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Abstract 

In this study, silver nanoflowers were synthesized due to catalytic reduction of silver ions by phytochemicals of Ponga-
mia pinnata seed cake extract (PSCAgNPs) in 24 h and subsequently used for removal of malachite green (MLG) dye. 
PSCAgNPs were characterized by UV–Visible spectrophotometry, scanning electron microscopy (SEM), energy-dis-
persive X ray spectroscopy (EDAX), Fourier Transformed Infrared Spectroscopy (FT-IR), X-Ray Diffraction (XRD) and BET 
analysis. The synthesized PSCAgNPs were floral in appearance, of size 18.82—23.70 nm with SPR at 430 nm and crys-
talline in nature. PSCAgNPs adsorbed 90.01 ± 0.17% of 50 mg/L MLG post one factor at a time analysis. Adsorption 
followed pseudo-second-order kinetics (k1 = 2.5E-03 g/mg.h), was observed as unilayer chemisorption as the equilib-
rium data best fitted Langmuir isotherm (Langmuir coefficient = 0.1724 L/mg, R2 = 0.9945). Upon interaction of MLG 
by PSCAgNPs, hydroxylation of MLG leads to formation of MLG carbinol in the first stage of adsorptive degradation, 
as evident from LCMS chromatograms.
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Graphical Abstract

Introduction
Rapid industrialization to satisfy human needs has led 
to the production of harmful textile effluents which has 
detrimental effects on human health and environment 
if not treated before discharge [3]. Since it is inevitable 
that harmful chemicals like dye will be used in industry, it 
is necessary to take appropriate corrective action before 
releasing it into water bodies [5]. Dyes are intricate 
organic molecules that are frequently used to add colour 
to a variety of materials, including paper, fur, cosmetics, 
pharmaceuticals, textiles, leather, plastic and more [52, 
59]. Chromophore, is the complex part of the dye which 
is highly resistant to degradation [49]. Despite having the 
ability to render their effluent safe before disposal, textile 
businesses fail to do so, introducing phthalates, heavy 
metals, and dyes to water bodies [42]. More than a mil-
lion different varieties of dyes are widely utilised on a 
commercial scale, and between 7 and 10 million tonnes 
of dyes are manufactured each year [34]. For instance, 
approximately 2.8 million tons of deadly dyes reach the 
effluent stream post the dying process which needs to be 
remediated [9, 30]. Malachite green (MG) dye, a widely 

explored dye in textile and aquaculture industry poses 
severe threat to health and environment due to its nature 
of persistence. mutagenic and carcinogenic nature of this 
dye necessitates effective removal strategies which are 
sustainable and cost effective [53].

For the eradication of dye containing effluent numer-
ous techniques have been explored which includes 
coagulation-flocculation [20], biodegradation [22], Pho-
tocatalytic removal [16], electrochemical oxidation inte-
grated with chemical oxidation [29], ion exchange [24], 
advanced oxidation process [43], membrane technology 
[1], ozonation [58], electrocoagulation [57], and adsorp-
tion [17, 36]. Adsorption is a technique which is widely 
accepted for dye remediation due to its low cost and 
ease in scaling up without much practical difficulties [23, 
55]. Even though many researchers have focussed on 
microbial assisted degradation of dyes in the recent past 
requirement of laborious culture maintenance makes it 
an uneconomical option for real time exploration [8].

Use of nanoparticle as a promising adsorbent for dye 
containing effluent remediation is explored [45, 55]. Bio-
genic nanoparticles have been explored due to its quick 
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synthesis, faster scaling up, minimal energy require-
ments and cost effectiveness [50, 55]. Green nanoparti-
cles have proved its competence to degrade highly toxic 
dyes in simple aqueous mediums [41]. For instance car-
bon dot-adorned silver nanoparticles synthesized using 
Terminalia chebula fruit extract have been exploited for 
photocatalytic degradation of methylene blue up to 99.5% 
and methyl orange upto 99% respectively [44]. Dye reme-
diation by nanoparticles follow either adsorption [54–56] 
or adsorption with degradation approach [7]. The mecha-
nism of dye degradation by green synthesised nanoparti-
cles starts with the adsorption of dye and is followed by 
the excitation of nanoparticles by the energy absorption 
from sunlight that is greater than the band gap energy 
necessary for electron transfer from the valence band 
to the particle’s conduction band (X. [27, 28]). This step 
would further lead to creation of holes in the valence 
band. The electrons are then involved in redox reaction 
of oxygen (O2) and water (H2O) to produce reactive oxy-
gen species like hydroxyl (OH°) and superoxide (O2°) rad-
icals which are known to attack the complex recalcitrant 
dye molecule thereby reducing it to simpler products 
[66]. Silver functionalized magnesium ferrite nanoparti-
cles were capable of removing 95% of malachite green at 
a rate k of 0.091/min [16]. Similarly, biogenic iron doped 
Al2O3 showed maximum adsorption efficiency of 96.67% 
with 60 min of reaction [52].

In the present study, green silver nanoflowers were syn-
thesized using Pongamia pinnata seed cake (an underu-
tilized by-product from biodiesel industry) and utilized 
for adsorptive degradation of malachite green (cationic 
dye). The impact of various parameters on the adsorp-
tive degradation of malachite green by silver nanoflow-
ers (PSCAgNPs) was investigated by one factor at a time 
(OFAT) approach in order to provide better surface prop-
erties to the nanoflower so that it could be effectively 
explored for the concerned application. Though they are 
papers on dye degradation using nanoparticles. They are 
hardly few papers which focus on optimization and its 
positive impact on enhanced removal capabilities. More-
over the paper also focuses on the Adsorption kinetics, 
isotherms and the proposes the pathway of malachite 
green adsorptive degradation by PSCAgNPs.

Materials and methods
Plants and chemicals 
Pongamia pinnata seed cake (PSC) was collected from 
Bioenergy Research, Information and Demonstration 
Centre (BRIDC), NMAM Institute of Technology, Nitte 
(13.1859° N, 74.9395° E) campus. Seed cake was fine 
powdered using blender and used in appropriate pro-
portions for aqueous extract preparation using double 
distilled water (10 g in 100ml). Silver Nitrate (99%) was 

bought from Loba chemie (M/s Loba chemie, Mumbai, 
India). All other reagents used for the experimentations 
were of analytical grade unless otherwise mentioned.

Synthesis of PSCAgNPs
10% (w/v) PSC extract was prepared with deionized 
water. The extract were maintained in an 80 °C water bath 
for 30 min, after which the water was filtered, and the fil-
trate was kept at 4 °C for further usage [37]. PSC extract 
(2.5 mL) was mixed thoroughly with 22.5 mL of 1.0 mM 
aqueous silver nitrate solution was prepared in deionized 
water and incubated at room temperature in a shaker 
(100 rpm). The green synthesis of silver nanoparticle was 
then confirmed by measuring the absorbance from 360 to 
700  nm using a UV–visible spectrophotometer at fixed 
intervals to detect the colour change along with concen-
tration information (Thermo-Merck, Germany).

Characterization of PSCAgNPs
Once the nanoparticles were successfully biosynthe-
sized using Pongamia pinnata seed cake power extract, 
they were characterized by various techniques such as 
FESEM, EDS, particle size and zeta sizer, FTIR and XRD 
and BET analysis. While EDS focuses on the composi-
tion and purity details, FESEM (Carl Zeiss, UK) aids in 
the analysis of size and shape details. While EDS focuses 
on the composition and purity details, FESEM (Carl 
Zeiss, UK) aids in the analysis of size and shape details. 
Information on the hydrodynamic diameter of the parti-
cles in the colloidal solution and the stability features is 
provided by particle size and zeta-sizer. The plant phyto-
chemicals capped on the nanoflower  surface of PSCAg-
NPs are revealed by FTIR analysis performed by Bruker 
Alpha (Shimadzu, Japan) and XRD performed by Rigaku 
Miniflex 600 (Japan), reveals the crystallinity data of the 
synthesized nanoflowers. Since the PSCAgNPs photocat-
alytic activity greatly rely on their surface area and total 
pore volume, BET analysis (Smart Instruments, Mumbai) 
was conducted to identify these parameters.

Effect of factors on Malachite green removal 
by synthesized PSCAgNPs
Various parameters such as malachite green concentra-
tion (50—200 mg/L), PSCAgNP dosage (25—150 mg/L), 
agitation speed (60—120 rpm), temperature (25—40 °C), 
contact time (0—3 h) were varied in order, as per levels 
given in (Table  S1) using OFAT approach. PSCAgNPs 
concentration was varied from 50- 200  mg/L and tem-
perature was varied from 25–50  °C for malachite green 
dye degradation. OFAT approach involves studying the 
effect of one factor on the synthesis of nanoparticles by 
varying the factor and fixing all the other factors. When 
the next factor is varied, the value of the previously fixed 
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factor is maintained at the level at which the maximum 
output is achieved and thus the process is continued. The 
effect of these factors on the dye reduction by PSCAgNPs 
were studied by measuring the UV- spectrophotometric 
readings at the dyes absorption maxima and % decolouri-
sation was calculated using the formula as

where C0: Concentration of the dye at time 0, Ct: Concen-
tration of the dye at any time t.

Adsorptive Degradation of malachite green by PSCAgNPs
In order to determine the morphological changes on 
nanoparticles following dye molecule adsorption, 
FESEM-EDAX (Carl Zeiss, UK) was employed to confirm 
the adsorption of malachite green dye on PSCAgNPs 
post nano-remediation. EDAX was also used to analyze 
the PSCAgNP surface after remediation for the presence 
of malachite green components. The biosorption pro-
cess of methyl green on CPAuNPs was described using 
linearized equations of the PFO, PSO, and IPD models 
that explain the biosorption kinetics [32, 36]. Addition-
ally, linearized equations of the Langmuir, Freundlich, 
and Temkin isotherms were used to describe the biosorp-
tion mechanism [51]. In order to analyze the methyl 
green degradation pathway by CPAuNPs, dye solution 
prior to nanoparticles treatment and post nanoparticles 
treatment at intermediate times were subjected to LCMS 

(1)% Decolourisation =

Ct − c0

ct
∗ 100

analysis using Waters synapt G2 (HRMS) equipment 
operated under APCI mode and the degradation pathway 
was elucidated. Approximately 2 – 5  µl of sample was 
injected using 0.1% formic acid in water and acetonitrile 
in 1:1 ratio (Mobile phase) and a flow rate of 1  ml/min 
was maintained. Mass spectrometer was operated in pos-
itive mode of ionization with nebulizer pressure of 40psi, 
dry gas temperature of 350 °C and dry gas flow rate of 10 
L/min. Adsorptive degradation pathway was then con-
structed by identifying the degradation metabolites [63].

Results and discussions
Synthesis of CPAuNPs
Formation of PSCAgNPs was confirmed by periodically 
recording the UV- visible spectrophotometer readings 
as well as noticing the visual colour changes. Colour 
changes from colorless to light brown (Fig. 1a), and dis-
tinct surface plasmon resonance (SPR) at 430  nm with 
absorbance value of 0.624 in 24  h (Fig.  1b) was seen 
which is attributed to monodispersed size variation in 
the colloidal nanoparticle solution ([27, 28]). However, in 
case Multiple SPR peaks/ broad spectrum was seen the 
probable reason could be formation of multi size nano-
particles which results in polydispersity [33].

Characterization of PSCAgNPs
PSCAgNPs nanoflowers in the size range of 18.82—
23.70 nm were formed (Fig. 2a). Morphology of PSCAg-
NPs at different magnifications is shown in (Fig. S1a-c). 

Fig. 1  UV–Vis spectrum of silver nanoflowers synthesised using the seed cake extract of Pongamia pinnata (Inset: Visual Observation of colour 
changes)
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Silver nanoparticles synthesized using multiple plant 
material for extract preparation (Allium fistulosum, Tab-
ernaemontana divaricate and Basella alba) showed size 
range of nanoparticles of around 50 nm [61]. Green syn-
thesis of silver nanoparticles using Allium cepa extract 
for its antimicrobial potential revealed variety of mor-
phologies which included irregular flowers and spheres 
[4]. EDS spectrum of PSCAgNPs revealed the weight 
percent of silver to be 40% (Fig.  2b). The representative 
peak around 3  keV in EDS spectrum was from the ele-
mental silver [40]. EDS showed some additional C, N and 
O peaks along with distinctive silver peak which could be 
from the phytochemicals of PSC capped on the PSCAg-
NPs surface. C and O peaks were seen in EDS spectrum 

of silver nanoparticles biosynthesized from Chrysanthe-
mum flower extract [62].

The FTIR peak values of PSCAgNPs indicated the 
involvement of alcohols and phenolic compounds as 
reducing agents and proteins as capping biomolecules 
(Fig.  2c). Probably the presence of proteins and phe-
nolic components seen in the nanoparticles would be 
due to the seed cake phytochemicals which had success-
fully capped on the nanoparticle surface (Nayak et  al., 
2020). FTIR peak at 2924 cm−1 corresponds to oligosac-
charides and polysaccharides C-H stretching vibration 
[2], 3752.64  cm-1 corresponds to alcohols and phenols 
O–H stretches as well as amines N–H stretches and 
2371  cm−1 corresponds to alkanes C–H symmetric and 

Fig. 2  Characterization of PSCAgNPs by (a) FESEM, (b) EDS, (c) FT-IR, (d) XRD, (e) particle size analysis and (f) zeta potential
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asymmetric stretching vibrations [48]. Similarly, peak at 
3417 cm−1 corresponds to OH stretching due to alcoholic 
group [21], 1622  cm−1 corresponds to C = O vibration 
of − COOH groups for glutamic acid [18]. From the XRD 
results clear crystalline peaks at 2Ɵ (braggs angle) of 
31.76°, 45.78° and 76.54° corresponded to (1,1,1), (2,0,0) 
and (3,1,1) planes of silver nanoflowers (Fig.  2d). Avail-
ability of seed cake phytochemicals to reduce the metal 
precursor salt lead to the formation of stable nanoparticle 
which was crystalline in nature (Rizvi et al., 2022). Addi-
tional peaks at 27.28° seen in XRD spectrum may be due 
to the presence of other biological agents in the seed cake 
extract. Similarly, XRD results of green silver nanoparti-
cles revealed characteristic peak at 28.3° which was from 
the biological material [46]. BET analysis showed the 
maximum surface area and pore volume of PSCAgNPs as 
14.79 m2/g and 0.0564  cc/g respectively. Biosynthesized 
silver nanoparticles using goji berry extract as biologi-
cal substance, were utilized for catalytic degradation of 
methylene blue (MB) (cationic) and congo red (CR) (ani-
onic) showed surface area of 11.77 m2/g with pore vol-
ume of 0.027 cc/g during BET evaluation (Kadam et al., 
2020. Green synthesized nanoflowers in the present study 
showed improved surface area values as per BET analysis 
reports, which could be positively utilised for malachite 
green dye adsorption and degradation.

PSCAgNPs in the size range of 249.2  nm with 100% 
intensity, with polydispersity index (PDI) of 0.428, indi-
cated monodispersed nature of the synthesized silver 
nanoflowers (Fig.  2e). Bigger size of PSCAgNPs when 
analyzed through particle size analyser in comparison 
with FESEM accounts to the involvement of capped 
phytochemicals around the nanoparticles in the size 
estimation (Hydrodynamic diameter). When morpho-
logical results from SEM (50 nm) and particle size ana-
lyzer (173 nm) for silver nanaoparticles synthesized from 
Conocarpus Lancifolius plant extract were compared, 
similar results were noticed that could be contributed to 
denser capping of nanoparticles [39]. The zeta potential 
was -11.2  mV indicating stable nanoparticles (Fig.  2f ). 
Negative zeta potential values indicates the involvement 
of negatively charged groups from Pongamia pinnata 
seed cake extract have capped on the surface of PSCAg-
NPs which gave better dispersity to these nanoflowers 
[67]. This would further enhance the surface properties 
of these nanoflowers which could be potentially exploited 
for the applications [10].

Effect of factors on removal of Malachite green by biogenic 
PSCAgNP nanoflowers
Effect of dye and PSCAgNP dosage
Malachite green (Aqueous solutions) in the concen-
tration range of (25–200  mg/L) were incubated with 

100  mg/L of PSCAgNP for 3  h @ 30  °C and 100  rpm 
of agitation. It was perceived that the percentage 
decolourization of malachite green dye increased with 
increase in dye concentration up to 50 mg/L and later 
reduced (Fig. 3a). At malachite green concentration of 
50 mg/L, nanoparticles dosage of 0.5 g/L and pH of 6, 
75% of dye bioremediation was achieved when the tem-
perature of reaction mixture was 35°C [64]. Aqueous 
solutions of malachite green solutions were incubated 
with varied concentrations of PSCAgNPs for 3 h at 30º 
C and 100  rpm which were achieved. It was observed 
that the percentage decolourization of dye steeply 
decreased with increase in nanoparticles concentra-
tions of 25  mg/L (Fig.  3b). Thus nanoparticles con-
centration of 25 mg/L was fixed for PSCAgNPs- MLG 
combinations (Fig.  3b). Chemically synthesized silver 
nanoparticles could decolorize malachite green (90%) 
at pH 7.8, temperature of 30  °C and adsorbent dosage 
0.1 g/100 mL [35].

Effect of agitation speed, temperature and time
Aqueous solutions of PSCAgNPs- MG combinations 
as per optimum conditions from previous experi-
ments were incubated for 3 h at 30  °C and varied agi-
tation speeds (60–120  rpm). It was observed that the 
percentage decolourization of dye steeply decreased 
upto 82.25% with increase in agitation speed up to 
100 rpm (Fig. 3c). Therefore agitation speed of 60 rpm 
was fixed for PSCAgNPs- MG combination as it was 
observed that the percentage decolourization further 
reduced with increase in agitation speed. Further, aque-
ous solutions of PSCAgNPs- MG combinations as per 
optimum conditions from previous experiments were 
incubated for 3 h and varied temperatures (25 – 40 °C). 
It was observed that the percentage decolourization 
of dye steeply increased upto 86.30% with increase in 
temperature up to 30  °C and later reduced on further 
increase in temperature (Fig.  3d). Therefore, tempera-
ture of 30 °C was fixed for further studies. Finally, aque-
ous solutions of PSCAgNPs- MG combinations as per 
optimum conditions from previous experiments were 
incubated for varied time and the dye decolourization 
percentage was evaluated at intermediate times to find 
out the maximum decolourization potential. There was 
a continuous increase in dye decolourization percent-
age seen with increase in incubation time. The optimum 
conditions were seen to be 3.5  h for PSCAgNPs- MG 
combination (Fig.  3e). green synthesized iron nano-
particles from Acacia nilotica pod extract were capa-
ble of adsorbing 40 ppm of methyl orange in 30 min at 
140RPM with 67.6% dye removal efficiency [14].



Page 7 of 14Nayak et al. Biotechnology for Sustainable Materials            (2024) 1:17 	

Fig. 3  Effect of variation in Malachite Green (a), PSCAgNPs dosage (b), agitation speed (c), temperature (d) and contact time (e) on Malachite Green 
removal by PSCAgNPs
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Degradation of malachite green dye
FESEM‑EDAX analysis confirming adsorption
Biosorption of malachite green on PSCAgNPs was con-
firmed by FESEM EDAX analysis which confirmed the 
coating of dye molecules on the surface of the nanoparti-
cles which lead to smoothening of nanoparticles surfaces 
(Fig S2c) in comparison with FESEM image of PSCAg-
NPs without methyl green treatment thus confirming the 
biosorption mechanism (Fig S2a) [26]. The removal of 
safranin dye using Bambusa tulda (biomaterial) led to a 
similar trend of surface smoothening after treatment [26]. 
Similar results were seen when TiO2/Hydrogel nanocom-
posite was investigated for the removal of brilliant green 
dye (Aljeboree et al., 2022). The presence of nitrogen was 
seen in EDAX spectrum of PSCAgNPs- MG (Fig S2d) 
which was not seen in EDS spectrum of PSCAgNPs (Fig 
S2b) which confirms the adsorption of Malachite dye 
(C52H54N4 O12) on the surface of PSCAgNPs thereby 
confirming adsorption mechanism. The detailed mecha-
nism of degradation by PSCAgNPs is shown in Fig. 4.

Adsorption kinetics and isotherms
The kinetics model studies for adsorption of MLG by 
PSCAgNPs using by PFO and PSO models were studied 
(Fig. 5a and b) [19]. It was evident that the R2 values of 
PSO model was higher compared PFO model (Table  1) 
and PSO model fitted very well with can be seen with 

high R2 value of 0.9899 (Table  1). Further Intraparticle 
diffusion model was plotted to check on the number of 
rate limiting step by a linear plot of Qt vs t^0.5 (Fig. 5c). 
Although the plot initially exhibited linear behaviour, 
it did not do so later on. This illustrates that initially 
the rate is governed by one step and after sometime it 
depends on multiple reactions (Fig. 5c). IPD studies used 
for the removal of methyl green by Cyclea peltata gold 
nanospheres showed similar behaviour [36].

In order to determine which model might best por-
tray the results, Langmuir, Freundlich, and Temkin iso-
therms for the adsorption of MLG on PSCAgNPs were 
examined. The experimental findings were then fitted 
into the model equations. Q0 (mg/g) is the maximum 
amount of the MLG that is required to form a monolayer 
on the surface of PSCAgNPs, The plot of specific adsorp-
tion (Ce/qe) versus equilibrium concentration (Ce) 
(Fig. 6a) revealed that the adsorption followed the Lang-
muir model, with an R2 of 0.994. However the R2 values 
for Freundlich and Temkin isotherms were 0.876 and 
0.909 respectively (Fig. 6b and c). This indicates that the 
adsorption followed unilayer adsorption pattern where 
good interaction was been between MLG and PSCAgNPs 
and the reaction was endothermic. Temkin isotherm plot 
of Methyl orange adsorption by calcinated magnesite 
showed good linear fit with R2 = 0.858 which confirmed 
both dye- dye interaction as well as dye- adsorbent 

Fig. 4  Mechanism of MLG degradation by PSCAGNP nanoflowers
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interactions control on dye removal process [38]. A com-
parative table on alternative adsorbent materials used for 
malachite green removal in comparison with the present 
study is shown in Table 2.

Degradation pathway of MLG by PSCAgNPs
The intermediates formed upon PSCAgNPs treatment 
on MLG dye was analyzed by LCMS includes malachite 
green carbinol (353.13 m/z), aminophenylphenyl metha-
none (197.94  m/z) dibenzylmethanone (165.01  m/z), 
dimethyl amino phenyl phenyl methanone (225.38  m/z) 
and 4-dimethylamino phenol (137 m/z) which undergoes 
further degradation is shown in supplementary files (Fig 
S4 and S5) in comparison with the plain MG dye (Fig S3).

Upon interaction of MLG by post optimized PSCAg-
NPs, within 30  min of incubation hydroxylation of 
MLG leads to the formation of intermediate product 

Fig. 5  Kinetic models of Pseudo first order (a) pseudo second order (b) and intraparticle diffusion (c) for adsorption of Malachite Green (50 mg/L) 
on PSCAgNPs (25 mg/L)

Table 1  Adsorption kinetic parameters of Malachite Green on 
PSCAgNP

Kinetic Parameters

Qe, exp (mg/g) 1881.76
Pseudo-first Order

  k (min−1) 2.905
  Qe, cal (mg/g) 3981.072
R2 0.9307
Pseudo-Second Order

  k1 (g/mg.h) 2.5E-03
  Qe, cal (mg/g) 2000
R2 0.9899
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MLG carbinol which was the first step in the MLG deg-
radation pathway. MLG carbinol further underwent a 
series of hydroxylation and C–C bond decomposition 
to form Di – methyl amino phenyl methanone and 4- 
Dimethyl aminophenol respectively which underwent 
further degradation which was evident from 60 and 
90  min treated LCMS data [15]. Further it was seen 
that MLG underwent a series of demethylation reac-
tion to form aminophenylphenyl methanone and di-
benzylmethanone which is a degraded and less toxic 
metabolite [11–13]. The proposed degradation pathway 
for malachite green by PSCAgNPs is shown in Fig.  7. 
Thus green synthesized PSCAgNPs nanoflowers were 

successful in degrading MLG dye to 90% at 50 mg/L of 
MLG and 25 mg/L of PSCAgNPs dosage.

Cost benefit analysis
Cost of raw material (Pongamia pinnata seed cake) used 
for PSCAgNPs is low; it is also renewable and locally 
available, this would not only reduce the production cost 
but even reduce toxic by-product formation. Operational 
cost would also be low as very less energy is required in 
comparison with conventional energy intensive physical 
methods used for nanoparticle production [65]. Other 
benefits would be the biomaterial itself being nontoxic, 
and reusable nature of these nanoparticles for multiple 

Fig. 6  Adsorption Isotherms of (a) Freundlich,(b) Langmuir (c) and Temkin depicting the equilibrium of MLG adsorption on PSCAgNPs
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cycles [25]. Moreover, enhanced performance of PSCAg-
NPs (higher adsorption capabilities) will help in effec-
tive removal of dye in wastewater. No doubt, reduced 
environmental footprint in production, waste reduction, 
nanoparticle recovery and reuse for multiple cycles, and 
low carbon footprint during production aligns to the 
circular economy principles [65]. Unquestionably, this 
approach definitely strengthens the case for adopting 

green nanotechnology in real-world environmental 
remediation applications, thus ensuring cost efficiency 
and sustainability.

Conclusions
A unique nano-adsorbent i.e., PSCAgNPs were synthe-
sized using underutilized/ byproduct from biodiesel 
centre (Pongamia pinnata seed cake). The synthesized 

Table 2  Comparative table on alternative adsorbent material used for Malachite green removal

Adsorbent Adsorbate Parameters Adsorption 
capacity 
(mg/g)

Percentage 
removal

Ref

Mn3O4
nanoparticles

MLG Dye conc: 50 mg/L Temp:30 °C Time:20 min Adsorbent 
dosage: 15 mg

101–162 88.9–92 [60]

Zn(OH)2-AC composite MLG Dye conc: 25 mg/L Temp:45 °C Time: 60 min Adsorbent 
dosage: 0.1 g/100 ml

303.03 96.9 [6]

ZnO Nanoparticles MLG Dye conc:50 mg/L Temp:25 °C pH:7 Adsorbent dosage: 
0.4 g/L

766.52 99 [31]

(TiO2) nanoparticles 
into H2O2–modified anthracite

MLG Dye conc:100–400 mg/L
Temp:55 °C pH:8
Adsorbent dosage: 0.025 g

320.03 96.2 [47]

Chemically synthesized AgNPs MLG Temp:30 °C pH:7.8 Adsorbent dosage: 0.1 g/100 mL 64.51 90 [35]

PSCAgNPs MLG Dye conc: 50 mg/L
Temp:30 °C Time: 3.5 h Adsorbent dosage:
25 mg/L Agitation Speed:
60 RPM

2000 90.01 Present study

Fig. 7  Proposed degradation pathway of malachite green by PSCAgNP nanoflowers
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nanoflowers were crystalline, of 18.82–23.70  nm size 
and capped by water soluble phytochemicals of Pon-
gamia pinnata seed cake. PSCAgNPs could effectively 
adsorb residual concentration of MLG (90.01 ± 0.17%) 
at 50 mg/L of MLG and 25 mg/L of PSCAgNPs dosage 
owing to their excellent surface area and outstanding 
adsorption capabilities. This paper proposes a novel, 
environmentally responsible and secure remediation 
method that might be efficiently explored for adsorp-
tive degradation of wastewater containing malachite 
green. Therefore, green synthesized nanoparticles pre-
sent a promising avenue for sustainable environmental 
remediation applications. However overcoming current 
challenges with respect to stability, toxicity and regula-
tory hurdles will require more interdisciplinary collab-
orations, innovations in nanotechnology, and rigorous 
testing to ensure both effectiveness and environmental 
safety. With continued research and development in the 
field, these eco-friendly nanoparticles can revolutionize 
how we tackle environmental pollution.
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