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Despite extensive research in the literature, the synthesis of silver nanoparticles (AgNPs) via capping
mechanisms remains incompletely understood. This study employs a mechanistic approach to unravel
the underlying molecular interactions driving the capping process of biogenic vaterite CaCOz—Ag and
explores their interactions with different polymer matrices. X-ray photoelectron spectroscopy (XPS)
was used to reveal the capping mechanisms, surface composition alterations, and vaterite polymorph
transitions. The oxidation states of AgNPs exhibited distinct changes under different capping agents.
The Ag3d spin—orbit splitting profiles revealed the coexistence of Ag* and Ag® within CaCOs-Ag, with
a significant presence of AgO when poly(sodium 4-styrene sulfonate) was employed as the capping
agent. Conversely, the use of carboxy methyl cellulose as the capping agent resulted in Ag*

dominance. XPS analysis illuminated the transformation of CaCOz polymorphs from calcite to vaterite
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Accepted 23rd April 2024 structure, which remained stable following embedding within polymer matrices. Integrating CaCOsx

Ag microspheres into polymer matrices and investigating their surface characteristics represents

DOI: 10.1039/d4ra01710b a strategic step toward tailoring material properties for potential applications in active packaging and
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Introduction

X-ray photoelectron spectroscopy (XPS) is a widely employed
core level spectroscopy technique that provides valuable infor-
mation about the elemental composition, chemical state, and
electronic structure of a broad range of materials. It is partic-
ularly effective in investigating the very top surface properties of
materials, allowing to gain insights into their surface chemistry,
oxidation states, and interactions with surrounding environ-
ments." XPS offers a powerful tool to study the chemical envi-
ronment of nanoparticles and elucidate the changes that occur
upon embedding them in a polymer matrix. For instance, each
element possesses a unique binding energy (BE), and a shift
towards higher BE indicates an increase in the electronegativity
of neighbouring atoms or a higher oxidation state, and vice
versa.> However, there are three elements that contradict this
rule due to relativistic effects.®* These elements are often
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referred to as the ‘coinage metals’ and include silver (Ag),
copper (Cu) and gold (Au).>®

Among the diverse array of nanomaterials available, silver
nanoparticles (AgNPs) have emerged as highly promising
candidates due to their exceptional antimicrobial properties.
Nevertheless, the inherent instability of AgNPs and their
potential adverse effects on living organisms have prompted the
exploration for materials capable of safeguarding them and
providing improved control over their release.” Introducing
vectors or carriers, such as vaterite calcium carbonate (CaCOs3),
present a significant solution to these challenges.®*** By utilizing
vaterite CaCOg, the stability issues of AgNPs can be effectively
mitigated, enhancing their overall potential. However, to fully
harness the benefits of this approach, it is essential to
comprehend the interactions between AgNPs and CaCO;, as
well as their behaviour after loading into diverse polymer
matrices. A comprehensive understanding of these dynamics
can be achieved through advanced characterization techniques
like XPS, which allows for the analysis of their chemical
composition and surface properties.*>™*

Capping agents are often used in the synthesis of AgNPs to
stabilize the particles and prevent them from agglomerating
or oxidizing. These capping agents can be organic molecules
such as carboxylic acid of plants derivative/extracts or,
synthetic polymer macromolecules containing sulfonate
groups which can bind to the surface of the AgNPs through
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chemical bonds.'®"” For instance, AgNPS capped with poly-
styrene sulfonate (PSS) macromolecules, the sulphur atom in
the sulfonate group can form a chemical bond (electrostatic
interactions or coordination bonds) with the Ag surface
through a complexation reaction.'® This binding can be quite
strong and can provide additional stability to the nano-
particle structure. Similarly, capping agents containing
amines, such as chitosan can also bind to the surface of
AgNPs and result in the formation of coordination
complexes.” However, using different capping agents can
significantly influence the properties of AgNPs in terms of
size, release, stability and consequently cytotoxicity and
biocompatibility.>*>*

This manuscript presents a comprehensive XPS study of
vaterite CaCO3;-Ag formation using different capping agents
and embedding it in two biodegradable polymer matrices,
namely sodium carboxymethyl cellulose (CMC) and polyvinyl
alcohol (PVA). Vaterite CaCO;, obtained from discarded
eggshells, serves as a unique and sustainable precursor for the
synthesis of the AgNPs-loaded material.>»** The utilization of
waste materials not only contributes to environmental
sustainability but also showcases a novel approach to
producing advanced materials.

The choice of CMC and PVA as polymer matrices is based on
their desirable properties, such as biocompatibility, mechan-
ical strength, and ease of processing. CMC, a water-soluble
cellulose derivative, possesses excellent film-forming proper-
ties and has been widely used in various applications,
including packaging, drug delivery systems and wound dress-
ings.>* Polyvinyl alcohol, on the other hand, is a synthetic
polymer known for its excellent film-forming ability, biocom-
patibility, and biodegradability.>»*® The combination of these
polymer matrices with the vaterite CaCO;-Ag enables the
development of functional materials with tailored properties
for potential biomedical applications.

In this study, we utilize a mechanistic approach to examine
the capping mechanism of silver with calcium carbonate in the
presence of various polyelectrolytes. Using X-ray photoelectron
spectroscopy (XPS), we aim to reveal the molecular interactions
involved. Our work seeks to enhance the current under-
standing of this mechanism, providing valuable insights into
the underlying interactions. By understanding the alterations
in the electronic structure and chemical interactions between
the CaCO;-Ag and the polymer matrices, we aim to gain
valuable insights into the behaviour and potential applications
of these materials. Overall, this research highlights the
importance of XPS as a valuable technique for characterizing
materials and elucidating the changes in oxidation states and
chemical environments. Additionally, the use of discarded
eggshells as a precursor for vaterite CaCOj;, along with the
incorporation of biodegradable polymer matrices, adds
novelty and significance to this work. By combining waste
materials and advanced characterization techniques, this
study presents a unique approach to producing advanced
materials with potential applications in the active packaging
and biomedical field.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Materials

Discarded eggshells from a local bakery near Suranree Univer-
sity of Technology (SUT) in Nakhon Ratchasima, Thailand, were
collected as the starting material. The eggshells were thor-
oughly washed with water and then boiled for six hours at 100 °
C to remove the eggshell membranes and organic residues.
Following this, the eggshells were dried at 60 °C for 24 hours
and subsequently ground into a fine powder. The chemicals
utilized in the study were procured from the following sources:
Silver nitrate (99.0%, ACS reagent), sodium carbonate (powder,
99.5%, ACS reagent) and polyethylene glycol (average M,, 600 g
mol™') were obtained from Sigma-Aldrich. Sodium carbox-
ymethyl cellulose (CMC) was used in powder form, with an
average molecular weight of 90000 g mol . Poly(sodium 4-
styrene sulfonate) (PSS) was also in powder form, with an
average molecular weight of 70 000 g mol~". These were likewise
obtained from Sigma-Aldrich. Polyvinyl alcohol (PVA), with
a high molecular weight and 98-99% hydrolysis level, was
purchased from Alfa Aesar. Nitric acid 65% (AR Grade), with
a molecular weight of 63.01 g mol ', was sourced from
ANaPURE.

Synthesis of vaterite CaCO;3;-Ag in a single pot

To initiate the synthesis, a polyelectrolyte solution was prepared at
ambient temperature. This involved dissolving 0.5 g of either CMC
or PSS in 20 mL of deionized water (DI water). The polyelectrolyte
was completely dissolved before proceeding. Separately, a 0.01 M
silver nitrate solution was prepared by dissolving it in 5 mL of DI
water. The stable silver colloid was formed by adding the 0.01 M
silver nitrate solution to the polyelectrolyte solution while stirring
at room temperature. For the calcium nitrate solution, eggshell
powders were employed according to the methodology described
in our recent publication.” The molar concentration of the
calcium nitrate was adjusted, and the pH was brought close to
neutral by adding a 0.1 M of sodium hydroxide solution. A sodium
carbonate solution of the same molar concentration was also
prepared accordingly. Next, an equal volume of the calcium
nitrate and sodium carbonate solutions was rapidly added and
thoroughly mixed with the freshly prepared silver colloid/
polyelectrolyte suspension under stirring for 30 seconds at
ambient temperature. The resulting suspension was then sub-
jected to centrifugation at 5000 rpm for 5 minutes to remove the
polyelectrolyte solution and any unreacted silver nanoparticles.
The obtained vaterite CaCO;-Ag microspheres were washed
through three cycles of centrifugation and subsequently dried in
a vacuum oven at 40 °C for 24 hours. The obtained vaterite
CaCO;-Ag designated as CaCO;-Ag-CMC and CaCO;-Ag-PSS
when using CMC and PSS as AgNPs capping agents, respectively.
The physical characteristics of the obtained microspheres are
presented in Table 1. Additionally, SEM images and histograms of
size distribution are available in Fig. S1 in the ESI file.f It is
important to note that, the level the size of particles and their
porosity is relevant to the XPS analysis, as it can influence the
detection and estimation of atomic percentages and Ag’/Ag*
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Table 1 Particle sizes, silver content, pore volume, and pore size of CaCO3-Ag—CMC and CaCOz-Ag-PSS microspheres obtained from SEM,

ICP-OES and BET analysis®

Sample Ag PMD (nm) CaCO; PMD (pm) Ag (mg g~ ') ICP-OES BET surface area (m* g ") Pore volume (cm® g™ ")
CaCO;-Ag-CMC 80.23 + 30.19 13.77 £ 3.21 13.77 £ 0.32 19.69 0.040
CaCO;-Ag-PSS 118.6 + 36.08 3.37 £0.29 19.02 + 0.91 19.38 0.045

“ PMD; particles mean diameter.

ratios. The presence of pores may affect the surface accessibility of
Ag® and Ag" potentially impacting their detectability by XPS.

Preparation of internally cross-linked CMC film embedded
with vaterite CaCO;-Ag microspheres

For internal cross-linking, calcium chloride (20% wt/wt, with
respect to CMC) was dissolved in 9 mL of DI water. Once
complete dissolution occurred, CMC powders were added (5%
wt/v), and the mixture was stirred at room temperature until
a gel-like solution was obtained. Additionally, 20% w/w PEG
600 (with respect to CMC) was added to the solution as
a plasticizer and allowed to stir for another hour at room
temperature. The solution was then degassed using an ultra-
sonic bath for 5 minutes. In a separate step, 7.5% w/w CaCO3;-
Ag powders (with respect to CMC weight) were dispersed in
1 mL of distilled water using a magnetic stirrer for 30 minutes.
Subsequently, the 1 mL of CaCO;-Ag suspension was added to
the CMC solution under mild stirring until a homogeneous
suspension was achieved before casting the solution. The
resulting suspension was poured into a glass Petri dish and
dried in a hot air oven at 40 °C for 48 hours. The obtained
films designated as CMC/CaCO3;-Ag-CMC and CMC/CaCO;-
Ag-PSS when CaCO3;-Ag-CMC and CaCO;-Ag-PSS micro-
spheres were used, respectively. The complete synthesis
process and thorough characterization of the material,
including structural, chemical, thermal, mechanical proper-
ties, antimicrobial, and cell cytotoxicity analyses, have been
previously documented in ref. 27.

Preparation of PVA film embedded with vaterite CaCO;-Ag
microspheres

Antimicrobial absorbent PVA films were prepared using the
solvent casting method. Initially, PVA powders (5% wt/v) were
dissolved in DI water at 75 °C under vigorous stirring for 6
hours. The resulting solution was degassed using an ultra-
sonic bath for 5 minutes. Similarly, 7.5% w/w CaCO;-Ag-CMC
or CaCO3;-Ag-PSS microspheres (with respect to PVA weight
percent) were dispersed in 1 mL of DI water using a magnetic
stirrer for 30 minutes. This suspension was then added to the
PVA solution under gently stirring for an additional hour. The
resulting suspension was poured into a glass Petri dish, and
the film was dried in a hot air oven at 40 °C for 48 hours. The
material's comprehensive synthesis process and detailed
characterization, covering structural, chemical, thermal,
mechanical, antimicrobial properties, and cell cytotoxicity

14626 | RSC Adv, 2024, 14, 14624-14639

analyses, along with a thorough investigation and report on
the silver release profile under pH conditions simulating
wound environments, have been previously documented in
ref. 28.

XPS characterization for capping mechanism and surface
composition

The surface composition and oxidation state of the samples
were analysed using X-ray photoelectron spectroscopy (XPS) at
the SUT-NANOTEC-SLRI Joint Research Facility, located at the
Synchrotron Light Research Institute (SLRI) in Nakhon Ratch-
asima, Thailand. The instrument used for the analysis was the
PHI5000 VersaProbe II by ULVAC-PHI, Japan. To excite the
samples, a monochromatized Al-Ka X-ray source with a photon
energy (hy) of 1486.6 eV was employed. The resulting XPS
spectra were analysed using PHI MultiPak XPS software (version
9.6.0.15), utilizing a combination of Gaussian-Lorentzian lines
for peak fitting. Prior to peak fitting, a Shirley-type background
correction was applied to remove the background from the
spectrum. The survey spectra were recorded with an energy step
of 1.000 eV and a pass energy of 117.4 eV, while the high-
resolution spectra were recorded with an energy step of
0.05 eV and a pass energy of 46.95 eV. For peak referencing, the
C1s spectrum was utilized, with the C-C/C-H peak marked at
284.8 eV.

The relative atomic percentage of element x was calculated
using the following eqn (1):

I,

RSF, x T,

Relative atomic percentage(%) = x 100 (1)

,.; RSF; x T,

where I is the peak intensity, RSF is the corrected relative
sensitivity factor obtained from the PHI MultiPak XPS software
(version 9.6.0.15), and T is the acquisition time per data point
and n is the number of region.

Results and discussion

Vaterite CaCO;-Ag-CMC and CaCO;-Ag-PSS capping
mechanism and chemical compositions

This section of the study examines the precipitation of eggshell
particles (ESP) in a silver colloid, in which the Ag was reduced
and stabilized using two different polyelectrolytes (capping
agents), namely PSS and CMC. The primary objective of
employing these capping agents is to reduce the Ag ions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XPS survey scans of (a) ESP (eggshell particles), (b) CaCOz—-Ag-
CMC and (c) CaCO3z—-Ag—PSS.

present in the colloid and subsequently protect them, stabilize
the CaCO;-Ag after formation, prevent the calcite conversion
and thereby enhance the vaterite CaCO;-Ag stability.
Furthermore, the study aims to investigate the mechanism of
capping by these different polyelectrolytes on AgNPs. XPS
survey scans were first conducted on the surface of neat ESP as
well as CaCO3;-Ag-CMC and CaCO;-Ag-PSS microspheres. The
scan detected C, O, Ca and N elements in ESP, and in addition,
Ag was detected in CaCO;-Ag-CMC and CaCO;-Ag-PSS, as
shown by the survey spectra in Fig. 1. The elemental compo-
sitions of the sample surface calculated by XPS high resolution
spectra are listed in Table 2. It is interesting to note that
despite the careful removal of the protein membrane layers out
of the eggshells (ESP), a small amount of nitrogen (1.79%) was
detected in ESP powders, likely attributed to protein residues
bonded to the surfaces of the eggshell CaCO; particles from
matrix proteins.” In contrast, the presence of nitrogen was not
detected after the precipitation of ESP in CaCO;-Ag-CMC and
CaCO;-Ag-PSS microspheres. This observation strongly
suggests that the precipitation process not only allows for the
control and attainment of desired polymorphs and sizes but

View Article Online
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also enables the production of purer CaCO; with minimal
impurities.

On the other hand, the C atomic percentage slightly
increased in CaCO3;-Ag-CMC and CaCO,;-Ag-PSS, indicating
the interaction between the capping polymer and the CaCO;-Ag
particles. It is noteworthy that when using PSS as the capping
polyelectrolyte, both the C and Ag atomic percentages were
higher compared to using CMC polyelectrolyte. This suggests
that the interaction mechanisms between Ag and the capping
polymer slightly favour PSS over CMC. Moreover, the results
obtained from ICP-OES in our previous manuscript,* where the
samples were digested in nitric acid, showed silver content of
13.77 mg g~ ' for CaCO;-Ag-CMC and 19.02 mg g * for CaCO;3-
Ag-PSS, which aligns well with the data presented here.
Furthermore, the atomic percentage of Ca is slightly lower in
both CaCO;-Ag-CMC and CaCO;-Ag-PSS in comparison to
EPS, indicating a potential displacement or alteration of the Ca
signal due to the presence of the AgNPs and the capping poly-
mer coatings. Therefore, the slight decrease in the atomic
percentage of Ca indicates that the capping polymer may coat
the CaCO;-Ag particles and affect the XPS signal associated
with Ca.

Scheme 1 illustrated the proposed capping mechanism of
CMC and PSS with AgNPs. The capping mechanism interaction
between CMC or PSS and Ag ions involves several processes.
Both CMC and PSS capping agents are polyelectrolytes with
charged functional groups. These chains containing charged
groups can attract and bind to the Ag ions through electrostatic
interactions. The negatively charged carboxylate groups in CMC
or the sulfonate groups in PSS can form coordination bonds
with the positively charged Ag ions. Furthermore, both CMC
and PSS can act as reducing agents in the presence of Ag*. The O
loan electron pairs in carboxylate groups of CMC or the sulfo-
nate groups of PSS can donate electrons to the Ag' ions,
resulting in the reduction of Ag* to Ag®. Once Ag® nanoparticles
are formed, CMC and PSS can further act as stabilizers or
capping agents. They can be adsorbed onto the surface of the
AgNPs, forming a protective layer. The long chain structure of
CMC or PSS provides steric hindrance, preventing the aggre-
gation or growth of the vaterite CaCO;-Ag microspheres.

Table 2 The corrected RSF of each element and elemental composition of particles and films surfaces according to XPS high-resolution scan

spectra

Atomic concentration (%)

C (e} Ca N Ag Cl Na
Corrected RSF 36.823 85.994 250.487 58.53 833.710 126.513 129.358
ESP 42.99 43.55 11.68 1.79 n/a n/a n/a
CaCO;-Ag-CMC 47.92 42.34 9.22 n/a 0.52 n/a n/a
CaCO;-Ag-PSS 53.38 38.82 7.23 n/a 0.58 n/a n/a
Neat CMC 61.78 36.00 n/a n/a n/a n/a 2.22
CMC/CaCO;-Ag-CMC 67.99 27.25 1.24 n/a 0.25 1.99 1.27
CMC/CaCO3—Ag—PSS 76.98 20.97 1.06 n/a 0.18 0.79 0.02
Neat PVA 65.64 34.36 n/a n/a n/a n/a n/a
PVA/CaCO3;-Ag-CMC 87.01 10.59 1.74 n/a 0.65 n/a n/a
PVA/CaCO;-Ag-PSS 85.54 11.92 2.05 n/a 0.49 n/a n/a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, they can also protect the AgNPs from oxidation.
Overall, the capping mechanism interactions between CMC or
PSS and CaCOs-Ag involve reduction of Ag" ions, stabilization
of microspheres, and protection against oxidation. Scheme 2
illustrates the reaction of calcium nitrate with sodium
carbonate in silver colloid and resulted CaCO;-Ag-CMC or
CaCO;-Ag-PSS microspheres formation. These interactions
contribute to the formation, stability, and functionality of the
vaterite CaCO3;-Ag microspheres.

Results for the narrow scan spectra of C1s, Ols, Ca2p and
Ag3d are presented in Fig. 2A-D, respectively. The narrow scans
of C1s and O1s showed that those elements are bound in

14628 | RSC Adv, 2024, 14, 14624-14639

a different chemical environment. Both the C1s and O1s spectra
were shifted toward higher binding energy (BE) with precipita-
tion of CaCOj; in silver colloid due to interactions and chemical
bonding after the formation of CaCO;-Ag microspheres. The BE
here represents the energy required to remove an electron from
the S orbital shell. All BEs in our manuscript were initially
compared and verified using the NIST X-ray Photoelectron
Spectroscopy Database.*® The BE is influenced by the electron
density and the local chemical environment. An increase in the
BE of orbits suggests a decrease in electron density around the
atom. When the BE increases, it indicates that the electron is
more tightly bound to the atom, implying a decrease in electron

© 2024 The Author(s). Published by the Royal Society of Chemistry
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density. This could be due to factors such as an electron
donation to neighbouring atoms and changes in oxidation
state.** The increase in the O1s BE from 530.9 eV to 531.5 €V in
CaCO;-Ag-CMC and 531.7 eV in CaCO;-Ag-PSS confirms the
interaction between O of CaCO; and AgNPs. This interaction is
a result of the donation of electrons from the O atoms to the Ag
ions, indicating the formation of chemical bonds between O
and Ag which is likely forming a coordination or complex bond.
This type of bonding is known as coordination or ligand
exchange, where the Ag ions interact with the lone pair of
electrons on the O atoms (as illustrated in Scheme 1).
Furthermore, as shown in Fig. 2C, the Ca2p;, BE of ESP
increased from 346.3 eV to 347.1 and 347.3 eV in CaCO;-Ag-
CMC and CaCO;3;-Ag-PSS, respectively. This indicates the
transformation polymorph of CaCO; from calcite to vaterite
structure. The same observation has been reported by Ni et al.*®
As shown in Fig. 2D, the Ag3ds, BE of CaCO3;-Ag-PSS is
368.7 eV which is slightly higher than CaCO;-Ag-CMC BE i.e.,
368.2 eV. This would be due to the presence of different capping
mechanisms which can affect the charge transfer processes
between the Ag ions and CaCOj;. The charge transfer interac-
tions can influence the BE by modifying the electron density
around the Ag ions.** Furthermore, the sulfonate functional
groups present in PSS and carboxymethyl functional groups in
CMC can interact differently with the silver ions, leading to
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variations in the coordination chemistry and bond strength.
This can result in changes in the electronic environment
around the silver ions and, consequently, different BEs were
observed.

The high depth deconvolution XPS spectra for the C1s and
O1s regions are depicted in Fig. 3. In Fig. 3a, which pertains to
ESP, the C1s spectrum was analysed and fitted to five distinct
BEs. The peak observed at 281.2 eV is attributed to metal-
carbide bond resulting from surface contamination on the
ESP. At 283.4 eV, a peak is observed corresponding to C=C
bonds, which can be linked to protoporphyrin. The protopor-
phyrin is recognized as the primary pigment responsible for the
brown coloration in eggshells.>® Another peak at 284.8 eV
corresponds to sp® hybridized carbon, denoting a carbon atom
with four substituents bonded to it. The presence of a peak at
287.5 eV can be attributed to the C-O bond. Lastly, the peak
with the highest BE, at 289.1 eV, is assigned to the C=0 bond.**
In Fig. 3b, the XPS high depth deconvolution analysis of the
CaCO;-Ag-CMC reveals five distinct BEs. Notably, the proto-
porphyrin and metal-carbide peaks, observed in Fig. 3a, are no
longer present. Instead, two new peaks at BEs of 282.3 eV and
287.6 eV emerge, indicating the influence of the CaCO;-Ag
capping with CMC polymer chains. These polymer chains
introduce changes in the bonding environment, leading to the
appearance of these additional peaks. Moreover, the intensity of
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© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14,14624-14639 | 14629


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01710b

Open Access Article. Published on 03 May 2024. Downloaded on 12/5/2025 10:53:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
2 800 T T T T d 4900 i ' ' '
ESP (-0 C-C(sp’)/C-H Cls ESP Ols
700 | 4200 .
600 Pi i o~
= rotoporphyrin 2 3500+
g & -
= 500 C-C (sp”) &
= Z 2800
g Surface contamination QL
= 4004 i K| Protei 5 b
a 2100 rolein O~ species
C-M oxygen-containing
3001 |
1400
200
700 T T T T
T T T T T T T T 534 532 530 528 526
292 290 288 286 284 282 280 278 276 Binding E v
L inding Energy (e
Binding Energy (eV) € &y (V)
b T T T T R T T T T
900 4
CaC0,-Ag-CMC Cls #2007 1c0,-Ag-CMC Ols
C-C/C-H 3
800 4 4
. CMC capping 4
- 700 4 CMC capping = 3500
& Cc=0 Cc-C k> i
z 6007 C-0 2z 28004
= ‘B
§ 5004 §
= - =] 4
= o] 0.C-0 = 2100
~ species
3004 . 1400 ]
200
T T T T T T T 700 - T T T T T
292 290 288 286 284 282 280 278 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
¢ 1400 : : . . £ ' ' ' '
3500 _Ag- Ols
CaCO,-Ag-PSS C-CIC-H Cls CaCO,-Ag-PSS
1200 4
PSS capping 30004
= 1000+ 2
& s
2 Cc-C g 2500
) =
2 800 2
2 =
g £ 20001
=
— 600 =
1500
400
1000
200

T T T T T T T
294 292 290 288 286 284 282 280
Binding Energy (eV)

536 534 532 530 528
Binding Energy (eV)

Fig. 3 Cls high depth deconvolution spectra of (a) ESP, (b) CaCO3-Ag—CMC and (c) CaCO3—Ag—PSS. O1s high depth deconvolution spectra of

(d) ESP, (e) CaCO3-Ag-CMC and (f) CaCO3z-Ag—PSS.

the C=0 peak decreases in CaCO3;-Ag-CMC compared to
Fig. 3a. This reduction in intensity can be attributed to the
coating layer of the capping polyelectrolyte, which modifies the
interaction between the Ag" and the C=0 groups. Notably, the
intensity of the C=0 peak is even lower in CaCO;-Ag-PSS
(Fig. 3c). Additionally, the two BEs corresponding to C-O,
arising from the capping polymer and C-O bonds of CaCO;,
seem to overlap, indicating a combined contribution. As
depicted in Fig. 3d, the untreated ESP displayed three detect-
able energy levels corresponding to the O1s peaks: 529.2 eV,
which suggests O~ specious from inorganic compounds;

14630 | RSC Adv, 2024, 14, 14624-14639

531.0 eV, indicating O=C bonds; and 532.5 eV, representing the
presence of protein oxygen-containing species.*”** Following
the precipitation of CaCO; and AgNPS loading, the peak asso-
ciated with protein oxygen-containing species at 532.5 eV was
no longer observed. Instead, a new peak emerged at 533.1 and
532.6 eV. This new peak was attributed to the O-C contributions
arising from the CMC and PSS capping agents.

The high depth XPS deconvolution presented in Fig. 4
provides detailed information about the Ag3d and Ca2p
regions. Fig. 4a and b depict the deconvolution XPS scans of
Ag3d, revealing the presence of two spin-orbit split peaks,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ag3ds),, and Ag3d;,,. The observed BEs assignment are sup-
ported by literature.***® For the CaCO;-Ag-CMC sample, the
BEs for Ag3d;,, are measured at 374.8 eV and 373.8 eV, while
for Ag3ds,,, they are recorded at 368.8 eV and 367.8 eV. In the
case of CaCO;-Ag-PSS, the BE values for Ag3d;,, are observed
at 374.9 eV and 373.8 eV, and for Ag3ds,,, they are found at
368.9 eV and 367.8 eV. Those BE values indicate the presence
of both Ag" and Ag” states in the samples.*' The appearance of
Ag3d spectra in higher BE, indicating that there were electrons
loss in electron shells of Ag atoms as reported by Zhou et al.**
This suggests that in addition to Ag", there is also the presence
of elemental silver. The observed BE values provide evidence
for the coexistence of different valence states of Ag, namely
Ag' and Ag®. A notable observation is that in the CaCO;-Ag-
PSS sample, the intensity of the Ag® spin-orbit splitting is
higher compared to Ag". This result was also mentioned in ref.
28. Contrarily, in the CaCO;-Ag-CMC sample, the intensity of
Ag" is higher compared to Ag®. This difference in intensity can
be attributed to the unique capping properties exhibited by
both CMC and PSS polyelectrolytes. The CMC polyelectrolyte
has a greater affinity for Ag', facilitating their stabilization and
reducing their conversion to Ag’. The PSS polymer demon-
strates a more effective capability to convert Ag* to Ag® or
provide better protection for Ag®, preventing its oxidation to
Ag'. The PSS polyelectrolyte potentially contributes to the
higher presence and stability of Ag® in the CaCO;-Ag-PSS
microspheres. On the other hand, the CMC polymer might
exhibit a lesser ability to convert Ag" to Ag® or provide less
protection against oxidation, resulting in a lower intensity of
Ag® spin-orbit splitting in the CaCO5;-Ag-CMC sample. In the
Ca2p deconvolution analysis presented in Fig. 4c-e, only one

© 2024 The Author(s). Published by the Royal Society of Chemistry

spin-orbit splitting (Ca2ps/, and Ca2p4,,) was observed for all
the samples, indicating the presence of a single vaterite
polymorphs of Ca2p species. This observation is consistent
with findings in the literature.?

CaCO;-Ag-CMC and CaCO;-Ag-PSS embedded in CMC
matrix and internally physical cross-linking

In this section, the study focuses on the incorporation of
CaCO;-Ag-CMC and CaCO;-Ag-PSS microspheres into a CMC
polymer matrix, which undergoes physical cross-linking with
calcium chloride. The purpose of physical cross-linking of CMC
is to enhance its stability in the water and improve its water
absorption and retention properties. The resulting films of
physically cross-linked CMC, containing CaCOz;-Ag-CMC or
CaCO;-Ag-PSS, have potential applications as superabsorbent
pads in active packaging. To analyse the surface composition of
the films, XPS survey scans were performed on neat CMC
polymer film, as well as CMC/CaCO;-Ag-CMC and CMC/
CaCO;-Ag-PSS films. The XPS scan revealed the presence of C,
O, and Na elements in the neat CMC film. Additionally, in the
CMC/CaCO;-Ag-CMC and CMC/CaCO;-Ag-PSS films, the
spectrum displayed the detection of Ag, Ca, and Cl elements, in
addition to C, O, and Na, as shown in Fig. 5. Moreover, the
elemental compositions of the sample surface calculated by XPS
high resolution spectra are listed in Table 2. The schematic for
physically crosslinked CMC polymer matrix with incorporated
CaCO;-Ag-PSS along with SEM micrographs of magnification
4000x and 1000x was presented in ref. 27.

Results for the narrow scan spectra of C1, Ols, Ca2p and
Ag3d are presented in Fig. 6. Fig. 6A displays the narrow scan of
Cl1s, revealing a dominant peak in the neat CMC film. However,

RSC Adv, 2024, 14, 14624-14639 | 14631
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after embedding CaCO;-Ag-CMC and CaCO;-Ag-PSS and
cross-linking, the peak intensity decreased, and it further
exhibited splitting with an additional shoulder peak at a lower
BE. This phenomenon is likely attributed to the physically cross-
linking bonding interaction between polymer chains. On the

View Article Online

Paper

other hand, the O1s feature peak broadened, and its intensity
decreased, indicating the occurrence of physical interactions
involving the O from carboxylate functional groups (-COO-)
present in the CMC polymer chains as illustrated in Fig. 6B.
This suggests that carboxylate groups of CMC can form coor-
dination bonds with Ca ions from CaCl,, leading to the physical
cross-linking of the polymer chains. This cross-linking
enhances the stability and water absorption properties of the
resulting CMC/CaCO;-Ag-CMC or CMC/CaCO;-Ag-PSS films.
Furthermore, as shown in Fig. 6C, the BEs of Ca2p;,, and Ca2p,,
» peaks remain the same as they were before embedding in the
CMC matrix, indicating that the CaCO; polymorphs retain their
vaterite structure. As shown in Fig. 6D, the Ag3d;/, BEs of CMC/
CaCO;-Ag-CMC is shifted to the lower BE in compared to the
CaCO;3;-Ag-CMC and CaCO;-Ag-PSS Dbefore embedding
(Fig. 2D). This indicated the oxidation of AgNPs after embed-
ding and cross-linking of CMC chains.

Fig. 7 displays high depth deconvolution XPS measurements
for the C1s and O1s regions. Fig. 7a, represents the neat CMC
polymer with distinct energy levels for the C1s peaks. These
levels correspond to specific C components within the CMC
polymer film: 284.8 eV indicates C-C or C-H bonds, 286.3 eV
signifies C-O bonds, and 287.7 eV suggests C=0/C-O-C in the
polymer chains.*® Notably, as shown in Fig. 7b and c these
distinct peaks remain after introducing CaCO;-Ag particles into
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Fig. 6 Cls (A), Ols (B), Ca2p (C) and Ag3d (D) narrow scan spectra of (a) neat CMC, (b) CMC/CaCOz—-Ag-CMC and (c) CMC/CaCOz-Ag-PSS.
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the CMC mixture and performing the cross-linking using CacCl,.
However, a clear trend emerges as the intensity of the C-C peak
increases while the C=0 peak intensity decreases. This pattern
suggests interaction involving the CMC chains and Ca** resul-
ted from the cross-linking mechanism. Moreover, in the CMC/
CaCO;-Ag-CMC and CMC/CaCO;-Ag-PSS systems, the C=0/
C-0O-C peak, initially at 287.7 eV, gradually shifts to 287.9 eV
and 288.2 eV, respectively. This shift likely arises from interac-
tions between CaCO;-Ag microspheres and the carboxylate
groups of CMC resulting in adjustments in the behaviour of
carbon atoms in the polymer matrix along with changes in
electron distribution due to the cross-linking process. On the
other hand, as illustrated in Fig. 7d, the pristine CMC polymer

© 2024 The Author(s). Published by the Royal Society of Chemistry

exhibited two distinct energy levels for the O1s peaks: 530.9 eV
indicating O=C bonds and 532.7 eV signifying O-C bonds.
Remarkably, as shown in Fig. 7f, the Ol1s peak at 530.9 eV
showed a slight shift towards higher BE due to internal cross-
linking reactions.

Fig. 8a and b illustrate the Ag3d spin-orbit splitting for CMC/
CaCO;-Ag-CMC and CMC/CaCO;-Ag-PSS, respectively. The
image of Fig. 8b was presented earlier in ref. 27. Deconvolution
of the XPS scan results revealed a distinct peak for Ag3ds,, and
Ag3d;),, positioned at a lower BE than that of the unembedded
CaCO;-Ag. The initial BE values, prior to embedding, indicated
the presence of both Ag® and Ag*. However, following embed-
ding, the lower BE values exclusively indicated the presence of

RSC Adv, 2024, 14, 14624-14639 | 14633
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Ag' valence state, implying surface oxidation of the AgNPs
during both the embedding process in the CMC polymer matrix
and the subsequent cross-linking reactions. The lower BEs
associated with ionic silver align well with those reported in the
literature.**** Fig. 8c and d depict the Ca2p spin-orbit splitting
for CMC/CaCO3;-Ag-CMC and CMC/CaCO;-Ag-PSS, respec-
tively. The deconvolution analysis showed the presence of two
distinct splitting peaks at 346.8 eV and 347.7 eV for Ca2pj/,, as
well as 350.4 eV and 351.3 eV for Ca2p,,, in the CMC/CaCOz-Ag-
CMC film. The Ca2p spin-orbit splitting at the lower BE corre-
sponds to Ca>" originating from CaCOj;. Conversely, the spin-
orbit splitting at a higher BE energy corresponds to the Ca>*
involved in cross-linking within the CMC film. Interestingly, the
intensity of the crosslinking related Ca®* signal is higher in
CMC/CaCO;-Ag-PSS.

CaCO;-Ag-CMC and CaCO;-Ag-PSS embedded in PVA film,
bonding, and chemical compositions

In this section, the study focuses on the incorporation of
CaCO;-Ag-CMC and CaCO;-Ag-PSS microspheres into a fully
hydrolysed poly vinyl alcohol (PVA) polymer matrix by an
aqueous solution casting technique. The obtained PVA/CaCO;-
Ag-CMC or PVA/CaCO;-Ag-PSS films with the water absorbent
ability have the potential to be applied for wound dressing
application. An XPS survey scans were conducted on the surface

14634 | RSC Adv, 2024, 14, 14624-14639

of neat PVA, PVA/CaCO;-Ag-CMC and PVA/CaCO;-Ag-PSS
films. The scan detected C, and O in neat PVA, and in addition,
Ag and Ca were detected in PVA/CaCO;-Ag-CMC and PVA/
CaCO;-Ag-PSS, as shown in XPS spectra in Fig. 9. It is note-
worthy that the incorporation of either CaCO;-Ag-CMC or
CaCO;-Ag-PSS leads to a significant alteration in the atomic
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Fig.9 XPS survey scans of (a) neat PVA, (b) PVA/CaCOs-Ag—CMC and
(c) PVA/CaCO3z-Ag—-PSS.
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composition of the PVA matrix (Table 2). Specifically, the O
atomic percentage in the PVA structure experiences a marked
reduction from 35% to 10%, accompanied by a corresponding
increase in the C atomic percentage from 65% to 86% as
numbered in Table 2. These changes are attributed to the
presence of CaCO;-Ag microparticles in the PVA film surface.
The reduction in the O atomic percentage could potentially
result from the interactions between the microspheres and the
PVA matrix which reduces the exposure of O atoms in the
surface, contributing to the observed decrease. The increase in
the C atomic percentage can also be attributed to the incorpo-
ration of the microspheres which might lead to a relatively
higher carbon-rich regions at the surface being analysed.
Furthermore, In the PVA/CaCO;-Ag-CMC film, although the
Ca®" percentage is lower than that of the PVA/CaCO;-Ag-PSS
film, the atomic percentage of Ag is slightly higher. This
observation may correlate with the size of CaCO;-Ag-CMC
microspheres which is 3 times larger than CaCO;-Ag-PSS.
Results for the narrow scan spectra of C1s, Ol1s, Ca2p and
Ag3d are presented in Fig. 10A-D, respectively. The C1s narrow
peak in neat PVA film becomes sharper and its intensity
increased after incorporation of CaCO;-Ag-CMC or CaCO;-Ag-
PSS. This would be due to inducing changes in the crystallinity
of the PVA film due to reduced disorder structure and enhanced
signal-to-noise ratio which result in a sharper Cls peak.*®
However, as the CaCO;-Ag-CMC and CaCO;-Ag-PSS

© 2024 The Author(s). Published by the Royal Society of Chemistry

microspheres are concentrated at the surface of the PVA film,
this could also influence the surface chemistry and molecular
arrangement and lead to sharper and more intense peaks due to
the altered electronic environment near the surface. Moreover,
the O1s narrow peak undergoes broadening, accompanied by
a decrease in intensity in PVA after loading the microspheres.
This could be due to the new peak arises from O bonded to the
Ca®" in CaCO;-Ag, potentially leading to the displacement of
the O1s narrow scan towards the lower BE region. Furthermore,
as shown in Fig. 10C, the BE of Ca2p;,, and Ca2p,,, remains the
same as they were before embedding in the PVA (Fig. 2C),
indicating that the CaCO;-Ag polymorphs retain their vaterite
structure. As shown in Fig. 10D, the Ag3d BE of both PVA/
CaCO3;-Ag-CMC and PVA/CaCO;-Ag-PSS are shifted to the
lower BE in comparison to the CaCO;-Ag-CMC and CaCO;-Ag-
PSS before embedding (Fig. 2D), indicating the change in
oxidation state of AgNPs.

The deconvoluted XPS spectra representing the C1s and O1s
regions for pristine PVA, PVA/CaCO3;-Ag-CMC, and PVA/
CaCO;-Ag-PSS are displayed in Fig. 11. In Fig. 11a, dedicated to
the neat PVA film, the C1s peaks revealed two distinctive BE
values. The peak detected at 284.8 eV is ascribed to the presence
of a C-C bond from the PVA backbone chains. Additionally, the
peak at 286.4 eV is attributed to the C-OH group within the PVA
structure.*” Interestingly, the subsequent deconvolution scans
in Fig. 11b and c showcase a complete absence of the C-OH

RSC Adv, 2024, 14, 14624-14639 | 14635
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bond due to the less amount of PVA after embedding the
microspheres at the surface of film. This is subsequently
accompanied by the appearance of a new peak at 288.1 eV,
arising from the C=0 bonds in the CaCO;-Ag microspheres. As
depicted in Fig. 11d, the pristine PVA polymer displayed a single
energy level corresponding to the O1s peaks, measured at
532.5 eV, signifying the presence of OH bonds. Contrarily, as
indicated in Fig. 11e and f for both the CMC/CaCO;-Ag-CMC
and CMC/CaCO;-Ag-PSS films, a new peak emerged at 531.3 eV
and 531.2 eV, respectively. This observed peak can be ascribed
to the presence of O=C bonds within the CaCO;-Ag micro-
spheres. Furthermore, the reduction in the intensity of the O-C
band is likely due to the predominance of CaCO;-Ag

14636 | RSC Adv, 2024, 14, 14624-14639

microspheres concentrated at the surface of the PVA film. The
phase morphologies showing vertically uneven distribution of
the active particles within the films of PVA/CaCO;-Ag-PSS and
PVA/CaCO;-Ag-CMC were revealed elsewhere in ref. 28.

Fig. 12a and b showcase the Ag3ds,, and Ag3d;,, spin-orbit
splitting patterns for PVA/CaCO;-Ag-CMC and PVA/CaCO;-Ag-
PSS respectively. These results have been previously reported in
ref. 28. These peaks were situated at lower BE compared to the
unembedded CaCO;-Ag microspheres. The initial BE values,
prior to the embedding process, indicated the coexistence of
both metallic and ionic silver states (refer to Fig. 4a & b).
However, after embedding into the PVA matrix, the decreased
BE values exclusively pointed towards the prevalence of the Ag"

© 2024 The Author(s). Published by the Royal Society of Chemistry
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valence state. This observation implies that the AgNPs under-
went surface oxidation during their integration into the PVA
polymer matrix.

Moving to Fig. 12c and d, the Ca2p spin-orbit splitting for
PVA/CaCO;-Ag-CMC and PVA/CaCO;-Ag-PSS revealed the
presence of a spin-orbit splitting peak similar to that of the
vaterite CaCO; microspheres, as observed in Fig. 4c which
indicates no changes in the CaCO;-Ag polymorphic structures.

Conclusions

X-ray photoelectron spectroscopy (XPS) provides valuable
insights into the complicated processes involved in capping
mechanism, surface composition alterations, polymorph tran-
sitions, reduction of Ag ions and stabilization. To summarize,
this study has been primarily dedicated to the utilization of XPS
for analysing the formation of biogenic vaterite CaCO;-Ag
hybrid microspheres in conjunction with various poly-
electrolytes serving as capping agents, as well as examining
their interactions following incorporation into polymer
matrices. The multifunctional role of capping agents, serving as
both stabilizers, and reducing agents in the synthesis of vaterite
CaCO;-Ag microspheres, was examined. Oxidation states and
electronic environments of loaded AgNPs were found to differ
before and after embedding in polymer matrices. When
employing PSS as the capping agent, Ag® was the predominant
state of silver, while using CMC as the capping agent resulted in

© 2024 The Author(s). Published by the Royal Society of Chemistry

Ag" being the dominant state of the AgNPs loaded onto vaterite
CaCO; microspheres. Additionally, the CaCO;-Ag polymorph
structure was investigated by analysing the Ca2p spin-orbit
splitting, revealing the stability of the vaterite polymorph. This
study offers significant insights into the behaviour of AgNPs
when loaded onto vaterite CaCO3;-Ag using various capping
agents, as well as their integration within different polymer
matrices.
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