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Lead (Pb) is a toxic metal found in wastewater, posing significant health risks to both humans and the
environment. This study aimed to develop a novel adsorbent for lead removal from aqueous solutions.
This adsorbent, a coffee husk extract-capped magnetite with pumice silica nanocomposite (CHE-capped
M/PU/Si-NC), was synthesized using a completely green approach. The novelty of this study lies in the
green synthesis of silica nanoparticles (SiO,-NPs) throughout the process. Coffee husk extract (CHE)
served as both a stabilizing and capping agent for the SiO,-NPs, which were synthesized from sodium
silicate (NaySiO3) extracted from bagasse ash (BA). Subsequently, the CHE-capped silica was co-

i?;‘::l:g;'t precipitated with phyto-fabricated magnetite and integrated into a pumice matrix to produce the final
Toxic metal CHE-capped M/PU/Si-NC adsorbent. The CHE-capped M/PU/Si-NC was characterized using SEM, XRF,
Nanomaterial FTIR, BET, XRD, TGA, and zeta potential analysis. The surface area of the CHE-capped M/PU/Si-NC was
Bio-based determined to be 313 m?-g~, and TGA results indicated good thermal stability up to 690 °C. The zeta

Phyto-fabrication
Water treatment

potential was measured at —37.7 mV. XRD analysis of CHE-capped M/PU/Si-NC confirmed the formation
of magnetite and revealed its crystal structure. The maximum adsorption performance of this material
was observed to be 95% at an adsorbent dosage of 2 g-L~! and an initial Pb%>* concentration of 100 g-L~ .
The adsorption kinetics were best described by the pseudo-second-order kinetic model. The Langmuir
isotherm provided a good fit with a maximum adsorption capacity of 150 mg-g~! (R? = 0.99). Regen-
eration studies demonstrated that the adsorbent maintained its high Pb%* uptake capacity for up to five
cycles. Overall, these findings suggest that this adsorbent is a promising candidate for the removal of
Pb?* from water and wastewater.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction anthropogenic sources encompass mining, smelting, industrial

processes, lead-based paints, water distribution systems, vehicle

Heavy metals pose serious problems due to their toxicity and are
categorized as the most dangerous pollutants to the environment
[1]. In addition, most toxic metals can adversely impact the health
of humans and animals [2]. Although heavy metals serve as valu-
able inputs for numerous industries, their direct release into the
environment results in their buildup in soil and water. Subse-
quently, during irrigation and agricultural activities, these metals
can readily accumulate in the human body. Lead, a toxic heavy
metal, originates from both natural and human activities. Natural
sources include lead-containing minerals in the Earth's crust, while
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emissions, and improper recycling and waste disposal. Lead
pollution poses serious health risks, especially to children, causing
neurological damage, developmental issues, and other health
problems. Efforts to mitigate lead contamination involve regula-
tions, the banning of lead-based products, improved waste man-
agement, and lead-safe practices in various industries.
Nevertheless, the removal of lead from aquatic ecosystems stands
as a significant global concern [3].

Recent technologies have been used for the removal of heavy
metals including ion exchange resins [4], electrocoagulation and
electrochemical depositions [5], nanofiltration, and reverse
osmosis [6,7]. However, these methods have still some gaps that
need to be addressed to further improve their efficiency and
effectiveness. Recently, the development of advanced adsorbent
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materials for heavy metal removal has gotten significant attention
in the field of water treatment [8]. An effective water treatment
mechanism is nanotechnology which utilizes engineered nano-
particle (NPs) and nanomaterials to clean up polluted water [9].
Nanoparticle-based technologies are often cost-effective compared
to other technologies [10]. This is because NPs can be easily syn-
thesized using low-cost precursors and the synthesizing process
can be scaled up for high performance in industrial applications
[11]. Furthermore, nano adsorbents can be regenerated and reused
multiple times, thus reducing the amount of waste generated
during the treatment process [12]. Several studies have shown that
nanomaterials such as iron oxide, titanium dioxide, and carbon
nanotubes can effectively be used to remove heavy metals
including lead, chromium, and cadmium [13]. Silica NPs have
shown great potential in adsorbing heavy metals due to their large
surface area, high adsorption capacity, and tunable surface prop-
erties compared to other NPs [14]. However, there are still several
gaps and challenges that exist in utilizing silica NPs for heavy
metals adsorption.

Silica NPs often exhibit rapid adsorption kinetics at the initial
stage but the rate of adsorption decreases over time as the NPs
become saturated. Understanding and optimizing the kinetics of
heavy metal adsorption on silica NPs is an area that requires further
investigation [15]. Moreover, silica NPs tend to form agglomerates
in aqueous environments. Developing strategies to enhance the
stability of silica NPs and prevent aggregation is crucial for
improving their performance in heavy metal adsorption [16]. The
other drawback is related to the regeneration and reusability of
silica NPs for heavy metal adsorption. Developing effective regen-
eration techniques and understanding the long-term stability and
performance of silica NPs during multiple adsorption-desorption
cycles is, therefore, important [17]. So far, several studies have
been carried out on the incorporation of magnetite with silica for
heavy metal removal: silica-coated magnetic nanocomposites for
Pb%>" removal from aqueous solution [18], silica-coated
Cup 50Mgo50Fe204 magnetic adsorbent for wastewater treatment
[14], magnetic mesoporous silica microspheres with accessible
carboxyl functionalized surfaces for the removal of heavy metal
ions [19], magnetic silica-based hybrid organic—inorganic nano-
composite for the removal of lead (II) and nickel (II) ions from
aqueous solutions [20] and network—polymer—modified super-
paramagnetic magnetic silica NPs for the adsorption and regener-
ation of heavy metal ions [21]. All aforementioned studies
employed synthesis mechanisms based on chemical methods, such
as the sol-gel method, Stober method, flame synthesis, and
microemulsion. While these chemical approaches are relatively
straightforward to implement and modify, they can be expensive,
energy-intensive, environmentally unfriendly, and difficult to
control. Conversely, green synthesis of metallic NPs involves syn-
thesizing NPs using natural sources or biodegradable agents,
providing eco-friendly and sustainable alternatives to conventional
methods [22]. The green synthesis approach uses natural reducing
and stabilizing agents extracted from plants, algae, fungi, bacteria,
and yeasts to form metal NPs [23,24].

This study has attempted to address the gap in the synthesis of
silica nanoparticles (SiO2-NPs) from agricultural residue as a silica
precursor reported in the literature [17,18,25—31]. All aforemen-
tioned studies utilized green synthesis in the first stage to produce
sodium silicate (NaySiO3), followed by chemical synthesis in the
second (final) stage to produce SiO, NPs. The novelty of this study
lies in its utilization of green synthesis to manufacture SiO,-NPs
directly from their first product (NaySiOs3), thus completing the
approach entirely using green synthesis. This investigation is a
continuation of our ongoing research in the green synthesis of NPs
by employing coffee husk extract (CHE) phenolic compounds as

reducing and stabilizing agents for silica NPs in sodium silicate
(NaySiO3). This approach eliminated the need for chemical surfac-
tants, resulting in the production of novel CHE-capped silica NPs. In
addition, the present study has aimed to identify the key differ-
ences between CHE-capped silica NPs synthesized using this
method and those produced through conventional sol-gel methods.

Although prior studies have investigated the use of combina-
tions of magnetic materials and silica NPs for lead adsorption
[32—34], none have previously coupled them with phytochemically
generated silica NPs and magnetite incorporated into pumice (PCI).
Pumice, a naturally abundant and cost-effective volcanic rock,
possesses a high surface area for adsorption due to its porous na-
ture [35,36]. Moreover, the addition of magnetic components ren-
ders the plant-mediated nanocomposite (NC) magnetically
responsive, enabling easy separation and recovery from water.
Green-synthesized magnetic silica NCs have emerged as a prom-
ising solution for the adsorption of lead ions from water. This study
also determined the optimal lead adsorption parameters values
using the synthesized NC. In general, our study developed a novel,
green, and efficient adsorbent for lead removal from water by
synthesizing a plant-mediated magnetite-based pumice silica NC.
The significance of this study relies in its relevance to advancing
research in NP synthesis, the synthesis of bio-based surfactants,
and green approaches to remediate environmental pollution.

2. Materials and Methods
2.1. Materials

Lead nitrate (Pb(NOs3);), ferric chloride (FeCls, 99%), ferrous
sulfate (FeSO4:-7H0, 99%), ethanol (C;HsH, 99.02%), and ammo-
nium hydroxide (NH4OH) were purchased from Loba Chemie Pvt.
Ltd. Coffee husk (CH) was gathered from Harer, Ethiopia. Volcanic
pumice was collected from the Adulala pumice area, Bishoftu Dis-
trict, Ethiopia. Bagasse ash (BA) was obtained from the Wonji sugar
factory in Ethiopia.

2.2. Silica nanoparticle synthesis

Sodium silicate was primarily extracted from HCl acid pretreated
[37] BA by melting a mixture of sodium hydroxide and HCI pre-
treated ash at 550 °C for 1 h at a mass ratio of 1:1.5. After cooling to
room temperature, distilled water was added to the mixture and
refluxed (at boiling point) for 4 h to dissolve all of the sodium sili-
cate, which was then used to synthesize silica [30]. Silica NPs were
synthesized using both chemical (sol-gel) and green synthesis
techniques. Sol—gel SiO,-NPs were prepared by adjusting sodium
silicate to pH 9 with 2.5 mol-L~! HCI and aging it at room temper-
ature for 24 h [29]. After filtering, sol—gel silica (Sol-Si) was washed
with hot water and dried at 100 °C for 5 h. Silica NPs synthesized
through a green (plant-mediated) approach were also produced
following the modified method of Rahimzadeh et al. [32]. The filtrate
Na,SiO3; and CHE were mixed and stirred at 60 °C in a 2:1 vol ratio.
The procedure was carried out under reflux for 12 h at pH 9. After
centrifugation at 7000 r-min~! for 25 min, the precipitate was
carefully washed with double distilled water three times and with
ethanol as well. The CHE-capped SiO, NPs (CHE-Si) were then
heated in a furnace at 550 °C for 45 min for removal of the con-
taminants and organic elements. Then, the residue was dried in an
oven and kept for further characterization and application activities.

2.3. Preparation of CHE capped M/PU/Si NC

CHE-capped magnetite (M)/PU/Si-NC was synthesized by first
preparing a magnetite pumice NC solution using a method adapted
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from our previous work [38]. Pumice was initially washed, dried in
an oven, ground, sieved, and acid-pretreated with HCI to remove
metallic impurities and rinsed with deionized water until a neutral
pH was achieved [39]. It was then dispersed in deionized water and
sonicated. As illustrated in Fig. 1, iron salt precursors (ferrous sul-
fate and ferric chloride) were subsequently added and thoroughly
mixed using a magnetic stirrer until 80 °C was reached. CHE was
then introduced and mixed for 5 min, followed by the dropwise
addition of ammonia until the pH reached 9.0. This process resulted
in the formation of a black-colored CHE-capped Fe304/PU-NC,
which was cooled to room temperature after 30 min of continuous
stirring. The precipitate was separated using an external ferrite
magnet and washed repeatedly with deionized water. Finally, the
product was dried in an oven at 80 °C for 24 h. Then, CHE-capped
M/PU/Si-NC was synthesized by slowly dropping the magnetic
pumice solution into the nano-silica solution with continuous
mixing for 2 h, after which the solution was centrifuged (Fig. 1) and
dried in an oven at 80 °C for 3 h [40].

2.4. Adsorbent characterization

X-ray fluorescence spectrometers (PANalytical Epsilon 3, XRF,
Monterrey, México) were used for the analysis of the oxide
composition of BA. XRD (Bruker D8 Advance, Germany) was
employed to better understand the behaviors of the synthesized
material and confirmation of silica and CHE-capped M/PU/Si NC
formation. FTIR spectra were used (IR Prestige, 21 Shimadzu, Japan)
to determine the functional groups present in synthesized mate-
rials in the 400—4000 cm™! range. Zeta potential analysis (Zeta-
potential Nano series, Malvern, Westborough, MA, USA) was
performed to determine the stability and surface charge while BET
analysis (SA-9600 Series Surface Area Analyzer, Horiba, Japan) was
carried out for the surface area, pore volume, and pore size deter-
mination. The thermal stability and degradation behavior of the
synthesized materials were characterized using thermogravimetric

Extracted sodium silicate

Mixed 12 hat 60 °C

Centrifuge &g

CHE-Si precipitate

CHE-Si solution

analysis (TGA, HCT-1, China) in a temperature range of 30°C to
900 °C (20 °C-min~'). SEM with EDX (JCM-6000, PLUS, Japan) was
employed to study the formation and morphology of CHE-capped
M/PU/Si NC and also for surface elemental analysis, respectively
[17,41].

2.5. Adsorption experiment

The adsorption process was investigated under the effects of
dose (0.1-0.6 g), contact time (10—150 min), pH (2—-9), and con-
centration (1-250 mg-L™!) for lead removal using CHE-capped M/
PU/Si-NC. All batch adsorption experiments were carried out in
100 ml rubber-stopped volumetric flasks. The flasks were placed
inside an incubator shaker (Excella E24R) and shaken at
200 r-min~! for the specified times. At the end of the specified
times, the CHE-capped M/PU/Si-NC were separated and the
remaining metal ion concentration in the solutions was determined
using an atomic absorption spectrophotometer (mol-L~! AA-7000).
The pH of the solutions was kept stable by adding 0.1 mol-L~! of
HCl and NaOH solution as needed. The highest lead adsorption
capacities were chosen as the optimal condition, and that value was
applied to the next affecting factor of the study. The removal effi-
ciency (R%) and adsorption capacities (q;, ge) of the CHE-capped M/
PU/Si-NC for Pb?* removal were calculated using Eqgs. (1)—(3).

R = (Co — Ce) x 100/Co 1)
qr = (Co—CG) xV/m (2)
ge = (Co —Ce) xV/m 3)

where g; and g are the amounts of Pb 2* adsorbed at time t and at
equilibrium (mg-g~ 1), respectively. Cy, C;, and Ce are concentrations
of Pb?* (mg-L~1) at time 0, t, and equilibrium, respectively. V is the

Pumice
Iran sall

Precursog

Mixed 1 h at 80 °C

i/ Centrifuge

MPU precipitate

Fig. 1. Schematic illustration of the synthesis of CHE capped M/PU/Si NC.



284 G. Tsegaye et al. / Chinese Journal of Chemical Engineering 82 (2025) 281—293

volume of Pb%* solution used (L) and m is the mass of adsorbent
dosage that was used (g).

2.6. Adsorption kinetics

Adsorption kinetics models are frequently used to examine
adsorption rate and rate-determining steps [15]. Pseudo-first-order
(PFO), pseudo-second-order (PSO) models, and intraparticle diffu-
sion (IPD) were used to understand the adsorption process of CHE-
capped M/PU/Si-NC adsorbent. The pseudo-first-order model de-
scribes the physisorption limits of the adsorption rate of the parti-
cles onto the adsorbent. The non-linear form of the PFO model
adsorbent capacity-based rate expression is given by Eq. (4) [42].

4t = ge (1 - e*"”) (4)

where k; (min~!) is the PFO rate constant, g. (mg-g~!) and g;
(mg-g~!) are the amounts of Pb?* adsorbed at equilibrium and at
time t (min), respectively [43]. However, the PSO kinetic model
describes the adsorption processes achieved via the chemical
binding of adsorbates onto the surface of adsorbents. This kinetic
model is expressed as:

qe=Gekat / (1+Gekyt) (5)

where k; denotes the PSO equilibrium rate constant
(g-mg~!-min~"). The other one is the IPD model which is the rate-
limiting steps in the overall adsorption process if the line passes
through the origin. The IPD model is expressed by Eq. (6).

q =Kqt'?+C (6)

where Kjq is IPD rate constant (g-mg*-min”) and q; (mg-gfl) is
the amount of lead ion adsorbed at any time t.

2.7. Adsorption isotherms

Adsorption isotherm models were used to study the effect of
lead adsorbed from lead concentration per unit mass of CHE-
capped M/PU/Si-NC adsorbent. The models can give important in-
sights into the adsorption mechanism [44,45]. Langmuir, Freund-
lich, and Temkin models were used to identify the mechanism of
Pb%* adsorption onto CHE-capped M/PU/Si-NC adsorbent. The
Langmuir adsorption isotherm describes non-interactive mono-
layer adsorption on a limited homogeneous surface [46]. The
equilibrium correlation of Pb ** and CHE-capped M/PU/Si-NC
adsorbent is explained by the non-linearized Eq. (7).

Ge = QmKiCe/(1 + K .Ce) (7)

where g, is the amount of adsorbed lead (mg) per g of adsorbent at
equilibrium (mg-g~!), Qm (mg-g~") is the maximum adsorption
capacity of the system (mg-g~!) and C. is the adsorbate concen-
tration in solution at equilibrium (mg-L™1), K is the Langmuir
model constant. In contrast, the Freundlich isotherm describes
multilayer adsorption at heterogeneous sites. Adsorption affinity
and energy vary between adsorbent surfaces. Stronger binding sites
are occupied first and binding strength decreases as site occupancy
increases. The non-linear form of this model is described by Eq. (8).

1
Ge = KeC/™ (8)

Kr and n¢ are specific constants that correspond to the adsor-
bent's relative adsorption capacity and the intensity of adsorption,
respectively [47]. Likewise, the Temkin isotherm model accounts

for the indirect interactions between adsorbates and adsorbents.
Essentially, it posits that as the surface coverage of the adsorbent
increases, there will be a uniform decrease in the adsorption heat
for all molecules on that surface [48]. The Temkin isotherm can be
expressed by Eq. (9).

ge = Bln (A7 Ce) (9)

where Ar is the Temkin equilibrium binding constant, B is the
constant related to the heat of adsorption (B= Ry/brt), R is the uni-
versal gas constant (8.314 J-mol~1-K™1).

3. Results and Discussion
3.1. Characteristics of the adsorbent

3.1.1. X-ray fluorescence (XRF) analysis

XRF analysis was conducted to study the oxide composition of BA
which was used as a silica source. The XRF analyses show that the
oxide compositions of BA were SiO, (65.8%), Fe;03 (7.3%), Al,03
(13.0%), and K»0 (8.6%) with a small LOI value of 1.6% which is similar
to other studies [49,50]. Interestingly, acid pre-treatment signifi-
cantly altered the oxide composition of BA. Silicon dioxide (SiO3)
became the dominant component, increasing to 85.8%. Conversely,
the content of metal oxides like Fe;03, aluminum Al,03, and KO all
decreased to 3.3%, 7.0%, and 4.0%, respectively. This reduction in
metallicimpurities may be attributed to the effective leaching action
of hydrochloric acid [37,50]. These findings confirm that BA has a
high content of SiO,, making it a promising precursor for silica
production [51,52].

3.1.2. FTIR analysis

To investigate the functional groups of the synthesized material
and the role of phenolic compounds in their formation, Fourier-
transform infrared spectroscopy (FTIR) analysis was performed on
both the raw BA and the synthesized material. Fig. 2(a) shows the
FTIR spectra of the BA. The BA spectra exhibit vibrational bands at
983,788, and 430 cm ™. These peaks correspond to asymmetric and
symmetric stretching vibrations of Si—O—Si (at 983 cm~! and
788 cm™ !, respectively) [53]. Similarly, the Si—O bending was found
at 430 cm ™! [54]. The strong intensity of the Si—O peak suggests a
high content of silicon oxide in BA, which is consistent with the high
silicon oxide percentage found in the XRF analysis [50,55]. Fig. 2(b)
shows the functional groups present in CHE-Si-NPs, CHE-capped M/
PU/Si-NCs, and Sol-Si-NPs. The FTIR spectra of CHE-capped M/PU/Si-
NCs exhibit peaks at 3430, 1625, 1109, 808, 570, and 460 cm ™. CHE-
Si-NPs show peaks at 3430,1625,1109, 808, and 460 cm ™', while Sol-
Si-NPs exhibit peaks at 3430, 1625, 1036, 808, and 460 cm~ L The
FTIR spectra of the synthesized materials reveal four common peaks
(Fig. 2(b)). The strong, broad peak at 3430 cm~! in CHE-capped Si
and CHE-capped Si M/PU/Si-NC corresponds to stretching vibrations
of Si—O—H groups. This peak is characteristic of the OH groups
present in the phenolic compounds of CHE, suggesting their
contribution to the formation of silica and Fe304-NPs [56,57]. In
contrast, the weak, broad peak at 3430 cm~! observed in Sol-Si-NPs
likely arises from surface water adsorption [17]. The second com-
mon peak at 1625 cm™! originates from bending vibrations within
the silanol groups (Si—OH) [58]. The third peak at 808 cm™~! signifies
symmetric stretching of siloxane bonds (Si—0—Si) as reported in
various studies [18,30,58]. Finally, the last common peak at
460 cm™! represents the bending vibrations of Si—OH bonds [48].
Interestingly, CHE-Si-NPs and CHE-capped M/PU/Si-NCs exhibit
additional strong narrow peaks at 1109 cm ™. This peak indicates the
presence of asymmetric siloxane bonds (Si—0O—Si) and bending
vibrations of functional groups [59]. In contrast, analysis of Sol-Si-
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Fig. 2. FTIR spectra of (a) BA

NPs reveals a weak and broad peak at 1036 cm ™! which is associated
with Si—O—Si asymmetric stretching vibrations [60]. This peak
indicates a lower abundance of silica functional groups in the
sample [61]. Furthermore, the FTIR spectra of CHE-capped M/PU/Si-
NCs reveal an additional peak at 570 cm™ . This peak is attributed to
Fe—O—Si stretching vibrations within magnetite [17,18,62] and
indicates the successful formation of Fe304 in the CHE-capped M/
PU/Si-NC material. Generally, the FTIR analyses confirmed the
phytochemicals present in the CHE acted as a reduction and capping
agent in CHE-Si-NPs, and CHE-capped M/PU/Si-NCs.

3.1.3. X-ray diffractometer (XRD) analysis

The physical properties such as phase composition, crystal
structure, and orientation of Sol-Si, CHE-Si, and CHE-capped M/PU/
Si-NC which were investigated using the XRD are shown in Fig. 3.
The broad peaks around 26=15°—30° in Fig. 3(a) and (b) confirm the
presence of amorphous silica NPs in both samples synthesized using
the plant-mediated and sol—gel methods, respectively [40,53,63].
Plant-mediated synthesis appears to yield SiO,-NPs with less
background noise compared to those produced by sol—gel synthe-
sis. Notably, the diffraction peaks in both cases match the reference
pattern for SiO; in JCPDS file No. 89—0510 [64]. Fig. 3(c) shows the
XRD pattern of the CHE-capped M/PU/Si-NC. The pattern reveals

1000
750 ___f'\J'
——CHE capped M/PU/SI NC
& f \ —— Sol-Si
g S00F /i —CHESi
= (B_)_’_j
B pae T PR CN——
250
(a)
v S o SR T
O 1 1 1 1 1
15 30 45 60 75
200(°)

Fig. 3. XRD patterns of (a) CHE-Si-NPs, (b) Sol. Si-NPs, (c) CHE capped M/PU/Si-NC.

Transmittance/%

3430

= So0l-Si-NPs

—— CHE-Si-NPs

= CHE capped M/PU/Si NC
40 Il L 1 1|09
4000 3000 2000 1000

Wavenumber/cm™

(b) Sol-Si-NPs, CHE-Si-NPs, and CHE capped M/PU/Si-NC.

both crystalline and amorphous peaks. The crystalline peaks
correspond to Fe304-NPs at 26 values of 30.6°, 35.9°, 43.5°, 54.0°,
57.4°, 63.0°, and 74.5°. This observation is consistent with previous
XRD results [17,40,65]. Additionally, a broad peak around
26=15°-30° indicates the presence of amorphous pumice [66] and
silica NPs [67]. This XRD analysis confirms the formation of the
composite material with a combination of crystalline Fe304 and
amorphous SiO,. Furthermore, the absence of impurity peaks in the
entire pattern suggests high purity of the synthesized CHE-capped
M/PU/Si-NC.

3.14. TGA and DTG analysis

TGA and DTG were used to evaluate and compare the thermal
stability of Sol-Si, CHE-Si, and CHE capped M/PU/Si-NC are pre-
sented in Fig. 4(a) and (b). The relative comparison between weight
losses of Sol-Si and that of CHE-Si is 6% at 129 °C and 3% at 250 °C,
respectively. This condition is related to evaporation of physically
and chemically adsorbed water. The second stage of decomposition
observed in the range of CHE-Si from 250—650 °C with mass loss of
2.5% and Sol-Si 129—450 °C with mass loss of 3.5% was due to
dehydration and evaporation of chemically adsorbed water mole-
cules. This could also be associated with the removal of hydroxyl
groups which is the surface dehydroxylation of silica [68]. This result
confirms the successful synthesis of high thermally stable green
capped silica NPs with high purity of silica (94.5%) at a higher
temperature (650 °C) than Sol-Si NPs which is 89.7% purity at 463 °C.
This is a very good indicator that the capping and stabilizing agents
around the CHE-Si-NPs are strong enough to resist high tempera-
tures [69]. The CHE-capped M/PU/Si-NC residue was 95% at the
highest temperature (690 °C) [69]. Similar results have been found
by other authors [63]. This revealed that the plant-mediated CHE-
capped M/PU/Si-NC have better thermal stability compared to the
bare silica NPs.

3.1.5. BET surface area determination

BET analysis was performed on microporous silica to assess its
surface area and pore characteristics as shown in Table 1. The
analysis revealed a surface area of 338 m?-g~!, a pore radius of
0.18 nm, and a pore volume of 0.079 cm?-g~'. This confirms the
microporous nature of the synthesized material with pores pre-
dominantly less than 2 nm in size [70]. Compared to silica NPs
synthesized using CTAB surfactant (323 m?-g~!), CHE-capped Si-
NPs displayed superior surface area and pore characteristics [32].
Similarly, Sol-Si exhibited lower surface area (309 m?-g~!) and pore
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Fig. 4. (a). TGA curves of the synthesized Sol-Si, CHE-Si, and CHE capped M/PU/Si NC. (b) DTG curves of the synthesized Sol-Si, CHE-Si, and CHE capped M/PU/Si NC.

Table 1
N, adsorption-desorption analysis.
Name of nanomaterial Surface area Pore volume Pore size
m?.g! Jem-g~! /nm
Si-Sol gel 309 0.054 0.88
CHE-Si 338.1 0.079 0.18
CHE capped M/PU/Si NC 313.6 0.069 0.18

volume (0.05467 cm?-g~!) compared to CHE-capped silica.
Furthermore, CHE-capped Fe304/PU/Si-NC possessed a surface area
0f 313.6 m?-g ", pore volume of 0.069 cm>-g~, and pore radius of
0.18 nm. This is significantly higher than the surface area of mag-
netic silica NCs (275 m?-g~!) and (172 m?-g~!) reported by Nicola
et al. [18] and Faaliyan [71], respectively. These findings suggest
that the use of phytochemical capping and stabilizing agents en-
hances both surface area and pore volume in CHE-capped M/PU/Si-
NC and CHE-Si-NPs compared to Sol-Si NPs.

3.1.6. Zeta potential analysis

Zeta potential is an important parameter in evaluating CHE-
capped M/PU/Si-NC stability and surface charge [72]. In this
study, the zeta potential of CHE-capped M/PU/Si-NC surfaces was
tested using the method used by Bakatula in solution at pH values
of 2—10 [73]. The zeta potential of CHE capped M/PU/Si NC (Fig. 5)
was negatively charged throughout the entire pH range but with
increasing zeta potential charges from pH 2 to 6 due to increasing of
SiO species [74,75] which became less negative when the pH of the
aqueous solution increased from 7 to 10 which may be due to the
repulsive forces occurring between the magnetite NPs and the
negative charges of the basic medium [25]. Higher zeta potential
charges were seen around pH 5 and 6 implying strong surface
stability at this point and following optimal adsorption of positively
charged lead ion (Fig. 5) on the surface of synthesized material due
to the electrostatic attraction [42].

3.1.7. Scanning electron microscopy (SEM) analysis

SEM was employed to investigate the surface morphology of the
CHE-capped M/PU/Si-NC before and after lead (Pb®**) adsorption
(Fig. 6). The pre-adsorption image (Fig. 6(a)) revealed spherical NPs,
consistent with observations in other studies [17,26]. However, the
morphology differed significantly after Pb?>* loading (Fig. 6(b)). The
post-adsorption image displayed aggregates or clusters on the
surface, suggesting the successful adsorption of Pb®* ions. This

highlights the crucial role of the microporous structure of the CHE-
capped M/PU/Si-NC in Pb?* capture from water as reported previ-
ously [76]. In essence, the SEM analysis confirms the well-
established anionic and microporous nature of the NC surface
which effectively attracts and adsorbs the cationic Pb?* pollutant.

3.1.8. Energy dispersive spectroscopy (EDS) and EDS mapping
analysis

An EDS study was conducted to prove unequivocally that the
synthesized nanomaterial contains the anticipated elements.
Fig. 7(a) shows that the elemental composition of CHE-capped Si
includes Si and O, indicating that the NPs are silica [77]. According to
the results, impurity elements such as Na and ClI are present because
HCl and NaOH were used for pH adjustment, while the additional Au
and C peaks were due to coating the sample during analysis.
Furthermore, Fig. 7(b) shows that the chemical composition of CHE-
capped M/PU/Si-NC exhibits peaks around 0.9 and 6.4 keV which
corresponds to the Fe binding energies [78]. The oxygen peak at
0.5 keV and the Si peak at 1.8 keV confirm the presence of silica in the
composite. The results are consistent with those reported by Rah-
man et al. [79]. The synthesized materials constituted about 100% of
the identified elements, indicating high purity and free of extraneous
impurities. The EDS elemental mappings of CHE-capped Si-NPs and
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Fig. 5. Zeta potential versus pH for CHE capped M/PU/Si NC.
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Fig. 6. SEM images of (a) CHE capped M/PU/Si-NC amd (b) CHE capped M/PU/Si-NC after Pb>" absorption.

CHE-capped M/PU/Si-NC are presented in Fig 7(a) and (b). The CHE-
capped Si EDS maps (Fig. 7(a)) show the purity of the synthesized
CHE-capped Si NPs as well as the evenly distributed O and Si ele-
ments. The CHE-capped Fe304/PU/Si-NC EDS mapping (Fig. 7(b))
shows good homogeneity in the spatial dispersal of Fe, Si, O, Al, and
0, showing that all elements are uniformly dispersed and that CHE-
capped Fe304/PU/ZnO-NC was effectively phyto-fabricated.

3.2. Adsorption performances

3.2.1. Effect of pH

CHE-capped M/PU/Si-NC was used for lead ion adsorption, and
it is crucial to identify the pH conditions that give the greatest
adsorption capacity. As a result, this study investigated and

(a) CHE capped Si

demonstrated (Fig. 8) the impacts of starting solution pH on Pb**
adsorption by CHE-capped M/PU/Si-NC in the pH range of 1-9. The
graph indicates that the adsorption of Pb’" increases with
increasing solution pH up to a pH of 5. This is due to a reduction in
the quantity of H" ions in the solution, which results in reduced
competition [80]. Furthermore, as the pH increased, the negative
charges of the adsorbent and active site increased, promoting
electrostatic attraction complexation between the CHE-capped M/
PU/Si-NC and Pb?* [18]. Additionally, the ionization of functional
groups, such as hydroxyl (—OH) and silanol (—SiOH), varies with
pH. At pH 5, more hydroxyl groups may be deprotonated,
increasing the availability of active sites for lead complexation and
lead ion adsorption [81]. Even if the deprotonation of the CHE-
capped M/PU/Si-NC was enhanced, the adsorption efficiency was

Na Kol 2

500 pm

S Kad O Kal

5 um 5(] 1m
C Kal 2

€1 Kal N Ka)

500 um 500 wm

N Kad O kal

©500um "500mm

500 pum 500 pm

500 pm
fe Kal

7500 Hm

X Kl

500 pum

Fig. 7. Energy dispersive spectroscopy (EDS) and EDS mapping analysis of (a) CHE capped Si and (b) M/PU/Si NC.
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Fig. 8. Adsorption capacity of CHE-capped M/PU/Si-NC at different pH (adsorption
conditions were, t = 60 min, C; =10 mg-L~", agitation speed = 200 r-min~', T= 25 °C,
adsorbent dose = 1 g-L7!

observed to decrease above the pH of 5. This can be because lead
ions may form insoluble hydroxides and precipitate, limiting their
availability for adsorption [18]. As a result, an initial pH of 5 was
selected as the best setting for the sorption of lead ions in the
subsequent adsorption studies [80,82].

3.2.2. Effect of contact time

As shown in Fig. 9, lead ion adsorption increases initially until it
reaches equilibrium at 60 min. This is due to the abundance of
adsorption sites on NC which the lead ions can easily access and
bind to. The adsorption capacity of the NC rises as more lead ions
meet it. After 60 min, there is an approximately constant effect on
adsorption, and lead ion adsorption achieves equilibrium. At this
moment, the rate of adsorption equals the rate of desorption,
resulting in the saturation of accessible adsorption sites on the NC
surface [83]. At equilibrium, additional contact time does not result
in considerable additional adsorption. Beyond 60 min, the
adsorption capacity shows a limited reduction as well as a slight fall
in adsorption capacity. This occurs due to the desorption of previ-
ously adsorbed lead ions due to the limited access to adsorption
sites due to mass transfer restrictions [84].
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Fig. 9. Adsorption capacity of CHE-capped M/PU/Si NC at different contact times
(adsorption conditions were pH=5, Co=10 mg-L~", adsorbent dose=1 g-L~!, agitation
speed=200 r-min !, T=25 °C).

3.2.3. Effect of adsorbent dose

To investigate the effect of CHE-capped M/PU/Si NC adsorbent
dose on lead ion adsorption capacity and removal efficiency by
varying the CHE-capped M/PU/Si NC dose from 1 to 6 g-L~! while
maintaining the other adsorption parameters constant. As illus-
trated in Fig. 10, the CHE-capped M/PU/Si NC adsorption capacity
(q) reduced as the CHE-capped M/PU/Si NC dose increased. How-
ever, as the CHE-capped M/PU/Si NC dose increased from 0.1 to
2 g-L! the removal (R) increased. The availability of more
adsorption sites has been connected to increases in removal effi-
ciency as the CHE-capped M/PU/Si NC increased. The higher the
adsorbent dose, the more binding active sites were provided, and
the metal ions had a higher probability of adsorption, resulting in
increased removal of the metal ions from the solution. As the dose
rose to 6 g-L Y, the adsorption capacity declined while the removal
efficiency remained nearly constant. This could be because Pb%*
occupied the pore space in the CHE-capped M/PU/Si NC, leaving the
active sites, (—SiOH, —OH, and —COOH) saturated. Excess
amounts of adsorbent can result in overcrowding of particles which
can impede the mass transfer of the target compounds. Particle
aggregation or dispersion may also occur at very high adsorbent
dosages. Aggregation can result in the creation of bigger aggregates
with lower adsorption effectiveness than individual particles.
Dispersion occurs when adsorbent particles separate excessively,
resulting in diminished adsorption capacity due to reduced contact
with the target chemicals. Therefore, 2 g-L~! of CHE capped M/PU/
Si NC dose was chosen for further adsorption studies, considering
both adsorption capacity and removal efficiency.

3.2.4. Initial concentration effect

As shown in Fig. 11, the removal efficiency (Refs, %) of Pb%* by the
CHE-capped M/PU/Si-NC decreased with increasing concentration
of both ions in the solution while the adsorption capacity (q)
increased. Initially, the removal efficiency was 93.3% for Pb%* at
50 mg-L~! which decreased to 90% for Pb%+ when the initial con-
centration was increased to 100 mg-L~ . The adsorption capacity of
the CHE-capped M/PU/Si-NC increased sharply as the initial con-
centrations increased from 50 mg-L~! to 100 mg-L~'. This is
because a higher concentration of lead ions means a greater
number of target ions available for adsorption [85]. More lead ions
can bind to the available adsorption sites on the NC surface,
resulting in a higher adsorption capacity. The adsorption capacity
was reduced beyond the 100 mg-L~! concentration increment. This
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Fig. 10. Adsorption capacity of CHE-capped M/PU/Si-NC at different adsorbent doses

(adsorption conditions were pH=2, Co=10 mg-L~!, t=60 min, agitation
speed=200 r-min~!, T=25 °C).
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Fig. 11. Adsorption capacity of CHE-capped M/PU/Si-NC at different Pb?* ions initial
concentration (adsorption conditions were pH=5, t=60 min, adsorbent dose=2 g-L~,
agitation speed=60 r-min~', T=25 °C).

may probably be because the adsorption capacity of the NC may
reach saturation, even if the initial concentration of lead ions
continues to increase. The saturation point corresponds to the
maximum adsorption capacity that can be achieved for a given NC
and concentration range. Beyond this point, increasing the initial
concentration may not significantly enhance the adsorption effi-
ciency or capacity. Also, this surface saturation occurs when all
available adsorption sites are occupied by lead ions, and the NC is
unable to adsorb additional lead ions. Thus, considering both
adsorption capacity and removal efficiency, a concentration of
100 mg-L~! was chosen for subsequent adsorption experiments.

3.3. Adsorption kinetics

PFO, PSO, and IPD kinetic models were studied to analyze the rate
of adsorption of Pb?* by CHE-capped M/PU/Si-NC beads. The
adsorption kinetic models’ results are presented in Table 2 and
illustrated in Fig 12(a) and (b). As revealed in Table 2, the R? value of
the PSO model (R*=0.99) is higher than that of the PFO model
(R?=0.80). Similarly, g, for PSO (Table 2) better fits to (exp than that
of PFO. In many cases, the PSO model aligns well with the mecha-
nism of adsorption onto CHE-capped M/PU/Si-NC. This result sug-
gests that chemisorption is the predominant mechanism underlying
the adsorption of lead ions and the adsorbent surface. This is often
observed in the adsorption of heavy metal ions onto NCs where
strong coordinate covalent bonds are formed between the metal ion
(Pb%**) and the surface functional groups (—SiOH, —OH, and
—COOH) [86]. In addition, as shown in Table 2, the IPD model plot
has a low regression coefficient (R>=0.69) and the intercept is not
equal to zero. Besides, one can observe that (Fig. 12(c)) the plot does
not pass through the origin indicating that IPD was not the rate-

Table 2
Summary of adsorption kinetic model parameters.
Kinetic model Parameter Pb%*
Pseudo first order qexp/mg-g’1 91.8
qcal/mg'g71 90.9
R? 0.80
K1 0.2681
Pseudo second order
Gexp/mg g 918
Gea/mg-g ! 92.0
R? 0.99
K> 0.0128
Intra particle diffusion C 86
Kaite 0.522
R? 0.69

limiting step and external diffusion might be involved in the pro-
cess [87]. Therefore, the formation of the micropore structure of
CHE-capped M/PU/Si-NC makes it easy for the diffusion of the lead
ions to the active sites because of a microporous material success-
fully used for adsorbing heavy metals from water solutions [88].

3.4. Adsorption isotherms

To investigate the relationship between initial Pb?>* concentra-
tion and Pb?>" uptake on CHE-capped M/PU/Si-NC adsorbents,
Langmuir, Freundlich, and Temkin isotherm models were employed.
The study was conducted at 25 °C for 60 min at a pH of 5. The initial
Pb?* concentration was varied from 1 to 100 mg-L~! while main-
taining a CHE-capped M/PU/Si-NC dose of 2 g-L~ . Fig. 13(a) and (b)
illustrate the non-linear fitting plots of the Langmuir, Freundlich,
and Temkin isotherm models for Pb?>* adsorption onto CHE-capped
M/PU/Si-NC. The adsorption isotherm parameters are presented in
Table 3. Table 3 reveals that the Langmuir adsorption isotherm has a
higher R? value (0.999) compared to Freundlich (0.991) and Temkin
(0.977), indicating a better fit to the experimental data. The findings
suggest that CHE-capped M/PU/Si-NC forms monolayer adsorption
without interactions between adsorbed Pb?* ions [46]. The
maximum adsorption capacity (qm) of the CHE-capped M/PU/Si-NC
adsorbent for Pb®* was found to be 151 mg-g~'. A comparison of
adsorption capacities of different magnetic silica-based adsorbents
for Pb?* removal is summarized in Table 3. Although the Freundlich
model did not fit the data well, the empirical constant n value was
greater than 1, suggesting a favorable adsorption process. This in-
dicates a strong interaction between Pb?* and the adsorbent surface
[82]. Additionally, the Temkin adsorption isotherm's b; value was
very high (91.8 kJ-mol~'), suggesting a strong heat of adsorption
[48,89]. This implies the formation of strong attractive forces be-
tween the Pb?* ions and the adsorbent surface, confirming the
presence of chemisorption [90—-92].

3.5. Comparison of the adsorption performances

An adsorbent's adsorption capacity is significantly influenced by
its surface charge, surface area, and functional groups [93]. The
surface charge also determines its stability, biocompatibility, and
interactions with other molecules. Our CHE-mediated synthesized
NC has good stable electrostatic properties and is negatively
charged (—37 mV). This increases the adsorbent's electrostatic
attraction to cationic pollutants. And also CHE/M/PU/Si-NC has a
larger surface area (313.9 m?-g~!) than the earlier magnetic silica
NC adsorbent [18]. Overall, the properties of CHE/M/PU/Si-NC
suggest that it possesses a high adsorption capacity compared to
other adsorbents. Table 4 presents a comparison of the maximum
adsorption capacity (qm) of our synthesized CHE-capped M/PU/Si-
NC with values reported in the literature.

To understand the performance of adsorbents in real-world
water samples, comparing their competitive adsorption behav-
iors is essential. Lead adsorption can be significantly influenced
by the presence of other cations, such as cadmium and copper
[96]. This study investigated the selectivity of CHE/M/PU/Si-NC
for Pb®* adsorption in solutions containing multiple ions. As
depicted in Fig. 14, the adsorption efficiency for lead alone
(control) was 97.5%. The addition of cadmium ions slightly
reduced the adsorption efficiency to 97.35%, demonstrating a
stronger competitive effect due to its smaller ionic radius and
similar chemical properties [76]. While copper ions (97.45%) also
competed with lead, their effect was generally less pronounced
[97]. When all three ions were present, the combined effect on
lead adsorption was greater than their individual effects (96.3%).
Overall, CHE/M/PU/Si-NC remained effective in removing lead
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Fig. 12. Adsorption kinetic models for adsorption of Pb?* on CHE capped M/PU/Si NC: (a) PFO, (b) PSO, (c) IPD. Adsorption conditions were at pH=5, C;,=100 mg-L~", adsorbent

dose=2 g-L~!, agitation speed=200 r-min~!, T=25 °C).
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Fig. 13. (a) Langmuir and Freundlich adsorption isotherm. (b) Temkin adsorption Isotherm. Adsorption conditions were at pH=5, t=60 min, speed=200 r-min—

dose=2 g-L 1.

even in the presence of competing ions, indicating minimal

competitive interference.

3.6. Reusability of CHE capped M/PU/Si-NC

Reusability of adsorbents is a key component of their economic
viability, determining production costs. As a result, determining the

100
® .
*l / -
- 60F
on
&n
£ .
S
40 - /
f;’ - =~ Temkin
/
/
20 P!
1 1 1 1 1 1
g 0 2 4 6 8 10

C,/mg-L™

1, adsorbent

reusability of adsorbent materials is critical. The spent CHE-capped
M/PU/Si-NC adsorbent was regenerated with 5% HCl as the
desorbing agent [18]. Fig. 15 shows the Pb?* uptake onto CHE-
capped M/PU/Si NC for various reuse cycles. The Pb** uptake was
82,76,72,67 and 64 mg-g~ ! for the first, second, third, fourth, and
fifth reuse cycles. The observed decrease in Pb** uptake could be
attributed to a reduction in adsorbent active sites. As shown in
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Table 3

Summary of isotherm model parameters.
Isotherm qm/mg-g~" Parameters R?
Langmuir 151 K;=0.1426 L-mg~! 0.999
Freundlich K=22.66 g-mg'-min~', n=1.624 0.991
Temkin A=2.08L-g7!, by = 91.8 kJ-mol~! 0.977

Table 4

Comparison of adsorption capacities of different magnetic silica-based adsorbents
for Pb?* removal.

Adsorbent Adsorption capacity Reference
Jmg-g~'

Silica-coated magnetic nanocomposites 149 [18]

Magnetic mesoporous silica 14347 [28]

Magnetic sepiolite/iron(Ill) oxide composite 90.1 [94]

Magnetite nanoparticles 108.23 [95]

CHE capped M/PU/Si NC 151 This study
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Fig. 14. Effects of competing ions on Pb?* adsorption in aqueous solution (adsorption
conditions were Co=100 mg-L~', adsorbent dose=2 g-L~', pH=5, t=60 min, agitation
speed = 200 r-min~", T = 25 °C).
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Fig. 15. Regeneration and adsorption capacity of CHE capped M/PU/Si-NC after lead
adsorption.

Fig. 15, the CHE-capped M/PU/Si-NC maintained nearly 69.6% of its
initial adsorption capacity after five cycles, indicating its excellent
recoverability when removing Pb?* from water.

4. Conclusions

In this study, CHE/M/PU/Si-NC was synthesized and applied for
the efficient removal of Pb®* ions from aqueous environments.
CHE-capped silica NPs synthesized via plant-mediated methods
exhibit superior thermal stability and a remarkable surface area of
338 m?-g~ !, surpassing that of their sol—gel synthesized coun-
terparts, which demonstrated a surface area of 309 m?-g .
Furthermore, the CHE/M/PU/Si-NC emerged as a standout,
boasting an extensive surface area alongside a significantly
negative surface charge (—37 mV). This unique combination of
physical properties renders it exceptionally suitable for adsorbing
cationic lead ions. The adsorption capacity remained robust, with
Pb%* uptakes recorded at 82.2, 76, 72, 67, and 64 mg-g~! for the
first through fifth cycles, respectively. The adsorption efficacy of
the CHE/M/PU/Si-NC was rigorously evaluated and found to be in
excellent agreement with the Langmuir adsorption isotherm and
the PSO kinetic models. This suggests that the silica matrix within
the NC, through its silanol (—Si—OH) groups, facilitates the
chemisorption and monolayer adsorption of lead ions. The recy-
clability of the CHE/M/PU/Si-NC adsorbent demonstrated
commendable reuse potential across five cycles. The inclusion of
magnetic NPs enhanced the post-adsorption separation efficiency
and facilitated the recovery and subsequent reuse of the adsor-
bent material. The demonstrated efficacy of the CHE/M/PU/Si-NC
in laboratory conditions paves the way for its application on a
larger scale and underscores the need for further studies to
evaluate its performance in real-world water treatment scenarios.
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