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Abstract In this report, synthesis, growth and formation
kinetics of silver nanoparticles mediated by various plant
extracts in their biodiversity have been monitored using
UV-Vis spectrophotometer by sampling at time intervals
during bioreduction process. Plasmon band resonance of
the silver nanoparticles was observed as the reaction pro-
gresses indicating nucleation and particle formation. There
were cases of red shifting indicating particle size increase.
In the bioreduction process, onset of nanoparticle nucle-
ation and growth were observed within 2, 5, 10 or 30 min
and eventual formation of spherical or quazi-spherical
amidst twinned morphology as determined by transmission
electron microscope (TEM). The nanosilver growth kinet-
ics mechanism has been probed using a time-resolved UV—
Vis in conjunction with TEM following existing Lifshitz—
Slyozov—Wagner theory. For some biological extract-
mediated synthesis, a single-stage mechanism that is dif-
fusion controlled following Ostwald ripening (OR) is
proposed. Whereas, for other bioreduction process, a dou-
ble stage involving (1) initial OR followed by (2) surface
adsorption-oriented attachment is proposed for temporal
evolution of the nanosilver in green environment.
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Introduction

Nanocrystalline silver particles have found tremendous
applications in the field of highly sensitive biomolecular
detection, diagnostics, antimicrobial (antibacterial) activi-
ties, photocatalysis and lithography [1-4].

In the global efforts to reduce generated hazardous waste,
“green” chemistry and chemical processes are progressively
integrating with modern developments in science and
industry [5]. Various approaches using plant extracts have
been used for the synthesis of silver nanoparticles. These
approaches have many advantages over chemical, physical,
and microbial synthesis because there is no need of the
elaborated process of culturing and maintaining the cell,
using hazardous chemicals, high-energy and wasteful puri-
fications [6]. Researchers are exploiting this avenue and have
reported the synthesis of silver nanoparticle (SNP) using
plant extracts such as Jatropha curcas seed, bitter apple,
neem leaf, green tea, Sphaeranthus amaranthoides, Wrightia
tinctoria leaves, Datura metel flower [7-13].

It has been elucidated that biomolecules with carbonyl,
hydroxyl, and amine functional groups have the potential
for metal ion reduction and capping of the newly formed
particles during their growth processes [7, 14].

Biomolecules in plants and spices extract are essential
oils (terpenes, eugenols, etc.), polyphenols, carbohydrates,
etc. These compounds contain active functional groups,
such as hydroxyl, aldehyde, amine and carboxyl units,
which may play important role in the reduction and sta-
bilization of Ag™ to Ag’.
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In this report, we have engaged biodiversity plants
extract that are peculiar to Nigeria for the synthesis of
silver nanoparticles (SNPs). The plants include Afromo-
mum melegueta (Am), Anacardium occidentale linn (Ao),
Capsicum chinense (Cc), Citrus aurantifolia (Ca), Ocimum
gratissimum (0g), Newbouldia laevis (N1), Piper guineense
(Pig), Psidum guajava (Pg), Gangronema latifolum (Gl),
Telfairia occidentalis (To), Xylopia aethiopica (Xa) and
Vernonia amygdalina (Va). Most of these plants extract
have been well studied with their physiochemical, phyto-
chemical, cytotoxic and pharmacological properties dis-
cussed [15-22].

The synthetic approaches for preparing nanoscale
materials are various and mainly include chemical method,
physical techniques and biological means [23-25].
Recently, our group applied the biological means in syn-
thesizing SNPs using pineapple leaf [26].

The study on the crystal growth is important for the full
understanding of size and shape formation especially for
nanostructured system synthesized by chemical method.
However, at the moment, information and knowledge of
the growth kinetics of biological process initiated by plant
extracts, following solution phase procedure is obviously in
a state of obscurity. The growth process in wet chemical
procedure has often been discussed in terms of Ostwald
ripening (OR) process, based on the common belief that
such growth in nanomeric regime proceeds via a diffusion-
controlled ripening process.

However, recent theoretical [27] as well as experimental
studies [28] suggest that the growth of nanoparticles can be
significantly influenced by the rate of surface reactions,
thereby showing departure from the diffusion-limited
growth behaviour leading to the newly developed oriented
attachment (OA) mechanism [27-29].

Therefore, in this report, we focus on the synthesis of
SNPs via various biodiversified plant extracts. The

nanoparticle growth kinetics have been probed from the
bioprocessed solution in a time-resolved UV-Visible
spectroscopy complemented by TEM using the existing
coarsening and particle growth mechanism as template.

Methodology
Materials

Am, Cc, Ca Og, NI, Pig, Pg, Gl, To, Xa, Va, Ao plant
extracts were used. AgNO; was commercially obtained
from Sigma-Aldrich.

Preparation of extract

Twelve plant leaves and spices (Table 1) were obtained
from Lafia, Nasarawa State, Nigeria. The leaves were
washed, air dried and chopped. Extractions of the active
reduction-capable biomolecules were done using water
(1:10 v/v) and filtered. The filtrates were kept for further
use at 40 °C. The same procedure was adopted for every
individual plant used in this work.

Synthesis and characterization of silver nanoparticles

The filtrate (5.0 ml each) was added to 20 ml of 1 mM
AgNOj; solution. The resulting solution was heated at
70 °C for 30 min. Aliquot sample of the mixture was taken
at intervals (2, 5, 10, 15 and 30 min) and rate of the
reduction of Ag™ ions to Ag’ monitored by measuring the
absorbance or appearance of plasmon bands with T60 UV—
Vis Spectrophotometer [26]. During characterization and
monitoring, we engaged the time-resolved absorption
spectra of the UV-Vis spectroscopy in probing the growth
kinetics of SNPs in bioprocessed solution. Morphology and

Table 1 A compendium of the

| S/ Botanical name Common Local (Igho)  Family name Part of the
plants used for silver N name name plant used
nanoparticles synthesis
1 Afronomum melegueta (Am) Aligator pepper Ose 0ji Zingiberaceae  Seed
2 Anacardium occidentale linn (Ao) Cashew Kashuu Anarcadiaceae  Leaf
3 Psidium guajava (Pg) Guava Gova Myrtaceae Leaf
4 Ocimum gratissimum (Og) Scent leaf Nchuawu Labiateae Leaf
5 Newbouldia laevis (NI) - Ogirisi Bignoniaceae Leaf
6 Telfairia occidentalis (To) Fluted pumpkin Ugu Cucurbitaceae  Leaf
7 Gangronema latifolium (Gl) - Utazi Asclepiadaceae Leaf
8 Piper guineense (Pig) - Uziza Piperaceae Leaf
9 Citrus aurantifolia (Ca) Lime Oroma nkirisi Rutaceae Leaf, peels
10 Vernonia amygdalina (Va) Bitter leaf Onugbu Asteraceae Leaf
11 Xylopia aethiopica (Xa) Black pepper Uda Annonaceae Seed
12 Capsicum chinense (Cc) Red pepper Ose ocha Solanaceae Stalk
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Fig. 1 a-1 Time-resolved PBR spectrum of silver nanoparticles (SNPs) obtained from various plant extracts

sizes of SNPs obtained from green system were obtained
from Transmission electron microscope (TEM). It should
be noted that representative plots are only provided. Other
plots are not included for brevity and scaling convenience.
X-ray diffraction (XRD) analysis of the SNPs obtained is
the same [26]. Rate constants of every bioreduction process
were determined from the time-resolved UV-Vis results
following Beer—Lambert law and first-order equation (log
(A, —A) =log (A, — Ay) — kt/2.303.

Results and discussion
Synthesis and monitoring of SNPs growth

The world of science globally is working towards a sus-
tainable and ecofriendly future. With such a growing need
to minimize or eliminate the use of environmental-risk
substances as the green chemistry principle described [30],
we have engaged our local biodiversity plant extracts in the

synthesis of silver nanoparticles (SNPs) under a time-
resolved UV-Vis monitoring.

In most cases, the reaction between biological extracts
and AgNOj; solution indicate colour changes in a manner
similar to previous work [26]. The colour change is due to
characteristic vibrations due to changes in electronic
energy levels. However, Ca and To initiated reaction did
not display colour changes. No characteristic plasmon band
resonance (PBR) peak was observed. This is an indication
that these plant extracts are not significant for SNPs syn-
thesis due to high acidity level and insufficient amount of
reductive biomolecules for Agt reduction. Among all the
extracts used for the synthesis, Pg, Ao, Nl and Xa exhibited
unprecedented bioreduction properties by effecting nucle-
ation and growth of SNPs within 2 min of reaction
(Fig. 1b, c, e, k; Table 2). In particular for Pg-mediated
(Fig. 1c) synthesis, there is spectra overlap at the 15th and
30th min with no further changes in intensity and sizes.
This is an indication that reaction was completed within
15 min. This 1is, indeed, a remarkable experimental
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Table 2 The growth kinetics parameters of the bioreduction process

S/N  Names of leaves Minimum SNP Maximum intensity =~ Average  Wavelength  Rate constant  Proposed
growth time (min)  at 30 min size (nm) (x 107! sh mechanism

1 Afronomum melegueta 10 (size 7.6 nm) 1.706 27 430 2.6 OR — OA

2 Anacardium occidentale Linn. 2 (size 3.2 nm) 2.587 9 410 13.1 OR

3 Psidium guajava 2 1.525 14 430 8.9 OR

4 Ocimum gratissimum 5 1.807 19 420 4.7 OR — OA

5 Newbouldia laevis 2 2.163 8 420 11.9 OR

6 Telfairia occidentalis - - - - - -

7 Gangironema latifolium 5 1.735 17 415 3.8 OR

8 Piper guineense 15 0.872 33 435 1.5 OR

9 Citrus aurantifolia (leaf) - - - - - -

10 Xylopia aethiopica 2 2.659 9 420 13.8 OR

11 Capsicum chinense 15 1.584 41 440 1.8 OR — OA

12 Vernonia amygladina 30 2.006 53 440 1.6 OR — OA

observation in the reported history of green synthesis. The
broadening of the peaks shows that the particles are poly-
dispersed [31].

In the case of Og and Gl-influenced synthesis, particle
growth started after 5 min and continued. However, Va did
not support SNP synthesis until the 30th min of reaction
with accompanied PBR widening. SNPs growth onset of
15 min was observed for both Pig and Cc-mediated reac-
tion, though in a slow growing style suggesting different
peculiar mechanistic character towards particle formation.
The red shifting observed in the PBR of some of the
extracts (Am, Pg, Pig, Cc and Va) used for the synthesis is
an indication of size increment as a consequence of bio-
molecular-capped SNP which has been noted for its
application in optical materials [32, 33]. Cases where
occurrence of fast particle growth was observed have been
attributed to the plant extracts possessing requisite opti-
mum bioreducing agents as previously detailed [19, 20].
The slow growing style of some SNP as evident in their
respective PBR could be attributed to strong interactions
between the biomolecules and the growing silver particles
which seem to be isotropic as it is time dependent [34].

In plant-mediated synthesis, the control of the size of
SNPs has been proposed to be time-dependent reaction
[35]. Basically, the longer the reaction time the larger the
sizes. Most of the bioreduction process adopted in this
work with the exception of Pg-influenced synthesis fol-
lowed this pattern. As seen in Table 2, nucleation and
growth onset (2 min) for Ao, Pg, NI and Xa bioreduction
are short timed compared with others that emanated from
Am, Cc, Pig and Va whose nucleation and growth onset
were observed at 10, 15 and 30 min, respectively. Conse-
quently, the average particle sizes obtained under Ao, Pg,
Nl and Xa-mediated synthesis are 9, 14, 8 and 19 nm,
respectively while the sizes under Am, Cc, Pig and Va
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influence fall in the average sizes of 27, 41, 33 and 51 nm,
respectively (Table 2).

Figure 2 present plots of the plasmon intensity against
maximum reaction time for every bioreduction process,
from their corresponding UV-Vis graphs in Fig. la-l.
Apparently, in most cases, the plasmon intensity at the
reaction time of 15 min is close to that at 30 min,
meaning completion of reaction on or before 30 min.
However, Ao and Xa-influenced reaction have SNPs
plasmon intensity highest and supported with highest
reaction rate and smallest nucleation/growth onset time.
These results underscore the significance and broader
plane of functionalities in Ao and Xa among other plant
extracts.

Figure 3 displays typical XRD patterns of the nanosilver
particles obtained from Ao and Am-mediated synthesis at
the initial nanoparticle formation onset time of 2 and
10 min, respectively. Regardless of variation in nanopar-
ticle formation onset time, a number of Bragg reflections
with 20 values of 38.13°, 46.19°, 63.42° and 77.17° cor-
responding to the (111), (200), (220) and (311) sets of
plane lattice are apparently observed in both Ao and Am-
mediated synthesis and which may be indexed as the band
for face-centred cubic structure of silver. These results
attest to crystallinity nature of the SNPs.

However, at these presumably growth onset time
(Table 2), Ao and Am gave nanoparticles sizes of 3.2 and
7.6 nm, respectively.

In comparison, Ao-influenced synthesis at smaller
growth onset time displays broader peaks and smaller
nanosilver size with characteristic higher intensity (1.1)
compared with that of Am-influenced intensity (0.49).
These results reflect that the smaller the nanoparticle sizes,
the higher the intensity. This trend is maintained as the
reaction progresses to 30 min.
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Fig. 2 Plots of the intensity of
PBR against reaction time for
silver nanoparticles as obtained
from various plants extracts
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Therefore, for these two plant extracts (Ao and Am), as
example, peak width of Am-mediated synthesis is smaller and
narrower corresponding to an increased nanoparticle size.

Figure 4a—d displays the nanoparticle size progression
with time (bold arrow indicates direction), for example, for
Ao and Am bioreduction processes at initial nanoparticle
formation stage and final stage (30 min). Images in Fig. 4a, b
were obtained at the initial 10 min nanoparticle formation
time and 30 min reaction completion time, respectively for
Am-influenced system. Images in Fig. 4c, d were obtained at
the initial 2 min and final stage (30 min) for Ao-influenced
system. In both mediated cases, nanoparticle size increase
with increasing reaction time regardless of the differences in
nucleation or coarsening period. The same trends obtained for
Ao system are repeated for Pg, N1, Gl, Pig and Xa-mediated
system producing spherical morphology as seen in Fig. 4c, d.
These time-dependent features leading to nanoparticles of
varying sizes are characteristic of isotopic growth of spherical
morphologies [36]. Scenario displayed for Am system are
similarly reflected in other Og, Cc and Va bioreduction pro-
cesses leading to combination of quazi and twinned mor-
phologies (Fig. 4a, b). Moreover, this irregularity in shapes

obtained in Am series and in particular, at reaction comple-
tion stage (Fig. 4b) may be seen as a consequence of epitaxial
attachment either from primary nanoparticles initially formed
[34] or organic from plant extracts [28].

Incidentally, morphology variation is based on the fact
that most of the plant extracts used are phytochemically
rich containing varying proportion of the bioreducing
biomolecules except To and Ca. Indeed, the interaction
between the biomolecules (phenolics, flavonoids, terpe-
noids etc.) and the metal atoms is the underlining factor
that supports SNP nucleation and formation.

It is noteworthy that plant extracts initiated nucleation
and growth of the SNP at different rate. Rate constant for
every bioreduction was calculated from UV-Vis data. Xa
and Ao produced SNP following relatively high rate con-
stant of 13.8 x 107" s™! and 13.1 x 107! s7!, respec-
tively. The relatively higher rate constant exhibited by Xa,
Ao, Pg and Nl is an index of requisite optimum bioreducing
molecule in the plant extracts that brought about a fast
reaction leading to 2 min nucleation onset time. However,
Og, Gl, Pig, Cc and Va have lower rate constant supported
by longer nucleation onset time.

%
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Fig. 4 Representative TEM images of nanosilver under Ao and Am-influenced synthesis

Hence, these results underscore the importance of bio-
logical extracts vis-a-vis their inherent biomolecular bior-
educing agent as potential veritable tool for other metal
structural evolution. Indeed, it serves to provide an alter-
native analytical platform for the screening of biomolecular
phytochemical properties of biological extracts.

Mechanism and growth kinetics of SNP formed
from the plant extracts

Since understanding of the mechanism and kinetics of
nanoparticle formation, starting from an initial homoge-
neous aqueous solution is considered a yardstick for tuning
particle synthesis towards a desirable size and morphology,
we approached growth kinetics of the bioreduction process
following Lifshitz—Slyozov—Wagner (LSW) model for

* @ Springer

coarsening which provides time dependence of the particle
size and size distribution [37, 38].

Based on our TEM results which are more or less
spherical, our first approach utilizes Ostwald Ripening
(OR) Thompson—Freundlich model Egs. (1) and (2). The
general kinetic equation for these cases as diffusion-con-
trolled OR is expressed as:

& —d = kot (1)
Similarly,
P r(3) = kort (2)

where @’ is the cube of average diameter at time ¢, d? is the
cube of initial particle diameter, and kor is the rate con-
stant for OR given by [39-41]
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To test whether the growth of SNPs in bioreduction
system follows the well-known OR process, as it has been
established for the growth of various metals and inorganic
in solution phase system, we plotted particle diameter
versus time [39, 40]. The representative plots in Fig. 5
displayed linear behaviour in all cases indicating that size
increases with time. The phenomenon has also been proved
by the time-resolved UV-Vis absorption spectrum in
Fig. 1.

Since Figs. 1 and 5 and their analogy is not a satisfac-
tory evidence of their compliance with OR growth mech-
anism as previously explained, we decided to seek for a
more realistic validation by plotting particle ~° as a func-
tion of time following Eq. (2) [41].

In most cases (Ao, Pg, N1, Gl, Pig and Xa), the linear
dependence as shown in the representative plots (Figs. 6, 7)
indicate that the particle growth of SNPs is dominated by
diffusion-limited coarsening, which is in compliance with
OR growth mechanism. Initially, a solution comprising
Ag* ion and homogenous plant extract will contain a large
number of small particles. The smaller particles, therefore,
act as “nutrients” for bigger particles and the average size
increases. The rate of this process which is diffusion con-
trolled decreases as the particles grow to its maximum as
the case is for Ao (9 nm), Pg (14 nm), Nl (8 nm), Gl
(17 nm) and Pig (33 nm) (Table 2)-mediated synthesis
producing predominantly spherical morphology as revealed
by the representative TEM images (Fig. 4c, d).

The discrepancies in the observed average maximum
sizes obtained (Table 2) in different plant extracts of the
same time-resolved (2 min minimum nucleation and
growth time) program could be attributable to physio-
chemical, phytochemical and cytotoxicity of individual
plant extracts as previously revealed [19, 20].
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Fig. 5 Representative plots of average size against time for selected
plant-mediated synthesis of silver nanoparticles
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Fig. 7 Cube of SNP radius () plotted against growth time for Pg-
mediated synthesis

However, it was observed that PBR of the SNPs pro-
duced via these plant extracts remain as expected (Fig. 1)
without any significant shifting [7]. It is interesting, how-
ever, to note that most of the reaction initiated by these
plant extracts underwent relatively fast reaction and
nucleation process characterized by high rate constant
(Table 2). The scenario displayed further suggest that these
reaction conditions favour a growth rate more akin to the
OR process, being predominantly controlled by diffusion
without prejudice to the expected passivating influence of
the organic inherent in the plant extracts [6].

However, in the case of Am, Og, Cc and Va, plots of P
versus time, to a limited extent deviated from linearity. A
close look at the representative Figs. 7 and 8 for Og and
Va-mediated bioreduction, respectively, expresses an ini-
tial linearity style of OR while other parts display non-
linearity. These results importantly suggest dual mecha-
nism with the involvement of diffusion-controlled (OR)
and surface adsorption control mechanism (OA) which
proceeds in succession. It follows that OR precedes OA
with final emanation of a defect controlled quazi-spherical
amidst some twinned structures (Fig. 4b). Under general
conditions OR and OA growth mechanism occur

N
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mediated synthesis (note that initial 10 min growth time is linear and
the remaining 15 min is non linear)

x 102 300
250 A

200 -

nm°®)

150 4

100 4

50

T T T 1

T
0 5 10 15 20 25 30 35
Time (min)
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the remaining 15 min is non-linear)

simultaneously and sometimes accompanied with the phase
transformation [42, 43]. Illustratively, Fig. 10a expresses
particle growth via coarsening and volume diffusion of ion
giving credence to OR mechanism.

[lustration in Fig. 10b expresses OA formed via a
spontaneous self-organization of adjacent particles, as
effected by the capped organic on the surface producing
quazi-spherical and twinned structure (Fig. 4) which are
relatively of large sizes. However, under a strong and
stable surface adsorption, OA stage may hold for a longer
time producing unexpected large sizes [44]. For the plot in
Fig. 8 under Og-influenced bioreduction, the initial stage,
which is the time (10 min) it took for display of linearity
has been considered as transition time; non linear behav-
iour took up to 15 min. Similar occurrence is displayed
(Fig. 9) under Va influence. Previous work, however, in a
chemical and physical synthetic approach, observed similar
transition between OR — OA or OA — OR [37]. After the
transition period, the effect of strong surface adsorption of
the organic (CH3CO, ") inherent in the plant extracts Am,
Og, Cc and Va is plausibly considered to be the key to
thermodynamically hinder the OR growth in the initial
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stage and which prompted OA action in the latter stage.
Reports in the literature revealed that surface adsorption of
anions (i.e.Br~, CH3;CO, ") or (ClO4 ") on the nanoparticles
can slow down the OR growth rate [45, 46]. Even though,
surface attachment concepts leading to OA remain a
debatable issue in the literature [44—46]. However, it might
be necessary to ascribe the dual mechanism (OR — OA)
displayed in an unexpected direction to coarsening/
assembly rather than supposedly nucleation/growth pro-
cess. In solution phase synthesis, process such as coars-
ening and aggregation can compete with nucleation and
growth producing unexpected large sizes of nanoparticles
[46].

Naturally, one would expect all the bioreduction process
mediated by plant extracts to follow the same pattern of
growth since all of them contain organic passivating agent
that supposedly should initiate surface adsorption coars-
ening process. In this report, we have not been able to
provide reason for the unexpected. However, it has been
revealed that the advance of OA growth kinetics (Fig. 10)
depends on the understanding of the mechanism and
whether the passivating agent is strong or weak [42—44].
For the weak one, during coarsening at high reaction
temperature, it can be desorbed into water hindering the
expected existence of OA. Under a more strong and stable
surface adsorption, OA stage may hold longer leading to
the unexpected large sizes nanoparticles as in the cases of
Am (27 nm), Og (19 nm), Cc (41 nm) and Va (53 nm)
(Table 2) bioreduction process. Therefore, in addition to
coarsening, particle sizes can be varied by epitaxial
attachment of one or more primary particles leading to the
formation of secondary particles and eventual formation of
irregularly shaped nanostructures [46]. It is noteworthy in
these cases of dual mechanism (OR + OA) that their PBR
are red-shifted which is an indication of surface adsorption
on nanocrystal in a relatively slow reaction rate. SNP
exhibiting red shifting of its PBR has been noted for their
device application in optics and optoelectronic [33].

Conclusion

In an attempt to widen the scope of naturally, environ-
mentally benign and easily available bioresourceable
greens for the synthesis of metal nanoparticles, we have
screened biodiversified plant extracts and looked into their
capability for the synthesis of SNPs. Most of the plant-
mediated bioreductions in this work are been studied for
the first time. It is noteworthy that, with the aid of UV-Vis
spectroscopy as time-resolved monitoring device, a number
of the extract demonstrated unprecedented fast bioreduc-
tion reaction onset activity promptly within the first 2 min
accompanied with fast reaction rate. There were cases of
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Fig. 10 Illustrative scheme of a
the growth kinetics in green

system a Ostwald ripening

model, b oriented attachment

model

Ag particles
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Organic capped Ag particles

red shift in the observed PBR wavelengths as indication of
cappings from organics inherent in the bioextracts.

Furthermore, we have engaged the combination of both
TEM and time-resolved UV-Vis to monitor and predict the
growth kinetic mechanism of SNPs synthesized from bio-
diversified plant extracts. The experimental data were
analysed within the framework of the existing coarsening
and particle growth mechanism, i.e. OR and OA. Based on
the prior timescale analysis of the individual events, we
proposed for some plant extracts’ (Ao, Pg, N1, Gl, Pig and
Xa) bioreduction a single-stage time-sequenced description
which follows nucleation of SNPs and its growth by dif-
fusion control that complies with OR by virtue of linearity
experience in a r° versus time plot.

However, a two-stage growth mechanism has been
proposed for another set of plant extract (Am, Og, Cc and
Va)-mediated synthesis which involves (1) an intermediate
transition diffusion controlled via OR and finally surface
adsorption of organic passivating agent by OA. In this case,
coarsening and assembly processes are likely.

Indeed, this is the first preliminary demonstration
through green experimental protocol of the ability to pre-
dict the coarsening of silver nanostructure evolution via
OR or OR + OA. In principle, the proposed mechanistic
framework, hopefully, provides underlying guides for
tracking other nanostructure evolution in a green
environment.
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