denotes the volume of Zn(II), Pb(II), or Cu
(IT) solution. Additionally, M (g) denotes the mass of the syn-
thesized composite. To investigate the effect of desorption,
50 mg of the synthesized composite were mixed with 80 mL
of 5 mg/L of the studied metal ion at pH = 6 for 80 min. Then,
filtration was used to separate the solid phase from the liquid
phase, which was then washed many times with distilled water
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to remove unloaded ions. Besides, adsorbed ions on the syn-
thesized composite were desorbed by shaking for 10 min with
5 mL of 0.5 M of desorbing agents, for example, thiourea,
EDTA disodium salt, and HNOj;. Eq. (3) was utilized to deter-
mine the % desorption (% D).

100C,V,

=y

3)

Cq4 (mg/L) denotes the concentration of Zn(II), Pb(Il), or
Cu(Il) in the eluate. Besides, V4 (L) denotes the volume of
the eluent. Four successive adsorption/desorption runs were
accomplished to determine the reusability of the synthesized
composite. Following each run, the adsorbent was repeatedly
washed carefully with distilled water to prepare it for the fol-
lowing adsorption run. After each run, the percent removal
(% R) was calculated using Eq. (1). Khalifa et al. method
was used to calculate the point of zero charge (pHpzc) of the
synthesized composite (Khalifa et al., 2020) as the following:
the initial pH value of 50 mL of 0.025 M KCl solutions was
modified to accommodate a range of pH values ranging from
2.00 to 12.00 utilizing 0.1 M HCI or NaOH. Besides, 0.15 g of
the synthesized composite was mixed with each KCl solution
then the mixture was stirred for 8 hrs. After that, filtration
was used to separate the solid phase from the liquid phase then
the final pH value (pHggay) of the filtrate was determined. The
pHgna values were plotted versus the pHjna values. The
pH,,,c value represents the pHgn, value at which a typical pla-
teau is reached (Khalifa et al., 2020).

The synthetic steps of the sodium aluminum silicate hydrate/thioglycolic acid composite.

2.5. Actual real sample collection and pretreatment

Water samples were gathered from several places in
polypropylene flasks which were prewashed using nitric acid
(10 % V/V). Before keeping the collected samples in the refrig-
erator, they were filtered using pore-size membranes (0.45-pum)
and acidified to a pH of 2.0 using HNOj3. Food samples (spi-
nach, chicken, and fish) were obtained from the local markets
at Benha city, Egypt. Each sample’s edible portion was sepa-
rated and carefully washed using distilled water before being
cut into little pieces. Following 12 hrs of drying at 65 °C, the
samples were ground until homogeneity was achieved then
kept in polyethylene grabs. The samples were digested using
a microwave-assisted acid digestion technique for attaining a
short-term process. 0.5 g of dry sample was collected in Teflon
digesting tubes separately then 2 mL of 30 % H,O, and 4 mL
of HNO; were added. After 15 min at room temperature, the
tubes were hermetically sealed then heated accordance to the
one-step procedure outlined below (power: 1650 W; tempera-
ture: 200 °C; ramp time: 16 min; cooling time: 16 min; hold
time: 16 min). After rewarming the tubes to room temperature,
the solutions were almost totally evaporated and then diluted
with distilled water to 50 mL.

2.6. Preconcentration process

In a conical flask, 50 mL of digested solution or water sample
was combined with 0.05 g of the synthesized composite. The
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pH of the solution was changed to 6.0 with NaOH and/or HCI
solutions, and the volume of solution was increased to 80 mL
using distilled water. Also, the contents were stirred for 80 min
then the adsorbent substance was separated and poured into a
25 mL beaker. After adding 5 mL of 0.5 M HNOs, the mixture
was stirred for 10 min to allow the metal ions to desorb. The
filtrate was then analyzed for determining the concentration
of studied metal ions using atomic absorption spectrometer.

3. Results and discussion

3.1. Characterization of the synthesized composite

Fig. 1A-B illustrate the X-ray diffraction patterns of sodium
aluminum silicate hydrate and sodium aluminum silicate
hydrate/(3-aminopropyl)trimethoxysilane/thioglycolic acid
composite, respectively (Abdelrahman et al., 2021). The
distinct peaks of sodium aluminum silicate hydrate at 26 =
13.9°, 24.3°, 31.6°, 34.7°, 37.4°, 42.8°, 52.0°, 58.2°, 62.0°, and
63.9° correspond to the lattice plans (110), (211), (310),
(222), (321), (411), (510), (440), (600), and (611), respec-
tively (Abdelrahman et al., 2021). The XRD pattern of the syn-
thesized composite shows that there is a halo at 20 = 25.0,
which means that there is a crystalline structure that is com-
bined with an amorphous background (Khalifa et al., 2020).

Fig. 2 illustrates the FT-IR spectrum of sodium aluminum sil-
icate  hydrate/(3-aminopropyl)trimethoxysilane/thioglycolic
acid composite. The peaks, which were observed at 3590 and
1645 cm ™', are attributed to the stretching and bending vibra-
tion of adsorbed H,O and/or C=N, respectively. The peaks,
which were observed at 2600 and 2810 cm™', are attributed
to the stretching vibration of SH and CH, respectively. More-
over, the peaks, which were observed at 1475 and 992 cm™
are attributed to external and internal asymmetric stretching
of X-O-X (X = Si and/or Al), respectively. Also, the peaks,
which were observed at 710 and 626 cm ™!, are attributed to
external and internal symmetric stretching of X-O-X
(X = Si and/or Al), respectively. Besides, the peaks, which
were observed at 563 and 460 cm ™!, are attributed to double
ring vibration and bending vibration of X-O-X (X = Si and/
or Al), respectively (Abdelrahman et al., 2021; Abdelrahman
and Hegazey, 2019a, 2019b; Al-Wasidi et al., 2022b; Khalifa
et al., 2020). The elemental analysis of the sodium aluminum
silicate hydrate/(3-aminopropyl)trimethoxysilane/thioglycolic
acid composite shows carbon, hydrogen, nitrogen, and sulfur
content of 15.12, 2.50, 1.41, and 8.50 %, respectively. The
SEM and TEM studies indicate that the synthesized composite
has a structure similar to that of cotton. Hence, this indicates
that the crystalline phase is combined with an amorphous
background as shown in Figs. 3 and 4, respectively. The
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The X-ray diffraction patterns of the sodium aluminum silicate hydrate (A) and their thioglycolic acid composite (B).
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Fig. 2 The FT-IR spectra of the sodium aluminum silicate
hydrate/thioglycolic acid composite.

BET study exhibits that the synthesized composite is
mesoporous (average pore radius = 4.20 nm) with an average
surface area and total pore volume of 3.05 m?%/g and
3.92 x 10* cc/g, respectively (Abdelrahman and Hegazey,
2019a, 2019b). The anticipated decline in the surface area fol-
lowing functionalization is owing to the presence of organic
functional groups on the sodium aluminum silicate hydrate
backbone, which prevent nitrogen gas from entering the
sodium aluminum silicate hydrate pores during the BET
method (Abdelrahman et al., 2021; Abdelrahman and
Hegazey, 2019a, 2019b).

3.2. Extraction of Cu(II), Pb(II), and Zn(II) ions from
aqueous solutions

3.2.1. Effect of pH

Fig. SA-B represents the effect of pH on % R of Pb(II), Cu(Il),
or Zn(II) ions and adsorption capacity of the synthesized com-

Fig. 4 The HR-TEM image of the sodium aluminum silicate
hydrate /thioglycolic acid composite.

posite, respectively. It was found that when the pH is raised
from 2 to 6, both the removal percentage and the adsorption
capacity go up a lot. Also, it was found that there is a slight
increase when the pH changes from 6 to 8 due to the saturation
of active sites. As a result, pH = 6 was chosen as the optimal
pH for the subsequent studies. % Removal of Pb(II), Cu(Il),
and Zn(II) ions at pH = 615 94.10, 81.62, and 62.08 %, respec-
tively. At pH = 6, the produced composite has an adsorption
capacity of 180.67, 156.70, and 119.20 mg/g for Pb(II), Cu(Il),
and Zn(II) ions, respectively. The pHgpa VS pHinitiar curve for
several KCl solutions is given in Fig. 5C. Besides, the results
indicated that the composite point of zero charge is 3.51. It

Fig. 3 The FE-SEM image of the sodium aluminum silicate hydrate/thioglycolic acid composite.
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Fig. 5 The influence of pH of the examined metal ion solution on % removal (A) and adsorption capacity (B). Determination of point of
zero charge via the plot of pHgpna versus pHipiia for several KCl solutions (C).

was found that when the pH of the Cu(Il), Pb(Il), or Zn(II)
solution is not greater than 3.51, the synthesized composite
has a positive charge due to the presence of positive hydrogen
ions which repelled the investigated ions, resulting in a reduc-
tion in the removal percentage and the adsorption capacity.
Also, when the pH of the Cu(II), Pb(Il), or Zn(II) solution is
greater than 3.51, the synthesized composite has a negative
charge due to the presence of negative hydroxide ions which
are attracted to the investigated ions and therefore increase
the removal percentage and the adsorption capacity
(Abdelrahman and Hegazey, 2019a, 2019b; Al-Wasidi et al.,
2022b; Khalifa et al., 2020).

3.2.2. Effect of time

Fig. 6A-B represents the effect of time on % R of Pb(Il), Cu
(I1), or Zn(II) ions and adsorption capacity of the synthesized
composite, respectively. It was found that when the time is
raised from 5 to 80 min, both the removal percentage and
the adsorption capacity go up a lot. Also, it was found that
there is a slight increase when the time changes from 80 to

120 min owing to the saturation of the active sites. As a result,
time = 80 min was chosen as the optimal time for the subse-
quent studies. % Removal of Pb(Il), Cu(Il), and Zn(II) ions
at time = 80 min is 94.17, 82.50, and 63.33 %, respectively.
At time = 80 min, the produced composite has an adsorption
capacity of 180.80, 158.40, and 121.60 mg/g toward Pb(II), Cu
(I1), and Zn(II) ions, respectively. Two kinetic models were
employed to investigate the influence of contact time:
pseudo-second-order (Eq. (4)) and pseudo-first-order (Eq. (5)
(Abdelrahman and Hegazey, 2019a, 2019b; Al-Wasidi et al.,
2022b; Khalifa et al., 2020).

t 1 1

— =+ 4

0, K00 @
K

log(Q, ~ Q) = 1080, — 5531 (5)

Q. (mg/g) is the equilibrium adsorption capacity of the syn-
thesized composite toward the examined metal ions. Q, (mg/g)
denotes the adsorption capacity of the synthesized composite
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Fig. 7 The pseudo-first-order (A) and pseudo-second-order (B) kinetic models.
Table 1 Kinetic constants for the removal of Pb(II), Cu(II), and Zn(II) ions using the sodium aluminum silicate hydrate /thioglycolic

acid 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
Pb(II) 137.10 180.80 0.0283 0.9723 191.94 180.80 0.00035 0.9999
Cu(Il) 97.95 156.70 0.0266 0.9363 155.28 156.70 0.00074 0.9994
Zn(II) 85.63 119.20 0.0278 0.9749 123.15 119.20 0.00071 0.9958
toward the metal ions under investigation at the contact time t. pseudo-first-order ~ and  pseudo-second-order  models,

The pseudo-first-order model’s rate constant is denoted by K;
(1/min), whereas the pseudo-second-order model’s rate con-
stant is denoted by K, (g/mg.min). Fig. 7A-B illustrate the

respectively. The correlation coefficients (R?) of the pseudo-
first-order model are smaller than those of the pseudo-
second-order model, as shown in Table 1. Additionally, the
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Fig. 9 The plot of InKy versus temperature.

pseudo-second-order adsorption capacity is more consistent
with experimental adsorption capacity than that of the
pseudo-first-order. Consequently, the pseudo-second-order
model explained the kinetic data more accurately than the
pseudo-first-order model. Thus, the chemical reaction appears
to be involved in the rate-controlling step.

3.2.3. Effect of temperature

Fig. 8A-B represents the effect of temperature on % R of Pb
(IT), Cu(II), or Zn(II) ions and adsorption capacity of the syn-
thesized composite, respectively. It was found that when the
temperature is raised from 298 to 328 K, both the removal per-
centage and the adsorption capacity decrease. As a result,
temperature = 298 K was chosen as the optimal temperature
for the subsequent studies. % Removal of Pb(II), Cu(Il), and
Zn(Il) ions at temperature = 328 K is 64.90, 49.94, and
21.70 %, respectively. At 328 K, the produced composite has
an adsorption capacity of 124.61, 95.89, and 41.66 mg/g

toward Pb(II), Cu(Il), and Zn(II) ions, respectively. The ther-
modynamic parameters: change in enthalpy (AH®), change in
entropy (AS°), and change in free energy (AG®) were calculated
using Egs. (6) & (7) (Abdelrahman and Hegazey, 2019a,
2019b; Al-Wasidi et al., 2022b; Khalifa et al., 2020).
AS°  AH°

R RT

AG® = AH° — TAS® (7)

T (Kelvin) is the adsorption temperature while K4 (L/g)
denotes the distribution constant. Additionally, R (kJ/mol kel-
vin) is a gas constant. The distribution constant was deter-
mined using Eq. (8) (Abdelrahman and Hegazey, 2019a,
2019b; Al-Wasidi et al., 2022b; Khalifa et al., 2020).

(®)

Fig. 9 depicts the InKy versus temperature graph. The ther-
modynamic parameters are listed in Table 2. Due to the fact
that the enthalpy value exceeds 40 kJ/mol, the data established
that the adsorption of Cu(Il), Pb(Il), or Zn(II) ions via the
synthesized composite is chemical (Abdelrahman and
Hegazey, 2019a, 2019b; Al-Wasidi et al., 2022b; Khalifa
et al., 2020). Additionally, due to the negative sign of AH®,
the adsorption of Cu(Il), Pb(II), or Zn(II) ions is exothermic
when the synthesized composite is used (Abdelrahman and
Hegazey, 2019a, 2019b; Al-Wasidi et al., 2022b; Khalifa
et al., 2020). Moreover, due to the negative sign of the AG®,
the adsorption of Cu(II), Pb(II), or Zn(II) ions is spontaneous
when using the synthesized composite. Due to the positive sign
of AS°®, the adsorption of Cu(II), Pb(II), or Zn(II) ions occurs
in a disorderly manner at the solution boundary/composite
(Abdelrahman and Hegazey, 2019a, 2019b; Al-Wasidi et al.,
2022b; Khalifa et al., 2020).

3.2.4. Effect of concentration

Fig. 10A-B represents the effect of concentration on % R of
Pb(I1), Cu(Il), or Zn(II) ions and adsorption capacity of the
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Fig. 10  The influence of concentration of the examined metal ion solution on % removal (A) and adsorption capacity (B).

Table 2 Thermodynamic parameters for the removal of Pb(II), Cu(Il), and Zn(II) ions using the sodium aluminum silicate hydrate/

thioglycolic acid composite.

Metal ion AG® (KJ/mol) AS° (KJ/molK) AH® (KJ/mol)
Temperature (kelvin)
298 308 318 328
Pb(1I) —107.55 —109.22 —110.89 —112.57 0.1674 —57.66
Cu(II) —81.50 —82.79 —84.07 —85.36 0.1284 —43.23
Zn(11) —-96.94 —98.52 —100.11 —101.69 0.1582 —49.79
A B
10 + 5.5
5.0
0.8
4.5 -
0.6
4.0
gﬂ) aﬂ)
O 0.4 £ 35
3.0
0.2
= Pb(ll) 25 Pb(ll)
e cCu(ll) ' Cu(ll)
A Zn(ll Zn(ll
0.0 + L 2.0 - o
T T T T T T 1 T T T T T 1
0 20 40 60 80 100 120 -6 -4 -2 0 2 4 6
Ce In Ce
Fig. 11 The Langmuir (A) and Freundlich (B) isotherms.

synthesized composite, respectively. It was found that when
the concentration is raised from 5 to 180 mg/L, the removal
percentage decreases while the adsorption capacity increases

(Abdelr
2022b;

ahman and Hegazey, 2019a, 2019b; Al-Wasidi et al.,
Khalifa et al., 2020). Freundlich (Eq. (9)) and

Langmuir (Eq. (10)) equilibrium isotherms were utilized for
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Table 3 Equilibrium constants for the removal of Pb(II), Cu(Il), and Zn(II) ions using the sodium aluminum silicate hydrate /

thioglycolic acid composite.

Metal ion Langmuir Freundlich

Qm (mg/g) K3 (L/mg) R? Qm (mg/g) K, (mg/g)(L/mg)"" R?
Pb(II) 185.53 1.8148 0.9996 407.81 69.7139 0.8581
Cu(Il) 168.92 0.4134 0.9962 297.02 39.5679 0.9196
Zn(II) 125.94 0.8429 0.9997 173.99 41.0762 0.9228

Table 4 Comparison of adsorption capacity of various adsorbents toward Pb(II), Cu(II), and Zn(II) ions.

Q (mg/g) toward
Pb(II) ions

Q (mg/g) toward
Cu(II) ions

Q (mg/g) toward Ref
Zn(II) ions

Adsorbent

Xanthate modified magnetic chitosan 76.90
Cross-linked chitosan with epichlorohydrin 34.13
Iron oxide/activated carbon composite -
Zeolite 109.89
Amidoxime-functionalized polypropylene fiber 45.64
Maghemite nanotubes 71.42
Carbon gel 16.95
Guanyl-modified cellulose 52.00
Sodium aluminum silicate hydrate/(3-aminopropyl) 185.53

trimethoxysilane/thioglycolic acid composite

34.50 20.80 Zhu et al., 2012
35.46 10.21 Chen et al., 2008
8.06 - Jain et al., 2018
57.80 36.77 Joseph et al., 2020
47.23 37.78 Zhao et al., 2020

111.11 84.95 Roy and
Bhattacharya,
2012
6.64 - Osinska, 2017
83.00 78.00 Kenawy et al.,
2018
168.92 125.94 This study

a 60

%

HNO3

Thiourea EDTA disodium salt

Desorbing agent

Fig. 12 The plot of % desorption versus several desorbing
solutions.

analyzing the concentration data (Abdelrahman and Hegazey,
2019a, 2019b; Al-Wasidi et al., 2022b; Khalifa et al., 2020).

1
mQ, = nkK; + ;lnCe 9)

C, 1 C,

0." %o, 0,

(10)

100

80

40 4

20

0 1 2 3 4

Cycle number

Fig. 13 The plot of % removal versus the cycle number.

Qm (mg/g) is the maximal adsorption capacity of the syn-
thesized composite. K4 (L/mg) is the Langmuir constant, while
K; (mg/g)(L/mg)"" is the Freundlich constant. 1/n denotes the
heterogeneity constant. The Freundlich isotherm can be used
to determine the Q. using Eq. (11) (Abdelrahman and
Hegazey, 2019a, 2019b; Al-Wasidi et al., 2022b; Khalifa
et al., 2020).

0, =K (c") (1)
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Table 5 Removal of Pb(II), Cu(Il), and Zn(II) ions from binary mixtures in the presence of several diverse ions.

Diverse ion Tolerance limit (mg/L) % R

Pb(II) Cu(II) Zn(IT)
K@) 1000 99.19 99.27 99.23
Na(I) 1000 98.25 99.54 99.16
Ca(Il) 100 95.78 95.30 96.05
Ba(II) 80 96.17 97.18 97.07
Mg(II) 100 97.35 98.45 96.43
Hg(II) 80 96.06 96.45 95.87
Cd(I1) 80 95.89 96.26 95.90
Fe(II) 100 97.08 97.83 96.32
Mn(II) 100 97.32 95.62 98.11
Ni(II) 100 96.59 97.07 95.85
AI(TIT) 100 98.26 98.57 97.24
Fe(III) 80 97.84 95.80 96.73
HCO* 1000 99.57 99.62 99.31
NO* 1000 99.69 99.48 99.20
Cr 1000 99.31 99.58 99.60
SO 1000 99.65 99.90 99.65

Table 6 Results for the calculation of Pb(II) ions in real samples (mean + (SD x t/y/n),n = 5,t = 2.776, Confidence level = 95 %).

Sample Added volume from Pb(II) stock solution (1000 mg/L)

0 mL 0.2 mL 0.4 mL

Found concentration % % Found concentration % % Found concentration % %

(mg/L) Recovery RSD  (mg/L) Recovery RSD (mg/L) Recovery RSD
Sea water 10.432 + 0.044 - 0.342  12.862 £ 0.407 99.707 2.552  15.176 + 0.259 98.830 1.376
River water  7.250 £ 0.248 - 2.759  9.592 £ 0.116 98.625 0.976  12.182 + 0.194 99.942 1.280
Chicken 8.610 + 0.198 - 1.855 10.936 + 0.213 98.679 1.570  13.318 =+ 0.299 98.344 1.813
muscles
Fish 7.030 + 0.121 - 1.386 9.220 £ 0.283 96.989 2473 11.818 + 0.255 98.729 1.737
muscles
Spinach 0.496 + 0.014 - 2299 2.87 + 0.104 96.034 2915 529 + 0.178 96.733 2.707
leaves

Table 7 Results for the calculation of Cu(Il) ions in real samples (mean = (SD x t/y/n),n = 5,t = 2.776, Confidence level = 95 %).

Sample Added volume from Zn(II) stock solution (1000 mg/L)
0 mL 0.5 mL 1.0 mL
Found concentration % % Found concentration % % Found concentration % %
(mg/L) Recovery RSD  (mg/L) Recovery RSD  (mg/L) Recovery RSD
Sea water 12.926 + 0.189 - 1.183 15.314 £+ 0.235 99.522 1.239 17.716 £+ 0.385 99.322 1.751
River water  10.124 £ 0.172 - 1.366 12.366 + 0.277 98.201 1.802 14.724 + 0.303 97.842 1.658
Chicken 39.504 £+ 0.692 - 1412  44.940 + 0.723 98.835 1.296  50.950 + 0.328 99.198 0.519
muscles
Fish 45.330 + 0.528 - 0.938 51.200 + 1.039 99.884 1.634  56.934 £+ 0.897 99.681 1.269
muscles
Spinach 19.88 £+ 0.296 - 1.201  25.660 + 0.286 98.815 0.897 31.260 + 0.606 97.748 1.561

leaves
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Table 8 Results for the calculation of Zn(II) ions in real samples (mean = (SD X t/y/n), n = 5,t = 2.776, Confidence level = 95 %).

Sample Added volume from Cu(II) stock solution (1000 mg/L)

0 mL 0.2 mL 0.4 mL

Found concentration % % Found concentration % % Found concentration % %

(mg/L) Recovery RSD  (mg/L) Recovery RSD  (mg/L) Recovery RSD
Sea water 4.586 + 0.159 - 2.799  6.990 + 0.188 98.892 2.169 9.536 + 0.144 99.976 1.218
River water 8.970 £+ 0.136 - 1.221  11.380 + 0.143 99.463 1.012  13.720 £+ 0.239 98.702 1.402
Chicken 5.958 + 0.155 - 2.098 8.300 + 0.133 98.377 1.289 10.838 + 0.143 99.399 1.061
muscles
Fish 8.132 £ 0.162 - 1.609 10.468 £ 0.148 98.704 1.135 12.844 £ 0.121 98.296 0.756
muscles
Spinach 6.956 £+ 0.072 - 0.829 9.426 + 0.156 99.932 1.337 11.802 £+ 0.176 99.206 1.202
leaves

Fig. 11A-B illustrate the Langmuir and Freundlich iso-
therms, respectively. As indicated in Table 3, the Freundlich
isotherm correlation coefficients (R?) are less than those of
Langmuir. Accordingly, the Langmuir isotherm performed
better than the Freundlich isotherm in representing equilib-
rium data. The synthesized composite has a maximum absorp-
tion capacity of 185.53, 168.92, and 125.94 mg/g for Pb(II), Cu
(IT), and Zn(II) ions, respectively. Besides, as illustrated in
Table 4, the synthetic composite’s adsorption capability was
compared to that of various adsorbents such as xanthate mod-
ified magnetic chitosan, cross-linked chitosan with epichloro-
hydrin, iron oxide/activated carbon composite, zeolite,
amidoxime-functionalized polypropylene fiber, maghemite
nanotubes, carbon gel, and guanyl-modified cellulose (Chen
et al., 2008; Jain et al., 2018; Joseph et al., 2020; Kenawy
et al.,, 2018; Osinska, 2017; Roy and Bhattacharya, 2012;
Zhao et al., 2020; Zhu et al., 2012). The synthesized composite
outperformed the majority of adsorbents due to its high
adsorption capacity.

3.2.5. Effect of desorption and reusability

The plot of % desorption versus some desorbing agents is pre-
sented in Fig. 12. Desorbing agents included 0.5 M EDTA dis-
odium salt, nitric acid, and thiourea. The results indicate that
0.5 M of nitric acid is the optimal desorbing agent for retriev-
ing the maximum amount of studied ions from the synthesized
composite. Moreover, the plot of % removal versus the cycle
number is presented in Fig. 13. The slight drop in percent
removal indicates that the produced composite can be effi-
ciently regenerated and reutilized for the adsorption of Cu
(I1), Pb(II), and Zn(II) ions from aqueous media.

3.2.6. Effect of co-existing ions

To investigate the influence of several anions and cations on
the extraction efficacy of Cu(Il), Pb(II), and Zn(II) ions oper-
ating the present process, the potential interfering ion was
added at various concentrations to a 80 mL solution contain-
ing 220 pg/L of the examined metal ion individually. The
extraction procedure was carried out exactly as stated previ-
ously, and the extraction efficacy was assessed. The tolerance
limit was determined as the greatest concentration of the
accompanying ion that produced a 5 % mistake through the
extraction procedure. Table 5 obviously demonstrates that
the majority of coexisting ions have a reasonably high toler-

ance limit, showing the procedure’s selectivity. As a result,
the approach can be used for analyzing real samples of varied
components.

3.3. Application

The proposed separation procedure was used to preconcen-
trate Cu(Il), Pb(II), and Zn(II) in real samples (Sea water, river
water, fish muscles, chicken muscles, and spinach leaves) prior
to atomic absorption spectrometer analysis. Tables 6, 7, and 8
summarizes the results of preconcentration of Cu(Il), Pb(II),
and Zn(II) ions along with the recoveries for the spiked sam-
ples, respectively. The recovery findings demonstrate that the
process is accurate, adaptable, and resulted in quantitative sep-
aration (greater than95 percent). Furthermore, the % RSD
was less than 3.5 percent, indicating good reproducibility.

4. Conclusions

In the current study, sodium aluminum silicate hydrate was prepared
and chemically modified using thioglycolic acid with the assistance of
microwave radiation. The synthesized composite was characterized
using some physical and chemical devices and was employed for the
removal and preconcentration of Cu(II), Pb(II), and Zn(II) ions from
aqueous solutions and food samples (Sea water, river water, fish muscles,
chicken muscles, and spinach leaves). The thermodynamic experiments
revealed an exothermic, chemical, and spontaneous adsorption process.
Commonly occurring interfering ions had no effect on the removal pro-
cess. The composite can be used for at least four adsorption/desorption
cycles without losing adsorption effectiveness. The synthesized compos-
ite has a maximum absorption capacity of 168.92, 185.53, and
125.94 mg/g for Cu(Il), Pb(II), and Zn(II) ions, respectively.
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