Chemical Papers (2025) 79:1087-1101
https://doi.org/10.1007/511696-024-03842-3

ORIGINAL PAPER q

Check for
updates

Glycine-modified chitosan-embedded silver nanoparticles: a green
approach to Pb?* adsorption and bioactivity enhancement

Suba Kannaiyan' - Andal Gopal? - R. Lakshmipathy? - Daoud Ali* - Saud Alarifi* - Mithra Geetha® -
Kishor Kumar Sadasivuni>®

Received: 6 October 2024 / Accepted: 29 November 2024 / Published online: 10 December 2024
© The Author(s) 2024

Abstract

Glycine-modified chitosan anchored silver nanoparticles (SCG) were synthesized using a green method without a cross-
linking agent. UV—-Vis, FTIR, XRD, TEM and SEM techniques confirmed the formation of the SCG nanocomposite and
silver nanoparticles. The SCG nanoparticles, estimated at 20 nm, are smaller than the chitosan stabilized Ag (SC) nano-
particles. The biological significance of the SCG nanoparticles was assessed through their anti-oxidant and antibacterial
activities. SCG nanoparticles demonstrated significant anti-oxidant activity with an IC50 of 133 ug ml~", surpassing that of
SC nanoparticles. The Zol of was found to be 30 mm for the S. aureus and E. coli bacterial strains indicating excellent anti-
microbial activity. The efficiency of SCG nanoparticles in removing Pb** ions was tested using a batch adsorption process.
A Central Composite Design (CCD) was employed to optimize the independent variables, and ANOVA results indicated the
CCD model’s reliability and significance with a p-value <0.0001. The SCG nanoparticles exhibited a high Pb?* ion loading
capacity of 270.2 mg g~! from aqueous solution with a removal efficiency of 93%. Isotherm and kinetic investigations of
the equilibrium data suggest the suitability of Langmuir and pseudo-second-order kinetic models. Thermodynamic studies
revealed the process’s spontaneity and exothermic nature. The mechanism of adsorption was found to be ion exchange with a
mean potential energy (E,) of 9.4 kJ/mol. These findings suggest that glycine-modified chitosan anchored silver nanoparticles
have promising applications in biological and environmental domains.
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Introduction

Noble metal nanoparticles have captivated researchers for
over a century due to their potential applications in biomedi-
cal sciences and engineering. Silver nanoparticles, in par-
ticular, stand out for their unique surface plasmon proper-
ties and therapeutic applications. Various physicochemical
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Ohiduzzaman et al. 2024). The biological method of syn-
thesizing silver nanoparticles is regarded as an economical
and environmentally friendly alternative to physicochemi-
cal approaches (Azmi et al. 2021). Biopolymers, a diverse
group of naturally occurring polymers, include examples
such as starch and cellulose, which are commonly used in
various household products. Researchers are intrigued by a
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recent discovery in polymer solutions where tiny pockets,
smaller than a billionth of a meter, naturally form within
the material. These pockets result from the intramolecular
and intermolecular interactions of the polymer molecules.
This discovery could prove valuable for the creation and
stabilization of nanoparticles (Mrinalini and Mallika 2024;
Mengistu et al. 2024).

The chemistry of the surface, particle size, choice of
reducing and capping agents, and other factors involved
in the production of silver nanoparticles all influence their
biological activity. Nanoparticles based on biopolymers are
anticipated to exhibit novel antimicrobial properties that
could be leveraged for various therapeutic applications (Seid
et al. 2023). Silver nanoparticles have been successfully
reduced and stabilized using a range of natural biopolymers.

Chitosan (CS), a natural and renewable polymer obtained
by the deacetylation of chitin, which is found in shellfish,
fungi, and plant cell walls (Pradip et al. 2004; Prasitsilp et al.
2000), has garnered considerable attention. Due to its poly-
meric structure, chitosan interacts effectively with negatively
charged molecules and other polymers. This property makes
it an excellent agent for synthesizing metal nanoparticles, as
its amino groups interact with nanoparticles to enhance con-
trol over synthesis (Wen et al. 2015). Additionally, chitosan’s
notable biological properties make it a promising candidate
for use in drug delivery systems in the pharmaceutical and
biomedical sectors (Illum 1998; Kumar and Muzzarelli
2004; Azza xxxx; Panos and Acosta 2008).

Numerous studies have been conducted on the use of
chitosan as a drug delivery carrier (Nafisur and Nabila
2023). The bioactivity of chitosan can be enhanced through
functionalization with bioactive molecules, such as amino
acids. Amino acids are fundamental building blocks of life,
composed of three essential parts: a basic amine group, an
acidic carboxylic acid group, and a unique side chain that
varies between amino acids. The general chemical structure
of an amino acid is represented as H,NCHRCOOH, where
"R" denotes the variable side chain (Varshosaz 2007). The
literature has reported on the chemical modification of chi-
tosan with glycine using cross-linking agents such as thionyl
chloride, phosphoryl chloride, glutaraldehyde, or epichloro-
hydrin (Madihally and Matthew 1999).

The presence of heavy metal ions in aqueous ecosystems
is carcinogenic and poses significant risks to aquatic spe-
cies. Lead (Pb) is recognized as one of the most harmful
heavy metal ions, seriously contaminating and degrading
aquatic environments (Mahdi et al. 2020). Various indus-
trial processes contribute to the release of Pb>* ions through
effluents, which must be properly treated before being dis-
charged into water bodies. Adsorption is considered a prom-
ising technique for the removal of Pb** ions from aqueous
solutions, and the use of Response Surface Methodology
(RSM) to optimize the conditions enhances the reliability
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and efficiency of the process (Nafisur et al. 2021, 2024).
Chitosan and silver nanoparticles have been reported as
effective agents for wastewater remediation, particularly in
the removal of heavy metal ions from water (Huacai et al.
2016; Hosseini et al. 2016). The combination of chitosan and
silver nanoparticles with surface functionalization presents
an intriguing nanocomposite solution for addressing Pb**
ion contamination in water bodies.

To enhance the bioactivity of nanomaterials and improve
the efficiency of heavy metal ion adsorption, chitosan was
modified in situ with glycine and embedded with silver
nanoparticles. The nanoparticles were tested for their anti-
bacterial effects against gram-positive and gram-negative
bacteria. Further, anti-oxidant and anti-fungal activities were
tested. To diversify the applications, the nanocomposite was
evaluated for its ability to adsorb Pb>* ions from aqueous
solution. The independent variables will be optimized with
RSM technique and verified statistically for its significance.

Materials and methods
Chemicals

Sodium hydroxide, glycine, AgNO;, chitosan (molecular
weight: 150,000, 1.5%w/v) and starch were procured from
SD Fine Ltd and used as received, requiring no additional
purification.

Synthesis of starch-capped silver nanoparticle

A solution of alkali-dissolved starch was prepared by dis-
solving 2.5 g of starch in 40 ml of water containing 0.018 g
of sodium hydroxide. After the complete dissolution of
starch, the solution was heated at 70 °C, and the pH observed
was 12. Then 0.0175 g of AgNO; dissolved in 20 ml was
added dropwise to the starch solution. The formation of a
dark brown color solution with the addition of silver nitrate
solution indicates that starch-capped nanoparticles were
formed.

Synthesis of chitosan-glycine framework anchored
silver nanoparticle

First, 5 ml of chitosan (1w/v%) solution was added to the
step 1 product, and it was agitated for 15 min. After that, the
mixture was agitated for 30 min; while, 5 ml of glycine (1 g)
solution was added. The mixture was filtered and cleaned
with distilled water following the reaction. The reaction
route is displayed in the scheme formation of SC and SCG
in Figs. 1 and 2.
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Fig. 1 Scheme of formation of Chitosan Capped Silver nanoparticle (SC)
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Fig. 2 In situ modification of chitosan with glycine over silver nanoparticle without any cross-linking agents (SCG)

Antimicrobial activity

The antimicrobial activity of SC, SCG was tested using the
agar well diffusion method. The SC and SCG were tested
in vitro for their antibacterial activity using the nutrient agar
method against Staphylococcus aureus (MTCC430) and
Escherichia coli (MTCC739). The anti-fungal activity was
carried out against Aspergillus fumigates MTCC 343 and
Candida albicans MTCC227 using Sabouraud dextrose agar
medium. Gentamycin and Ketoconazole were used as conven-
tional medications with anti-fungal and antibacterial proper-
ties. Investigations were performed in a petri dish, and used a
sterile cork borer to punch out tiny wells in the agar medium,
creating individual testing zones. Precise amounts (10, 20, 30,
and 40 pl) of the test compounds were then carefully added
into these wells using sterilized droppers. To allow the com-
pounds to disperse evenly throughout the agar and interact
with any present bacteria or fungus, the plates were left undis-
turbed at room temperature for two hours. The plates were

allowed to incubate for 18-24 h at 37 °C. in case of antibacte-
rial activity and 48 h at 27 °C for anti-fungal activity.

Anti-oxidant activity

The SC and SCG anti-oxidant capacity were evaluated by
measuring its ability to donate hydrogen atoms or scavenge
free radicals. Methanol was used to dilute the sample extracts
at different concentrations (50-250 ul) until a consistent vol-
ume of 100 ul was achieved. The mixture was then mixed with
5 ml of a 0.1 mM methanolic solution of DPPH. The combi-
nation was allowed to stand at 27 °C for 20 min, and then the
absorbance at a wavelength of 517 nm was measured. Based
on this absorbance reading, the percentage of free radicals
scavenged by the sample was calculated by below equation:

Control OD — Sample OD
Control OD

%DPPH radical scavenging activity = (

>><100 1)
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Each experiment was repeated three times (in triplicate)
to ensure accuracy. A graph was plotted showing the per-
centage of inhibition versus the sample concentration. This
graph calculated the specific concentration of the sample
required to inhibit free radicals by 50%. This concentration
is referred to as the IC50 value.

Characterization

A Hitachi U-2800 UV-Vis spectrophotometer was used
to analyze the formation of Glycine-modified Chitosan
anchored Silver nanoparticles. The obtained colloids were
centrifuged, dried and analyzed by FTIR (FTIR spectrom-
eter-Thermo Nicolate Company Avatar 330), SEM (Philip-
sCM200 at 200 kV), TEM (JEOL Japan, JEM-2100 Plus)
and Powder X-ray diffraction (Cu Ka, P Analytical).

Lead adsorption studies

The Pb>* ions removal by SCG was performed in batch
process by varying the independent variables such as pH,
contact, time, initial concentration and temperature. All
the experiments were performed in 50 ml test solutions in
100 ml conical flask and agitated at 100 rpm. The test mix-
tures were separated by centrifugation at 10,000 rpm and the
supernatant solutions were subjected to Atomic absorption
spectrometer to estimate the residual concentration of Pb>*
ions. The percentage removal and adsorption capacity was
estimated with the following equations (Huacai et al. 2016):

%Pb**ion removal =

=% 100 )
c @

Co -G

Adsorption capacity = xV 3

Response surface methodology

A statistical technique called Response Surface Method-
ology (RSM) is used to create and optimize variables that
affect how well adsorbents remove adsorbate ions. In view
of optimizing the independent variables, a Central Com-
posite Design (CCD) of RSM was developed considering
three independent variables such as pH, contact time and
initial concentration of Pb>* ions using Design Expert 12.0
software. The design matrix and levels of independent vari-
ables A-pH, B-contact time and C-initial concentration are
summarized in Table 1. The CCD has a total of 20 runs com-
prising 6 axials, 6 center and 8 factorial points executed by
varying the independent variables. A quadratic polynomial
coded equation representing the interaction of independent
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Table 1 Independent variable levels and design matrix

Variables Symbol Levels

-1 0 +1
pH A 4 6 8
Contact time B 30 60 90
Initial concentration C 50 100 150

variables for the optimal removal of Pb** ions by SCG is
given below

% Removal =82.58 + 6.76A + 4.32B—9.38C + 0.33AB—4.66AC

“

—0.93BC—-28.07A% — 2.15B2—4.66C>

Results and discussion

The objective is to develop silver nanoparticles modified
with chitosan stabilized Glycine that have enhanced antibac-
terial activity without using any cross-linking agents. Fig-
ures 1 and 2 depict the synthesis of the derived nanomaterial.

Characterization of chitosan-stabilized silver (SC)
and glycine-modified chitosan-stabilized silver
(SCG)nanoparticles

UV-Vis Spectroscopy was utilized to characterize the pro-
duction of silver nanoparticles. Visual observation revealed
that the solution had turned from colorless (AgNO;) to
brown, confirming the synthesis of starch-modified Ag
NPs. After the chitosan solution was added, the brown hue
persisted. The silver nanoparticles grafted with chitosan
exhibited an absorbance of approximately 427 nm. After the
addition of glycine to the chitosan-stabilized silver Nano col-
loid, the increase in intensity of the SPR Peak is observed,
as shown in Fig. S1 . This may be due to the change in the
silver’s dielectric constant because of glycine’s adsorption
on the chitosan (Mohammed et al. 2017a ; Suba et al. 2022
). Similar outcomes in the fabrication of chitosan-capped
silver nanoparticles were reported by Praveenkumar et al.
(2014). The quantum confinement effect is thought to cause
the absorption peak's blue shift. Glycine can provide steric
stabilization in the nanocomposite preventing agglomera-
tion. The presence of glycine reduces inter-particle inter-
actions, which is essential for achieving smaller and more
uniform particle size of the nanocomposite (Balalakshmi
et al. 2020 ; Constantin et al. 2023).

The molecular interaction of chitosan and glycine with
silver nanoparticles can be ascertained from the FTIR
data. The peaks at 3437 corresponds to the —OH stretching
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Table 2 Vibrational frequencies of SC, SCG and unmodified nano-
particles

Vibrations Unmodified  Chitosan stabilized Glycine-
nanoparticle silver nanoparticle  modified
chitosan
Overlapping of 3437 3437 3423
stretching of
O-H and N-H
bonds
CH stretching 2922 2912 2918
Stretching of 1631 1710 1562

C=0 secondary
amide bonds

vibrations and 2922 corresponds to the —C—H stretching
vibrations of the R group. When comparing silver nano-
particles with and without chitosan modification, a minor
change in the typical absorption peaks was observed (Fig.
S2) (Table 2). The shift is brought on by the contact of the
chitosan’s hydroxylic group with the silver nanoparticles,
which supports that interaction. Each chitosan monomer
is joined to a silver atom via a hydroxylic group. Because
chitosan’s hydroxylic groups function as coordination sites,
they initiate the nucleation process that results in chitosan-
capped silver nanoparticles. The few literatures show similar
outcomes (El-Naggar et al. 2018; Kamlesh and Usha 2011;
Shahid et al. 2024).

Similar shifts are observed when glycine is modified
to chitosan, and they are at wavenumbers 3423, 2918, and
1562 cm™!, respectively. These shifts show that chitosan
and glycine are cross-linked. The shift is noticed due to an
interaction between the free end of the amine group in chi-
tosan and the carboxylic group in glycine (Gupta et al. 2015;
Mohammed et al. 2017b). The crystal size and structure of
the unmodified Ag Nps, SCAg NPs, and SCG Ag NPs were
examined using XRD.

The peaks for chitosan have submerged, and crystallinity
has improved due to the modification of glycine moiety over

Fig.3 SEM image of a SC b a
SCG

chitosan. Due to polymers (starch and chitosan), the broad
peak was observed at 260 =20-28 due to the cellulose struc-
ture. The distinctive polymer peak further indicates that the
surface of the synthesized particles is coated with an organic
layer. The XRD pattern showed a significant peak at posi-
tions 38, 44, 64, and 74, which can be attributed to the silver
face-centered cubic planes (JCPDS file No 01-071-4613).
These peaks' clarity suggests that the produced particles
are extremely crystalline. Smaller sizes are indicated by the
broadness of the peaks (Fig. S3).

Microstructure of the nanoparticles was revealed by SEM.
The initial appearance seems to be flakes like structure and
in the solid phase the materials seems to be agglomerated.
Similar to the pure chitosan, the silver-capped chitosan nano-
particles exhibited rough membrane-like morphology with
more accumulation as seen in Fig. 3. To determine the exact
size and shape of the SCG other microscopy techniques will
be helpful.

Upon addition of glycine to the silver-capped chitosan
nanoparticles, more uniform spherical-shaped particles
are observed, confirming that chitosan is chemically cross-
linked to glycine successfully. Utilizing a transmission elec-
tron microscope (TEM), the dimensional study of the syn-
thesized SC and SCG NPs was done. Figure 4 of the TEM
images showed that spherically shaped nanoparticles formed
in both samples. The dispersion of Silver nanoparticles in
chitosan was little agglomerated compared to glycine-mod-
ified chitosan. As the derivatives of chitosan always show
unique properties, the SCG nanoparticle also have reduced
size and enhanced efficacy.

Antimicrobial activity of chitosan capped silver
(SC) and glycine-modified chitosan-stabilized silver
(SCG)Nanoparticles

The results of the investigation into the antibacterial activ-
ity of SC and SCG against gram-positive Escherichia coli

20KV X7,500
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Fig.4 TEM image of a SC b SCG

and gram-negative Staphylococcus aureus are displayed in
Table 3.

The results and Fig. 5a, b, ¢ and d confirm that the anti-
bacterial activity of SCG was much higher than SC. The
reason could be Ag nanoparticles capped with Chitosan/
Glycine or Chitosan can interfere with mass transport across
the cell wall, leading to bacterial mortality. Compared to
SC, the SCG showed enhanced antibacterial activity due to
the amino acid linking of glycine with chitosan. Stabilizing
chitosan Ag nanoparticles were discovered to be somewhat
active against microbes, and Akmaz et al. (Akmaz et al.
2013) also reported similar results. The amine functional
groups in the Ag nanoparticles are probably the root cause.
Further modification of chitosan with glycine enhances its
efficacy due to the modified functional groups of chitosan.

The anti-fungal activity of SC and SCG was similarly
conducted against Aspergillus fumigates MTCC 343 and
Candida albicans MTCC227, whose results are shown in
Table 4

Figure 6a, b, c and d shows the comparison between SCG
and SC in which SCG showed better anti-fungal activity.
The cross-linking of glycine and chitosan could be the cause
of this. The remarkable anti-fungal action of SCG-NPs is
assumed to be caused by the combination of the positive
charge of the amino group in glycine with the negative
charge of the fungus’s components. SCG-NPs can pre-
vent fungus growth by chelating various transitional metal
ions, inhibiting enzymes, and preventing exchange with the
medium (Shrifian-Esfahni et al. 2015).

Free radicals are produced in biological systems due
to the interaction of biomolecules with molecular oxygen
(Phaniendra et al. 2015). Anti-oxidant substances are there-
fore employed to counteract the ROS effect. The results are
shown in Table 5
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Table 3 Antibacterial activity of SC and SCG

Species NPs 10pml 20 puml 30pml 40 pml
Staphylococ-  SC 11 15 15 17
cus aureus  SCG 15 23 28 31
MTCC430
Escheri- SC 12 14 17 21
chia coli SCG 15 23 28 31
MTCC739

SC and SCG showed scavenging rates ranging from 15 to
133%. The DPPH scavenging activity was higher than stand-
ard values (Table 5 ). The IC50 value for DPPH scavenging
activity of synthesized SC was 92 pug ml ~! ; while, the IC50
value for SCG was 133 pg ml ~!, respectively. The result
showed that when compared to SC-NPs, SCGNPs displayed
increased anti-oxidant activity. The binding of transition
metal ion catalysts, peroxide decomposition, chain reaction
inhibition, and continuing hydrogen abstraction are thought
to be the mechanisms of action of SCG’s anti-oxidant activ-
ity (Tamil Elakkiya et al. 2022 ). The presence of diverse
phytochemical bio-reductive groups on the surface of the Ag
NPs is responsible for the maximum anti-oxidant activity.

Mechanism of antibacterial and anti-oxidant
activity of SCG

Antibacterial: The modification of chitosan with glycine
enhances the interaction between the nanoparticles and bac-
terial cell membranes. Glycine, being a small amino acid,
can improve the surface properties of chitosan, allowing for
better adhesion to bacterial cells. This increased interaction
facilitates the penetration of silver ions into the cells, leading
to more effective antibacterial action (Cinteza et al. 2018;
Dara et al. 2020). The combination of glycine-modified
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Fig.5 aand b. Antibacte-

rial activity of SCG, SC-
Staphylococcus aureus ¢ and
d. Antibacterial activity of SC,
SCG-Escherichia coli

Table 4 Anti-fungal activity of

Anti-fungal activity
SC and SCG

Candida albicans MTCC227

pml 10 20 30 40
SC 0 10 12 13
SCG 10 12 13 14

Aspergillus fumigates
MTCC343

pml 10 20 30 40
SC 12 14 16 21
SCG 13 20 23 27

chitosan and silver nanoparticles can lead to synergistic
antibacterial effects. Studies have shown that modifications
like glycine can enhance the overall efficacy of the nano-
particles by improving their stability and biocompatibility
while maintaining strong antibacterial properties (Zhang
et al. 2023).

Anti-oxidant: Chitosan itself possesses inherent anti-
oxidant properties due to its functional groups (e.g., amino
and hydroxyl groups). When modified with glycine, these
properties are enhanced, allowing Gly—Ch—Ag NPs to effec-
tively scavenge free radicals and reduce oxidative stress in
biological systems. This activity is crucial for protecting
cells from damage caused by reactive oxygen species (ROS)
(Song et al. 2011).

Response surface methodology

Experimental investigations were performed based on
the CCD outputs for the optimization of the independent
variables, and the responses of the runs are summarized in
Table 6. It can be noticed that the maximum removal effi-
ciency was obtained at pH 6 with higher contact time and
lower initial concentrations.

The experimental results for 20 runs at various independ-
ent variables are summarized in Table 6 and the predicted
values obtained from the CCD. It is worth noting that most
of the experimental values coincided with the predicted
values, and these observations propound that the developed
model is reliable. The percentage removal of Pb>* ion by
SCG was found to be 93.5% at pH 6 with a contact time of
60 min and initial concentration of 15 mgL~!. At optimal
conditions (pH 6, time 60 min and initial concentration 100
mgL 1) the removal efficiency was found to be 82% and the
predicted values are also coinciding with the experimental
values. Table 7 summarizes the findings of the analysis of
variance used to establish the significance of the quadratic
model, taking into account the dependability based on the
experimental and predicted values.

The significance of the quadratic model can be under-
stood based on the p-value and F-value obtained from the
ANOVA. From Table 7, the p-value of the developed model
is <0.0001, suggesting that the model is significant. In addi-
tion, the p-value of independent variables and interaction
among them for many were <0.05, suggesting the signifi-
cance of the key variables that influence the removal of Pb**

@ Springer
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Fig.6 aand b. Anti-fungal activity for SC, SCG-Andida albicans ¢ and d. Anti-fungal activity for SC, SCG-Aspergillus fumigates

Table 5 Anti-oxidant activity of

DPPH 50 100 150 200 250 IC 50
SC and SCG

SC 11 21 39 54 92

SCG 13 22 26 31 133

ions by SCG. The F-value was obtained to be 42.16 which
high and higher F-values suggest the significance and better
data fit to the developed model. The lack of fit that defines
the inappropriateness of the model is found to be non-sig-
nificant. The standard deviation was noted to be 5.25, and
the correlation of variance was determined to be 8.68 and
these low values suggest the reliability of the model and can
be effective in the removal of Pb>" ions by SCG (Gari and
Kim 2015). Further, the correlation coefficient for this model
was found to be 0.974, suggesting the model's applicability
and the adjusted and predicted values were determined as
0.951 and 0.803, supporting the model's appropriateness.
The adequate precision that defines how well the model
responds and provides signals was found to be 20.4, which
defines the adequate signal-to-noise ratio.
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3D Surface plots

The 3D surface plots obtained as an output of the quadratic
model graphically represent how the independent variables
interact with each other and influence the removal efficien-
cies. Figure 7 represents the 3D surface plots obtained in
this investigation. Figure 7a represents the 3D plot for the
interaction of pH vs contact time, and it is noted that opti-
mal pH is observed at pH 6 with an optimal contact time of
60 min. It is also observed that with higher contact time, the
removal efficiency increases and is found to be saturated
beyond 60 min. Figure 7b depicts the surface plot of pH
vs initial concentrations. The interactions suggest that the
removal efficiency is greater at lower initial concentrations
at pH 6, and the removal declines with an increase in initial
concentration. The interaction between contact time and
initial concentration is shown in Fig. 7c, and it is noted that
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Table 6 Experimental runs at variance independent variables

Runno pH Contacttime Initial Removal %
concentra- - -
tion Experimental Predicted

1 6 60 100 81.5 82.6

2 6 60 15 93.5 85.1

3 6 60 100 82.6 82.6

4 4 30 50 36.4 40.7

5 6 60 180 553 55.7

6 4 30 150 32.6 332

7 6 60 100 82.3 82.6

8 6 60 100 81.6 82.6

9 360 100 12.5 9.3

10 8 30 150 34.6 36.7

11 8 90 150 42.6 44.1

12 4 90 50 46.8 50.6

13 8 30 50 57.1 62.9

14 9 60 100 36.8 29.6

15 6 110 100 87.4 83.8

16 6 60 100 82.1 82.6

17 8 90 50 68.8 74.1

18 6 60 100 81.9 82.6

19 4 90 150 39.2 39.3

20 6 10 100 74.3 69.4

the independent variables interact interestingly with optimal
conditions: higher contact times and lower initial concentra-
tions. With higher contact time, the Pb?* ions have sufficient
time to interact with the SCG, thus maximizing removal
efficiency. As the concentration increases, the active sites
for binding diminish, resulting in lower efficiency.

Further, the predicted vs actual values were plotted as
a graph, and it can be observed in Fig. 7d that the points
are aligned in a straight line without much deviation. These
alignments of points in the straight line propound the appro-
priateness and reliability of the model for removing Pb>*
ions by SCG. The 3D plot depicts only two independent
variables' interaction and their results, but a cube could well
represent how well the points of independent variables are
distributed. Figure 8a shows the cube of three independ-
ent variables, points distribution and points are scattered. A
maximum of 6 points are concentrated at the cube's center,
suggesting the variables' optimal conditions. Further, the
histogram shows the frequency of removal percentage being
greater than 73% and a total of 9 runs out of 20 runs show
higher removal efficiency (Fig. 8b).

Adsorption isotherms

The mathematical models provide valuable information in
adsorption investigations regarding the adsorption process.
Isotherms provide unique information on how the adsorb-
ate and adsorbent bind. In view of the above, two isotherm
models that are predominantly utilized for the adsorption
of Pb?* ions by metal nanoparticles were adopted for the
equilibrium data. Figure S4 displays the isotherm plots,
and Table 8 summarizes the corresponding constants and
correlation coefficients. The higher K, value 2.044 sug-
gest that the SCG has high adsorption capacity and higher
adsorption intensity (n) value of 129.8 is beyond the limits
of the explanation of the model. The correlation coeffi-
cients of Freundlich isotherm (0.873) is moderate suggest-
ing the moderate explanation of the adsorption process.
However, it is observed that the correlation coefficient of

Table 7 Analysis of variance

Source Sum of squares df Mean square F-value p-value
for the model developed for the
removal of Pb** ions by SCG Model 10466.61 9 1162.96 42.16 <0.0001
A-pH 571.90 1 571.90 20.73 0.0011
B-contact time 252.75 1 252.75 9.16 0.0127
C-initial concentration 1178.99 1 1178.99 42.75 <0.0001
AB 09112 1 09112 0.0330 0.8594
AC 173.91 1 173.91 6.31 0.0309
BC 7.03 1 7.03 0.2549 0.6246
A? 8102.51 1 8102.51 293.76 <0.0001
B’ 65.20 1 65.20 2.36 0.1552
c? 297.94 1 297.94 10.80 0.0082
Residual 275.82 10 27.58
Lack of fit 274.94 5 54.99 12.43 0.987
Pure error 0.8800 5 0.1760
Cor total 10742.43 19
Std deviation Adequate precision R? Adjusted R? Predicted R? C.V%
5.25 20.4 0.974 0.951 0.803 8.68
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Fig.7 3D surface plots a pH versus contact time, b pH versus initial concentration, ¢ contact time versus initial concentration and d actual ver-

sus predicted plot

the Langmuir isotherm model (0.999) is close to one, pro-
pounding the model's applicability. The better fit of the
Langmuir model is further bolstered by the loading capac-
ity values, which were in close agreement with the exper-
imental and theoretical values. The applicability of the
model on the removal of the Pb** ions by SCG suggests
that the Pb>* ions form a uniform monolayer on the sur-
face of the SCG. Similar results were reported for remov-
ing Pb?* ions by silver nanoparticles (Jayachandra et al.
2016). Further to understand the adsorption mechanism

@ Springer

by mean potential energy (E,) D-R isotherm was applied
to the equilibrium data. The E, value was calculated to be
9.4 kJ/mol which suggest that the adsorption of Pb** ions
by SCG is ion exchange.

Kinetics of adsorption
The rate of reaction provides the underlying process

of adsorption of metal ions onto the adsorbent, and the
kinetic data obtained by varying the time can be analyzed
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Initial concentration (mg/L)

Histogram

Frequency

125 3275 53 7325 935

Removal

Fig.8 a Cube distribution of points and b histogram of independent variables

Table 8 Langmuir and Freundlich isotherm constants for the removal
of Pb?* ions by SCG

Model Equation Parameters Values
Freundlich log q,- log K; + i log C, K, 2.044
1/n 0.0077
R 0.873
Langmuir C_ L& 0.949
9. bV, "V,
. 270.2
R 0.999
D-R Ing, =Ing,, — e K, 5x107°
_ 1
E—RTln(1+a> E, 04
E = R 0.806

with the kinetic models such as Pseudo first order (PFO),
Pseudo-second-order (PSO) and intraparticle diffusion
models. Model graphs from the kinetic data analysis are
shown in Figure S5 and Table 9 summarize the corre-
sponding correlation coefficients. The higher k; values
suggest that the SCG has ability to quickly adsorb Pb**
ions from aqueous solutions. The correlation coefficients
of both models were very close to one, suggesting the bet-
ter fit of both models and ability to explain the process.
However, based on the theoretical loading capacities com-
parison with experimental values, PSO values were found
to have good agreement and suggest that the transfer of
electrons and chemisorption control the rate-limiting step
should be the process of adsorption. However, if chem-
isorption should be the rate-limiting step, it has to satisfy

Table 9 Kinetic parameters for the removal of Pb** ions by SCG

Model Equation Parameters Values
Pseudo first order In (‘Ie — ‘Iz) =1Ing, —kt k; 0.533
q, 36.9
R? 0.996
Pseudo-second-order £ — _L 4 1 k, 0.037
a k4 4.
q, 151.4
R? 0.999

several conditions, as reported by several studies (Lak-
shmipathy and Sarada 2016). A detailed investigation on
these lines must be performed to validate the conditions.
Intraparticle diffusion investigations were performed for
the kinetic data, and the plot is shown in Fig. S6. It is
noticed that the plot has a two-step, and the first step is
steep suggesting the intraparticle diffusion and quick uti-
lization of the active sites. This suggest that the surface
active sites play a significant role in the adsorption pro-
cess. The second step is the slow diffusion of the Pb** ions
onto the surface of the SCG, and found to be saturated and
flat. This indicates that the equilibrium is reached.

Thermodynamics of adsorption
The nature and spontaneity of the adsorbate getting adsorbed

onto the adsorbents are essential to understanding the indus-
trial applicability of the adsorbent.

@ Springer
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The heat of adsorption is critical for understanding the
adsorption efficiency, loading capacity, and nature of adsorp-
tion for an adsorbent. The equilibrium constant of adsorption
(Kp) was calculated using Langmuir equilibrium parameter
(b) using the below equation
Kp _b(mol) C“f(mTOl)'l ©)

},I
where K, is the equilibrium constant C,; is the molar con-
centration of the reference state and y’ is the activity coef-
ficient calculated based on the ionic strength.

To investigate the factors for the removal of Pb>* ions
by SCG, the change in free energy (AG®), enthalpy (AH®),
and entropy (AS°) of the system were calculated using the
following equations

AG® = —RTIn K, (6)

AG® = AH® - TAS® @)
AS®  AH®

InK, = -

Np ===~ %7 ®)

where R is gas constant and 7 is temperature.

The study revealed interesting findings regarding the
change in free energy (AG®) during the adsorption process
(Table 10). Notably, AG° remained negative across all tested
temperatures. However, the magnitude of these negative
values decreased as the temperature rose. Negative AG°
values indicate a spontaneous process, but the decreasing
negativity suggests a decline in spontaneity with increasing
temperature. This decline might be attributed to two fac-
tors: a weakening of the adsorption sites on the SCG surface
and a corresponding increase in the kinetic energy of the
Pb** ions within the solution. The negative enthalpy (AH)
also signifies an exothermic process, where heat is released
during adsorption. Furthermore, the positive entropy (AS)
values point toward increased randomness associated with
this heat release.

Regeneration and reusability investigations

It is essential to regenerate and reuse the adsorbents in order
to establish their practical utility in the real time applica-
tions. In this study, efforts were made to regenerate and reuse
the SCG for adsorption of Pb** ions from aqueous solution.
The results of the investigations are shown in Fig. 9a. A total
of four desorbing agents were tested for the regeneration
of SCG and of four desorbing agents, HCI exhibited high-
est efficiency compared to CH;COOH, NaOH and Na,CO,
agents. The higher efficiency exhibited by HCI is due to
strength of the acid in producing hydronium ions compared
to organic acid and bases. Hence, HCI was used as desorbing

@ Springer

Table 10 Thermodynamic parameters derived for the removal of
Pb?" ions by SCG

Tempera-  Change in free Enthalpy (AH°) Entropy (AS°)
ture (K) energy (AG®)

303 —14,351 —-5570 1424

313 -12,312

323 —11,503

agents for further regeneration studies. The regenerated SCG
was reused for five cycles and the removal efficiencies of
each cycle are depicted in Fig. 9b. The removal efficien-
cies were found to be same for first two cycles and later
found to decline. The decline in removal efficiency is due
to repeated acid treatments which results in the weakening
of the adsorption sites. These results suggest that SCG can
be prolifically reused for two cycles without effecting its
maximum removal efficiency.

60
50
40
30

CH3COOH NaOH
Desorbing agents

% Desorptlon

Na2C03

3 4 5

2 Cycles

Fig. 9 Regeneration and reuse of SCG nanoparticles
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Comparison of Pb?* ion adsorption by SCG
with other divalent metal ions and adsorbents

Investigations were performed to understand the selectiv-
ity and preferential uptake of Pb>* ions in comparison with
other divalent metal ions such as Zn>*, Cu®*, Ni**, and Cd**
ions from aqueous solutions. The loading capacities of the
selected divalent metal ions are represented in Table 11. It
is noticed that the Pb>* ions have preferential uptake com-
pared to other tested metal ions and this is due to the larger
ionic radius and high charge density favoring the preferential
surface interactions of Pb?* ions. In addition to the above,
heavier atomic nature of Pb>* ions results in higher polar-
izability resulting in the better interactions with the elec-
tron cloud of the SCG. Further, the loading capacity of the
SCG was compared with other Ag NPs synthesized using
various sources and tabulated in Table 12. It is noticed that
the SCG has high adsorption capacity compared to several
other Ag NPs and this is due to the surface modification and
functionalization that enhanced the Pb>* ions adsorption. In
addition to that the antimicrobial activity is also compared
and presented.

Mechanism of adsorption
The mechanism of adsorption is essential to understand how

the Pb>* ions are adsorbed on to the surface of the SCG. In
this study, efforts were made to deduce the mechanism of

Table 11 Loading capacities of

: ) Metal ion Adsorption
rSnSt(;]t?g;z;rd various divalent ceillaacity (mg
g)
Zn>* 132.5
Ni2*+ 160.2
Cu?* 166.4
cd** 201.8
Pb** 270.2

adsorption. The point zero charge of the SCG was deter-
mined to be pH 5.5 and above this pH, the SCG would
exhibit negative surface. The negative surface will attract
positively charged Pb** ions for adsorption due to electro-
static attraction. Further the desorption and regeneration
investigation suggest that ion exchange is possible with H*
ions getting exchanged with Pb>* ions. The mean potential
energy (E,) value was determined to be 9.4 kJ/mol suggest-
ing the ion exchange mechanism of adsorption. The glycine
functionalization onto the surface of chitosan modified sil-
ver nanoparticles provide -NH, and -COOH where H* ions
can be exchanged with Pb>* ions. The electrostatic and ion
exchange synergistically enhance the adsorption of Pb** ions
by SCG. The electrostatic force attract the Pb>* ions closer
to the surface and facilitate the ion exchange process.

Conclusion

In this study, SC NPs and SCG NPs were synthesized
successfully. The synthesized SCG exhibits significant
anti-oxidant activity and appears promising and effective
antibacterial and anti-fungal agent. These properties may
prove valuable in creating novel drugs for biomedical pur-
poses. The batch adsorption studies on removing Pb>* ions
by SCG NPs were executed by developing CCD based on
RSM. The developed model was found to be significant
with a p-value <0.0001. The F-value, correlation coeffi-
cients and adequate precision support the model’s appli-
cability for effectively removing Pb** ions by SCG with a
loading capacity of 270.2 mg g~!. The isotherm and kinetic
investigations suggest that the system follows Langmuir and
Pseudo second-order kinetic models with high correlation
coefficients. Thermodynamic investigations confirmed the
spontaneity and exothermic nature of the present process.
Overall, the silver chitosan—glycine-modified nanoparticles

Table 12 Adsorption capacity and antimicrobial activity comparison of SCG with other Ag NPs

S. no Nanomaterial Loading capacity Pb*  Antimicrobial activity (ZOI) References

ions (mg g™ )

S. Aureus E. Coli

1 Ag NPs 105.4 - - Huacai et al. (2016)
2 Nano-silversol-coated activated carbon 23.8 - - Kumar et al. (2010)
3 Silver nanoparticles grafter CNT’s 18.7 - - Neelgund et al. (2022)
4 Peel extract mediated Ag NPs 42.7 - - Aboelghait et al. (2024)
5 Biogenic Ag NPs - 20.0 15.0 Sana et al. (2024)
6 Leaf extract mediated Ag NPs - 12.5 11.6 Partha et al. (2023)
7 Root extract mediated Ag NPs - 12.2 12.2 Venkatachalam et al. (2024)
8 Leaves extract mediated Ag NPs - 10.8 12.3 Vinay et al. (2024)
9 Chitosan glycine-modified Ag NPs 270.2 31.0 31.0 This study
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are an effective anti-oxidant and adsorbent that can have
versatile applications.
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