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Abstract

The presence of Pb(Il) ions in water causes many diseases, such as anemia, kidney disorders, and nervous system disorders.
Therefore, this paper presents the facile hydrothermal synthesis of a novel type of nanocomposites, specifically sodium
manganese silicate hydroxide hydrate/manganese silicate nanocomposite (Na,MnsSi,;0,,(OH)s-6H,0/Mn**Mn,>*SiO,,),
which exhibits remarkable efficiency in the uptake of Pb(II) ions from aqueous solutions. The nanocomposites were chemi-
cally constructed using the hydrothermal technique in the absence and presence of polyethylene glycol 400 as an organic
template to control the morphology, BET surface area, and mean crystallite size. The nanocomposites, which were chemically
fabricated in the absence and presence of polyethylene glycol 400, are abbreviated as NF and NP, respectively. In addition,
the XRD analysis exhibited that the calculated mean crystallite size of the NF and NP nanocomposites was found to be 18.28
and 60.26 nm, respectively. Due to the inverse relationship between crystallite size and BET surface area, the NF nanocom-
posite exhibits a higher BET surface area (71.52 m%g) compared to the NP nanocomposite (46.26 m%/g). Hence, the greatest
uptake capacity of the NF nanocomposite towards Pb(II) ions (292.39 mg/g) is greater than that of the NP nanocomposite
(210.97 mg/g). Both NF and NP nanocomposites chemically and exothermically capture Pb(II) ions. Also, the adsorption
processes obey the pseudo-second-order kinetic model and Langmuir equilibrium isotherm.
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1 Introduction resources. Through a vast multitude of industrial activi-
ties, heavy metal ions, such as Pb(Il), Zn(II), and, Cd(II)
Freshwater scarcity is one of the greatest challenges in the  are released into aquatic ecosystems, where they accu-
agriculture and food security disciplines. Approximately =~ mulate in aquatic habitats [1]. Due to their toxicity, heavy
300 million North Africans, out of a total population  metals pose a problem for ecosystems, and the vast major-

of 800 million, live in areas with limited access to water ity of heavy metals are extremely poisonous even at very
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small concentrations [2—4]. Lead is utilized in a variety of
industries, and large quantities of wastewater that contain
high levels of Pb(II) ions are released in certain locations.
Industries including electroplating, metallurgy, storage bat-
teries, electronics, petroleum refining, and paint contribute
significantly to pollution by releasing waste containing
Pb(II) ions [5]. The allowable concentrations of Pb(II) ions
in wastewater and drinking water have been established
by the United States Environmental Protection Agency at
0.015 mg/L [6]. The allowable concentrations of Pb(Il) ions
in wastewater and drinking water have been established by
the World Health Organization (WHO) at 10 pg/L [6]. Lead
gets into ground and surface water either directly or indi-
rectly, and it builds up in communities of living things. Lead
accumulates primarily in muscles, kidneys, brain tissues,
and bones, and can result in anemia, kidney diseases, and
nervous system disorders [7-9]. To ensure a higher quality
of life, it is important to eliminate Pb(Il) ions from indus-
trial effluents in order to reduce their concentration to an
acceptable limit. Metal ions are removed from water utiliz-
ing filtration, ion exchange, adsorption, reverse osmosis, and
chemical precipitation methods [10-16]. Among these tech-
niques, adsorption is the most effective and cost-effective
[17-19]. Several studies on the removal of Pb(II) ions from
aqueous solutions using various adsorbents have been pub-
lished. Zhu et al. synthesized xanthate-modified magnetic
chitosan with a greatest uptake capacity of 76.90 mg/g for
the removal of Pb(II) ions from water-based solutions [20].
In their study, Chen et al. prepared a composite material by
crosslinking chitosan with epichlorohydrin. The composite
exhibited a maximum uptake capacity of 34.13 mg/g for
the disposal of Pb(II) ions from water-based solutions [21].
Joseph et al. synthesized FAU zeolite with a greatest uptake
capacity of 109.89 mg/g for the removal of Pb(II) ions from
water-based solutions [22]. In their research, Roy et al. fab-
ricated maghemite nanotubes that displayed a maximum dis-
posal capacity of 71.420 mg/g for removing Pb(II) ions from
water-based solutions [23]. In recent times, various nanoma-
terials, including sodium magnesium silicate hydrate and
sodium magnesium silicate hydroxide, have been employed
for the elimination of both organic and inorganic pollutants
[24, 25]. In terms of the crystal lattice structure of sodium
magnesium silicate hydrate and sodium magnesium silicate
hydroxide, the presence of divalent Mg(Il) ions substitutes
certain tetravalent Si(IV) ions, resulting in the generation of
a negative charge that is balanced by the presence of positive
sodium ions. Afterward, the positive Na(I) ions can then be
easily replaced with further positive ions, such as methylene
blue dye [24]. Therefore, in this paper, the hydrothermal
technique is used for the facile fabrication of sodium man-
ganese silicate hydroxide hydrate/manganese silicate nano-
composite (Na,MnsSi;;0,,(OH)s-6H,0/Mn**Mn,>*SiO ,)
as a novel type of nanocomposites for the remarkable uptake

of Pb(Il) ions from water-based solutions. The synthesized
nanocomposite has a unique structure that makes it highly
suitable for adsorbing Pb(Il) ions from aqueous media. The
synthesized nanocomposite possesses ion exchange prop-
erties due to the presence of exchangeable sodium cations
within its structure. These exchangeable sodium cations can
be replaced by Pb(II) ions, resulting in the immobilization
of Pb(Il) ions within the composite framework. Also, the
internal network of channels and pores of the synthesized
nanocomposite allows for the easy diffusion of Pb(Il) ions
into its structure. In terms of the crystal lattice structure
of the synthesized nanocomposite, the presence of divalent
Mn(II) ions substitutes certain tetravalent Si(IV) ions, result-
ing in the generation of a negative charge that is balanced by
the presence of positive sodium ions. Afterward, the posi-
tive sodium ions can then be easily replaced with further
positive ions, such as Pb(II) ions. Our research group aims
to construct novel and effective adsorbents using a low-cost
approach for removing large amounts of lead ions from
water-based solutions. Compared to the aforementioned
adsorbents used to remove Pb(II) ions in the literature,
the chemicals used in synthesizing our new nanocompos-
ite, such as sodium metasilicate pentahydrate, manganese
acetate tetrahydrate, and polyethylene glycol 400, are inex-
pensive. In addition, no complicated equipment or difficult
chemical processes are used. Additionally, adsorption effects
such as contact time, pH, temperature, and concentration
are also examined to optimize the environmental influences
controlling the adsorption process.

2 Experimental
2.1 Chemicals

Sodium hydroxide (NaOH), lead nitrate (Pb(NOj),), man-
ganese acetate tetrahydrate (Mn(CH;COO),-4H,0), hydro-
chloric acid (HCI), sodium metasilicate pentahydrate
(Na,Si05-5H,0), ethylenediaminetetraacetic acid disodium
salt dihydrate (C,,H,,N,Na,04-2H,0), and polyethylene
glycol 400 (H(OCH,CH,),OH) were gotten from Sigma
Aldrich Chemical Company. These chemicals were con-
sumed as purchased without any purifying method.

2.2 Fabrication of the Mn/Si Nanocomposites

A fresh solution of Si(IV) ions was made by dissolving
12.75 g of Na,Si05-5H,0 in about 80 mL of deionized
water. To prepare a fresh solution of Mn(II) ions, 3.76 g of
Mn(CH;COO0),-4H,0 was dissolved in 80 mL of deionized
water. Afterwards, the solution of Mn(II) ions was added
drop by drop to the solution of Si(IV) ions with strong stir-
ring for about 20 min. Furthermore, polyethylene glycol 400
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(8.5 mL) was gradually added drop by drop to the previous
mixture with vigorous stirring for a duration of 20 min. In
addition, the resultant gel was transferred into a Teflon-lined
stainless-steel autoclave (Capacity = 180 mL) and hydrother-
mally treated at 180 °C for 12 h. The resultant nanocompos-
ites were filtered, carefully washed several times with hot
deionized water, dried in an oven at 60 °C, calcinated at 600
°C for 6 h, and coded as NP. The previous practical steps are
repeated, but in the absence of polyethylene glycol 400, and
the resulting sample is coded as NF.

2.3 Characterization

The X-ray diffraction (XRD) patterns of the NF and NP
nanocomposites were acquired using a D8 Advance X-ray
diffractometer equipped with a copper anode (CuK, wave-
length of 0.15 nm). The Fourier transform infrared spec-
troscopy (FT-IR) spectra of the NF and NP nanocomposites
were recorded using a Nicolet iS50 spectrophotometer over
the range of 4000400 cm™'. A JSM-IT800 Schottky field
emission scanning electron microscope (FE-SEM) coupled
with an energy-dispersive X-ray spectroscopy unit (EDX)
was utilized to characterize the composition and morphol-
ogy of the NF and NP nanocomposites. A Quantachrome
nitrogen gas sorption analyzer of model Touch LX2/NOVA
was carefully employed to determine the Brunauer, Emmett,
and Teller (BET) surface area, total pore volume, and mean
pore radius of the NF and NP nanocomposites. A Perkin
Elmer atomic absorption spectrometer of model 3300 multi-
element was utilized to measure the concentration of Pb(II)
ions.

2.4 Elimination of Lead lons from Aqueous Media

The adsorption processes of lead ions on the NP and NF
adsorbents were evaluated using the batch adsorption tech-
nique. In this regard, a 100 mL solution of 150 mg/L Pb(II)
ions was taken in a 250 mL conical flask then the primary
pH was adapted using NaOH/HCI solutions. 0.05 g of the
NP or NF adsorbents was added then the conical flask was
shaken for the desired time using a DKS1020 shaking incu-
bator. The NP or NF adsorbents were then separated by
centrifugation, and the concentration of Pb(Il) ions in the
filtrate was measured. Several variables affecting the adsorp-
tion of Pb(I) ions on the NP and NF adsorbents, including
pH (2.5-7), time (10-140 min), uptake temperature (25-55
°C), and primary concentration (100-250 mg/L), were
investigated. Using a Perkin Elmer atomic absorption spec-
trometer of model 3300 multi-element, the initial and final
concentrations of Pb(I) ions were measured at a wavelength
of 283.31 nm.

@ Springer

The uptake percentage (% R) of Pb(II) ions and the uptake
capacity (Q) of the NP and NF adsorbents were determined
using Eqs. 1 and 2, respectively [26, 27].

%R = C—q x 100 (1)
14
Q= (Co - Ceq) X W )

The symbols C,, Ceq, and W represent the initial concen-
tration of Pb(II) ions (mg/L), the equilibrium concentration
of Pb(Il) ions (mg/L), and the dry mass of the NP or NF
adsorbents (g), respectively. Also, V is considered the vol-
ume of the lead solution (L).

To determine the point of zero charge (pHp,) of the NP
and NF adsorbents, Khalifa et al. [19] conducted the fol-
lowing procedure: 0.15 g of either the NP or NF adsorbents
were individually added to about 0.05 L of 0.025 M KNO,
solutions. In the pH range of 2 to 12, the initial pH (pHi) of
the KNO3 solutions was systematically assessed. Follow-
ing this, each mixture of adsorbent and KNO; underwent
magnetic stirring for a duration of 6 h. The determined final
pH values (pHy) were then measured and plotted against the
determined initial pH values (pH;). The pH at which a clear
plateau was observed corresponds to the point of zero charge

(pH,,0)-

3 Results and Discussion

3.1 ldentification of the Fabricated
Nanocomposites

The X-ray diffraction patterns of the NF and NP nano-
composites were illustrated in Fig. 1A, B, respectively.
In addition, the NP and NF nanocomposites consisted of
sodium manganese silicate hydroxide hydrate (Chemi-
cal formula: Na,MnsSi,,0,,(OH)¢-6H,0 and JCPDS No.
00-039-0405) and manganese silicate (Chemical for-
mula: Mn**Mn,**SiO,, and JCPDS No. 00-041-1367).
The appearance of broad XRD peaks in the NF nano-
composite at 20=50.39°, 56.93°, and 67.39° was due
to the (336), (408), and (624) miller plane indices of the
manganese silicate, respectively. Besides, the appear-
ance of a broad XRD peak in the NF nanocomposite at
20 = 33.25° was due to the (143) miller plane indices
of the sodium manganese silicate hydroxide hydrate. The
XRD peaks in the NP nanocomposite at 26 = 21.83°,
25.61°, 28.32°, 33.20°, 42.29°, and 52.76° were due to
the (033), (130), (040), (143), (40 13), and (5 1 14) miller
plane indices of the sodium manganese silicate hydrox-
ide hydrate, respectively. In addition, the XRD peaks in
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Fig.1 The obtained XRD patterns of the NF (A) and NP (B) nano-
composites

the NP nanocomposite at 20 = 35.89°, 38.35°, 44.39°,
48.39°,50.39°, 55.49°, 60.08°, 61.62°, 65.99°, 69.17°, and
71.77° were due to the (314), (008), (208), (406), (336),
(408), (437), (613), (624), (448), and (635) miller plane
indices of the manganese silicate, respectively. The mean
crystallite sizes of the NF and NP nanocomposites were
18.28 and 60.26 nm, respectively. The NP sample has a
more crystalline structure compared to the NF sample due
to the effect of the organic template (i.e., polyethylene
glycol 400). Organic templates, also known as structure-
directing agents, are molecules that can interact with the
growing crystal lattice during synthesis. They can influ-
ence the nucleation and growth processes of the crystals.
In the presence of an organic template, the template mol-
ecules can guide the arrangement of atoms or molecules in
a more organized manner, leading to better-defined crystal

structures. This results in improved crystallinity compared
to samples without such guidance.

Figure 2A, B displays the FE-SEM images of the NF and
NP nanocomposites, respectively. In the NF nanocompos-
ite, spherical shapes with an average diameter of 15.32 nm
can be observed, while the NP nanocomposite exhibits
semi-spherical shapes and rods with an average diameter
of 57.45 nm.

The patterns of EDX for the NF and NP nanocomposites
are shown in Fig. 3A, B, respectively. The NP and NF nano-
composites consisted of O, Na, Si, and Mn, as presented in
Table 1.

Figure 4A, B illustrates the FT-IR spectra of the NF and
NP nanocomposites, respectively. The apparent absorp-
tion bands in the NF and NP nanocomposites at 448 and

Table 1 Investigation of the NF and NP nanocomposites using EDX
analysis

Sample % O % Na % Si % Mn
NF 28.48 14.57 27.81 29.14
NP 26.17 15.37 28.75 29.71

500 nm

Fig.2 FE-SEM images of the NF (A) and NP (B) nanocomposites
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Fig.3 EDX patterns of the NF (A) and NP (B) nanocomposites

454 cm™! were associated to the bending vibration of the
M-0O-M (M =Mn and/or Si), respectively [24, 25, 28, 29].
The apparent absorption bands in the NF and NP nanocom-
posites at 619 and 614 cm™! were associated to the internal
symmetric stretching vibration of the M—O-M (M =Mn and/
or Si), respectively [24, 25, 28, 29]. The apparent absorp-
tion bands in the NF and NP nanocomposites at 789 and
780 cm™! were associated to the external symmetric stretch-
ing vibration of the M—O-M (M =Mn and/or Si), respec-
tively [24, 25, 28, 29]. The apparent absorption bands in the
NF and NP nanocomposites at 1024 and 1012 cm™' were
associated to the internal asymmetric stretching vibration
of the M—O-M (M =Mn and/or Si), respectively [24, 25,
28, 29]. The apparent absorption bands in the NF and NP
nanocomposites at 1469 and 1413 cm™' were associated to
the external asymmetric stretching vibration of the M—O-M
(M =Mn and/or Si), respectively [24, 25, 28, 29]. The appar-
ent absorption bands in the NF and NP nanocomposites at
1632 and 1644 cm™' were associated to the bending vibra-
tion of the OH, respectively [24, 25, 28-31]. The apparent
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Fig.4 FT-IR spectra of the NF (A) and NP (B) nanocomposites

absorption bands in the NF and NP nanocomposites at 3436
and 3452 cm™! were associated to the stretching vibration of
the OH, respectively [24, 25, 28-31].

Figure 5A, B represents the N, adsorption/desorption of
the NF and NP samples, respectively. In addition, the out-
comes illustrated that the resultant curves of the NF and NP
nanocomposites belong to the III types according to IUPAC
adsorption patterns [13]. The textures of surface, such as
average pore size, total pore volume, and BET surface area,
were displayed in Table 2. In addition, the NF nanocom-
posite exhibited a higher BET surface area compared to the
NP nanocomposite due to the inverse relationship between
the determined crystallite size and the BET surface area. A
substance with smaller crystallites is likely to have a larger
number of grain boundaries, which can provide more sur-
face area per unit mass. Therefore, when crystallite size
decreases, the surface area tends to increase.

Table 2 Textures of surface for the NF and NP nanocomposites

Sample Average pore size Total pore volume BET
(nm) (cclg) surface area
(m*/g)
NF 2.81 0.1005 71.52
NP 3.09 0.0714 46.26
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Fig.5 The obtained N, adsorption/desorption of the NF (A) and NP
(B) nanocomposites

3.2 Elimination of Pb(ll) lons from Aqueous Media
3.2.1 Influence of Solution pH

The effect of solution pH on the uptake percentage of Pb(I)
ions using the NF and NP nanocomposites was investigated
by modulating the pH from 2.5 to 7 as shown in Fig. 6A. In
addition, the point of zero charge (pHp,) of the NF and NP
nanocomposites is 6.24 and 6.53, respectively, as shown in
Fig. 6B. The uptake percentage of Pb(II) ions increased with
increasing solution pH and recorded its smallest and greatest
values at pH 2.5 and 7, respectively. The uptake percentage
of Pb(II) ions at pH 2.5 and 7 using the NF nanocomposite
is 9.48 and 94.49%, respectively. The uptake percentage of
Pb(II) ions at pH 2.5 and 7 using the NP nanocomposite is
3.29 and 67.75%, respectively. At pH values < pHp,, the

A
100

80 +

60

% R

40

20

12 4

10 4

—e NP

o

g d T T y T T T § 1
0 2 4 6 8 10 12
pH.

Fig. 6 Effect of solution pH on the uptake percentage of Pb(II) ions
using the NF and NP samples (A). The point of zero charge of the NF
and NP samples (B)

positive hydrogen ions (H") compete with the Pb(II) ions for
adsorption sites on the NF and NP nanocomposites, resulting
in the partial release of the Pb(Il) ions and hence the uptake
percentage of Pb(I) ions decreased. At pH values > pHp,,
the concentration of positive hydrogen ions (H") as com-
peting ions decreases, leading to an increase in the uptake
percentage of Pb(II) ions [12, 17]. The synthesized nano-
composites were not examined for the impact of pH levels
above 7 on the elimination of Pb(II) ions, as these ions tend
to precipitate beyond a pH of 7.

3.2.2 Influence of Contact Time

The effect of contact time on the uptake percentage of Pb(II)
ions using the NF and NP nanocomposites was examined by
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Fig. 7 Impact of contact time on the uptake percentage of Pb(Il) ions
using the NF and NP nanocomposites

modulating the adsorption contact time from 10 to 140 min,
as shown in Fig. 7. The uptake percentage of Pb(Il) ions
increased with increasing the contact time from 10 to
100 min because of the availability of the adsorption sites.
As the adsorption contact time was extended from 100 to
140 min, the uptake percentage of Pb(II) ions stabilized due
to the saturation of the uptake sites. In addition, the results
revealed that the NF and NP nanocomposite exhibited rapid
adsorption of Pb(Il) ions as the adsorption contact time
increased from about 80 to 100 min. However, the adsorp-
tion rate slowed down and reached a plateau as the adsorp-
tion time was further extended from 100 to 140 min. This
behavior can be attributed to the strong electrostatic interac-
tion between the nanocomposite surface and the Pb(Il) ions,
facilitating their quick dispersion and subsequent coverage
of the adsorbent surface [32, 33].

To understand the uptake processes of lead ions by the NF
and NP nanocomposites, the experimental data was evalu-
ated by the pseudo-first-order (Eq. 3) and pseudo-second-
order (Eq. 4) models [12, 17, 26, 27]. Figure 8A, B depicts
the application of these models to the experimental data,
respectively.

k
log(Q,, — Q;) = l0gQ,, — ﬁr 3)
i — 1 + Lt

0 k@2, 0, @

In the context of the adsorption process, Q, denotes the
amount of Pb(I) ions adsorbed at time t (mg/g), while
Qe represents the amount of Pb(II) ions adsorbed at equi-
librium (mg/g). The pseudo-first-order rate constant is
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Fig.8 Representation of the kinetic outcomes utilizing the pseudo-
first-order (A) and pseudo-second-order (B) models

represented by kg (1/min), and the pseudo-second-order
rate constant is denoted by kg (g/mg.min). The kinetic
constants were presented in Table 3. In comparison to
the pseudo-second-order kinetic equation, the pseudo-
first-order kinetic equation resulted in a weak fit with low
correlation coefficient (Rz) values, as clarified in Table 3.
Furthermore, Table 3 clarified that the adsorption capac-
ity values (Q.,) obtained through the pseudo-second-order
model were significantly closer to the experimental values
(Qexp) compared to those obtained through the pseudo-
first-order model [34-36]. Therefore, the uptake of lead
ions by the NF and NP samples may be best described by
the pseudo-second-order model.

Furthermore, the diffusion mechanism was determined
by applying the intraparticle diffusion model (Eq. 5) [13],
as shown in Fig. 9.
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Table3 Kinetic constgnts for Sample Pseudo-first-order Pseudo-second-order
the removal of Pb(Il) ions using
the NF and NP nanocomposites Qexp Qcq kg R? Qeq kg R?
(mg/g) (1/min) (mg/g) (g/mg.min)
NF 283.46 253.45 0.0110 0.9854 288.18 6.69E-5 0.9998
NP 205.24 135.73 0.0167 0.9548 199.20 29E-5 0.9997
200 A
100
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Fig.9 Illustrating the kinetic outcomes using the intra-particle diffu-
sion kinetic model

Table4 The constants related to the intraparticle diffusion kinetic
model

Sample k; (mg/(g. min®>)) C (mg/g) R?

NF 22.28 19.56 0.9916
NP 15.29 35.62 0.9418
0, =kt” +C ()

The internal diffusion constant, abbreviated as k; (mg/(g.
min®Y)), is the diffusion rate within the material, while the
thickness of the boundary layer is exemplified by C (mg/g).
Table 4 provides all the constants related to the intraparticle
diffusion kinetic model. In addition, the results confirmed
that the plot of Q, versus t*> exhibited a linear association,
but the lines did not cross the origin. In addition, this model
supported evidence that intra-particle diffusion is not the
primary mechanism managing the rate of the process [13].

3.2.3 Influence of Temperature
The influence of solution temperature on the disposal per-

centage of lead ions by the NF and NP nanocomposites
was investigated by modulating the temperature from 298

290 ’ zsl)s I 3(|)o ‘ 3(|)5 ' 31|0 I 3115 ' 31;0 I 3&5 ' 3."50 I 3&5 ’ 3:10
Temperature (k)

4.0 -

3.5—- [ ]
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InK,
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1.0 4 e
0.5 E2an
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T T 1
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1T

T
0.0031

Fig. 10 Influence of solution temperature on the disposal percentage
of lead ions utilizing the NF and NP nanocomposites (A). The Van’t
Hoft plot of In K versus I/T (B)

to 328 K, as shown in Fig. 10A. The uptake percentage
of Pb(Il) ions decreased with increasing temperature and
recorded its smallest and greatest values at 328 and 298 kel-
vins, respectively. The uptake percentage of Pb(II) ions at
298 and 328 kelvins using the NF nanocomposite was 94.49
and 77.83%, respectively. The uptake percentage of Pb(II)
ions at 298 and 328 kelvins using the NP nanocomposite was
68.41 and 27.70%, respectively. By employing Egs. 6, 7, and
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8, it is possible to calculate the thermodynamic constants,
including the change in free energy (AG®, KJ/mol), change
in enthalpy (AH®, KJ/mol), and change in entropy (AS°,
KJ/molk), respectively [12, 17, 26, 27].

The slope and intercept of the Van’t Hoff plot of In K,
versus 1/T were used to calculate the values of AH® and
AS°® as shown in Fig. 10B.

Table 5 shows the calculated thermodynamic constants.

AS°  AH°
InkK, == —
nky=—F RT (6)
AG® = AH® — TAS® )
K, = ey
4= (8

eq

The distribution constant (K) is expressed in units of L/g,
while R represents the ideal gas constant (KJ/mol K). Fur-
thermore, T denotes the temperature during the adsorption
process, measured in kelvin. At all temperatures, the calcu-
lated AG?® values for the uptake of Pb(Il) ions onto the NF
nanocomposite decreased from —77.23 to — 80.68 kJ/mol.
In addition, at all temperatures, the calculated AG® values
for the uptake of Pb(II) ions onto the NP nanocomposite
decreased from —90.71 to —95.09 kJ/mol. Negative Gibbs
free energy for the uptake of lead ions by the NF and NP
nanocomposites suggested the spontaneous nature of the
uptake process. The negative value of AH° indicated that the
uptake of Pb(II) ions using the NF and NP nanocomposites
was exothermic. Usually, AH® > 40 KJ/mol for chemical
adsorption, whereas AH® < 40 KJ/mol for physical adsorp-
tion. Hence, the uptake of lead ions by the NF and NP nano-
composites was chemical in nature. The positive value of
AS° indicates an increased level of randomness at the solid/
solution interface during the uptake of lead ions using the
NF and NP nanocomposites. [12, 17].

3.2.4 Influence of Concentration

The influence of concentration on the disposal percentage
of lead ions by the NF and NP nanocomposites was inves-
tigated by modulating the concentration of Pb(II) ions from
100 to 250 mg/L, as shown in Fig. 11. At lower initial con-
centrations, the uptake percentage of Pb(II) ions increased

100 -
80
x©
< 601
o
40 - e
—=NF
—e NP
20 ' T iy T y T : T iy 1
80 120 160 200 240 280

Concentration (mg/L)

Fig. 11 Effect of initial concentration on the disposal percentage of
lead ions by the NF and NP nanocomposites

as there were more active functional groups available. How-
ever, as the initial concentration increased, the adsorption
sites eventually became saturated, leading to a decrease in
the uptake percentage [34-36]. In order to understand the
uptake processes of lead ions by the NF and NP nanocom-
posites, the experimental data was investigated by means of
the Langmuir (Eq. 9) and Freundlich (Eq. 10) models [12,
17, 26, 27]. Figure 12A, B depicts the application of these
isotherms to the experimental data, respectively.

Ceq — 1 Ceq (9)
ng k 1 Qmax Qmax

1
InQ,, = Ink, + ~InC,, (10)

The heterogeneity factor, denoted as n, quantifies the
extent to which adsorption deviates from linearity. It rep-
resents the level of non-linearity between solution concen-
trations and adsorption. Adsorption is considered favorable
when the value of n falls within the range of 1 to 10. The
equilibrium constant of the Langmuir equation is denoted
by k; (L/mg). Additionally, k, represents the equilibrium
constant of the Freundlich equation (mg/g)(L/mg)""", where
Q.. signifies the greatest uptake capacity of the Langmuir

Table 5 Thermodynamic Samples R2 AHC AS° AG®
constants calculated f(?r (KJ/mol) (KJ/mol k) (KJ/mol)
the removal of Pb(II) ions
employing the NF and NP 298 308 318 328
nanocomposites
NF 0.9985 —42.94 0.1151 -77.23 —78.38 —79.53 —80.68
NP 0.9994 —47.25 0.1458 -90.71 -92.17 —-93.63 —95.09
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Fig. 12 Presentation of the equilibrium outcomes using the Langmuir
(A) and Freundlich (B) isotherms

equation (mg/g). Equation 11 can be employed to estimate
Qpnax from the Freundlich isotherm [12, 17, 26, 27].

Qe =k (C/) (11)

Table 6 provides the equilibrium constants. In com-
parison to the Langmuir isotherm, the Freundlich isotherm
resulted in a weak fit with low correlation coefficient (R?)

values. Therefore, the uptake of lead ions by the NF and
NP nanocomposites may be best described by the Langmuir
isotherm. Therefore, these findings suggest that the adsorp-
tion active sites were uniformly spread. The k; value for the
NF sample was higher than that of the NP sample, affirming
the superior ability of the NF sample to eliminate lead ions.
The NF and NP samples exhibited maximum uptake
capacities of 292.39 and 210.97 mg/g, respectively, for
lead ions. Table 7 presents a comparative analysis of the
adsorption capacity for removing lead ions using various
adsorbents, including the newly fabricated nanocomposites
[20-23]. The significant uptake capacity demonstrated by
the NF and NP nanocomposites indicated their potential as
promising adsorbents for efficient removal of lead ions.

3.2.5 Influence of Regeneration and Reusability

Considering the economic perspective, the regeneration
and reusability of NF or NP adsorbents are critical factors.
In this study, we successfully regenerated Pb(II)-loaded
NF or NP by treating it with a 0.5 M solution of ethylen-
ediaminetetraacetic acid disodium salt dihydrate, using a
volume of 50 mL. Subsequently, the disposal method was
meticulously carried out as previously described, and its
effectiveness was evaluated. Figure 13A, B demonstrates
the efficacy of NF and NP adsorbents during five consecu-
tive adsorption/desorption cycles, respectively. Remarkably,
even after undergoing five cycles, the adsorbent maintained
its uptake percentage. Hence, due to their cost-effective syn-
thesis, superior uptake capacity, and impressive regeneration
efficiency, the NF and NP adsorbents emerge as practical
choices for wastewater treatment.

3.2.6 Influence of Interfering lons

The research focused on examining how other ions affect
the effectiveness of the NF and NP adsorbents. To simu-
late real-world conditions, Na(I), K(I), Ca(II), and Mg(II)
ions were chosen as representative interfering ions due to
their presence in natural water and industrial wastewater.
These interfering ions can compete with the target pollut-
ants for adsorption sites, potentially reducing the adsorbents’
efficiency. To assess this impact, varying concentrations of
each interfering ion were individually mixed with a 150 mL
solution containing 100 pg/L of Pb(II) ions. The disposal

Table 6 Equilibrium constants

. . Samples Langmuir isotherm Freundlich isotherm
determined for the adsorption of
Pb(II) ions utilizing the NF and Quax K, R? Qs K, n R?
NP nanocomposites (mg/g) (L/mg) (mg/g) (mg/g)(L/mg)” n
NF 292.39 0.9194 0.9997 312.79 196.23 10.74 0.3918
NP 210.97 0.7326 0.9998 212.21 166.87 20.88 0.9103
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Table 7 Comparative study of different adsorption capacities for lead
ions

Adsorbent Uptake capacity References
(mg/g)

Xanthate-modified magnetic 76.90 [20]
chitosan

Crosslinked chitosan/epichloro- 34.13 [21]
hydrin composite

FAU zeolite 109.89 [22]

Maghemite nanotubes 71.42 [23]

NF 292.39 This study

NP 210.97 This study
A

100 -

14
X
0 1 2 3 4 5
Cycle number
B
14
X

0 1 2 3 4 5

Cycle number

Fig. 13 Reusability of the NF (A) and NP (B) nanocomposites for the
uptake of lead ions

@ Springer

method, as described previously, was carefully executed and
evaluated for its efficacy. The tolerance limit was established
as the highest concentration of the interfering ion that led to
a 5% extraction error. In addition, the data in Table 8 dem-
onstrate that the adsorption performance of NF or NP nano-
composites towards Pb(II) ions is minimally affected by the
investigated interfering ions. Consequently, the elimination
method can be confidently employed for removing Pb(II)
ions from actual samples containing multiple components.

3.2.7 Application of NF and NP Nanocomposites in Real
Wastewater Treatment

The NF and NP adsorbents, as previously depicted in the
experimental section, were employed under optimal experi-
mental conditions to evaluate their usefulness in treating
polluted water. In brief, approximately 0.05 g of either NF
or NP samples were added carefully to around 100 mL of
authentic wastewater obtained from the oxidation pond
in the 10th of Ramadan City area, Egypt. In addition, the
pH was regulated to 7, and the resultant mixture was then
shaken for 100 min. In addition, the primary concentration
of lead ions in the authentic polluted water was 0.75 mg/L.
Besides, the results demonstrated that both the NF and NP
adsorbents exhibited complete uptake of lead ions. Moreo-
ver, this outcome enhances the safety of polluted water for
potential reuse and provides insights into the appropriate
discharge of treated effluent into aquatic environments.

4 Conclusions

The sodium manganese silicate hydroxide hydrate/manga-
nese silicate nanocomposite (Na,MnsSi;;0,,(OH)s-6H,0/
Mn?*Mn,**Si0,,) was facilely synthesized using the hydro-
thermal method in the absence and presence of polyethyl-
ene glycol 400 as an organic template. The nanocomposite
synthesized without polyethylene glycol 400 exhibited an
average crystallite size and BET surface area of 18.28 nm
and 71.52 m%/g, respectively. In addition, the nanocomposite
synthesized with polyethylene glycol 400 showed an average
crystallite size and BET surface area of 60.26 nm and 46.26
m?/g, respectively. Besides, the nanocomposite synthesized

Table 8 Tolerance limit of

. .. Interfering ion  Tolerance
§everal interfering ions that limit (ug/L)
influence the uptake of Pb(Il)
ions NF NP

Na(I) 2500 2600
K@ 2800 2500
Ca(Il) 2000 2200
Mg(D) 2400 2200
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without polyethylene glycol 400 exhibited a maximum dis-
posal capacity of 292.39 mg/g for Pb(Il) ions, while that
synthesized with polyethylene glycol 400 showed a great-
est uptake capacity of 210.97 mg/g. In addition, the uptake
percentage of Pb(I) ions increased with increasing solu-
tion pH from 2.5 to 7. In addition, the uptake percentage
of Pb(Il) ions increased with increasing contact time from
10 to 100 min because of the availability of the adsorption
sites. The stability of Pb(II) ion uptake percentage remains
constant as the adsorption contact time is extended from 100
to 140 min, indicating the saturation of adsorption sites. The
uptake processes of lead ions using the synthesized nano-
composites were found to be chemical, exothermic, and
best expressed by the pseudo-second-order kinetic model
and Langmuir equilibrium isotherm. Remarkably, even
after undergoing five cycles, the synthesized nanocompos-
ites maintained its uptake percentage. Consequently, due
to their cost-effective synthesis, superior uptake capacity,
and impressive regeneration efficiency, the synthesized
nanocomposites emerge as practical choices for wastewater
treatment.
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