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ARTICLE INFO ABSTRACT

Editor: Tzyy Haur Chong The development of effective systems for the removal of toxic compounds from wastewater is an important goal
in the production of materials for environmental applications. In this work we report a sustainable approach for
the design and development of silver-decorated hybrid silica nanoparticles for the adsorption and catalytic
degradation of toxic dyes. Different bio-available and inexpensive phenolic precursors were selected to chelate
and reduce silver ions, and the final nanoparticles architecture was modified by exploring two different synthesis
strategies. In the first route, silica nanoparticles were formed in a solution containing both phenolic and metallic
components, whereas, in the second route, silver ions were added in an environment where hybrid nanoparticles
have already been formed.

It was shown that the appropriate choice of both phenolic component and the synthetic route can strongly
influence the catalytic activity towards dye degradation. Indeed, the proposed systems show almost complete
degradation and reduction of Methylene Blue and 4-Nitrophenol, depending on the exposure and stability of the
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silver metal active sites.

1. Introduction

Access to potable and unpolluted water is a top priority goal in light
of modern society development and the exponential rise of industry. One
of the major environmental issues is the contamination of water re-
sources caused by contaminants such as organic dyes released by textile,
food, printing paper, pharmaceutical, and cosmetic industries [1-5]. In
this context, the textile industry has a significant impact on the envi-
ronment, both in terms of natural resource exploitation and contaminant
release. 400 billion square meters of fabric require nine trillion liters of
water, six of which are used for dyeing [6,7]. Furthermore, textile
treatments and synthetic dyes are responsible for 20 % of global pollu-
tion of clear water [8,9]. Compared to natural ones, synthetic dyes have
the advantage of being less expensive and having an excellent affinity
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with synthetic fibers such as nylon, viscose, and polyester. However,
they are not only bio-accumulative and persistent in the environment,
but also toxic to the ecosystem and humans due to their complex
chemical structures, which are typically alkylphenols, azo compounds,
and chlorobenzenes. In addition, they are designed to be resistant to
common oxidation and reduction processes, thus extremely difficult to
remove from textile industry wastewater. Several methods have been
suggested for removing toxic compounds from wastewater, including
coagulation/flocculation [10], advanced oxidative processes [11], bio-
logical treatment [12], solvent extraction [13], distillation [14] and
membrane filtration [15]. These processes are expensive because of the
high energy requirements, instead, adsorption/catalytic reduction is
widely accepted and preferred method as simple and effective strategy
[16-18]. In this context, the adsorption and catalytic reduction of dyes
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and, more generally, of emerging organic pollutants, has gained
increasing attention in recent years [19-24]. To this regard, metal
nanoparticles represent ideal candidates in reductive degradation of
harmful and toxic dyes due to their unique physical and chemical fea-
tures strictly related to their size and morphology [25-32]. In addition,
the adoption of sustainable practices using green chemistry is gaining
prominence as an essential strategy to enhance and safeguard our global
environment. This approach is a focal point in various research fields,
aimed at improving and preserving our planet for the future. In this
scenario, there has been a growing focus on the green synthesis route of
metal nanoparticles [33-35]. Instead of using harmful chemicals to
reduce and stabilize metallic nanoparticles, different bio-wastes are
emerging as a promising low-cost source of multifunctional compounds
with redox activity. These bio-wastes include polyphenolic and poly-
hydroxindole moieties, which show a promising ability in effectively
chelating and reducing metal ions [36-46]. Furthermore, combining
these bio-derived compounds with a nanostructured inorganic phase
may improve their stability as well as their functional properties
[47,48]. To this regard, we recently demonstrated the possibility of
improving the inherent characteristics of melanin-like materials using
templated polymerization of 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) in the presence of silica phase. Among the various inorganic
components, silica has proved to be an extremely versatile templating
agent for obtaining nanoparticles with tunable size and surface chem-
istry, and tailored performance for a wide range of applications [49-52].
Following a sustainable approach, in this work the ceramic templated
approach is synergistically integrated with the red-ox properties of
polyphenolic compounds in order to develop polyphenol-based nano-
catalysts for the adsorption and the catalytic reduction of toxic dyes
from urban and industrial wastewater. Notably the current study aims
at: (1) exploring bio-available caffeic acid and gallic acid as potential
melanogenic precursors and Ag reducing agent, (2) comparing the ob-
tained hybrid structures with those based on DHICA-derived melanin,
(3) analyzing the impact of two different synthesis strategies on the final
system catalytic efficiency. The hybrid systems were tested for adsorp-
tion and catalytic reduction of model pollutants Methylene Blue (MB)
and 4-Nitrophenol (4-NP). The results demonstrated distinct perfor-
mances based on the hybrid system architectures.

2. Materials and methods
2.1. Materials
N-(3-Dimethylaminopropyl)-N'-ethyl-Carbodiimide  hydrochloride

(EDC, protein seq. grade), N-Hydroxy Succinimide (NHS, 98 %), 3-
(Aminopropyl) Triethoxy Silane (APTS), Tetra Ethyl Orthosilicate metal

Precursor
APTS - melanogenic EtOH-NH;
hybrid precursor EtOH-TEOS
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basis (TEOS, 99.999 %), ammonium hydroxide (ACS reagents, 28.0-30.0
%NH3), Ethanol (absolute, >99.8 %), Silver nitrate (99.9999 %),
Methylene Blue (3,7-bis (N, N-dimethylamino) phenothiazinium chlo-
ride), 4-Nitrophenol, Gallic acid (trihydroxybenzoic acid) and Caffeic
acid (8- (8,4-dihydroxyphenyl) prop-2E-enoic acid) were purchased
from Sigma-Aldrich (St Louis, MO, USA) and used as received. DHICA
monomer was prepared as described elsewhere [36].

2.2. Preparation of hybrid nanoparticles

The hybrid nanoparticles were synthesized following an in situ sol-
gel procedure, by making slight modifications to a tried and tested
procedure [50,51]. Accordingly, the APTS-melanogenic hybrid pre-
cursors were first synthesized overnight via EDC/NHS chemistry, using
DHICA, CAF and GAL. Subsequently, using a modified Stober method,
hybrid nanoparticles were prepared [49]. Two different synthesis stra-
tegies were here explored and schematically described in Scheme 1:

- Procedure 1

Silver nitrate was added immediately before TEOS addition. In this
case, hybrid nanoparticles were formed in a solution containing both
organic and metallic components. These samples will be indicated in the
following as DHICA-Ag_1, CAF-Ag 1 and GAL-Ag_ 1.

- Procedure 2

Silver nitrate was added after 18 h from TEOS addition. These
samples will be indicated in the following as DHICA-Ag_2, CAF-Ag_2 and
GAL-Ag_2.

At the end of each described procedure, the nanoparticles were
recovered by centrifugation and repeatedly washed for 3 times using
distilled water.

2.3. Physical-chemical characterization

Nanoparticles morphology was studied using Transmission Electron
Microscopy (TEM). Briefly, aqueous solution of nanoparticles was
dispersed on a copper grid (200 mesh with carbon membrane). TEM
pictures were captured using a TECNAI 20 G2: FEI Company (Eagle 2HS
camera). The images were acquired at a voltage of 200 kV, with a
camera exposure time of 1 s and a size of 2048 x 2048. Thermogravi-
metric analysis (TGA) was carried out using a TA Instrument thermoa-
nalyser SDT Q600 (TA Instrument, New Castle, DE, USA) to study the
thermal behavior of obtained samples. Approximately 15 mg of each
sample were tested under a nitrogen atmosphere, with a heating rate of

e N o +agNo
al gNO;
[
Melanogenic
Precursor
EtOH-NH; Overnight
FtOH-TEOS Procedure 1
e .
é
Melanogenic Overnight Overnight Procedure 2

Scheme 1. Schematic presentation of the procedures for synthesizing hybrid nanoparticles.
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10 °C/min. {-Potential experiments were carried out using a Zetasizer
equipment (Nanoseries, Malvern) to evaluate the surface charge of ob-
tained nanoparticles. All samples were diluted to a droplet concentra-
tion of around 0.025 % w/v and the analyses were performed by
executing 50 runs for each measurement. The FT-IR spectra were ac-
quired using a Nexus FT-IR spectrometer to unveil the chemical
composition of obtained nanoparticles. By dispersing 0.5 mg of the
nanoparticles in KBr, 200 mg pellets were formed, and all spectra were
recorded in the 4000-400 cm ™! range, with a resolution of 2 cm™!. Ny
adsorption was used to determine the BET specific surface areas (SSA) of
nanoparticles using a Quantachrome Autosorb-1C equipment. All sam-
ples were degassed for 3 h at 150 °C. The silver content of all synthesized
samples was determined using Plasma Emission Spectrophotometry,
ICP-OES Perkin-Elmer Optima 2100DV. Each system was digested in 10
mL of an acid mixture of HNO3, HCl, and HF. All tests were performed in
triplicate. Finally, the Ultraviolet-Visible (UV visible) spectroscopic
studies were carried out on a SHIMADZU UV-2600i spectrophotometer
(Shimadzu, Milan, Italy).

2.4. Adsorption and catalytic reduction of MB

To investigate the adsorption capacity of as-prepared nanoparticles,
2.5 mg of each catalyst were dispersed in 12.5 mL of an aqueous solution
containing 5 x 10~> mM of MB for 30 min in the dark. Nanoparticles
were then separated by centrifugation and the adsorbent free solution
was collected for analysis. The adsorption efficiency of MB was deter-
mined on the base of UV-Vis measurements, at the Ap,x value of 664 nm,
by using the Eq. (1):

_ CO - Ce

n(%) = ¢, 1o €y

where Cy is the initial concentration of MB and C, the MB concentration
in the supernatants after 30" of adsorption step. In addition, after the
adsorption step, nanoparticles were resuspended in 12.5 mL of distilled
water and the performance in reduction of the adsorbed MB was eval-
uated by adding 3.0 mL of NaBH4 aqueous solution (0.01 M). The
presence of eventually residual MB was assessed by collecting the
UV-Vis spectra of nanoparticles suspension before and after the addition
of NaBHy. After the reactions were completed, the nanoparticles were
removed from the reduction reaction media, washed with water, and
reused in the next catalytic cycle.

2.5. Catalytic reduction of 4-NP to 4-AP

The catalytic activity of all samples was also investigated in the
reduction reaction of 4-NP to aminophenol (4-AP). To this aim, a
mixture of 10 mL of aqueous solution of 4-NP (2 mM) and 5 mL of
aqueous solution of NaBH4 (0.25 M) were prepared and analyzed
through UV-Vis spectrometer. Then, 2 mg of nanoparticles were added
to this solution and the progress of reduction reaction was monitored by
the evolution of the UV-Vis spectra over time.

The Turnover Frequency (TOF) of each sample was calculated. To
this purpose, a pseudo-first-order kinetic constant was considered, since
it proper fits the catalytic performance. Then, TOF was calculated ac-
cording to Eq. (2):

0
TOF = ]i (2)

I’lA(g

where k is the pseudo-first-order kinetic constant (s‘l), n® is the initial
amount of 4-NP (mol), and nag is the actual amount of silver (mol).
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3. Results and discussion
3.1. Characterization of the hybrid nanostructures

Fig. 1 reports the XRD patterns of the synthesized samples. In all
spectra, a broad band ranging from 15° to 30° in 20 angle is evident, thus
suggesting the amorphous nature of silica skeleton. Additionally, four
distinct diffraction peaks can be observed at 20 = 38°, 44°, 64°, and 77°.
These peaks were assigned to (111), (200), (220), and (311) planes,
indicating the presence of Ag(0) crystals with face centered cubic (FCC)
structure in the hybrid nanostructures [30,53,54]. Therefore, these
findings confirm the reduction of silver ions during the synthesis and
suggest the key role of phenolic components as reducing agents in
accordance with previously reported studies [55,56].

The samples were analyzed by ICP-EOS to determine the Ag contents,
as reported in the Table 1.

The obtained results reveal that all samples have a comparable total
Ag amount, swinging around 30 pg/mg, with the exception of sample
DHICA-Ag 2, which show approximately 40 pg/mg. The morphology of
all synthesized samples was examined by TEM analysis. Fig. 2 shows
TEM images and the size distribution of Ag clusters of DHICA-Ag 1 (a),
CAF-Ag_1 (b), GAL-Ag 1 (c), DHICA-Ag 2 (d), CAF-Ag 2 (e) and GAL-
Ag 2 (f) nanoparticles. Different contrast areas could be seen in all
samples: small black areas, attributed to the metallic Ag domains, and
pseudo-spherical less dense larger particles with rough surfaces, corre-
sponding to the polyphenol/silica hybrid domains. In particular, DHICA-
Ag_1 samples exhibit a core-shell architecture made of a darker metal
core wrapped by a lighter hybrid silica domain, on the other hand
DHICA-Ag_2 nanoparticles evidence a different architecture with silver
clusters preferentially located on the surface (Fig. 2d). Thus, from the
analysis of TEM features it can be inferred that the synthesis procedure
and in particular the order of DHICA and TEOS addition in the synthesis
batch strongly affect the structure of the final system.

More specifically, for both synthesis procedures, the reaction
mixture quickly turns black immediately after the addition of AgNO3
when DHICA monomer is used (Fig. 2(a) and (d)), suggesting the
occurrence of DHICA oxidative polymerization and concurrent reduc-
tion of silver ions. For DHICA-Ag_1 sample, these processes produced a
relevant fraction of hybrid melanin-silver clusters, with an average
diameter of approximately 20 nm, which acted as nucleation sites for
subsequent silica shell formation, resulting in a final core shell archi-
tecture (Fig. 2a) [49]. On the other hand, for DHICA-Ag_2 sample, since
TEOS is added before DHICA, silica formation is triggered before DHICA
polymerization. Accordingly, the reduction of silver ions must occur on

Intensity a.u.
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Fig. 1. XRD patterns of DHICA-Ag (a), CAF-Ag (b) and GAL-Ag (c) samples,
representative of both synthesis procedures.
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Table 1
Ag concentration (as pm of silver per mg of nanoparticles)
by ICP-OES analysis.

Sample Ag amount (pg/mg)
DHICA-Ag_1 27.5 + 1.4
CAF-Ag_ 1 29.7 + 1.5
GAL-Ag_1 31.8+ 1.6
DHICA-Ag_2 39.7+1.8
CAF-Ag 2 30.7 + 1.6
GAL-Ag_2 324+ 1.4

the surface of already formed hybrid nanoparticles where hybrid APTS-
DHICA domains are probably more exposed. Thus, dark melanin-silver
clusters with a mean diameter of 15 nm, are clearly visible on the sur-
face of the particles (Fig. 2d). A different morphology can be observed in
the case of all CAF-Ag and Gal-Ag samples (Fig. 2(b), (e) and (c), (),
respectively). Particularly, TEM micrographs show small silver clusters
uniformly dispersed onto the surface of hybrid nanoparticles. On the
surface of CAF-Ag_1 nanoparticles (Fig. 2(b)), Ag domains of about 2,5
nm in diameter were found. Except for the appearance of larger black
dots (of about 7 nm in diameter), the morphology of CAF-Ag 2 NPs
looked quite close to that of CAF-Ag_1 nanoparticles (Fig. 2(e)). Finally,
similar structures were observed in TEM micrographs of both GAL-Ag
samples, with the size distribution of Ag clusters showing an average
diameter of about 4-5 nm (Fig. 2(c) and (f)), only a significant decrease
in the number of Ag nanoparticles with respect to CAF-Ag samples can
be appreciated. Indeed, during the synthesis of these samples (CAF-Ag
and GAL-Ag), the solution gradually became opalescent and gray with
the addition of silver salt, suggesting a slower Ag" ions reduction into
metal Ag(0) and, concurrently, slower phenolic acid oxidation than
DHICA. Therefore, it is reasonable to assume that when caffeic and gallic
acids are used in procedure 1, silica formation may occur before metal
reduction, resulting in the formation of small Ag(0) domains mainly
located on the surface of preformed silica particles. This might be due to
the presence of more exposed phenolic groups than DHICA. These hy-
potheses were supported by surface charge measurement and Folin-
Ciocalteu assay (Table 2) which reveal precious information on the
chemistry of the exposed groups, thus justifying the functionality of each
sample. Firstly, nanoparticles synthesized from DHICA monomer
showed marked differences in the surface charge values depending on
the synthesis procedure. Following the procedure 1 (where silver nitrate
was added immediately before silica precursor addition), a {-potential
value of —12.30 mV (DHICA-Ag_1) was detected, while the procedure 2
(where silver nitrate was added after 18 h from silica precursor addition)
led to a significant decrease in the surface charge of the particles which
showed a {-potential value of about —60.00 mV (DHICA-Ag_2). On the
other hand, CAF-Ag and GAL-Ag nanoparticles exhibited comparable
values of the {-Potential (~—45.00 mV) and only a slight decrease was
observed (~—22.00 mV) when they are synthesized following the pro-
cedure 2. The different surface charge is probably due to a different
exposure of phenolic groups, as shown by the results of Folin-Ciocalteu
assay, reported in the Table 2. DHICA-Ag_1 had a lower concentration of
exposed phenolic groups with respect to both CAF-Ag_1 and GAL-Ag 1
samples. In contrast, DHICA-Ag_2 sample exhibited the largest amount
of surface phenolic groups. These results support the hypothesis of a
different surface organization of organic and inorganic components,
enabling a distinct distribution of metal domains in the final nano-
particles. Indeed, three different processes are in competition: (i) the
hydrolysis and condensation reactions forming the inorganic silica
phase, (ii) phenolic acid oxidation/polymerization, and (iii) the reduc-
tion of silver ions to metal silver by phenolic groups. The appropriate
choice of silver addition, immediately before or 18 h after TEOS addi-
tion, allows for tuning the final nanoparticles architecture. Following
procedure 1, when DHICA monomer was used, oxidation/polymeriza-
tion and reduction reactions proceed concurrently and rapidly enough
to occur before silica formation. Therefore, silver-phenolic domains
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acted as nucleation sites for subsequent silica formations. On the other
hand, the preformed silica particles in procedure 2 might promote the
formation metallic domains on the surface, where the phenolic groups
are more exposed. Such diverse architectures are not achievable with
caffeic and gallic acid monomers, since gained results suggest that the
oxidation-polymerization/reduction kinetics are slower than DHICA
and cannot compete with silica formation. For these reasons, the final
architecture is not influenced by the addition order of organic and
inorganic precursors and both procedures led to the formation of silver
domains on the particle surface. The organic fraction content in hybrid
nanoparticles and ascribable to the polyphenol chains, was estimated
using TGA analysis (Fig. S1), which revealed a different profile for each
sample. The removal of physically adsorbed water is responsible for the
first weight loss within 100 °C. Additional weight loss in the range
200-650 °C, can be attributed to the decomposition of the organic
component. The estimated organic amount based on TGA analysis is
reported in the Table 2 [57]. The specific surface area of all nano-
particles was calculated from N5 adsorption/desorption isotherms, using
the BET method and the Table 2 summarizes the obtained results. Both
DHICA-Ag_1 and GAL-Ag_1 samples showed the highest specific surface
area values, which slightly decreased in DHICA-Ag 2 and GAL-Ag 2
samples. In the case of CAF-Ag_1 and CAF-Ag_2 samples, no significant
SSA differences were observed using the two different synthesis pro-
cedures. Furthermore, the FTIR analysis reported in Fig. S2 and repre-
sentative of all analyzed samples, showed the typical absorption bands
of silica gel phase [58,59].

3.2. Catalytic tests and operational stability assessment

3.2.1. MB adsorption and degradation

In order to evaluate the adsorption capacity, all samples were soaked
into a MB aqueous solution, as described in the experimental section and
the MB uptake was measured by UV-Vis analysis. Fig. 3 shows the
UV-Vis spectra of the supernatants obtained from centrifugation of each
sample after 30 min of soaking into MB solution. The adsorption spec-
trum of bare MB solution has been used as comparison.

The reduction in the typical adsorption peak of MB at 664 nm
demonstrated a good adsorption capacity towards MB of all samples,
because of the electrostatic interactions between the negatively charged
surface of particles (as indicated in the Table 2 for {-potentials) and the
positively charged MB. Furthermore, no significant changes in the
UV-Vis spectra are observed for samples synthesized using the proced-
ure 1 (Fig. 3a). On the other hand, better adsorption performances were
observed for DHICA-Ag 2 and COF-Ag 2 samples prepared using the
procedure 2 (Fig. 3b), with the complete disappearance of typical MB
peaks when using DHICA-Ag 2 sample. The high adsorption capacity
exhibited by this last sample can be explained by its significantly higher
negative charge, coupled with a larger availability of exposed phenols,
with respect to those of other synthesized systems [60]. MB adsorption
efficiency, calculated using Eq. (1), was reported in the Fig. 4 which
clearly shows that both DHICA-Ag 2 and CAF-Ag 2 samples exhibited
significantly higher dye adsorption efficiency, reaching value of about
100 and 80 % of MB removal percentage, respectively. On the other
hand, no apparent variations in adsorption capacity occur between GAL-
Ag_1 and GAL-Ag_2 samples.

The adsorbent desorption and, therefore, the system reusability
represent key factors in economically treating wastewater. Regeneration
of nanoparticles was carried out by the reduction of MB through NaBHj4.
After MB adsorption, all samples were collected by centrifugation, and
resuspended in aqueous media, and then NaBH4 solution was added to
obtain MB degradation. After the reactions were completed, the nano-
particles were removed from the reaction media, washed with water,
and reused for five consecutive cycles.

Fig. 5 reports images of suspensions containing the DHICA-Ag 1,
CAF-Ag_1, and GAL-Ag_1 nanoparticles after MB adsorption, before
(Fig. 5al, a2, a3) and immediately after (Fig. 5b1, b2, b3) the addition of
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Table 2
Organic content estimated from TG analysis, Specific Surface Area, Zeta Po-
tential and Folin-Ciocalteu assay results.

Samples Organic Specific Surface C-Potential Equivalent gallic
content (%) Area SSA (m2/g) (mV) acid/sample (mg/
(4 %) g)
DHICA- 10.0 +£ 0.7 79.0 —-12.3 + 230 + 20
Ag.1 0.65
CAF- 438 £1.1 55.0 —46.4 + 325 + 15
Agl 1.47
GAL- 6.04 + 0.6 65.5 —46.1 + 283 £ 15
Agl 1.21
DHICA- 12.0 £ 0.8 65.5 —60.0 + 436 + 11
Ag.2 0.73
CAF- 111 +1.3 55.0 —21.3 + 254 +£ 18
Ag2 0.95
GAL- 6.37 £ 1.2 59.8 —24.2 + 337 £ 10
Ag2 1.34

the reducing agent.

In the case of CAF-Ag_1 and GAL-Ag_1 samples (Fig. 5a2, a3), the dye
characteristic blue color is visible in the nanoparticles aqueous sus-
pension. However, immediately after the addition of NaBH4, the sus-
pensions become colorless. On the other hand, for DHICA-Ag_1 sample
(Fig. 5al), the blue color of the suspension is potentially masked by the
darker appearance characteristic of the nanoparticles themselves, which

ol a —MB
0 —— DHICA-Ag_1
—— CAF-Ag_1
—— GAL-Ag_1
08 4 Ag_

Absorbance a.u.

v . T v
500 600 700 800
Wavelenght [nm]

Journal of Water Process Engineering 59 (2024) 105079

have a darker color after synthesis compared to the other samples.
Nevertheless, even in this case, a fading in the suspension color is
noticeable after the addition of the reducing agent. Qualitative obser-
vation is supported by UV-Vis analysis. Indeed, Fig. 5c reports the
UV-Vis spectra of bare nanoparticles (black curve), the nanoparticles
after the adsorption step (blue curve) and after NaBH,4 addition (red
curve), which are representative for all analyzed systems. In particular,
UV-Vis spectra of nanoparticle suspension after the adsorption step
show the typical adsorption peak of MB at 664, thus confirming its
presence in the nanoparticles. This peak is no longer evident in the
presence of NaBH,4 suggesting that a reaction occurred between MB and
NaBHj. In the presence of NaBH,4 reducing agent and metal component
as catalyst, an electron transfer mechanism can be considered to explain
MB reduction process. Specifically, silver is a good conductor and can
facilitate electron transfer between the donor (BH4) and the acceptor
(MB) promoting the reduction of MB to Leucomethylene Blue (LMB)
(Fig. 6), which spontaneously desorbs from the surface of the nano-
particles, turning the solution that was originally vivid blue to colorless
[60,61].

Finally, to assess their reusability, the utilized nanoparticles were
isolated, through centrifugation, from the reaction mixtures and reused
in subsequent cycles for MB adsorption. The obtained results are re-
ported in the Fig. 7.

DHICA-Ag and GAL-Ag samples obtained from both synthesis

b —MB
10 4 ———DHICA-Ag_2
——CAF-Ag_2
——GAL-Ag_2
08
3
& 06~
@
Qo
s
[
£ o044
o
g
0.2 4
0,0 -
v T . T .
500 600 700 800

Wavelenght [nm]

Fig. 3. UV-Vis spectra of the supernatants of samples produced by procedure 1 (a) and procedure 2 (b).
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Fig. 4. MB adsorption efficiency of all investigated samples. Experiments were performed in triplicate and as much as 5 % error was detected.
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and UV-Vis representative spectra (c) of the bare nanoparticles (black curve), nanoparticles containing MB before (blue curve) and after (red curve) NaBH,4 addition.
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Fig. 6. Reduction mechanism of MB in the presence of nanoparticles.

procedures exhibit good recyclability, especially for DHICA-Ag 2 sam-
ple, while in the case of CAF-Ag samples, a certain deactivation is
observed starting from the second cycle, suggesting a significant
reduction in MB content adsorbed. Interestingly, among all samples,
DHICA-Ag 2 exhibited better dye removal and high reusability
performance.

3.2.2. Reduction test of 4-Nitrophenol to 4-Aminophenol

The catalytic performances of all synthesized samples were also
investigated in the reduction reaction of 4-NP to 4-AP in the presence of
an excess of NaBH,, as described in Section 2.5 of the Experimental
section. This process involves two steps: the formation of Nitrophenolate
ion followed by the reduction to aminophenol. The UV-Vis spectrum of
4-NP (Fig. 8. Black curve), exhibits the main characteristic absorption
peak at around 310 nm. The introduction of NaBH4 reducing agent in-
duces a red-shift in absorption maximum from 310 nm to around 400
nm, due to the formation of the 4-Nitrophenolate (4-NP) ion. More-
over, in the absence of a catalyst, this peak remains unchanged [61,62].

In addition, the formation of the 4-Nitrophenolate ion also resulted
in a markedly color change of the solution from light to bright yellow, as
evidenced in the picture inserted in the Fig. 8. To explore the catalytic
properties of the synthesized systems in the reduction reaction of 4-NP
to 4-AP, 2 mg of each catalyst were introduced into the solutions con-
taining the 4-Nitrophenolate ion. After nanoparticles addition to the
system, a rapid color change in the solution is immediately observed.
Indeed, in all systems, the bright yellow color fades and the solution
turns darker in the case of both DHICA-Ag samples (due to the presence
of nanoparticles with a much darker color than the others) and

completely colorless in the case of the CAF-Ag and GAL-Ag samples, as
shown in the Fig. S3. UV-Vis analysis was used to follow the reduction
reaction of 4-NP to 4-AP over time due to the catalytic properties of the
synthesized systems (Fig. 9).

The UV-Vis spectra of Fig. 9 clearly show the disappearance of the
peak at 400 nm and the simultaneous appearance of a new absorption
peak at around 300 nm, ascribable to 4-AP production. Furthermore, the
absence of additional peaks in the absorption spectra suggests that the
reduction of 4-NP to 4-AP does not produce any undesirable by-products
[61-64]. All samples show almost complete reduction with different
times. Notably, DHICA-Ag 2 and CAF-Ag 2 samples showed faster
reduction reaction times as the signal at 400 nm totally disappeared
after only 4 min of the reaction, leaving only the peak at around 300 nm
associated to 4-AP production. In addition, the reduction of 4-NP to 4-AP
occurs instantly in the case of CAF-Ag_1 sample, even making difficult its
detection in absorption spectra. Both GAL-Ag_1 and GAL-Ag_2 samples
exhibited a very similar behavior, with degradation times of approxi-
mately 27 min. Finally, DHICA-Ag 1 demonstrated the longest degra-
dation time, taking about 50 min for the complete reduction.

Fig. 10 shows the TOFs of the different samples, calculated according
to the procedure reported in Section 2.4. It is worth noting that a good fit
is achieved using first-order kinetics. In the case of CAF-Agl sample
kinetics are extremely fast, and complete conversion was appreciated
after 2 min. The calculated rate constant corresponds to achieving 100 %
conversion in 2 min, even though it could be achieved sooner. The
exceptional activity of CAF-Ag1 appears clearly by comparing TOFs; as a
matter of fact, its intrinsic activity is at least four times as high as those
of the other samples. By excluding CAF samples, procedure 2 provides
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Fig. 7. MB percentage removal of all investigated samples for 5 cycles. Ex-
periments were run in triplicate and as much as 5 % error was detected.

better-performing materials.

The different catalytic behaviors of the samples can be attributed to
the different distribution and availability of silver domains, which are
bound to act as active sites for red-ox reaction is located within these
active domains, between BHy ions (donor) and the dye (acceptor). As a
result of electron transfer, hydrogenation of 4-NP occurs, leading to the
spontaneous desorption of the reduction product (4-AP), ultimately
allowing the active sites available for a new reduction event [61]. Fig. 11

1.5
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shows a representative scheme of the reduction reaction of 4-Nitrophe-
nol to 4-Aminophenol.

Given the same silver amount in all samples, the availability and the
accessibility of metal silver improve the efficacy of the catalytic process,
thus allowing for a faster reduction rate in samples with higher exposure
of active silver sites. As evidenced in TEM micrographs, in DHICA-Ag_2,
CAF-Ag_1, and CAF-Ag_2 samples (Fig. 2d, b and e), the active silver sites
are more exposed since available on the surface, thus the reduction
process of 4-NP occurs at a faster rate than DHICA-Ag_1 and both Gal-Ag
samples. Furthermore, the exceptional catalytic activity of CAF-Ag_ 1
sample, exhibiting the highest TOF value (Fig. 10), can be related to
the highly dispersed and small size of silver clusters available on the
surface, as evidenced by TEM investigation (Fig. 2b). The slower
reduction rate observed for GAL-based systems is likely due to the lower
presence of silver domains on the surface of the hybrid particles. This
reduced availability of active sites on the surface could result in a slower
catalytic reaction for the reduction of 4-NP to 4-AP. Finally, in the case
of the DHICA-Ag_1 sample, the longer reaction times can be explained
by its unique architecture, which differs from all other synthesized
nanocatalysts. As evidenced in TEM micrograph (Fig. 2a) the metallic Ag
phase is segregated within the nanoparticle core. As a result, a pre-
liminary stage of 4-NP diffusion within the nanoparticles is expected.
The reduction reaction occur only after the metallic active site is
reached, resulting in the release of 4-AP [23,60]. A comparison with
similar silver-based nanocatalyst of MB removal capacity for MB and 4-
NP reduction reaction, reported in Tables S1 and S2, respectively,
confirmed the good activities of here proposed systems. The reduction
reaction efficiency of 4-NP in the presence of nanoparticles was inves-
tigated for 5 consecutive cycles. Fig. 12 shows the time required for the
complete disappearance of the peak at 400 nm in each reuse cycle for all
investigated samples.

All samples achieve complete reduction of 4-NP to 4-AP. Among the
samples prepared following procedure 1, both CAF-Ag_1 and GAL-Ag_1
samples showed a gradual increase in total reduction reaction times with
increasing reuse cycle, while a unique behavior was observed for
DHICA-Ag 1 (Fig. 12a, red curve), which showed a remarkable reduc-
tion in reaction time as it is reused. For samples synthesized following
the procedure 2 (Fig. 12b), both DHICA-Ag 2 and CAF-Ag 2 samples
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Fig. 8. UV-Vis spectra for catalytic reduction of 4-Nitrophenol to 4-Nitrophenolate ion in the presence of NaBH,4.
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Fig. 9. UV-Vis spectra related to the reduction reaction of 4-NP to 4-AP over time.

showed comparable and highly fast reduction times almost reproducible
in all reuse cycles. On the contrary, the GAL-Ag 2 sample performed
with significantly longer reaction times than the other samples, and the
reaction times increased with each reuse cycle. The opposite trend for
DHICA-Ag_1 could be attributed to significant morphological changes
caused by repeated reaction cycles. Indeed, NaBH4 might cause erosion
and debridement of the silicate component, leading to progressive
higher exposure of silver domains, as visually described in the Fig. 13.
Furthermore, the unique behavior observed in the DHICA-Ag_1 sample

can be attributed to structural modifications probably caused by pro-
longed contact of the nanocatalyst with the reducing agent. In this
scenario, the NaBH4 could potentially attack on the silicate component,
leading to a gradual increase in external exposure of the metal active
sites. Initially, these active sites may have been situated inside the
nanoparticles. The schematic representation in the Fig. 13 illustrates this
possibility, suggesting that the modification of the silicate structure over
time could enhance the accessibility of active metal sites on the surface
of the DHICA-Ag_1 sample over time, thereby contributing to its “self-
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activation” behavior observed during reuse cycles.

Finally, regarding the GAL-Ag 1 and GAL-Ag_2 samples, as already
discussed for the MB degradation reactions, the presence of a smaller
number of active metal sites on the surface results in longer reduction
times. Furthermore, prolonged interaction with the reducing agent may
lead to a loss of the active silver phase in solution, mainly located on the
surface of the nanoparticle, resulting in a decrease in catalytic efficiency
with time. Indeed, there is a significant increase in the overall reduction
times during the reuse cycles for both samples, with the GAL-Ag 2
sample reaching up to 80 min for complete reduction.

4. Conclusions

The successful synthesis of hybrid organic-inorganic structures
composed of silica and polyphenolic compounds, decorated with
metallic silver, has been proposed and effectively tested as biocompat-
ible nanocatalysts for the removal of organic dyes from wastewater.
Following a sustainable approach, bio-available caffeic acid and gallic
acid were exploited as potential reducing precursors of Ag" to Ag0 and
the effect of two distinct synthetic methods (procedures 1 and 2) on
particle morphologies and functionalities was examined. The results of
physical-chemical characterization proved that all phenolic acids reduce
silver ions tailoring distribution and size of Ag® domains in the nano-
structures. Furthermore, depending on the different synthetic procedure
and the nature of phenolic acid, either metal core or surface exposed
metal cluster site can result as a final architecture. All proposed systems
exhibit impressive adsorption capacity and quick degradation kinetics in
the treatment of MB and 4-NP. The samples obtained by procedure 2,
where silver nitrate was added to pre-formed hybrid systems, exhibited
increased metal site accessibility and were thus found to be the most
effective in terms of both MB and 4-NP reduction.

Ultrafine silver nanoparticles with very small sizes (sub nanometer-2
nm) were obtained on the surface of CAF sample from procedure 1,

e —
@

Fig. 13. Possible schematic representation of structural evolution of DHICA-
Ag_1 sample after pronged contact time with NaBH4.
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leading to exceptional catalytic activity with the highest TOF value.
Moreover, the architecture of the nanocatalysts strongly affects their
behavior in reusability experiments, with both DHICA and CAF samples
from procedure 2, showing good reusability after even 5 cycles of reuse
without decreasing catalytic activity. Careful selection of the suitable
polyphenolic precursors and synthesis routes has proven beneficial in
modifying the final architecture of the particles and therefore increasing
their catalytic activity. Overall, the presented results demonstrate the
high potential of these systems for the removal of organic pollutants.
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