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Abstract
Here, we examine the biogenic fabrication of silver nanoparticles (AgNPs) utilizing a simple and environmental friendly 
method. Silver nanoparticles were synthesized using medicinal plants extracts such as Flamboyant (Delonix regia (DRE)) 
and Moringa oleifera (MOE). The maximum absorbance (λmax) of UV–Vis. analysis at 442 and 459 nm indicates the forma-
tion of MOEAgNPs and DREAgNPs, respectively. The AgNPs are confirmed by UV–Vis spectroscopy, Fourier transform 
infrared spectroscopy (FT-IR), Transmission Electron Microscopy (TEM) and XRD techniques. (FT-IR) FT-IR spectra indi-
cate the functional groups of phytochemical compounds in silver nanoparticles (DREAgNPs, MOEAgNPs). The generation 
of spherical MOEAgNPs and DREAgNPs with a majority particle size of 50 and 100 nm, respectively, was confirmed by 
TEM analysis. The XRD pattern of AgNPs has FCC form and crystalline lattice at 2θ of 38°, 44°, 64° and 77° correspond-
ing to (111), (200), (220), and (311) reflections of AgNPs. The findings indicate that the ideal conditions for the synthesis 
process were 2  mMAg+ concentration, reaction time is 24 h and 60 °C for extraction. The reduction of 2,4-dinitrophenol to 
2,4-diaminophenol using  NaBH4 was carried out under the catalytic influence of AgNPs. The rate constant k  (1st cycle) was 
found to be 42 ×  10−3  min− 1 and 26 ×  10– 3  min− 1 for the reaction in presence of MOEAgNPs and DREAgNPs, respectively. 
The recyclability of the prepared AgNPs was tested for 7 cycles without loss in its activity until cycle 5. The activation 
energy (Ea) for reduction of 2,4-dinitrophenol that catalyzed by MOEAgNPs or DREAgNPs, respectively, was 36.4 or 31.7 
 kJmol− 1. The successes of AgNPs in the catalytic role were supported through DFT studies.
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Graphical abstract
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1 Introduction

Silver nanoparticles (AgNPs) are an essential material 
because of their advantages, such as low production costs 
and easy synthesis. The AgNPs have been used in a variety 
of applications, including catalysis, optical and electri-
cal properties, as well as their potential as catalysts and 
sensors of nanomaterials were studied [1–4]. Chemical 
methods making metal nanoparticles are costly and not 
eco-friendly [5]. These processes have a number of dis-
advantages, including the use of poisonous solvents, the 
production of hazardous byproducts and high energy con-
sumption. As a result, ecologically friendly approaches 
for the production of metal nanoparticles utilizing plant 
extracts are required. Ag and Cu nanoparticles exhibit 
antibacterial properties [6–8]. Because of their antibac-
terial and antiviral capabilities, copper nanoparticles 
are used for water purification, food processing, and 
other applications [9, 10]. AgNPs are commonly used 

in surgical device coatings, dental composites and bone 
prostheses due to their strong antibacterial and antifun-
gal properties [11–13]. Also, used in food containers and 
air/water filters [14–16]. Furthermore, AgNPs are well-
known redox catalysts that stimulate electron transfer via 
a distinct mechanism with low activation energy [17, 18]. 
The AgNPs synthesis is particularly essential because of 
its numerous industrial catalytic applications. One of the 
most extensively utilized green approaches for produc-
ing AgNPs is to use plant extracts as reducing agents and 
stabilizers [19–25]. Plants such as Jatropha curcas [26], 
Capsicum annuum [27], Argemone mexicana [28], Oci-
mum sanctum [29], Ficus benghalensis [30] and Hibiscus 
rosa Sinensis [31] have been effectively used to synthesize 
silver metal  (Ag0) nanoparticles from silver ions  (Ag+). 
It was investigated if decorating AgNPs onto photocata-
lysts may improve organics degradation during photoca-
talysis [32]. AgNPs were discovered to have a Fenton-like 
reaction, which allowed them to break down bisphenol in 
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water [33]. In previous researches, catalytic performance 
of gold nanoparticle and silver nanoparticle were evalu-
ated in the reduction of 4-nitrophenol by  NaBH4. Xiao-
Qiong Wu et al. have synthesized chitosan-Au hydrogel 
system via photoreduction and used it as reduction of 
nitrophenol derivatives by NaBH4. However, catalytic 
performance of neither sphere gold nor AgNPs have been 
evaluated through reduction of 2,4 -dinitrophenol (DNP), 
a derivative of aromatic nitro compounds, in the presence 
of  NaBH4. Only nickel particles decorated on electrospun 
polycaprolactone and chitosan-Au hydrogel system have 
been used for the reduction of DNP [34, 35]. In the pres-
ence of gold or silver nanoparticles, 2,4-dinitrophenol 
could be reduced to the equivalent 2,4-diaminophenol 
by  NaBH4 [36–43]. In this study, we aim to synthesize 
AgNPs by a green synthesis via using extracts from M. 
oleifera and Delonix regia [44, 45]. We choose Moringa 
oleifera and delonix regia as they are easily available in 
research stations in agricultural research center and the 
use of Moringa oleifera and delonix regia in the synthesis 
of silver nanoparticles is leading to truly green chemistry, 
which is more cost-effective and environmentally benign 
than chemical and physical methods because these plants 
are used as a traditional medicinal plant that provides 
better nourishment due to the presence of certain criti-
cal nutrients. Despite its potential as a future option for 
under nutrition therapy in clinical or biomedical settings, 
Moringa oleifera and delonix regia are required for the 
production of biomaterials or green materials in advanced 
bioengineering. The benefits of using these plants for the 
synthesis of nanoparticles are that the plants are pos-
sess a large variety of active functional groups that can 
promote the reduction of silver ions. Many researchers 
compared their extracellular synthesis of metallic silver 
nanoparticles using five plant leaf extracts (Pine, Persim-
mon, Ginkgo, Magnolia, and Platanus) [46]. From this 
point of view, our work will focus on green synthesis of 
AgNPs using economic and eco-friendly extracts of Mor-
inga oleifera and delonix regia. The prepared AgNPs will 
be characterized via different techniques. After character-
izing the nanoparticles produced, they will be used as a 
catalyst for reduction of 2,4-dinitrophenol by  NaBH4. The 
mechanism of catalysis was suggested according to DFT 
study on the expected intermediates.

2  Experimental methods

2.1  Material

Silver nitrate  (AgNO3), 2,4-dinitrophenol (2,4-DNP) 
and  NaBH4 were purchased from Sigma Aldrich with 
purity ≥ 99.8%, based on trace metal analysis.

2.1.1  Plant collection

M. oleifera and Delonix regia were collected from Sohag, 
Egypt (Shandaweel Research center). Plant extracts were 
used in the present study because it is proven to reduce sil-
ver ions.

2.1.2  Plant extract preparation

Fresh plants were picked and washed in bi-distilled water 
before being used. The leaves were broken into small pieces, 
and 30 g were weighed and put to 300 mL distilled water, 
which were then heated to 60 °C, filtered and stored at 4 °C. 
Notice: M. oleifera extract takes symbol MOE, while Delo-
nix regia extract takes symbol DRE.

2.2  Preparation of  Ag+ ions solution

A stock solution silver ions was prepared from 0.85 g of 
 AgNO3 which dissolved to produce 5 mM concentration 
which, was then diluted to 1, 2 and 3 mM concentrations.

2.3  Synthesis of MOEAgNPs and DREAgNPs

Adding 20 mL of MOE to 180 mL from 2 mM  AgNO3 
under constant stirring, the color changed from pale yellow 
to dark brown within 10 min, indicating the formation of 
MOEAgNPs and DREAgNPs which, were then collected 
by centrifuge.

2.4  Optimization conditions for AgNPs synthesis 
using aqueous extract of plant

The effect of various parameters on the synthesis of silver 
nanoparticles, such as the concentration of either silver 
nitrate concentration or plant extract, time of synthesis reac-
tion and temperature, were evaluated using (DLS) measure-
ments during the reaction time, as described in Table S1.

2.5  Characterization of AgNPs

The importance of characterization is to understand the 
shape and size of AgNPs. This characterization was car-
ried out using UV–Vis spectroscopy, FT-IR and TEM. The 
descriptions of all techniques applied were elaborately typed 
in the supporting materials (part 1).

2.6  The catalytic reduction of 2,4‑dinitrophenol

UV–Vis spectrophotometer was used to monitor this 
reduction reaction using 1.4 mL cuvette. [34]. A solution 
of 2,4-dinitrophenol (0.01 M) was prepared in ethanol. In 
presence of  NaBH4 with the absence of AgNPs catalyst, the 
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reduction of 2,4-dinitrophenol was tested. To assess AgNPs 
catalytic activity, the reduction process was conducted in 
presence of AgNPs. 20 μL of 2,4-dinitrophenol (0.01 M) 
solution were added to 1.7 mL of water in quartz cuvette, 
followed by 0.08 mL from AgNPs (1 mM) and 0.2 mL of 
 NaBH4 (0.1 M) into the mixture. The UV–Vis spectrum was 
recorded at room temperature (25 ℃). It was confirmed that 
there is no interference from other reagents at the selected 
λmax for the investigated compounds. To be sure from the 
reducibility of our results in the catalytic experiments and 
calculating of rate constant for the catalytic reduction of 2,4-
DNP to 2,4-DAP at room temperature and different tempera-
tures, we repeat each experiment three times and standard 
deviation was calculated.

3  Results and discussion

3.1  Characterization of AgNPs

3.1.1  Spectral analysis

UV–Vis and surface plasmon resonance (S.P.R.) techniques 
were used to characterize AgNPs (Fig. 1). DRE extract 
contains a chemical component that acts as a reducing and 
capping agent, assists in the reduction of  Ag+ ions to form 
silver nanoparticles. The components of the extracts were 
indicated through the absorption bands recorded. The peak 
at 292 nm is attributed to the amino acid, while the peaks 
at 345 and 350 nm are characteristic for flavonoids and 
phenols. The amino acid that plays a role in the reduction 
and stability of nanoparticles has peaks at 459 and 442 nm 
in the spectra of DREAgNPs, MOEAg NPs, respectively 

[47–50]. The amino acid which plays a role in the reduction 
and stability of nanoparticles due to the chemical interaction 
between their groups (-COO-) and the metals. The types of 
interactions can be identified by measuring the difference in 
wavenumber (∆) between the asymmetric and symmetrical 
stretching of the bands (-COO-). The chemical interaction 
is between lone pair of electrons on groups (-COO-) and the 
Ag. The broad bands centered on ≈ 450 nm are most prob-
ably due to aggregated AgNPs. The green rapid biogenic 
synthesis of AgNPs using Bauhinia variegata plant dem-
onstrated. UV study reveals the final conformation for the 
formation of AgNPs by Intense Surface Plasmon Resonance 
(SPR) band at 452 nm. Also the reducing potential of Arte-
misia vulgaris leaves extract (AVLE) was investigated for 
synthesizing of AgNPs. The appearance of blackish brown 
color evidenced the complete synthesis of nanoparticles. The 
synthesized AgNPs were characterized by UV–Vis spectros-
copy, UV–Vis absorption profile of the bio-reduced sample 
elucidated the main peak around 452 nm.

3.1.2  FT‑IR analysis

Delonix regia extract (DRE), DREAgNPs, Moringa olief-
era extract (MOE) and MOEAgNPs were analyzed (Fig. 2) 
and their spectra clarify the functional groups in the 
compounds. A peak indicative for cellulose was found in 
the 1000–1200  cm− 1 region. A peaks appeared at 3298, 
3307  cm− 1 due to O–H and -NH groups, indicating the 
presence of flavanols in Delonix regia and Moringa oliefera 
extract, respectively. The shift in the position of the peak to 
3264, 3200  cm− 1 in the spectrum of the DREAgNPs and 
MOEAgNPs, respectively indicates the binding of  Ag+ 
ions with amino and hydroxyl groups. The band appeared 

Fig. 1  UV–Vis spectra of A DREAgNPs and B MOEAgNPs
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at 1080, 1071  cm−1 is due to C-N stretch and the shift to 
1043, 1029  cm−1 because of binding  Ag+ ions with the C-N 
group in DREAgNPs and MOEAgNPs, respectively. Peaks 
were observed at 1635, 1633  cm− 1 due to the amide bond 
of proteins arise from the carbonyl stretching, and is shifted 
to wavenumber at 1614, 1600   cm− 1 indicates the bind-
ing of  Ag+ ions with carbonyl groups in DREAgNPs and 
MOEAgNPs, respectively. The spectra displayed bands at 
1396, 1398  cm− 1 which attributed to the stretching of –C–O 
and –C–O–C that shifted to 1377, 1355  cm− 1 after  Ag+ ions 
binding. This confirms the bonding between  Ag+ and –OH/
COO– groups at protein in DREAgNPs and MOEAgNPs, 
respectively [5, 17, 31]. The synthesized DREAgNPs and 
MOEAgNPs show many peaks present in the DRE and MOE 
s due to the phytochemical compound in the Delonix regia 
and Moringa oliefera extracts as capping and reducing agent 
of  Ag+ to  Ag0 [5, 17, 31, 47–50].

3.1.3  XRD analysis of the silver nanoparticles

The crystal structure of AgNPs was determined using XRD. 
The peak values in Fig. 3 reveal that the XRD pattern of 
AgNPs has an FCC form and crystalline lattice at 2θ of 38°, 
44°, 64° and 77° corresponding to (111), (200), (220), and 
(311) reflections of AgNPs, and these planes correspond to 
the standard JCPDS, file number 04-0783.

3.1.4  TEM analysis

This technique was used to examine the morphology and 
particle size of AgNPs. The majority of particles were 
spherical (Fig. 4a, c) and the size distribution may be seen 
in the photograph (Fig. 4b, d). The mean value of size in 
MOEAgNPs was 37 nm, while in DREAgNPs the size was 

46 nm. Figure S1 shows high resolution TEM for the pre-
pared MOEAgNPs confirms the purity and crystallinity of 
the prepared AgNPs. Moreover, d-spacing between crystal-
lographic planes confirms nano size of the prepared  Ago.

3.2  Adjusting the suitable conditions for green 
synthesis of AgNPs

According to operating parameters, the time needed for 
color change and the intensity of such color was varied 
from experiment to another. So, to establish the best con-
ditions for AgNPs creation, the method variables must 
be adjusted. The concentration of either plant extract 
or silver ion, as well as the synthesis duration, was the 
parameters that need optimization. The particle size dis-
tributions in AgNPs generated were determined using 
dynamic light scattering (DLS) in each experiment. The 
impact of each variable on the particle size at any triple-
level was computed. The figures show how the size of 

Fig. 2  FT-IR spectra of A DRE, DREAgNPs and B MOE, MOEAgNPs

Fig. 3  XRD pattern of synthesized AgNPs
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generated particles changes with the level rises or falls. 
The average effect of the variables exhibited the impact of 
plant quantity as changing the amount from 5 to 10 (w/v) 
reduces the size of silver particles, while increasing the 
amount to 15% increases the size of silver particles. Also, 
increasing the silver ion concentration from 1 to 2 mM 
leads to smaller silver particles, while increasing its con-
centration from 2 to 3 mM leads to the opposite trend. 
Furthermore, raising the synthesis time from 10 to 24 h 
causes a decrease in the particle size of silver. Whereas 
improving the temperature of plant extraction from 25 to 
40 °C increases the size, but at 60 °C decreases the size 
of silver particles. Finally, except for the amount of plant 
used, the  Ag+ concentration, time and temperature infer-
ence the size of  Ag+ particles [51]. Consequently, the 
ideal conditions for such green synthesis are 2 mM  Ag+ 
concentration, 24 h time, and 60 °C temperature (Table 1, 
Fig S2).

3.3  Application of AgNPs in catalytic reduction 
of 2,4‑dinitrophenol and kinetic study

Nanoscale  materials  offer  a  unique  utility  as  cata-
lysts for chemical transformations that are ordinarily ham-
pered by the reaction's high kinetic barrier [52]. Unlike 
bulk silver, which is inert as a catalyst at the macroscale, 
AgNPs can be used as a catalyst for a variety of chemical 
transformations [53, 54]. Catalytic reduction of 2,4-dini-
trophenol (2,4-DNP) was examined using  NaBH4 at room 
temperature in presence of MOEAgNPs and DREAgNPs 
[55, 56]. Although the reduction of 2,4-dinitrophenol to 
2,4-diaminophenol using aqueous  NaBH4 is thermody-
namically favorable, the reaction is difficult due to the acti-
vation barrier between the donor and acceptor molecules. 
To overcome the activation barrier, the AgNPs accelerate 
this reaction by promoting electron relay from the donor 
 BH4

− to the acceptor 2,4-DNP. In the absence of silver 
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nanoparticles, the UV–Vis spectrophotometer was used 
to monitor the reaction and the spectra were obtained fol-
lowing the addition of  NaBH4 to 2,4-dinitrophenol and the 
highest absorption peak at 362 nm was shown (Fig. S3). 
This peak could be ascribed to the electronic transition 
n-π* due to non-boding electrons (oxygen and nitrogen 
atoms) in the 2,4-dinitrophenol structure. The catalysis 
mechanism of 2,4-dinitrophenolate ion reduction was 
shown in the following equations:

BH4
−  +  2H2O →  BO2

−  +  4H2

This peak stayed relatively stable for half an hour, indi-
cating that the reaction is difficult without the presence of a 
catalyst. Moreover, the peak at 362 nm remained stable for 
several days in the absence of any catalyst, and no decrease 
of 2,4-DNP was observed.

The catalytic activity of MOEAgNPs and DREAgNPs 
was followed by the UV–Vis spectra of 2,4-dinitrophenol in 
the presence of  NaBH4 in the range of 200–700 nm (Figs. 
S4, 5). The yellow color of the 2,4-DNP solution increased 
deeper by adding  NaBH4, and a red shift from 362 to 450 or 
422 nm occurred due to the synthesis of 2,4-dinitropheno-
late ions, according to the preliminary experiment [55]. As 
the amount of 2,4-dinitrophenol in the sample decreased, 
the peak at 362 nm reduced and new peaks appeared at 294 
or 288 and 450 or 422 nm. It indicated the formation of 
2,4-dinitrophenolate ion and 2,4-diaminophenol in the reac-
tion solution. As 2,4-dinitrophenolate intermediate trans-
formed into 2,4-diaminophenol, the absorption bands of 
the 2,4-dinitrophenolate ion was decreased and a new small 
band around 316 nm was formed, the spectrum became sta-
ble indicating the formation of 2,4-diaminophenol (DAP) in 
the reaction. The yellow appearance of the 2,4-DNP solution 
slowly disappeared and became pale orange in the presence 
of MOEAgNPs as a catalyst [34, 57, 58].

The changes in the intensity of the peak at 362 nm with 
time can be used to track the kinetics of this process quan-
titatively. Because the reaction was carried out at a higher 
concentration of  NaBH4 than 2,4-dinitrophenol and AgNPs, 
the rate constant can be expected to be independent on the 
concentration of  NaBH4. As a result, the reaction is clas-
sified as a first-order with regard to the concentration of 
2,4-dinitrophenol. The following equation concentration can 
be used to describe the reaction kinetics:

Table 1  Catalytic reduction of 2,4-dinitrophenol (2,4-DNP) without 
catalyst and using catalyst MOEAgNPs and DREAgNPs in presence 
of  NaBH4 at different cycles

Entry (cycle no.) Conc. of 
2,4-DNP 
(mM)

Conc. of 
 NaBH4 
(mM)

Without catalyst 0.01 0.1
With catalyst MOEAgNPs (0.001 mM) 1 0.01 0.1
With catalyst MOEAgNPs (0.001 mM) 2 0.01 0.1
With catalyst MOEAgNPs (0.001 mM) 3 0.01 0.1
With catalyst MOEAgNPs (0.001 mM) 4 0.01 0.1
With catalyst MOEAgNPs (0.001 mM) 5 0.01 0.1
With catalyst MOEAgNPs (0.001 mM) 6 0.01 0.1
With catalyst MOEAgNPs (0.001 mM) 7 0.01 0.1
With catalyst DREAgNPs (0.001 mM) 1 0.01 0.1
With catalyst DREAgNPs (0.001 mM) 2 0.01 0.1
With catalyst DREAgNPs (0.001 mM) 3 0.01 0.1
With catalyst DREAgNPs (0.001 mM) 4 0.01 0.1
With catalyst DREAgNPs (0.001 mM) 5 0.01 0.1
With catalyst DREAgNPs (0.001 mM) 6 0.01 0.1
With catalyst DREAgNPs (0.001 mM) 7 0.01 0.1

Fig. 5  UV–Vis spectra of the catalytic reduction of 2,4-dinitrophenol to the corresponding 2,4- diaminophenol by NaBH4 catalyzed by DRE 
AgNPs: a at first 40 min, b at next 96 min
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where k is the first-order rate constant, t is the reaction time, 
[Ao] is the concentration of 2,4-dinitrophenols at time t = 0 
and [A] is the concentration at time t. The value of [A] can 
be obtained from the absorbance of the peak at 362 nm [59]. 
The decrease in intensity of the absorption peak at 362 nm 
overtime was used to compute the reaction rate constant. 
The change in the ratio ln A with time conforms the first-
order kinetics equation, and the rate constant is determined 
from the linear relationship between ln A and time. From 
kinetic plots, the rate constants (k,  min−1) were found to be 
1 ×  10− 3  min− 1, 42 ×  10− 3  min− 1 and 26 ×  10− 3  min−1 for 
the reaction without any silver nanoparticles MOEAgNPs 
and with DREAgNPs respectively, Fig. S5. By comparing 
these rate constants values of 2,4-DNP reduction. AgNPs 
accelerated the reduction.

3.3.1  Recycling studies

The main advantage of heterogeneous catalysis system 
is the separation and possible reusability of the catalysts 
from the reaction system at the end of the reaction. There-
fore, the reusability of the catalysts under study was fur-
ther investigated. AgNPs were recovered from the reaction 
mixture by centrifugation and reused for catalytic reduction 
of 2,4-diaminophenol under comparable reaction condi-
tions to assess the catalyst recycling capabilities. UV–Vis 
spectra were used to investigate the activity of MOEAgNPs 
and DREAgNPs in recycling capability within the cata-
lytic reduction of 2,4-dinitrophenol to the corresponding 
2,4-diaminophenol. Also, the rate constant of the reac-
tions was calculated from the decrease in intensity of the 
absorption peak over time. The activity of the catalyst was 
expressed in terms of percentage activity by following the 
given relation.

where k(1 st cycle) , the rate constants (k,  min− 1) in the first 
cycle, k(2 nd cycle) , the rate constants (k,  min− 1) in succes-
sive cycles until cycle 7. (Fig. 6, Table 1).

The existence of an oxide layer over the surface of AgNPs 
on air exposure or small leaching of AgNPs during cataly-
sis could explain the decrease in activity of nanocatalysts 
in the sixth cycle [60]. The slight decrease in sixth cycle 
(∼4%) in the catalytic reuse of MOEAgNPs and (∼9%) 
DREAgNPs catalyst, respectively, may be related to the 
clumping of surface supported Ag(0) nanoparticles, which 
reduces the number of active surface atoms. The 2,4-dinitro-
phenol solution has the greatest absorption bands at 362 nm, 
according to the previous results. Thus, in the absence of 

ln
[A]

[Ao]
= −kt

Percentage activity =
k (2nd cycle)

k (1st cycle)
× 100

catalyst, the consumption rate of 2,4-dinitrophenols in pres-
ence of equivalent amounts of  NaBH4 was found to occur 
very slowly by the self-hydrolysis of sodium borohydride. 
However, in presence of a very low amount of AgNPs, the 
reduction of 2,4-dinitrophenols occur rapidly. The color of 
the reaction solutions changed from yellow to pale orange. 
The reduction of 2, 4-dinitrophenols in the presence of 
catalysts with excess  NaBH4 proceeds via the formation of 
diphenolate ions by the addition of  NaBH4 and the transfor-
mation of dinitrophenolate ions to diaminophenols [61–67]. 
The absorption bands of 2,4-dinitrophenol 362 nm shifted 
to 450 and 422 nm upon the addition of MOEAgNPs and 
DREAgNPs. This indicates the formation of 2,4-dinitro-
phenolate in the reaction solution and the intensities of 
their absorption bands gradually decreased as the reduction 
proceeds in the presence MOEAgNPs and DREAgNPs. 
The complete consumption of 2,4-dinitrophenols occurred 
within 36, 40 min using MOEAgNPs and DREAgNPs cata-
lyst, respectively. Comparing of our results for the catalytic 
activity of AgNPs toward the reduction of 2,4-dinitrophenol, 
we found enhancing in the rate constant of the current study 
(Table 2), while the literature reported 8 ×  10–3  min− 1 [34] 
13.5 ×  10– 3  min− 1 [68] and 6.5 ×  10– 3  min− 1 rates[58]

3.3.2  Thermodynamics of the reduction of 2, 
4‑dinitrophenol

We investigated the temperature-dependent reduction reac-
tion of 2,4-dinitrophenol catalyzed by MOEAgNPs and 
DREAgNPs at different temperatures. The influence of 
temperature on the k values was investigated by altering 
the temperature from 293 to 313 K. The k values for the 
reduction of 2,4-dinitrophenol increase with the increase in 
temperature, as shown in Table 2 and Figures S6, S7. This 

Fig. 6  Reaction rate constant for the reduction of 2,4-DNP catalyzed 
by the as-prepared MOEAgNPs and DREAgNPs catalyst for seven 
cycles
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could be attributed to the increase in the diffusion of reactant 
molecules.

The activation energies (Ea) for the 2,4-dinitrophenol 
reduction process were calculated using the Arrhenius equa-
tion [69–72]:

where Ea is the activation energy, A is the Arrhenius factor, 
T is absolute temperature and R is the ideal gas constant. 
The slope of the plot of ln k vs. 1/T was used to calculate Ea 
values, as shown in Figures S8, S9 (a, b) and Table S2. The 
activation parameters for the catalytic reduction of 2,4-dini-
trophenol using AgNPs are summarized in Table S2.

The activation energies Ea for 2,4-dinitrophenol cata-
lyzed by MOEAgNPs and DREAgNPs, are 36.4 and 
31.7 kJ  mol− 1, respectively, confirming that the reaction fol-
lows the L–H mechanism [73]. Activation enthalpy (ΔH*) 
and activation entropy (ΔS*) for the reduction of 2,4-dinitro-
phenol were determined using the Eyring equation.

where k is the rate constant  (min− 1), R is the universal 
gas constant, T is the temperature (K), h is the Plank con-
stant, KB is the Boltzmann constant and ΔG is the Gibbs 
free energy. The thermodynamic parameters ΔH* and ΔS* 
were obtained from Fig. S8 a, b and represented in Table S2. 
The values k constant for reduction of 2,4-dinitrophenol 
catalyzed by MOEAgNPs and DREAgNPs were 0.042 and 
0.026  min− 1, respectively. Thermodynamic parameters in 
presence of MOEAgNPs catalyst such as activation enthalpy 
(ΔH*) and activation entropy (ΔS*) and Gibbs free energy 
(ΔG*) for the reduction of 2,4-dinitrophenol were 34.1 kJ  
mol− 1, − 157.5 J  mol− 1  K− 1, 81.02 kJ  mol− 1, respectively. 
On the other hand, thermodynamic parameters for the reac-
tion in presence of DREAgNPs catalyst such as activation 
enthalpy (ΔH*) and activation entropy (ΔS*) and Gibb's 
free energy (ΔG*) were 29.2 kJ  mol− 1, − 177.02 J  mol− 1  
K− 1 and 82.01 kJ  mol− 1, respectively. Combining entropy, 
enthalpy and Gibbs free energy, we can estimate whether a 

ln k = ln A − Ea∕RT

ln
(

k

T

)

= ln
(

KB

h

)

+
ΔS∗

R
−

ΔH∗

RT

ΔG∗ = ΔH∗ − TΔS∗

reaction will occur spontaneously. If the G = 0 indicates that 
the system is in equilibrium, G < 0 the process is spontane-
ous and the G > 0 for nonspontaneous process. This reac-
tion will not proceed spontaneously at any temperature since 
(ΔH*) > 0 and (ΔS*) < 0. The opposite reaction, however, is 
kinetically inhibited. The negative value of (ΔS*) indicates 
the decrease in randomness. The reduction of 2,4-DNP is a 
clearly an endothermic reaction, as shown in Table S2 [74]. 
To proceed with the reduction reaction, 2,4-dinitrophenol 
must first overcome the energy barrier by adsorbing on the 
catalyst surface. Hence, the MOEAgNPs and DREAgNPs 
show excellent catalytic activity toward the reduction of 
2,4-dinitrophenol to 2,4-diaminphenol.

3.3.3  The mechanism of catalytic process

The acceptable mechanism for the reduction of 2,4-dinitro-
phenol in presence of Ag nanostructures was Langmuir–Hin-
shelwood (L–H) based, which is kinetically controlled [75]. 
This metallic nanostructure offers a broad surface accessi-
ble for the catalytic process to happen according to known 
mechanism [76, 77]. Accordingly, our catalytic reaction may 
behave the same path of reaction that proposed previously 
[75–77], in which, the reactants of 2,4-dinitrophenol and 
 BH4

− ions adsorbed on AgNPs surface and immediately the 
hydrogen species transferred to AgNPs then to the targeted 
compound (2,4-dinitrophenol). So, 2,4-aminophenol was 
formed through a stepwise reduction reaction which was 
completed in six steps (Schemes 1, 2). This heterogeneous 
catalytic reaction was facilitated via AgNPs, which help in 
 H2 atomization after adsorption that transferred to reduce 
the target. The catalytic reduction reaction k values are pro-
portional to the materials surface area. With a rise in the 
concentration of 2,4-dinitrophenol, the number of molecules 
adsorbed at the surface of the AgNPs increases and the sur-
face becomes saturated with 2,4-dinitrophenol molecules. 
This lowers the rate of hydrogen transfer from the  BH4

− ions 
to the targeted molecule. This confirms the catalytic role of 
AgNPs in the reduction reaction, which occurs according to 
L–H mechanism [75].

3.3.3.1 Computational confirmation The reactant 
(2,4-dinitrophenol) and the product (2,4-diaminophenol) 

Table 2  Temperature dependent 
k values for the reduction of 
2,4-dinitrophenol catalyzed by 
MOEAgNPs and DREAgNPs

Temperature
(K)

k  (min− 1) of 2,4-dinitrophenol reduction by 
MOEAgNPs ×  10− 3

k  (min− 1) of 2,4-dinitrophenol 
reduction by DREAgNPs ×  10– 3

293 37 ± 0.17 24 ± 0.10
298 42 ± 0.21 26 ± 0.09
303 50 ± 0.24 28 ± 0.18
308 62 ± 0.19 40 ± 0.12
313 101 ± 0.20 55 ± 0.19
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as well as the suggested intermediates formed in this cata-
lyzed reaction were optimized to estimate essential physical 
parameters. This was performed via Gaussian 09 software 
[78] using DFT/B3LYP and under valence double-zeta, 
which includes polarizing function (6-31G*) [79]. This 
basis set utilized polarization function over valence double-
zeta (6-31G*) via DFT method and using Becke3–Lee–

Yang–Parr (B3LYP) correlation exchange [80]. The double-
zeta functions is essential for the equivalent orbitals, even 
though they are completely different in the molecule.

The compounds in different views as well as their HOMO 
and LUMO levels were obtained and displayed (Table S3). 
In addition, the energy values for the frontier orbitals as well 
as the energy gap in between (∆E (ev) = ELUMO – EHOMO) 
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Scheme 1  The suggested catalytic protocol of AgNPs toward the reduction of 2,4-dinitrophenol by  BH4
−

Scheme 2  A simulation for AgNPs surface interaction during the stepwise reduction process



Optimization strategy for green synthesis of silver nanoparticles (AgNPs) as catalyst for…

1 3

Page 11 of 13 595

were also displayed (Table 1) [81–84]. The ∆E appeared 
lower in 2,4 dinitrophenol, which indicates the liability 
of outer orbital electrons, also facilitated electronic tran-
sitions. This feature is preferable for reduction process of 
such compound. Also, all intermediates exhibited reduced 

energy gap values, which reflect the same indication and 
the reduction process is easy from step to another till con-
suming 6  H2 molecules. On the other hand, the energy gap 
value is high in 2,4-diaminophenol, which indicates the high 
stability of its electronic configuration as well as its inability 

Table 3  Computational outputs from optimization process using DFT method

Compound, energy 
(eV) 

HOMO LUMO Vertical view Horizontal view 

2,4-dinitrophenol 
HOMO = -0.22979 

LUMO = -0.18209 

∆E = -0.0477 

E = -712.02 a. u. 

Intermediate (1) 
HOMO = -0.21448 

LUMO = -0.1039 

∆E = -0.1106 

E = -637.59 a. u. 

Intermediate (2) 
HOMO = -0.1863 

LUMO = -0.06351 

∆E = -0.1228 

E = -638.81 a. u. 

Intermediate (3) 
HOMO = -0.21505 

LUMO = -0.06797 

∆E = -0.1471 

E = -564.11 a. u. 

Intermediate (4) 
HOMO = -0.17642 

LUMO = -0.06708 

∆E = -0.1093 

E = -489.33 a. u. 

Intermediate (5) 
HOMO = -0.13913 

LUMO = -0.01602 

∆E = -0.1231 

E = -490.53 a. u. 

2,4-
diaminophenol 

HOMO = -0.17597 

LUMO = -0.01882 

∆E = -0.15715 

E = -415.83 a.u. 
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for extra- reduction. Furthermore, the energy contents of 
the reactant or intermediates are high than the energy level 
of the product (see Table 3). This indicates this reduction 
reaction is thermodynamically fevered through exothermic 
process. Also, the activation energy barriers are not high 
and the transformation reaction is fast and the reactant 
(2,4-diaminophenol) is kinetically labile. This indicates the 
influence of AgNPs on facilitating the reaction under mild 
condition of activation. This is easily noticed from the opti-
mum temperature used (60 ℃) [85]. Moreover, the estimated 
bond lengths, bond angles and charges (Table S3) agree with 
the characteristics of bonds and the hybridization of central 
atoms inside all the structures. Also, the intermediate com-
pounds from 1 to 5 are highly closer in their bond lengths 
and angles which reflects their similarity in energy content 
and the ease of their transformations. The nucleophilic or 
electrophilic characteristics of the substituted groups was 
clearly discriminated based on their charges recorded.

4  Conclusion

The biosynthesis of MOEAgNPs and DREAgNPs utilizing 
M. oleifera and Delonix regia extracts was demonstrated in 
this study. According to FT-IR and UV–Vis spectra, phy-
tochemical compounds in the plant extract, such as amino 
acids and flavanols, were responsible for the bio reduction 
of  Ag+ ions to  Ag0. The size and morphology of AgNPs 
were indicated using TEM image. At low temperatures, the 
produced MOEAgNPs and DREAgNPs were used to reduce 
2,4- dinitrophenol to 2,4-diaminophenol using  NaBH4. In 
terms of catalytic reduction of 2,4-dinitrophenol, the per-
formance of AgNPs was evaluated based on spectral stud-
ies. All the results demonstrated the AgNPs that under 
mild conditions have high catalytic efficiency toward the 
reduction of 2,4-dinitrophenol by  NaBH4. By centrifuga-
tion, MOEAgNPs and DREAgNPs were isolated from the 
reaction mixture and reused for another process. The activa-
tion energies for 2,4-dinitrophenol catalyzed by MOEAgNPs 
and DREAgNPs, respectively, are 36.4 and 31.7 kJ  mol− 1 
which confirms L–H reaction mechanism. Thermodynamic 
parameters such as activation enthalpy (ΔH*) and activa-
tion entropy (ΔS*) and the Gibb’s free energy (ΔG*) for 
the reduction of 2,4-dinitrophenol were 34.1, − 157.5, 
81.02 kJ   mol− 1, respectively, for MOEAgNPs catalyst. 
While, for DREAgNPs catalyst were 29.2, − 177.02 and 
82.01 kJ  mol− 1, respectively. The catalysis mechanism was 
suggested based on stepwise reaction. This mechanism was 
supported through DFT studies for the reactant and product 
as well as the suggested intermediates.
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