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Green Synthesis of Metal Nanoparticles and Magnetic
Nanocomposites for Adsorption, Desorption and

Preconcentration of Pb(ll)

Muradiye Sahin® and Yasin Arslan*®

Synthesis, characterization, Pb(ll) adsorption, recovery, precon-
centration and reusability of different nanoadsorbents were
investigated in detail. With green synthesis, silver, iron oxide
and iron copper nanoparticles (AgNPs, Fe;O,NPs and Fe/CuNPs)
were synthesized and modified with chitosan and alginate
natural polymers to form nanocomposite beads (Fe;0,-CS,
Fe;0,—AT, Fe/Cu—CS and Fe/Cu—AT). When the adsorption
efficiencies of the seven synthesized nanoadsorbents from the
aqueous medium were compared, it was seen that the
magnetic bimetallic Fe/Cu—CS beads provided the highest

Introduction

Heavy metals, which enter the human body mostly through
nutrition and air, are not biodegradable and cause toxic effects
by accumulating in living organisms.™ With the rapid progress
of industrial activities in recent years, the use of heavy metals
has increased and the pollution resulting from this use has
reached the environment, water and especially the food
chain? In people exposed to heavy metals in greater than
tolerable levels; some problems such as cancer, anemia,
respiratory diseases, stomach disorders, damage to brain
tissues, kidney failure, high blood pressure, and behavioral
disorders due to mental and neurological effects have been
observed.®® Lead (Pb), a heavy metal, can be found in the
wastewater of various industrial establishments. It can be
mixed in water environments from battery industries, mining
industries, metal electroplating, painting and coating, journal-
ism and casting processes”® and battery industries lead the
way with 5-66 mg/L level.”) When the health effects of it are
examined, even in low dosages, it can cause various effects,
such as miscarriage risk in humans, kidney diseases, anemia,
hypertension, brain damage, mental retardation, anorexia and
fatigue, as well as plant and animal deaths."®""
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adsorption with 100% efficiency for Pb(ll). The adsorption
mechanism, effects of temperature, initial lead ion concentra-
tion and pH of the solution on the Pb(ll) adsorption capacity of
Fe/Cu—CS beads were investigated. The recovery studies have
shown that Fe/Cu—CS beads have good adsorption/desorption
performance around 90% of desorption was achieved with
5mM HNO;. These results show that Fe/Cu—CS beads have
potential to be a promising material for adsorption, preconcen-
tration and desorption of Pb(ll) from aqueous solution.

For these reasons, Pb and other heavy metals that reach
the drinking water and food chain as a result of industrial
activities should be removed from wastewater before dis-
charge. As treatment techniques used to remove heavy metal
ions from the water environment; some methods, such as
chemical precipitation, filtration, chemical oxidation, ion ex-
change, using microorganisms, reverse osmosis, flotation,
activated sludge systems and adsorption are used.*'® The
adsorption method in the removal of heavy metal ions from
wastewater is very interesting in terms of its efficiency, low cost
and ease of application.” Today, the development and use of
innovative, environmentally friendly, low-cost adsorbents is of
great importance for the adsorption method and various
studies are carried out in this direction. Nanoparticles are used
as adsorbents to increase the capacity in wastewater treatment
due to their high surface area and active adsorption sites that
strengthen their interaction with metallic species.”'*?

During heavy metal removal processes, adding magnetic
properties to nanoparticles facilitates the separation of prob-
lematic sludges which have high heavy metal content from
water, due to their magnetic properties. Therefore, magnetic
nanoparticles are an alternative adsorbent material that can be
used instead of costly materials used in processes, such as
activated carbon, membrane filtration and ion exchange.**! In
general, some factors, such as the usage area and removal
efficiency of the nanoparticle vary according to the synthesis
method. Many methods, such as co-precipitation, thermal
decomposition, microemulsion, hydrothermal method and
sonochemical synthesis are used in the synthesis of nano-
particles, and changes, such as coating, complex, and hybrid
formation can be made on the nanoparticle surface during or
after synthesis.”*>% Different nanomaterials can effectively
remove heavy metal from water, but their agglomeration limits
their use. However, the agglomeration problem can be
minimized by converting nanomaterials into polymer-based
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nanocomposites.**? It was found that bimetal magnetic nano-

materials (Fe—Mn, Fe—Cu, Fe—Ce etc.) showed higher adsorp-
tion capacity for heavy metal than single metal magnetic
nanomaterials.’** Bimetal magnetic nanomaterials adsorb
heavy metals from wastewater by a combination of binding,
magnetic selective adsorption, electrostatic interaction and
modified ligands.>”

In this study, AgNPs, Fe;O,NPs and Fe/CuNPs nanoparticles
were synthesized by green synthesis method using an endemic
lathyrus brachypterus plant extract and they were modified
with natural polymer, such as chitosan and alginate to form
Fe;0,—CS, Fe;0,—AT, Fe/Cu—CS and Fe/Cu—AT magnetic beads.
The all synthesized nanoparticles and nanocomposites were
used as adsorbents to investigate the adsorption and desorp-
tion of Pb(ll) from mg/L to ng/mL level in aqueous solution.
The effects of ambient conditions on removal efficiency,
desorption and reusability properties were investigated with
the nanoadsorbent providing the highest removal. In addition,
kinetic, isotherm and thermodynamic parameters were also
investigated in detail.

Results and discussion
Preparation of Lathyrus Brachypterus Plant Extract

Lathyrus Brachypterus Plant was firstly homogenized to obtain
powder. To obtain its extracts, 2 g of the particular powder was
added to 100 mL of distilled water. The mixture was stirred
continuously at 25°C for 5 hours. After grinding, the solution
was filtered through a filter paper. Then, all extracts were
stored at room temperature to be used for both the character-
ization and biosynthesis of silver and magnetic nanoparticles.

Synthesis of AgNPs

To prepare AgNPs, 5mL of extract was mixed with 0.1 M,
45 mL of AgNO;. Then, the mixture was left at room temper-
ature with magnetic stirrer to efficiently complete the synthesis
of AgNPs in which plant extract acted as both stabilizer and
reductant. After the reduction of Ag™ ions to Ag°’ were
completed for about 5-6 minutes, the AgNPs were filtered
through a Whatman No 1 filter paper (90 mm, 82 g/m* and
pore size: 15-19 um).B

Synthesis of Fe;O,NPs and Fe/CuNPs

For the synthesis of Fe;O,NPs, 100 mL solution including 0.56 g
FeSO,-7H,0 and 0.81 g FeCl;-6H20 was prepared and 10 mL
of the plant extract was added to the prepared solution. For
the synthesis of Fe/CuNPs, 100 mL solution including 1.38 g
FeSO,-7H,0 and 0.18 g CuSO,-5H,0 was prepared and 10 mL
of the plant extract was added to the prepared solution. Then,
they were mixed at room temperature for 30 min at 500 rpm
on a magnetic stirrer and left to settle. The resulting Fe;0, and
Fe/Cu nanoparticles were separated from the filtrate with a
magnet and washed 3 times with distilled water and dried in
an oven.F”?®
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Synthesis of Fe304-CS and Fe/Cu—CS

0.50 g of chitosan was mixed with 50 mL of 1% acetic acid until
a homogeneous mixture was obtained. Then, 0.40 g of the
synthesized magnetic Fe;O,NPs was added to this mixture and
dropped into 100 mL of 1 MNaOH solution with a dropper to
form Fe;0,—CS beads. The formed beads were kept in NaOH for
12 hours and washed with distilled water. At the end of the
period, half of them were kept in distilled water at 4°C, and the
other half was dried in an oven at 50°C to compare their
adsorption and oxidation effects separately. The same process
was performed by replacing Fe;O,NPs with Fe/CuNPs for the
synthesis of Fe/Cu—CS.?"*®

Synthesis of Fe;0,—AT and Fe/Cu—AT

0.60 g of sodium alginate was mixed with 50 mL of distilled
water until a homogeneous solution was formed. 0.50g
Fe;O,NPs was added to the prepared mixture and sonicated for
30 minutes. Then, Fe;0,—AT beads were formed by dropping
the obtained homogeneous solution into 2% of CaCl, solution.
The obtained beads were washed with distilled water and
stored into distilled water at 4°C. The same process was
performed by replacing Fe;O,NPs with Fe/CuNPs for the
synthesis of Fe/Cu—AT.F"?®

Characterization of nanoparticles and nanocomposites

Based on the characterization results shown in Figures S1-S4
for AgNPs and shown in Figures S5-S8 for both magnetic
nanoparticles and nanocomposites; it was confirmed that
nanoparticles and nanocomposites were successfully synthe-
sized. UV-Vis spectra of both plant extract and AgNPs were
given in Figure S1. The UV-Vis spectral analysis, the character-
istic absorbance peak at about 452 nm is commonly used for
the definition of AgNPs.®¥ FT-IR analyzes of both plant extract
and AgNPs were performed and given in FigureS2 as
comparatively. In the FT-IR spectra of plant extract, —OH peak
was observed at 3285 cm™'. The peak observed at 2973 cm™
corresponds to N—H bond, the peak observed at 1650 cm™
corresponds to C=C double bonds or aromatic rings, and the
peak observed at 1420 cm™ corresponds to C=0 stretching in
the carboxyl group. The peak observed at 1026 cm™' corre-
sponds to the stretching of the amines — CN - and the peak
observed at 602" corresponds to the C—H vibration. The peak
observed at 1307 cm™' may be associated with geminal methyl.
FT-IR results prove the presence of alkaline, methylene, alkene,
amine, phenol and carboxyl groups in the plant extract. These
chemical groups have proved to be reducing agents that assist
in the synthesis of AgNPs.*** When FT-IR spectra of both the
plant extract and AgNPs are compared, it is seen that the peak
intensities are either very weak or completely lost in the AgNPs
spectra with respect to the plant extract spectra suggesting
that the endemic plant used for the first time, is an effective
reducing agent for the synthesis of AgNPs. In order to
determine the crystal structure of the synthesized AgNPs, XRD
analysis was performed and the XRD measurement result was
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given in Figure S3. As a result of the obtained diffraction
patterns, peaks belonging to (111), (200), (220) and (311) crystal
structures were observed corresponding to the angle values of
20=38.1°, 44.3°, 64.4° and 77.5° for metallic silver (JCPDS 04—
0783). From these results, it was understood that there was a
metallic silver in a face-centered cubic structure. In addition, it
was concluded from the diffraction patterns that the metals
from the plant were found as impurities. In this part of study,
particle sizes of AgNPs were calculated using the Scherrer
equation from the XRD results.

Calculation of D;;; particle size using the Scherrer equa-
tion (1);

kA
Din :m (M

in which D111 is the particle size (nanometers), k=0.94 is the
constant associated with the crystal shape, 8 is the measure of
the full width of half height of the peak at the maximum
intensity (in the 111 plane) in the spectrum, 1 is the X-ray
wavelength, and 6 is the angle of the diffraction peak (Bragg).
The average particle size of AgNPs found in the calculation
with the characteristic Ag (111) peak was found to be 6.08 nm.
TEM analyses were also performed to observe the geometric
properties, particle size and distribution of the synthesized
AgNPs. It is observed in Figure S4 that AgNPs are formed
properly, they are in crystalline structure and there is no big
difference between their sizes. In addition, from the size
distribution histogram in Figure S4, it is seen that the nano-
particle size varies between 6 nm and 30 nm; the average size
of the particles was found to be 14.15+0.20 nm. As seen, there
is a good agreement with the particle sizes calculated by the
Scherrer equation in the XRD spectra shown in Figure S3.

The peaks seen in UV-Vis. (Figure S5a) are the characteristic
peaks of Fe;O,NPs and Fe/CuNPs and it was confirmed that the
nanoparticles were successfully synthesized.*'*? The pHpzc
values of Fe;O,NPs, Fe;0,—CS, Fe;O,—AT, Fe/CuNPs, Fe/Cu—CS
and Fe/Cu—AT were found to be 6.47; 5.18; 5.65; 6.32; 5.54 and
5.87, respectively (Figure S5b). The studies were carried out at
pH =6, which is above the pzc value nearly for all adsorbents. If
the pH is above the pHpzc value, the surface charge of the
adsorbent becomes negative, so cations can be adsorbed."*
Since heavy metals precipitate as insoluble hydroxides at high
pH, pH 6 was chosen as the optimum value. FTIR results of Fe/
CuNPs, Fe/Cu—CS, Fe/Cu—AT, Fe;O,NPs, Fe;0,—CS, Fe;O,—AT
and L. Brachypterus extract are given comparatively in Fig-
ure S6a. The characteristic peak at 555 cm™' seen in all nano-
particles FT-IR spectra is due to the stretching vibration of the
Fe—O bond™**! and the characteristic peak at 1008 cm™~" is due
to the presence of Cu."® The peak seen at 3465 cm™' in the FT-
IR spectrum of both Fe/Cu—CS and Fe;0,—CS belongs to the
—NH or —OH asymmetric vibration of chitosan. The width of
this peak is due to the presence of hydrogen bonding in the
nanocomposite. An H bond is formed by attaching the —NH or
—OH group of pure chitosan to the —OH group of acetic acid.””
Apart from these, the stretching vibration of C=0 at 1732 cm ™,
the C—O—C bonds of the polysaccharide skeleton at 1028 cm™
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and the characteristic peaks of (3-1,4-glycosidic bond at 1153
and 895 cm ™' show that chitosan is present in the structure.*®
In the FT-IR spectrum of both Fe/Cu—AT and Fe;O,—AT, O—H
stretches at 3313 cm™', asymmetric and symmetrical stresses
due to —COO at 1595 and 1417 cm™', -0—C—O- stretches of
ether groups and —C—O— stretches of alcohol groups at
1100—1300 cm™' indicate that there is alginate in the
structure.”>" The X-ray diffraction patterns of Fe/CuNPs, Fe/
Cu—CS, Fe/Cu—AT, Fe;0,NPs, Fe;0,—CS and Fe;0,—AT magnetic
nanoparticles are shown in Figure S6b. In the XRD pattern of
Fe/CuNPs, 4 peaks corresponding to 20 =37.4, 44.6, 57.8 and
61.4 angle values belong to CuFeO,, zero-valent iron (Fe?),
Fe,0; and Cu,0, respectively.®?* The particle size of Fe/CuNPs
was calculated as 18.05 nm from the Debye-Scherrer equation
using the peak intensity observed at 26 =37.4 in the diffraction
pattern of these nanoparticles. In the XRD pattern of Fe;O,NPs,
6 peaks belonging to the crystal structures 220, 311, 400, 422,
511 and 440 were observed, corresponding to the angle values
of 26 =30.18, 35.47, 43.30, 53.42, 57.18 and 62.70 (JCPDS 65-
3107). The particle size of Fe;O,NPs was calculated as 11.02 nm
from the Debye-Scherrer equation using the peak intensity
observed at 26=35.47 in the diffraction pattern of these
nanoparticles. The 4 peaks detected in the XRD pattern of Fe/
CuNPs were also detected in the diffraction pattern of both Fe/
Cu—CS and Fe/Cu—AT nanocomposites and 6 peaks detected in
the XRD pattern of Fe;O,NPs were also detected in the
diffraction pattern of both Fe;O,—CS and Fe;O,—AT nano-
composites. This result showed that the coating of both Fe/
CuNPs and Fe;O,NPs with chitosan and alginate did not change
the crystal structure. The shape and size of the Fe;O,NPs were
additionally characterized by TEM and SEM-EDX analysis (Fig-
ure S7). The SEM images show individualistic Fe;O,NPs besides
a series of aggregates (Figure S7a). The map data of elemental
mapping confirmed the presence of Fe and O and is consistent
with the SEM images (Figure S7c). The EDX spectra of Fe;O,NPs
reveals that there are both Fe and O atoms in its structure
(Figure S7c). TEM images (Figure S7b) obviously shows that the
nanoparticles are nearly spherical in shape. Figure S7b also
indicates the size distribution histogram of the particles and
while the sizes of the nanoparticles vary among 5 nm and
42 nm, the mean size of the particles is found to be 11.02+
0.15 nm. As seen, there is a good agreement with the particle
sizes calculated by the Scherrer equation in the XRD pattern
shown in Figure S6b. The shape and size of the Fe/CuNPs were
also determined by TEM and SEM analysis (Figure S8). The SEM
images show individualistic Fe/CuNPs besides a series of
aggregates (Figure S8b). The map data of elemental mapping
confirmed the presence of Fe and Cu and is consistent with the
SEM images (Figure S8(b,c)). In addition, as seen from the EDX
analysis results (Figure S8d), it was confirmed that the bimet-
allic nanoparticle was synthesized with 58.06 % Fe and 35.76 %
Cu in the structure. TEM images (Figure S8a) obviously show
that the nanoparticles are nearly spherical in shape. Figure S8a
also indicates the size distribution histogram of the particles
and the mean size of the particles is found to be 18.05+
0.04 nm and the size of the nanoparticles varies between 6 and
30 nm and showed supermagnetic property.**>®
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Adsorption performances of Pb(ll) onto nanoadsorbents

The removal of Pb(ll) from the both synthetic and tap water
samples by adsorption on nanoparticles (AgNPs, Fe;O,NPs and
Fe/Cu NPs) and nanocomposites (Fe;0,—CS, Fe/Cu—CS,
Fe;0,—AT and Fe/Cu—AT) using the batch adsorption method
was investigated. For this, a stock solution of 1000 mg/L
Pb(NO,), was prepared. Then, this solution was diluted to
prepare all other Pb(ll) standard solutions. During adsorption,
0,025 g adsorbent was separately contacted with 25 mL 20 mg/
L, 50 ng/L and 200 ng/mL Pb(ll) solutions in a 50 mL plastic
centrifuge tubes. The tubes were then capped and shaken on a
magnetic stirrer at 250 rpm at room temperature for 24 h.
Solution pH was initially adjusted to 6. Afterwards, the
concentration of them remaining without being adsorbed in
the solution was determined by both AAS and ICP-OES
instruments.

The amount of adsorbed Pb(ll), g. (mg/g), was calculated by
equation (2):

G-C)V
qe:("Te) ()

where C, and C, are the initial and equilibrium concentrations
(mg/L), respectively, V is the volume of Pb(ll) solution (L), and
W is the weight (g) of nanoadsorbent.

According to the experimental results, Pb removal % of
AgNPs, Fe/CuNPs, Fe;O,NPs, Fe;O,—CS, Fe/Cu—CS, Fe/Cu—AT
and Fe;0,—AT was found to be 98%, 96 %, 95%, 98%, 100 %,
98% and 92 %, respectively. it was seen that the most suitable
adsorbent was found to be Fe/Cu—CS nanocomposite which
adsorbed 100% with a maximum monolayer adsorption
capacity of 20 mg/g at 298 K shown in Figure 1.

To measure the effect of other ions on Pb(ll) removal, the
experiment was repeated with tap water and it was observed
that other ions in the environment had no significant
interference effects.

Effect of initial Pb(ll) concentration

The effect of the initial Pb(ll) concentration on the adsorption
amount was investigated by changing the Pb(ll) concentration
in the range of 20, 50 and 100 mg/L and the results are given
in Figure 2. As seen in the Figure 2, the initial concentration of
Pb(ll) actually affects the adsorption process. When the
concentration increases from 20 mg/L to 50 mg/L, the adsorp-
tion capacity increases rapidly, and when the concentration is
increased from 50 mg/L to 100 mg/L, there is a decrease in the
increase in adsorption capacity. At high Pb(ll) concentrations, a
concentration gradient, which is a driving force for adsorption,
occurs, which increases the ge value” According to the
Langmuir model, as seen in the isotherm curve in Figure 5, the
maximum adsorption capacity reaches 61.5 mg/g at a concen-

B Po(l1) removal %

B Po(ll) removal % (tap water) [l ae (mg/g) (tap water)

B o (mo/g)

100 A

80

60

40 -

20 H

AgNPs Fe/CuNPs Fe,O,NPs Fe;0,-CS Fe/Cu-CS Fe/Cu-AT Fe;O,-AT

Figure 1. Comparative Pb(ll) adsorption of AgNPs, Fe;O,NPs, Fe;0,—CS, Fe;0,—AT, Fe/CuNPs, Fe/Cu—CS and Fe/Cu—AT removal efficiency (initial Pb(ll)

concentration: 20 mg/L, adsorbent dosage: 25 mg/25 mL, T=298 K, pH=6.5).
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Figure 2. Effect of initial Pb(ll) concentration on the Pb(ll) adsorption (adsorption conditions: adsorbent dosage: 25 mg/25 mL, pH =6, T=298 K, shaking rate

250 rpm and 120 min.).

tration of approximately 100 mg/L at 298 K, and the increase in
the concentration after this concentration does not affect the
adsorption capacity. This can be explained by the depletion of
all active sites on the adsorbent surface. It can also be
explained by the fact that Fe/Cu—CS bimetallic nanocomposite
forms a passivation layers, such as (PbOH), Cu—Pb-
(oxy)hydroxide or Fe—Pb (oxy)hydroxide with Pb.5%*!

Effect of pH

To investigate the effect of ambient pH on the adsorption of
Pb(ll) ions, 25 mL, 20 mg/L Pb(ll) was separately prepared at
pH3, 5, 6, 8 and 10. Then, 25 mg of synthesized Fe/Cu—CS
nanoadsorbent was separately added to these solutions. To
examine at which pH value, the adsorption was more effective,
the resulting mixture was stirred in a magnetic stirrer for 30
minutes. pH values were adjusted using NaOH and HCI shown
in Figure 3. Although the adsorption of metal ions from
aqueous solution involves quite complex mechanisms, it is
thought that the predominant type of interaction is the
electrostatic interaction between the metal ion and the
adsorbent surface. As the pH value of the aqueous solution
decreases, that is, as an acidic environment occurs, the surface
functional groups become positively charged because the
adsorbent is surrounded by H,O* ions. Since Pb(ll) ions are also
cationic in aqueous solution, H;O" ions at acidic pH values
prevent Pb(ll) cations from approaching the adsorbent due to
electrostatic repulsion. Therefore, it is observed that the Pb(ll)
adsorption efficiency is low at acidic pH values (Figure 3). As
the pH value of the aqueous solution increases, the competitive
effect of H;O™" ions with Pb(ll) ions to adhere to the active sites

ChemistrySelect 2023, 8, €202300708 (5 of 11)
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50
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Figure 3. Effect of pH on the Pb(ll) adsorption (adsorption conditions: initial
Pb (Il) concentration: 20 mg/L, adsorbent dosage: 25 mg/25 mL, T=298 K,
and 30 min.).

on the adsorbent surface decreases, and the Pb(ll) adsorption
efficiency increases as a result of the increase in electrostatic
interaction due to the decrease in the positive charge density
on the Fe/Cu—CS bead surface.® " The pH effect is closely
related to the pHpzc value of the adsorbent. The pHpzc value
of the Fe/Cu—CS bead was determined as 5.54 (Figure S5b).
When the pH value of the aqueous solution is lower than 5.54,
the net surface charge of the adsorbent is positive, and above
this value it is negative. As can be seen from Figure 3, the
adsorption efficiency for Pb(ll) ions is the highest around pH 6.
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After pH.6.0, the adsorption efﬁue.:ncy tended t? decrease and Table 1. Modeling the experimental data of Pb(ll) adsorption onto the Fe/
the optimum pH value at which the maximum removal Cu—CS adsorbent with the corresponding parameters of the isotherm
efficiency was obtained was determined as 6.0, taking into models.
account the precipitation of Pb(ll) cations as hydroxides at Model Parameters Unit Solution Temperature
higher pH values. 298K 313K 328K

Langmuir qn Mg/g 61.5 63 66
Effect of temperature K; L/mg 0.064  0.069 0.087
R? - 0.9988  0.9993  0.9984
The effect of temperature for Pb (Il) adsorption on Fe/Cu—CS | Freundlich Ke  (mg/g)*(mg/L)" g~;§5 3-3;8 3;(2)7
. . n - . . .
beads was .|n.vest|gat<.ed at. 298., 31.3 anc% 32§K and Pb (Il) R 09124 09276 08961
removal efficiency with time is given in Figure 4. It was Temkin B J/mol ~2350 -2137 —19.78
observed that the adsorption increased with increasing temper- K L/mg 0.0019  0.0013  0.0009
ature. This suggests that adsorption is controlled by an R - 09581 09608  0.9549

endothermic process. The reason for the increase in adsorption
capacity with increasing temperature is because the diffusion
rate of Pb(ll) ions increases with increasing temperature and
the mobility of Pb(ll) molecules increases, resulting in more
interactions with active centers on the surface.”

Adsorption isotherms

Adsorption isotherm experiments were performed at different
temperatures (298, 313 and 328 K) for 120 minutes with a
concentration ranging from 2 to 1000 mg/L Pb(ll) initial
concentrations. Equilibrium values for Pb(ll) cation in solid and
liquid phases reached at different initial concentrations are
shown in Figure 5. The model parameters were determined as
a result of nonlinear regression analysis of the experimental
equilibrium data and are listed in Table 1. According to the
regression coefficients, it was seen that the Langmuir isotherm
model equation describes the experimental equilibrium data
better than the other models.

With the increase of Pb(ll) ion concentration up to the
adsorption saturation limit, the removal capacity increased
rapidly. With the increase of Pb(ll) ion concentrations, the

removal rate firstly slowed down due to the saturation of the
Fe/Cu—CS surface and remained stable after reaching equili-
brium. According to Langmuir isotherm model; it is based on
the idea that the adsorbent surface is homogeneous, there is
no interaction between the adsorbed molecules, and there is a
fixed number of active sites with the same energy on the
adsorbent. This model is expressed by equation (3).

_ quLCe

qe = T+K.C. (3)

According to Freundlich isotherm; it is taking into account

the multilayer adsorption and heterogeneity of the adsorbent
surface and this model is expressed by equation (4).

e = KFCen (4)

According to Temkin isotherm model, it is thought that the
surface coverage increases due to the interaction of the

80+
A A A
& o ®
604
A | | | |
____a ®
[=)]
£ 404 "
[14]
or
A
. -
20- = m 298K
e 313K
A 328K
O - T T T T 1
(o] 25 50 75 100 125
C. (mg/L)

Figure 4. Effect of temperature on the Pb(ll) adsorption (adsorption conditions: adsorbent dosage: 25 mg/25 mL, pH =6, shaking rate 250 rpm and 30 min.).
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Figure 5. Adsorption isotherm of Pb(ll) onto the Fe/Cu—CS adsorbent at different solution temperatures (adsorption conditions: 0.025 g/25 mL Fe/Cu -CS, initial

Pb(ll) concentration 2-1000 mg/L, pH=6 and 120 min).

adsorbate and the adsorbent, and as a result, the heat of
adsorption of the molecules in the layer decreases linearly. This
model is expressed by equation (5).

qe = Bln(KTCe) (5)

where Ce is the equilibrium concentration of the adsorbate
(mg/L), K, the Langmuir adsorption constant (L/mg), ge is the
amount of adsorbate adsorbed per unit mass of adsorbent
(mg/g) and gm is the theoretical maximum adsorption capacity
(mg/g). n and K: (L/mg) are Freundlich constants. K; is defined
as an adsorption or distribution coefficient representing the
amount of adsorbate adsorbed on an adsorbent for a unit
equilibrium concentration while n gives an indication of how
favorable the adsorption process. The slope of 1/n ranging
between 0 and 1 is a measure of adsorption intensity or surface
heterogeneity, becoming more heterogeneous as its value gets
closer to zero.* B (J/mol) is the Temkin constant related to
heat of adsorption and K; (L/mg) is the equilibrium binding
constant. A negative value of B indicates that the adsorption
process is endothermic and a positive value of B represents the
process is exothermic.®

Adsorption kinetics

Determination of kinetic parameters is very important in terms
of helping to explain the adsorption mechanism. Two types of
kinetic models are commonly used for this purpose; pseudo-
first order kinetic model equation (6) and pseudo-second order
kinetic model equation (7).

In(ge — a;) = Inge — kit (6)

ChemistrySelect 2023, 8, €202300708 (7 of 11)

t 1

a=h T N=ka' 7)

t
9e

The notations g. and q, express the amount of Pb(ll)
adsorbed on Fe/Cu—CS at equilibrium and a specific time t,
while k, and k, are the pseudo-first and pseudo-second order
rate constant, respectively. While the graph of t versus In(g.—q)
drawn according to the calculated values for the pseudo first-
order rate expression (equation (6)) is shown in Figure 6(a), the
graph of t versus t/q, drawn according to the calculated values
for the pseudo second-order rate expression (equation (7)) is
shown in Figure 6(b) at different time intervals of 20 mg/L
concentration of Pb(ll) adsorption on Fe/Cu—CS beads at 298 K.
The kinetic parameters calculated from the slopes and cuts of
the lines obtained from these graphs are given in Table 2.

According to these data, the closest correlation value to 1 is
Pseudo second order rate kinetics. Therefore, the Fe/Cu—CS
nanocomposite is more suitable for pseudo-second order rate
kinetics.

Adsorption thermodynamics

The enthalpy change, entropy change, free energy change and
equilibrium constant during adsorption are determined and
the adsorption phenomenon is investigated thermodynami-

Table 2. Pseudo-first-order and pseudo-second-order model constants for
the adsorption of Pb(ll) on Fe/Cu—CS.

Pseudo-second-order
k, (gmg~"min~’) R? R

Pseudo-first-order
k (min”) R de

0.0207 0.8660 9.37 0.0068 0.9640 14.73
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Figure 6. (a) pseudo-first-order and (b) pseudo-second-order kinetic models for adsorption of Pb(ll) on Fe/Cu—CS.

cally. The standard free energy of adsorption AG®; its standard
entropy AS°, and its standard enthalpy AH° are calculated
from equation (8-10) using the equilibrium constant (K¢) values
obtained at various temperatures and are given in Table 3.

g
Ke=2 8)
AGO = —RT InKC (9)
Ik —AH 1 AS°
NK¢ —TX T—FT (10)

where R is the ideal gas constant (R=28.314J/molK), K.
represents the equilibrium constant (dimensionless) and T is
the absolute temperature (K).

Thermodynamic analysis was performed at three different
temperatures (298 K, 313 K and 328 K). The Gibbs free energy
was calculated by using equation 9 in which the K. values were
calculated from equation 8. AH° and AS° values were found by
plotting 1/T vs. InK¢ using equation 10 (Van't Hoff equation)
and these values are given in Table 3.

The negative and decreasing AG®° value with temperature
shows that the adsorption is spontaneous and the tendency to
be spontaneous at higher temperatures increases. The positive
AH? value indicated that the adsorption was endothermic. The

Table 3. Thermodynamic parameters for the adsorption of Pb(ll) on Fe/

Cu—CS.
AG° (kJmol™) Van't Hoff Equation AH° AS°
(kJmol™)  (Jmol'K™)
298K 313K 328K y=-965.84x+10.46 8.03 87.01

-179 -192 -205 R*=0.9791
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positive AS° value showed an increase in the randomness at
the adsorbent/solution interface during the adsorption process.

Adsorption mechanism

The FT-IR spectra of Fe/Cu—CS for before and after adsorption
of Pb (Il) ions are comparatively given in Figure 7(a). When the
FT-IR spectra of nanoadsorbent and Pb(ll) loaded nanoadsorb-
ent were compared, shifts in wave number were observed at
certain peaks after Pb(ll) adsorption. These are O—H group at
3465 cm™', —COO group at 1595 cm™', -O—C—O— ether group
at 1417 cm™' and —C—O- alcohol group at 1100 cm™' in the Fe/
Cu—CS was shifted to lower wavenumber and narrowed after
adsorption of Pb(ll). These wave number shifts are caused by
ion changes in the specified functional groups due to Pb(ll)
binding to the nanoadsorbent

Adsorption mechanisms generally involve the extensive
effect of ion exchange, complexation, precipitation, electro-
static and mi—7t interaction types.*®®” According to the results of
the kinetic and isotherm experiments, chemical adsorption on
the monolayer surface played an active role in Pb(ll) removal;
The main factor is thought to be chemical interaction. Fig-
ure 7(b) gives a diagram of the possible chemical interaction
mechanism depending on the functional groups.

The comparison of this study with some literature studies
on lead removal in terms of adsorption capacity and mecha-
nism is given in Table 4.

Desorption

Recovery/desorption of the adsorbed metal is one of the most
important stages of the adsorption process. In order to
evaluate the recovery conditions of adsorbed Pb(ll) ions,
desorption experiments were performed with HNO; at different
concentrations (1, 3 and 5 mM) and the results in Figure 8(a)

© 2023 Wiley-VCH GmbH
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Figure 7. (a) FTIR spectra of Fe/Cu—CS for before and after adsorption of Pb(ll) (b) mechanism scheme of Pb sorption by Fe/Cu—CS.

Table 4. A comparison of the adsorptive capacity of the prepared sorbent with those announced in the literature.

Adsorbent Adsorption Isotherm Kinetic dm (Mg/g)  Contact  Reference
Mechanism Model Model Time (h)

Fe;O,NPs Reduction Temkin Second 17.30 24 [68]

Banana peels Electrostatic Freundlich  Second 247.10 48 [69]
attraction

Sludge Co-precipitation, Freundlich  Second 30.88 4 [70]
complexation

Ragweed Precipitation, Langmuir Second 358.70 24 [71]
ion exchange,
complexation

BC-ZnCl,, FeCl;, FeSO, - - - 52.40 48 [72]

BC- KMnO4 Surface adsorption Redlich Richie 153.10 24 [73]
mechanisms Peterson n-th-order

BC-FeCl; - 6H,0, Surface complexation, electrostatic attraction, Langmuir Second 12 127 [74]

FeSO,-7H,0 and precipitation

Camellia seed husk lon exchange, complexation, Pb- interaction, Langmuir Second 109.67 48 [75]
and precipitation

Fe/Cu—CS Electrostatic Langmuir Second 61.5 2 Present
attraction, lon exchange, surface complexation, Pb— interaction Study

a™ 90% b
ol 78%
g
E 604
o
H
T 40
4 30%
e
'8
204
0.
1 3 5
HNO, (mM)

Figure 8. (a) Desorpsiyon of Pb(ll) on Fe/Cu—CS (b) effect of cycles on the adsorption/desorption capacity for Pb(ll).
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were obtained. The mixture was agitated at 250 rpm and 298 K
for 2h. As seen in Figure 8(a), the maximum recovery
percentage for Pb(ll) ions was obtained with 5mM HNO,
(90%). The recovery efficiency, R (%) of Pb(ll) from the solid
phase was calculated by equation (11):

(Cdes ) *

R% =
(Cads)

100 amn

The reusability of Fe/Cu—CS nanoadsorbent was examined
by performing 3 cycles at the same concentration, and the
results in Figure 8(b) were obtained. As seen, no significant
decrease in the adsorption capacity of Fe/Cu—CS nanoadsorb-
ents was observed during the three cycles. The results
demonstrated that Fe/Cu—CS nanoadsorbents can be used for
the removal and recovery of Pb(ll) ions from wastewater over a
number of cycles, indicating its suitability for the design of a
continuous process.

Adsorption and desorption of Pb(ll) at ng/mL level

After these experiments, both 25 mL 50 ng/mL Pb(ll) and 25 mL
200 ng/mL Pb(ll) solutions were separately prepared to check
whether the synthesized nanocomposite material adsorbs Pb(ll)
ions at lower concentrations. For this, adsorption and desorp-
tion studies were repeated at the same optimum experimental
conditions (adsorption conditions: adsorbent dosage: 25 mg/
25 mL, pH=6, T=298 K, shaking rate 250 rpom and 120 min).
Since the detection limit of the AAS instrument was insufficient
for Pb(ll) solutions for both 50 and 200 ng/mL of Pb(ll), more
sensitive technique, such as ICP-OES with respect to AAS were
used in the detection step. Adsorption results showed that 50
and 200 ng/mL Pb(ll) ions were adsorbed by nanocomposite at
100% efficiency shown in Table 5. During desorption, 25 mL
and 5 mL of 5 mMHNO; solutions were used and the adsorbed
Pb(ll) ions were recovered at about 90% efficiency as similar
with 20 mg/L Pb(ll) shown in Table 5.

Table 5. Adsorption and desorption efficiency of Pb(ll) at ng/mL level on

Fe/Cu—CS.
Samples ICP-OES Results (ng/mL)
1-50 ng/mL Pb (25 mL) 51.240.5
2-200 ng/mL Pb (25 mL) 2033420
3-50 ng/mL Pb+ 25 mg Adsorbent (25 mL) < LOD*
(Adsorption: 30 min)
4-200 ng/mL Pb+ 25 mg Adsorbent (25 mL) < LOD*
(Adsorption: 30 min)
5-25 mL 5 mM HNO; for sample 3 46.14+0.5
(Desorption: 2 h)
6-25 mL 5 mM HNO, for sample 4 183.7+1.8
(Desorption: 2 h)
7-5 mL 5 mM HNO; for sample 3 256+2.6
(Desorption: 2 h)
8-5 mL 5 mM HNO; for sample 4 1018+10.2

(Desorption: 2 h)

* Linear Range for ICP-OES for Pb(ll): 1 to 500 ng/mL; Limit of Detection

(LOD): 0.3 ng/mL

ChemistrySelect 2023, 8, 202300708 (10 of 11)

Conclusion

In this study, the usability of green nanoparticles/nanocompo-
sites as an effective and low-cost adsorbent in the removal of
one of the toxic heavy metal ions, such as Pb(ll) from aqueous
solutions by adsorption method was evaluated. The effects of
various experimental parameters on the adsorption efficiency
were investigated, and the effects of some ions in the tap water
on the removal efficiency were investigated and it was
observed that the ions in the tap water had no effect on the
Pb(ll) removal. When the data obtained are evaluated, the
optimum aqueous solution pH was determined as 6.0 for the
adsorption of Pb(ll) ions. It was observed that the adsorption
efficiency reached its maximum after 30 minutes of equilibrium
time. It was determined that the amount of adsorption
increased with increasing initial Pb(ll) ions concentration. It has
been determined that the adsorbent can be used at least 3
times without being regenerated and 5 mM HNO; solution is
suitable for desorption of Pb(ll) ions. It was observed that the
data obtained from the adsorption of Pb(ll) ions on Fe/Cu—CS
beads were in good agreement with the Langmuir isotherm
model, which indicates that the active adsorption sites on the
adsorbent surface show a homogeneous distribution. When all
these results were evaluated, it was concluded that Fe/Cu—CS
beads could be used as an effective and inexpensive adsorbent
in removing Pb(ll) ions from mg/L to ng/mL level from aqueous
solutions by adsorption method. The lathyrus brachypterus
endemic plant used in the study was used naturally without
any pretreatment requiring chemical reagents, and nano-
particles/nanocomposites were synthesized by green synthesis
method. This situation not only reduced the cost of process,
but also contributed to green chemistry by preventing the use
of chemicals.

Supporting Information Summary

Details of the experimental procedures for the characterizations
of nanoparticles/nanocomposites corresponding references are
provided in the supporting information.
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