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Abstract
Green chemistry offers several benefits over other synthesis routes of nanoparticles due to their eco-friendly attributes dur-
ing their formulation as well as application stages. In the present study, an aqueous extract of Ananas comosus (Pineapple) 
peel waste was successfully exploited for the synthesis of ultra small (average size 14–20 nm) silver nanoparticles (AgNPs) 
without adding any reducing or stabilizing agents. Two major factors, i.e., concentration ratio between silver ion precursor 
versus peel extract and synthesis pH were found to be influential for achieving monodispersed and stable AgNPs. Biogenic 
AgNPs adorned with natural moieties demonstrated good photocatalytic activity against methylene blue (MB) dye under 
sunlight illumination for various conditions. The process variable, e.g., solution pH, initial MB concentration and contact 
time were optimized using response surface methodology (RSM) based on three levels Box-Behnken design. A maximum 
MB removal of 98.04% was achieved at optimized values of 9.96 pH, 40 ppm initial dye concentration and 173 min of contact 
time. The kinetics of MB removal was best fitted to its first order kinetic model (R2 = 0.996) in concurrence with intraparticle 
diffusion-mediated adsorption. AgNPs were also found to be effective to kill pathogenic bacterial strains, Pseudomonas 
aeruginosa and Bacillus subtilis as characterized from zone of inhibition (ZoI) and viability tests. Undergoing photochemi-
cal reactions, the generation of reactive oxygen species (ROS) was elucidated as the major mechanism of AgNPs’ toxicity 
modulating membrane permeability. This strategy is not only economically viable and environmentally benign, synthesized 
AgNPs were capable to remove methylene blue dye almost completely under ambient conditions through solar energy.

Keywords Green synthesis · Methylene blue · Response surface methodology · Photocatalytic activity · Reactive oxygen 
species · Antibacterial mechanism

Introduction

The rapid expansion of industries over last few decades has 
spurred a heavy release of organic pollutants into water 
streams. Out of several sources, industries related to chemi-
cal processing such as textiles, cosmetics, paints, plastics, 
pulp and paper generate a huge portion of dye effluents 
which eventually affect local water bodies (Khan and Malik 
2018). Particularly, India is the largest exporter of dyestuffs 
after China where ~ 80% of the chemicals are involved in 
making dyestuffs and pigments and this amount is close to 
around 70,000 tons (Koyani et al. 2013; Shanker et al. 2017). 
It is estimated that 10–15% of the total dyes is lost in the 
effluent during industrial processes (Li et al. 2017); how-
ever, the actual amount of dyes discharged into the aqueous 
environment is expected to be much more. These dyes may 
deposit over the surface of water reducing the penetration 
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capacity of sunlight, and cause eutrophication to such an 
extent where the physicochemical and biological actions of 
aquatic life is severely affected (Akerdi et al. 2016; Vikrant 
et al. 2018). Though the toxicological consequences of dyes 
largely depend upon their complexed behavior and concen-
tration, cationic dyes are known to be comparatively more 
lethal to aquatic ecosystem than their anionic counterpart 
(Hao et al. 2000). One of the most frequently used dyes in 
aforementioned industries is methylene blue (MB), which is 
well known for its hazardous effects to humans. A long term 
exposure to MB can cause burning to eyes eventually lead 
to its permanent damage. It may also cause breathing diffi-
culties and some common symptoms like vomiting, nausea, 
profuse sweating, gastritis, diarrhea and mental confusion 
on inhalation (Ginimuge and Jyothi 2010). It is, therefore, 
very essential to eliminate MB from the water bodies via 
best possible ways.

Taking this into account, various approaches like adsorp-
tion, membrane filtration, ion exchange electrochemical and/
or photochemical destruction, coagulation-flocculation have 
been explored for the effective degradation or removal of 
dyes (Forgacs et al. 2004; Hai et al. 2007). The use of bio-
logical methods (microbial degradation) are although envi-
ronmental friendly, they are time consuming and may often 
seem ineffective due to the dye’s toxicity, if present over 10% 
in wastewater reservoirs (Lokesh and Sivakiran 2014; Zhang 
and Wu 2014). Many of such approaches had initially shown 
some success while their utility over large scale, economic 
viability, and declining efficiency under practically relevant 
conditions urge for the development of some novel yet more 
effective techniques (Robinson et al. 2001).

With the emergence of nano-enabled hybrid technolo-
gies in recent times, researchers have gained new hopes of 
treating polluted wastewater over conventional methods 
(Mukherji et al. 2012; Lin et al. 2017). Metals like sil-
ver, gold, zinc oxide and titania at nanoscale exhibit a few 
extraordinary features i.e., high photocatalytic activity, quick 
oxidation, non-formation of polycyclic by-products, and bac-
tericidal effects which make them an ideal candidate for the 
efficient treatment of polluted water (Agnihotri and Dhiman 
2017; Agnihotri et al. 2018; Leng et al. 2018). Particularly, 
silver nanoparticles (AgNPs) are well acknowledged as 
‘plasmonic photocatalysts’ where the excitation of localized 
polaritons at the nanoparticles’ surface cause a paramount 
increase in the near-field amplitude at well-defined wave-
lengths (Awazu et al. 2008). The photocatalytic efficacy of 
AgNPs is largely governed by their size and shape which in 
turn, can be tuned by adopting different synthesis procedures 
(Agnihotri et al. 2014; Bharti et al. 2015). It is imperative 
that developing a facile method for synthesis of nano-sil-
ver would be of great importance, which actually dictates 
their long term efficacy in photocatalytic applications. For 
instance, the established chemical reduction based methods 

are robust, ease in operation and provide good control over 
size, shape and uniformity of AgNPs (Agnihotri et al. 2014). 
However, they lack in the two most important aspects, i.e., 
safety concern to the environment and potential toxicity of 
the released chemical by-products into waterways, which 
limit their sustainable application (Lee et al. 2007; Mukher-
jee et al. 2008).

A new epoch of green chemistry in nanobiotechnology 
has been emerged as a viable alternative, where natural 
products are gaining importance to be used as either reduc-
ing and/or stabilizing agents for silver than employing harsh 
chemicals (Akhtar et al. 2013; Saratale et al. 2018). A green 
synthesis of AgNPs emphasizes either on microbial using 
bacteria, algae, fungi, and yeasts or through plant extracts, 
which are considered as safe, environment friendly and bio-
compatible (Mukherjee et al. 2001). The special attention 
is given to the plant extracts which are easy to handle, iso-
late, store, which also serve as an ample reservoir of sev-
eral biochemical products, employed as reductants (Sharma 
et al. 2009). Various plant species have been used till date to 
synthesize metallic nanoparticles including silver (Sharma 
et al. 2015). Among various plant sources, Ananas comosus 
(pineapple) is a sub-tropical fruit, which is known for its 
antioxidant properties. It is worth mentioning that nearly 
50% of the entire fruit comprised of an outer skin and the 
central core part is termed as pineapple waste, which is the 
rich source of phenolic compound, ferulic acid, and vitamin 
A and C as antioxidant (Saraswaty et al. 2017). The mecha-
nism for synthesis of nanoparticles is mainly devoted to vari-
ous phytochemicals present in plant extracts which includes 
phenolics, carotenoids, alkaloids, flavonoids, and terpenoids 
(Akhtar et al. 2013). Particularly, the pineapple extract has 
been thoroughly studied for their characteristic phenolic and 
flavonoid compounds, which are known for its antioxidant 
and free radical scavenging properties (Hossain and Rah-
man 2011). The excessive amount of these phytochemicals 
present in the PW facilitates speedy reduction of ionic silver 
into AgNPs (Wei et al. 2011; Tokitomo et al. 2005).

In this study, a facile, economical and eco-friendly 
approach for synthesis of silver nanoparticles using Ananas 
comosus (pineapple) extract was investigated. We exploited 
the reduction potential of pineapple extract to synthesize 
small sized, stable nanoparticles under optimal ambient 
conditions. The as synthesized biogenic AgNPs were tested 
further for two major applications i.e., photocatalytic activ-
ity for the removal of methylene blue dye and antibacterial 
potential against Pseudomonas aeruginosa (gram-negative) 
and Bacillus subtilis (gram-positive) as opportunistic human 
pathogens. The photocatalytic activity of biogenic Ag NPs 
was evaluated under sunlight illumination varying three dif-
ferent parameters, pH of test solution, initial dye concen-
tration, and reaction time. Response Surface Methodology 
(RSM) was adopted as a tool to find the important process 
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variables which would be directly affecting the dye decolori-
zation potential of AgNPs under optimized conditions. The 
kinetics of dye removal via the photocatalytic effects of green 
AgNPs was modeled to various equations so as to achieve 
the best fit. Lastly, the strain-specific biocidal properties of 
AgNPs were also evaluated by determining their minimum 
inhibitory concentration (MIC), minimum bactericidal con-
centration (MBC) values and zone of inhibition tests. Con-
clusively, the utilization of pineapple waste for synthesizing 
AgNPs as a value-added product would not only be economi-
cally feasible, it would also be a sustainable solution to the 
environmental concerns associated with waste disposable.

Materials and methods

Silver nitrate  (AgNO3) and sodium hydroxide (NaOH) pel-
lets were procured from Sigma-Aldrich, India while Meth-
ylene Blue (MB) dye was obtained from SD Fine Chemicals 
Pvt. Ltd, India. Antibacterial studies were carried out using 
Pseudomonas aeruginosa and Bacillus subtilis obtained 
from the microbial type culture collection (MTCC) at CSIR-
IMTECH, Chandigarh, India. All analytical grade reagents 
were used without any additional purification. Deionized 
water was used throughout the studies for making aqueous 
suspensions with a measured resistivity 18.2 MΩcm.

Preparation of pineapple waste extract

Fresh pineapple waste (PW) collected from local juice ven-
dor in Patiala district (30.3398°N, 76.3869°E) Punjab, India 
was cut into small pieces and kept in dark for overnight. Next 
day, the PW was washed under tap water followed by deion-
ized water twice and then dried in hot air oven at 55 °C for 
24 h. A grinded form of dried pineapple waste was obtained 
using a kitchen mixer, subsequently sterilized under UV 
chamber for 30 min and kept in sealed plastic bags. Nearly 
30 g of pineapple waste was suspended in 300 mL of DI 
water and kept in water bath at 60 °C for an optimal dura-
tion of 40 min. The resulting mixture was allowed to cool 
down, filtered through Whatman filter No. 1 and centrifuged 
at 5000 rpm for another 10 min. The pellets were then dis-
carded and resulting supernatant was again passed through 
0.22 μ syringe filter to remove any impurities, if remain. The 
final solution was considered as the pineapple waste extract, 
which was stored at 4 °C until further use.

Biogenic synthesis of silver nanoparticles 
and characterization

In a typical synthesis protocol, the desired concentration of 
 AgNO3 solution (5 mL) was slowly introduced into 45 mL 
of the pineapple extract with constant stirring at room 

temperature under dark conditions. To study the effect of 
pH, synthesis of AgNPs was conducted adjusting pH of 
pineapple waste extract to 4, 6, 8 and 10, as reported in our 
previous work (Agnihotri et al. 2014). The reduction capacity 
of pineapple waste extract to synthesize silver nanoparticles 
was evaluated where five different concentrations of  AgNO3 
were introduced in the PW extract with 1:9 ratio (v/v) such 
that the final Ag conc. in resulting mixture was obtained as 
0.5, 1.0, 1.5, 5, and 9 mM. The characterization of as syn-
thesized samples was primarily done using UV–Vis spectros-
copy (Shimadzu UV-2600, Japan) and dynamic light scatter-
ing analyses for selecting the best composition of reactants 
responsible for synthesized small, stable silver nanoparticles.

The optimized (5 mM Ag, final conc.) AgNP sample 
was further characterized in detail as follows. FTIR (Bruker 
Inc., Germany) spectroscopy was done to compare the 
functional moieties present on pineapple extract and over 
AgNPs’ surface after synthesis. The crystallinity of AgNPs 
was analyzed using X-Ray diffraction diffractometer (Philips 
Xpert PRO, The Netherlands). For XRD analysis, sample 
was prepared by coating colloidal AgNPs on to silanized 
glass surface following our established method (Agnihotri 
et al. 2013). Since the analysis was done at slow scan speed 
(0.017° per 25.18 s.) for detecting the presence of any impu-
rities over AgNPs, the background signals of glass substrate 
were inevitable. The morphology and size of AgNPs was 
determined using high-resolution transmission electron 
microscopy (HRTEM, JEOL 2100, Japan). For HRTEM 
sample preparation, nearly 8 μL of AgNP suspension was 
sonicated for 30 s and immediately dropped over carbon 
coated Cu grids. The grids were dried using IR lamp for 
15–20 min, just prior loading into TEM chamber.

Photocatalytic decolorization of methylene blue dye

The photocatalytic potential of synthesized AgNPs was 
evaluated using methylene blue as a model dye. Several test 
solutions of MB dye viz. 10, 20, 30, 40 and 50 ppm were 
prepared from its stock solution. Briefly, 0.2 mL of synthe-
sized AgNP suspension was introduced into 2.8 mL of dilute 
MB solutions prepared at different concentration separately, 
and the resulting mixture were exposed to direct sunlight for 
different time periods under continuous stirring. The radia-
tion flux density  (Wm− 2) of natural sunlight was measured 
using Pyranometer (CMP-11, Kipp and Zonen, The Nether-
lands) over a month period (April, 2018) having wavelength 
range of 285–1100 nm. Direct sunlight with a mean value of 
irradiance of 787 ± 25  Wm− 2 was reported in mid-day hours 
(11AM–2PM) during which entire photochemical experiments 
were conducted. The concentration of MB in the supernatant 
was determined using UV–visible spectrophotometer after fil-
tering the MB-AgNPs mixtures through 0.22 μm syringe filter 
so as to remove the photocatalyst particles. The photocatalytic 
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potential of biogenic AgNPs after desired time intervals 
(5–180 min) was analyzed using the following details;

where C0 and C (both in mg  L− 1) are the initial (t = 0) and 
remaining concentration (after any irradiation time t) of MB 
in solution, respectively.

The impact of four major process variables affecting dye 
decolorization, i.e., the effect of (A) pH (B) dye conc. (C) 
AgNPs conc. and (D) contact time was determined individu-
ally as per following details (Supporting Info, Section-S1). 
The optimization of dye decolorization was further done using 
Response Surface Methodology (RSM) employing Design 
Expert software version 6.0.6 (STAT-EASE, USA) (Support-
ing Info, Section-S2). The kinetics of photocatalytic decolori-
zation of MB dye was determined for its practical relevance 
and applications. In this study, four different kinetic models, 
i.e., first order, pseudo-first order, second order, and pseudo-
second order were tested to analyze the photocatalytic decol-
orization of MB by AgNPs.

Antimicrobial activity

The antimicrobial activity of biogenic Ag NPs was evaluated 
against two pathogenic microbial strains of Pseudomonas aer-
uginosa (gram-negative) and Bacillus subtilis (gram-positive). 
All standard antimicrobial assays, e.g., minimum inhibitory 
concentration (MIC), and minimum bactericidal concentration 
(MBC) and zone of inhibition (ZoI) tests were conducted as 
reported earlier (Agnihotri et al. 2014). The presence of light 
conditions on photochemical performance of AgNPs was eval-
uated to elucidate the mechanism of antibacterial action. For 
this, independent batch cultures of P. aeruginosa and B. sub-
tilis (each 100 mL volume,  105 CFU  mL− 1) were introduced 
with 5.0 μg  mL− 1 AgNPs suspension and exposed to sunlight 
irradiation for 3 h, followed by incubating at 37 °C for next 6 
h under shaking conditions. Another set of experiments were 
conducted by treating both the strains with AgNPs but were 
kept under dark conditions for similar duration (3 h in dark, 
followed by 6 h of incubation). After required washing steps, 
the amount of proteins’ leakage from the treated bacterial cells 
was quantified as reported elsewhere. All experimentations 
were done in triplicates and the mean outcome is presented.

Results and discussion

Characterization and optimization of AgNP 
synthesis

It is well recognized that plants mediate synthesis of 
AgNPs via their inherent metabolites like terpenoids, 

Decolorization (%) =
C0 − C

C
× 100,

alkaloids, phenolic acids, polyphenols and proteins, which 
act as reducing as well as stabilizing agents (Raveendran 
et al. 2003). All plants differ in the concentration and 
composition of these metabolites, which can control the 
size and morphology of AgNPs (Mittal et al. 2013). Thus, 
an optimal concentration ratio between silver precursor: 
plant extract would be of prime importance to elucidate 
the reducing potential of PW extract for synthesizing 
ultra small and stable silver nanoparticles (Agnihotri 
et  al. 2018). For this, five different Ag concentrations 
were introduced in PW extract with 1: 9 ratios (v/v) such 
that the final Ag conc. in resulting AgNPs solution was 
obtained as 0.5, 1.0, 1.5, 5, and 9 mM. The formation of 
Ag NPs was observed visually as the color of PW extract 
changed instantly from light yellow to deep yellow upon 
adding first few drops of silver ion precursor. The color of 
all working solutions was further changed to deep brown 
to wine red, depending upon Ag concentration (Fig. 1a). 
Synthesis of AgNPs was validated qualitatively through 
UV–Vis spectroscopy showing an extinction peak in the 
range of 390–410 nm, owing to their Surface Plasmon 
resonance (SPR) effect (Agnihotri et al. 2015, 2013, 2014).

The intensity of the color was increased progressively 
over the time duration of 1–30 min. For all Ag concentra-
tions, no further change in peak intensity was observed 
even up to 24 h of reaction time, which is an indicative of 
the successful completion of nucleation and growth phases 
of colloidal silver (Agnihotri et al. 2014). As shown in 
Fig. 1b, owing to their high surface energies, the primary 
silver nuclei formed after plant mediated reduction acted 
as templates for subsequent crystal growth of silver atoms 
(Thanh et al. 2014). These primary nuclei underwent coa-
lescence forming bigger silver clusters and ultimately lead 
to the synthesis of stable silver nanoparticles upon Ost-
wald ripening (Agnihotri et al. 2012). An increase in total 
silver (as ions) concentration of the mixture led to a red 
shift in the extinction peak of UV–Vis spectra (Fig. 1c). 
For instance, the characteristic SPR peak with the colloi-
dal solution having 0.5 mM, 1 mM, 1.5 mM, 5 mM, and 
9 mM as final silver conc. was observed at 400.5, 411, 
414, 416, and 436 respectively (at neutral pH). All suspen-
sions showed a narrow size distribution except that with 
either lowest (0.5 mM) or highest silver content (9 mM) 
and hence, were not proceed further. Similar trend was 
obtained through dynamic light scattering (DLS) results 
where AgNPs suspensions with 1, 1.5 and 5 mM silver 
content showed a comparative lower hydrodynamic size of 
NPs as 17.5, 14.5 and 18. 8 nm, as compared to 31.8 and 
41.2 nm in case with 0.5 and 9 mM suspensions (Fig. 1d). 
As the concentration of  AgNO3 was increased beyond 
1  mM, the extinction peak started becoming broader 
which can be ascribed to increase in the size of nano-
particle. DLS data were found in good accordance with 
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the abnormal extinction spectrum (red shift, broad peak) 
for 9 mM AgNP colloids, which can be ascribed to sig-
nificant agglomeration of silver at higher concentrations. 
Based on these observations, the synthesis protocol with 
1.0 mM final Ag conc. at an optimum duration of 30 min 
was adopted for further optimization.

Apart from Ag: PW extract concentration ratios, the 
impact of pH during AgNPs synthesis was also investigated 
at 4, 6, 8, and 10 pH of PW extract while keeping a constant 
Ag concentration of 1 mM (Fig. 2). All working solutions, 
regardless of their pH participated in synthesis of nanopar-
ticles where peak absorbance of the active ingredients of 
extract was decreased (range 200–250 nm) while new peaks 
corresponding to silver nuclei increased (range 360–400 nm) 

as revealed through time-resolved UV–Vis spectroscopy. 
The peaks of silver nano clusters got sharper over a period 
from 5 to 30 min. As predicted, the PW extract adjusted 
with pH 4 could not stabilize silver nuclei and despite an 
initial indication of the formation of AgNPs, it could not 
be translated later in form of a distinct silver peak (Fig. 2a). 
Similar effect was observed with the extract of Pineapple 
waste maintained at 6 pH, where large aggregates of silver 
with broad size distribution was anticipated than in their 
nanoparticulate form (Fig. 2b). This was further evidenced 
by leaving all suspensions undisturbed for 24 h, where silver 
was entirely precipitated in case with pH 4 sample, a little 
precipitation with pH 6, while no precipitation was observed 
with that of either 8 or 10 pH. Interestingly, at pH 8 and 10, 

Fig. 1  a Photographic representation (left to right) of  AgNO3 solu-
tion, pineapple waste extract, synthesized AgNPs having final Ag 
conc. as 0.5, 1, 1.5, 5, and 9 mM. b A hypothesized mechanism of 
AgNPs synthesis through pineapple waste extract. c UV–Vis spec-

tra and d Dynamic light scattering (DLS) analyses of as synthesized 
silver nanoparticles (the coincided curves are magnified in the inset 
image)
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the absorbance of peak within 395–400 nm did not gradu-
ally red shifted while the peaks slowly reduced its intensity 
over duration of 30 min. This is in good agreement with 
earlier reports (Kasuya et al. 2004; Thanh et al. 2014) which 
clearly indicates that the colloidal system was not undergo-
ing Ostwald ripening anymore, which might result in further 
increase in size of Ag nanoparticles. Instead, after an initial 
nucleation phase, the presence of active metabolites at alka-
line pH started contributing as capping agents, preferentially 
to stabilize them. For colloidal Ag synthesized at pH 8 and 
10, both of them resulted in sharp peaks with a calculated 
full width at half maximum (FWHM) values of 78 and 65, 
respectively. A symmetric, sharp absorptive peak with lower 
FWHM values indicates the existence of the narrow size 
distribution (monodispersed system) of AgNPs (Peng et al. 
2010; He et al. 2001). Hence, further studies were conducted 
maintaining the pH of colloidal AgNPs as 10 an optimal pH.

The FEG-TEM micrograph of silver nanoparticles syn-
thesized using pineapple waste extract under aforemen-
tioned optimized conditions is shown in Fig. 3a. The results 

corroborated well with UV–Vis spectroscopy and DLS 
data where ultrasmall, spherical AgNPs in the size range 
from ~ 11 to 26 nm (average size 16.08 ± 0.10 nm) were 
found with good monodispersity (Fig. 3b). The absence of 
undesired nanostructures, i.e., large clusters or irregularly 
shaped particles is ascribed to the controlled conditions dur-
ing AgNPs synthesis, which confirms our protocol to be a 
facile, easy, and reproducible method without involving any 
toxic chemicals. The zeta potential measurements showed 
a value of − 26 mV suggesting higher stability of AgNPs 
with an overall negative charge on their surface (Agnihotri 
et al. 2013). The average dispersity of nanoparticles (i.e., 
polydispersity index) invariably remain unchanged in alka-
line conditions such that they can be stored nearly about 6 
months without significantly affecting their stability. The 
crystalline behavior of green synthesized silver nanoparti-
cles was determined using X-Ray diffraction (XRD) analy-
ses (Fig. 3c). The characteristics Bragg reflections with 2θ 
values at 38.18°, 44.25°, and 64.72° can be indexed to (111), 
(200), and (220) lattice planes of a typical fcc crystals of 

Fig. 2  Impact of the pH of PW extract on synthesis of silver nano-
particles. A time-resolved UV–Vis spectroscopy of all working solu-
tions of PWE adjusted to a pH a 4, b 6, c 8 and d 10 was done over a 

duration of 30 min (Inset images are shown as magnified view of the 
coincided curves)
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silver, respectively (Agnihotri et al. 2013). The absence of 
other peaks also evidenced high purity of AgNPs synthe-
sized using biological route.

The FTIR spectra of PW extract and synthesized AgNPs 
are presented in Fig. 3d. Comparing both the spectra, similar 
peaks were observed at most regions reflecting the fact that 
functional mioeties present on the PW extract have become 
an integral part of nanoparticles (Nadagouda et al. 2014). 
This can only happen when the biomacromolecules present 
in PW extract would act as capping agents for efficient sta-
bilization of colloidal Ag during synthesis. For instance, the 
strongest peak appeared at 3277 cm− 1 is an indicative of 
O–H stretching, while a peak at 1638 cm− 1 can be ascribed 
to the C=O stretching vibrations (Agnihotri et al. 2012). 
This clearly indicates the existence of hydroxyl and carbonyl 
groups on AgNPs’ surface. Furthermore, the absorptive 
bands within 2100–2300 cm− 1 were also observed in IR 
spectra, which comprise of N=O stretching,  CH3 stretching, 
O–N=O bending, and C=C stretching (Kora et al. 2012). 
One of the plausible explanations for the existence of these 
peaks would be the presence of amino acids, organic acids 
and carbohydrates in the PW extract. Interestingly, the band 

observed at 1385 cm− 1 in the PW extract, assigned to C–N 
stretching was completely absent in case with AgNPs. This 
provided us a strong evidence to understand the stabilization 
behaviour of AgNPs where Ag atoms would have strongly 
coordinated with C–N bond such that it quenched their 
vibrational frequencies, and hence the characteristic peak 
was vanquished.

Photocatalytic degradation of dye: operational 
parameters

Out of several factors, which may affect the decolorization 
of MB dye, four major operational parameters, i.e., effect of 
pH, effect of initial dye concentration (ppm), effect of AgNP 
conc. (mM), and effect of irradiation time (min) were selected 
to conduct photocatalytic studies. As shown in Fig. 4a, the 
photocatalytic decolorization of MB (initial conc. 40 ppm) 
was evaluated over a wide pH range from 3 to 11 for about 
3 h of contact time under natural sunlight conditions. The pH 
was likely to influence the decolorization potential of silver 
nanoparticles considering the fact that the ionization poten-
tial of MB strongly depends upon the solution pH whereas, 

Fig. 3  a FEG-TEM micrograph of AgNPs synthesized under optimal parameters (final Ag conc. 1 mM, pH 10), b size distribution of synthe-
sized AgNPs with Gaussian fit, c XRD data showing its peaks and crystalline planes. d FTIR spectra of PW extract and biogenic AgNPs
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the colloidal stability of AgNPs is also a pH dependent phe-
nomenon (Sahoo and Gupta 2012). It is evident that decreas-
ing pH of the MB working solution resulted in the reduction 
of decolorization efficiency of AgNPs from 63.2% at neutral 
pH to 40.8% and 36.4% at pH 5 and 3, respectively. In con-
trast to this, increasing alkalinity of the MB solution gave rise 
to enhanced decolorization efficiency to 74.2%, 93.1%, and 
98.1% at their respective pH of 8, 9, and 10. Further increase in 
pH to 11 did not significantly increase the decolorization effi-
ciency and thus, a pH of ~ 10 was considered to be an optimal 
pH. The above trend can be explained by a proposed mecha-
nism of oxidative dissolution of AgNPs under a wide range of 
pH conditions.

(1)4Ag0 + O2

Dissolution
������������������������������������→ 2Ag2O

(2)2Ag2O + 2H+
Acidic pH
���������������������������������→ 2Ag+ + H2O

(3)Ag2O + 2OH− + H2O
Alkaline pH
−−−−−−−⇀
↽−−−−−−− 2[Ag(OH)2]

−

As mentioned above, the interaction of AgNPs with aque-
ous suspension of MB is initiated through their oxidative 
dissolution under ambient conditions. The silver atoms  (Ag0) 
at nanoparticles’ surface inevitably react with dissolved oxy-
gen resulting in the formation of silver (I) oxide,  Ag2O layer 
at sub-nanoscale (Tayade et al. 2009). This silver oxide layer 
act as a reservoir of silver ions, which get released into the 
system till the oxidative dissolution of  Ag2O continues, at 
neutral pH. However, under acidic conditions, the proto-
nation of  Ag2O layer accelerates the oxidative dissolution 
of silver nanomaterials, which can be manifested through 
a high conc. of  Ag+ ion released into the system. A high 
dissolution of AgNPs would be the responsible factor for 
alleviating their colloidal stability and in turn, their photo-
catalytic efficacy as well. This explanation corroborates well 
with an earlier report where a much higher release of  Ag+ 
from colloidal AgNPs into solution has been investigated 
at acidic pH, which affected their colloidal stability (Pere-
tyazhko et al. 2014). On the other side,  Ag2O layer in the 
excess of hydroxyl ions (i.e., alkaline conditions) result in 
the formation of [Ag(OH)2]−, a highly unstable compound 
which reversibly gets converted into  Ag2O. This indicates 

Fig. 4  The effect of operational variables a working pH, b initial dye concentration (ppm), c AgNP concentration (mM) and d Irradiation time 
on decolorization efficiency of AgNPs. The experiments were conducted in triplicates and mean values are reported with standard error
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that the existence of  Ag2O layers over AgNP surface sta-
bilize more under alkaline conditions, which restrict their 
oxidative dissolution by lowering the release of  Ag+ and 
eventually maintained the colloidal stability of AgNPs.

A higher color removal at alkaline pH can also be 
explained on the basis of greater interactions between cati-
onic dye (MB) molecules and negatively charged AgNPs. 
The activation of AgNPs under sunlight illumination (hυ) 
produces electron–hole pairs  (Ag0 + hυ → h+ VB +  e−) which 
may either act as strong oxidizing  (h+ VB +  OH− → OH·) 
or reducing agents  (O2 + e− →  O2

−). Particularly, under an 
excess of hydroxyl  (OH−) environment, the hole pair for-
mation on the catalyst surface generates high amount of 
hydroxyl free radicals (OH·) upon photo-oxidation. The 
hydroxyl free radicals eventually participate as main oxi-
dizing species for degradation of MB. Hence, further stud-
ies were performed at an alkaline pH of 10 so as to achieve 
maximum decolorization.

The effect of initial dye concentration (MB, in ppm) was 
investigated as another important parameter for evaluating 
the photocatalytic efficacy of silver nanoparticles. As shown 
in Fig. 4b, the decolorization efficiency gradually decreased 
with increasing an initial MB concentration up to 40 ppm. 
Further increase in initial dye concentration (50  ppm) 
showed a drastic change where decolorization efficiency of 
AgNPs was decreased up to 35.4%. It is a known fact that 
MB decolorization is a light sensitive phenomenon. With 
increasing dye concentration, a multilayer adsorption of 
dye molecules over catalytic surface decreases the penetra-
tion capacity of UV-light to induce photo-oxidation. As a 
result, the number of hydroxyl free radicals attacking MB 
molecules would reduced abruptly resulting in the lowering 
of decolorization efficiency. It implies that the number of 
hydroxyl free radicals should increase in proportion with 
MB concentration for achieving similar efficacy. However, 
the experiments were performed at a constant dose of AgNP 
(1 mM) where the number of OH· free radicals generated 
would remain same irrespective of increasing MB concen-
tration (Tayade et al. 2009). This might also contributed 
towards lowering in the color removal capability of AgNPs.

In a similar way, the effect of catalytic dose (initial Ag 
conc.) on MB decolorization was evaluated at an optimized 
pH of 10 with a contact time of 180 min (Fig. 4c). It was 
observed while increasing the catalytic dose of AgNPs also 
enhanced the decolorization efficiency from 73% (0.5 mM, as 
final Ag) to 78% (1 mM, as final Ag), further increase in cata-
lytic dose caused a greater reduction in photocatalytic activity 
even up to the extent of 43.5% and 35.4%, in case with 5 and 
10 mM AgNPs, respectivly. This happened because light could 
not penetrate deeply into a suspension with high concentra-
tion of nanoparticles where multiple backscattering of light at 
fluid’s interface apparently decreased the overall absorption 
of light (Hogan et al. 2014). At last, the impact of irradiation 

time on decolorization efficiency was studied upto a duration 
of 240 min (Fig. 4d). The result data showed an increase in 
decolorization (~ 79%) up to 180 min, afterwards no signifi-
cant change was observed till 240 min.

Statistical optimization using response surface 
methodology (RSM)

RSM was employed to study the impact of three independent 
variables, i.e., working pH, initial dye concentration (ppm), 
and contact time (min) on decolorization of MB. A one-to-one 
interaction among each process variables are graphically rep-
resented by three-dimensional response surface plots and two-
dimensional contour plots, while the responses were predicted 
and the optimum values for decolorization were determined as 
shown in Table 1. The absolute equation in terms of the actual 
factors with significant terms, which affected the decoloriza-
tion potential of AgNPs are represented as follows:

The competence of the experimental data was inter-
preted by the analysis of variance (ANOVA) as shown in 
Table S-2, Supporting info. The ANOVA of second order 

Decolorization (%) = 29.66173 + 4.80716A − 2.82514B

+ 0.35554C − 0.13190A
2 + 0.017261B

2

− 1.62634E − 003C
2 + 0.15548AB

+ 0.022409AC + 1.03588E − 003BC

Table 1  RSM based Box-Behnken experimental design for the inde-
pendent variables and their corresponding response [Dye decoloriza-
tion (%)] for MB decolorization by AgNPs

Run pH Dye Conc. (ppm) Time (min) Dye decolorization 
(%)

Actual Predicted

1 7.00 10.00 180.00 85.42 82.61
2 10.00 40.00 95.00 88.33 85.67
3 10.00 25.00 180.00 96.51 99.87
4 7.00 25.00 95.00 59.44 60.68
5 7.00 25.00 95.00 58.48 60.68
6 4.00 25.00 10.00 10.39 7.04
7 4.00 40.00 95.00 17.27 17.82
8 7.00 25.00 95.00 60.60 60.68
9 7.00 10.00 10.00 45.57 46.27
10 7.00 40.00 180.00 62.69 61.99
11 4.00 10.00 95.00 52.40 55.07
12 10.00 25.00 10.00 49.61 49.46
13 4.00 25.00 180.00 34.43 34.59
14 7.00 40.00 10.00 17.55 20.37
15 10.00 10.00 95.00 95.48 94.94
16 7.00 25.00 95.00 62.71 60.68
17 7.00 25.00 95.00 62.13 60.68
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quadratic polynomial model for dye decolorization indicated 
a high significance of the generated model since F value of 
126.65 was obtained with a p value less than 0.0001 at 95% 
confidence level. The lack of fit (variation of data around 
the fitted model) F value of 5.73 corroborates well with the 
obtained R2 value (0.9939) indicating a great correlation 
between predicted and experimental values of operational 
parameters. It was depicted that the change in response was 
certainly due to a real cause, i.e., change in the independ-
ent variables, not by any kind of error or noise. The values 
of Adj-R2(0.9860) and Pred-R2 (0.9190) were also in rea-
sonable agreement where the variance was found to be less 
than 0.2. Acceptable precision measures the ratio of signal 
to noise, where a ratio better than 4 is considered good for 
accepting a model. In the current study, it was obtained to be 
39.155, thus indicating that this model is useful to navigate 
the design space.

The ANOVA for the coefficients of regression model for 
dye decolorization is shown in Table S3 (Supporting info). 
Among three variables, the pH of solution (A) marked the 
greatest influence on dye decolorization (%) followed by 
irradiation time (C) and initial MB concentration (B) as 
manifested by their F values of 607.02, 317.98 and 113.23, 
respectively. Interestingly, none of the other quadratic terms 
(A2, B2) or interactions between the independent variables 
(AB, BC, AC) demonstrated any significant effect on MB 
removal, except C2. Initial dye concentration has low nega-
tive effect whereas working pH and irradiation time has 
comparatively high positive effect on dye decolorization. 
Furthermore, the model suitability was confirmed by inves-
tigating the residuals, i.e., difference between the predicted 
and observed response as shown in Section-S3 (Supporting 
info).

To perceive the effect of individual independent variables 
and their interaction on dye decolorization, 3D response sur-
faces plots and 2D contour plots were plotted by keeping one 
variable constant within the experimental ranges (Fig. 5). 
As shown in Fig. 5a, the interaction effect of pH and initial 
MB concentration on dye decolorization rate was plotted 
at a constant irradiation time of 95 min. It is evident that 
the decolorization efficiency (%) increased with increasing 
pH regardless of the initial concentration of MB dye where 
the maximum effect was found in the pH range 8–10. At 
alkaline pH, the negatively charged AgNPs becomes more 
stabilized and hence, there are more likely to interact with 
oppositely charged MB molecules. Earlier, it was depicted 
through Fig. 4 that the decolorization efficiency decreased 
gradually while increasing initial dye concentration up to 
40 ppm and abruptly thereafter. This trend was further vali-
dated and tuned through statistical optimization (Fig. 5 a, c). 
A good decolorization efficiency of AgNPs can be achieved 
considering an initial MB conc. within 20–35 ppm under 
varying solution pH and irradiation time conditions.

Figure 5b demonstrates the interaction plot of pH and 
irradiation time at an initial dye concentration of 25 ppm. 
The MB dye decolorization was significantly altered by 
change in both irradiation time and pH. The dye decolori-
zation showed an increased efficiency with increasing irra-
diation time. As a fact, the photocatalytic reaction triggers 
soon after an initial adsorption of MB molecules over cata-
lyst’s surface, resulting in the formation of hydroxyl free 
radicals. Since the catalytic dose is constant, more number 
of free radicals would be available at lower initial MB con-
centrations. Hence, the decolorization efficiency decreased 
at higher initial MB concentrations. The dye decolorization 
also considerably increased with increasing pH where the 
role of hydrogen bonding for enhancing interaction between 
dye molecules and photocatalyst surface is anticipated. Fig-
ure 5c shows the interaction effects of irradiation time and 
initial MB concentration on dye decolorization. It is evident 
that the decolorization efficiency decreased slowly at lower 
irradiation time with increasing initial MB concentration. In 
fact, larger exposure would lead to the production of more 
number of hydroxyl free radicals which are accountable for 
oxidizing MB molecules and hence more decolorization. 
The optimal change in decolorization was significant in the 
range from 10 to 60 min as irradiation time below 25 ppm 
as the initial MB concentration. The maximum decoloriza-
tion rate of > 81% was observed at 10 ppm MB concen-
tration and irradiation time between 130 and 180 min. All 
the observations were in accordance with the preliminary 
experiment results.

Process optimization and kinetic studies of dye 
decolorization

The optimization was targeted considering three important 
prerequisites, i.e., treating the highest initial MB concen-
tration while minimizing irradiation time (faster) under a 
practically relevant pH. For the given experimental con-
ditions, the maximum decolorization (99.9%) of MB was 
predicted for a photocatalytic system where an initial MB 
concentration of 40 ppm was treated with AgNP suspen-
sion containing 1 mM as final Ag conc. adjusted to ~ 10 pH 
and was irradiated to a total duration of ~ 173 min. It was 
clearly observed that the characteristic absorbance peak of 
MB dye (~ 664 nm) decreased continually with respect to 
irradiation time indicating its removal as a consequence of 
either adsorption over AgNPs’ surface or via catalytic deg-
radation (Fig. 6a). As stated earlier, the photocatalytic deg-
radation involves strong interactions between free hydroxyl 
(OH·) radicals and the chromogenic functional moieties of 
methylene blue, resulting in its N-demethylation. As shown 
in Fig. 6b, the kinetics of photocatalytic dye removal was 
calculated by plotting the ratios of instantaneous: initial con-
centration of MB (C/C0) as a function of contact time up 
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to 173 min. Under optimized conditions, the dye removal 
appears to follow the first order reaction, which is typically 
the case with several other organic compounds. To confirm 
the model suitability, a series of seven experiments were 
conducted and results were compared with predicted ones 

(Table-S4, Supporting Info). We obtained a comparable 
decolorization efficiency (%) ranges from 96.92 ± 0.41 to 
98.63 ± 0.12 which confirms the legitimacy of the gener-
ated model for stimulating MB decolorization by biologi-
cally synthesized silver nanoparticles.

Fig. 5  3D response surfaces plots and 2D contour plots of the inter-
action effects between a pH and initial MB concentration (at con-
stant t = 95  min), b pH and irradiation time (at constant initial MB 

conc.=25  ppm) and c irradiation time and initial MB concentration 
(at constant ~ 8 pH)
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Kinetic models are utilized as a tool while designing 
photocatalytic decolorization of dye at pilot or large scale. 
To understand the decolorization of dye and its mechanism, 
four types of kinetic models i.e., first order, pseudo-first 
order, second order, and pseudo second order were evalu-
ated (Fig. 7). The individual results and their correspond-
ing k values are also presented in Table 2. Among all four 
models, the first order kinetics was fitted well with the high-
est correlation coefficient (R2) of 0.996. First order kinet-
ics illustrates that the rate of reaction is proportional to the 
substrate depletion. Since the R2 value of either second order 
or pseudo second order models (Table 2) were far from the 
unity, it shows that none of them were found suitable to 
dictate the decolorization rate. Surprisingly, in contrast to 
several earlier reports, a pseudo-first order kinetics was also 
not fitted well (R2 = 0.798) which indicates that there might 
some other mechanism(s), which is playing key role in pho-
tocatalytic removal other than surface catalysis.

Another kinetic-diffusion based model, i.e., intraparti-
cle diffusion was tested to check whether pore diffusion is 

the rate-limiting step of the adsorption process. This model 
assumes that a plot of MB removal varies linearly with the 
square root of irradiation time. As shown in Fig. 7e, the 
process of intraparticle diffusion (R2 = 0.980) appeared to 
participate as a subsidiary mechanism for MB removal other 
than the first order kinetics, which was continued up to a 
duration of 130 min. From the curve, the rate of intraparti-
cle diffusion was estimated as 3.791 mg L− 1 min− 0.5 while 
the intercept on y-axis (ci) was calculated as 1.495, which 
is proportional to the boundary layer thickness (Ayad and 
El-Nasr 2010). It was not surprising to see that the linear 
slope did not pass through the origin, which precludes the 
possibility of intraparticle diffusion to be the rate-limiting 
step in the removal kinetics of MB. Rather, the photocata-
lytic degradation and intraparticle diffusion were expected 
to work concurrently for the efficient removal of methylene 
blue where the segregated contributions of both mechanisms 
were difficult to explain.

Antibacterial activity

The antibacterial activity of as synthesized AgNPs were 
tested against Gram-positive Bacillus subtilis and Gram-neg-
ative Pseudomonas aeruginosa strains, which are known to 
cause nosocomial infections (Agnihotri and Dhiman 2017; 
Agnihotri et al. 2018). At a concentration 2.50 μg  mL− 1 
and above, AgNPs showed a clear zone of inhibition (ZoI) 
ranging from 8 to 11 mm against both strains type (Fig. S2, 
Supporting info). A positive control containing only PW 
extract (devoid of AgNPs) did not show any ZoI. This indi-
cates that the biocidal effect to prevent bacterial contamina-
tion was manifested specifically due to AgNPs alone. Since 
the antibacterial effectiveness of AgNPs was found to be 
comparable against both the strains (i.e., similar diameter 
of ZoI) in agar plate assay, liquid broth dilution assay were 
performed to evaluate strain-specific antibacterial activity. 
For instance, AgNPs with concentration 0.6, 1.25, 2.5, 5, 
7.5, 10, and 20 μg  mL− 1 were introduced into a high bacte-
rial population  (105 CFU  mL− 1, 100 mL) and incubated at 
37 °C overnight. Regardless of strain type, the bacterial con-
centration decreased continuously while increasing AgNPs 
concentration. At 5.0 μg  mL− 1 concentration of AgNPs, the 
microbial growth of both strains was completely inhibited, 
indicating this value as their minimum inhibitory concentra-
tion (MIC). In later experiments, the minimum bactericidal 
concentration (MBC) values of AgNPs against B. subtilis 
and P. aeruginosa strains were determined as 7.5 and 5.0 μg 
 mL− 1, respectively (Table  3), which demonstrated that 
AgNPs were more effective against Gram-negative strains.

Furthermore, the biocidal performance of biogenic 
AgNPs was compared under light and dark conditions. As 
shown in Table 3, without any exception, the amount of 
proteins released from the AgNP-treated cells was higher 

Fig. 6  a UV–Visible adsorption spectra demonstrating dye decolori-
zation under optimized conditions. b A plot of C/C0 vs reaction time 
for photocatalytic removal of methylene blue
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than the untreated (control) cells which can be ascribed 
to the role of AgNPs increasing membrane permeabil-
ity. Irrespective of the light conditions, gram-negative P. 
aeruginosa were found be more sensitive towards AgNPs 

than the Gram-positive B. subtilis strains which resulted 
in more amount of proteins leakage. This can be well 
explained by the presence of additional peptidoglycan 
layers in the cell wall of Gram-positive bacteria which 

Fig. 7  Model fitting for the photocatalytic decolorization of MB following (a) first order (b) pseudo-first order (c) second order (d) pseudo-
second order and (e) intraparticle diffusion model(s)
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provide them an inherent defense mechanism to withstand 
harsh conditions.

For both strain types, the exposure of AgNP-treated 
cells under sunlight illumination resulted in more amount 
of proteins leakage from cells as compared to when 
exposed to the dark conditions. Results clearly dem-
onstrate that the photocatalytic efficacy of AgNPs was 
increased by 16.1% and 5% in case with B. subtilis and P. 
aeruginosa, respectively, in the presence of visible light 
conditions. The analyses corroborates well with previous 
studies (Li et al. 2012; Rivas Aiello et al. 2016), where 
the production of reactive oxygen species (ROS) contrib-
uted towards the enhanced biocidal activity of AgNPs. 
Moreover, the generation of hydroxyl free radicals (OH·) 
during photochemical reactions can be postulated as the 
major ROS for antibacterial effects, which have been 
validated in earlier sections (dye decolorization stud-
ies). Nevertheless, the contribution of other mechanisms 
like AgNP internalization within the cells, formation of 
pits and hole in cell wall, and AgNP-proteins/AgNP-
DNA interactions cannot be ignored completely (Sharma 
et al. 2009; Agnihotri et al. 2013, 2014; Mukherji et al. 
2012). We hypothesize that these subsidiary pathways to 
AgNPs toxicity would be facilitated by an initial increase 
in membrane permeability under sunlight illumination, 
which resulted into a manifold increase in its effective-
ness to kill these pathogens.

Conclusion

The biogenic synthesis of AgNPs from pineapple peel 
waste extract (Ananas comosus) has emerged as a con-
venient, cost-effective and eco-friendly substitute over 
chemical synthesis which produces size-controlled and 
monodispersed nanoparticles with ultra high stability. Our 
investigation on their photocatalytic performance indicated 
that AgNPs can degrade organic molecules including com-
plex dyes under natural sunlight conditions. At alkaline 
pH, the higher degradation of MB dye was in good accord 
with restricted oxidative dissolution and stabilization of 
 Ag2O layers over AgNP surface, which controlled the 
release of  Ag+ while maintaining their colloidal stability. 
Through process optimization and modeling kinetics, we 
conceptualize the fact that it is possible to decolorize MB 
completely under practically relevant conditions where 
more than one mechanism would work synergistically to 
achieve the desired effect. Biogenic AgNPs were equally 
effective against Pseudomonas aeruginosa and Bacillus 
subtilis pathogenic strains demonstrating clear zone of 
inhibition, and comparable MIC and MIB values with that 
of the standard antibiotics. The antibacterial property of 
biogenic AgNPs is envisaged due to the generation of ROS 
which acted synergistically with increasing membrane per-
meability. We also anticipated that the production of free 
radicals could have also triggered the other mechanisms 
of AgNP’s toxicity (internalization of NPs, formation of 

Table 2  Kinetic parameters for 
decolorization of MB on AgNPs 
under sunlight illumination 
(32–35 °C), Initial MB conc. 
40 ppm, and Initial AgNP conc. 
1 mM at working pH ~ 10

C0 initial concentration of dye, C final concentration dye, t time, k rate constant

Models Equation Rate constant, k R2 values

First order lnC = lnC
0
− kt 14 × 10− 3  min− 1 0.996

Pseudo-first order ln[C
0
− C] = lnC − kt 10 × 10− 3  min− 1 0.798

Second order 1

C
=

1

C0

+ kt 0.5 × 10− 3 mg− 1 L min− 1 0.876

Pseudo-second order t

C
=

t

C0

−
1

kC0

2
0.8 × 10− 3 mg− 1 L  min− 1 0.845

Intraparticle diffusion
[

C
0
− C

]

= kt
1∕2 + c

i
3.791 mg L− 1 min− 0.5 0.980

Table 3  Strain-specific 
antibacterial potential of silver 
nanoparticles

ZoI zone of inhibition, MIC minimum inhibitory conc., MBC minimum bactericidal conc.
analyses were done in tripliAll analyses were done in triplicates and the average value ± SE is represented 
demonstrating a significant difference at α = 0.05 levels (Duncan’s multiple range test)

Organisms ZoI (mm) MIC (µg  ml− 1) MBC 
(µg 
 ml− 1)

Total proteins leakage from bacterial cells (µg 
 ml− 1)‡

Untreated 
cells (Con-
trol)

AgNP-treated 
cells (under 
Dark)

AgNPs treated 
cells (under Sun-
light)

B. subtilis 8–11 5.0 7.5 305 ± 8 341 ± 7 359 ± 12
P. aeruginosa 8–11 5.0 5.0 361 ± 9 416 ± 16 483 ± 11
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pits/hole in cell wall, inhibiting mitochondrial machinery), 
which lead to a greater biocidal efficacy. This development 
will solve three major environmental issues: (1) utilization 
of pineapple waste for synthesizing a value-added prod-
uct, i.e., AgNPs (2) minimization of waste disposal, and 
(3) harnessing natural resources to degrade organic com-
pounds and improving personal hygiene.
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