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Abstract The present paper describes about the easy,

simple and convenient procedure for the synthesis of silver

nanoparticles (Ag-NPs) in aqueous solutions by the

reduction of silver nitrate with adrenaline. The surfactant

molecules of cetyltrimethylammonium bromide (CTABr)

and sodium dodecyl ate (SDS) behaved differently during

the reduction of Ag? ions by adrenaline. The obtained data

suggest that the variation of [CTABr] gave a maxima-like

curve for rate constant versus [CTABr], while, the values

of rate constant decreased with the increase in [SDS]. The

addition of surfactant molecules stabilized the Ag-NPs.

The UV–Visible spectra were analyzed to deduce the

particle size. The calculated sizes of the nanoparticles were

further compared by the TEM images. The XRD spectrum

confirmed the crystalline nature of silver nanoparticles

having the face-centered cubic crystal structure. The edge

length of unit cell was found 4.076 Å. The kinetics of

formation of Ag-NPs was performed at different concen-

trations of adrenaline, AgNO3, NaOH and [surfactant]. The

values of rate constant were independent on [adrenaline]

and [AgNO3]. The increase in [NaOH] increased the rate of

agglomeration of silver particles to form Ag-NPs. A linear

relationship was obtained for the plot of rate constant

versus [NaOH].

Keywords Silver nanoparticle � Adrenaline � Kinetics �
CTABr � SDS � TEM

Introduction

The nano sized metal particles have exhibited distinct

physical, biological and chemical properties as compared

to their bulk counterparts. These special properties are due

to small particle dimensions and high surface areas. Size

and shape-dependent properties of the nanoparticles makes

them applicable in wide range of interest i.e., catalyst,

sensing, data storage and antibacterial activity. One of the

most important applications of the silver nanoparticle is its

role as antibacterial agents in food storage, health indus-

tries and textile coating in addition to the environmental

usage. The studies on metal nanoparticles gained tremen-

dous significance because of its potential technological

applications in almost all the important fields including

electronics, photography, catalysis, biological labeling,

photonics, optoelectronics, surface-enhanced Raman scat-

tering (SERS) detection etc. [1–6]. The metal nanoparticles

can be synthesized through two approaches; first being the

physical one involving laser ablation and evaporation or

condensation. The laser ablation method has a peculiar

advantage of having absence of any chemical reagents,

thus, resulting into the production of pure colloids for

further application. The other being the chemical approach

in which the reduction of meal ions results in the formation

of minute metal clusters [7–10]. One of the important

advantages associated with the synthesis of the nanoparti-

cles in solution is the ease with which the design, shape and
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size of the nanoparticles can be precisely controlled. The

synthesis of metal nanoparticles needs metal precursor,

reducing agent and stabilizing agent. The reducing agents

first reduce silver ions (Ag?) into metallic silver (Ag0) and,

thereafter, the metallic silver undergoes nucleation and

agglomeration into oligomeric clusters (growth stages).

Besides controlling the shape and size of the nanoparticles,

the stabilizer prevents further agglomeration and sedi-

mentation of the colloidal nanoparticles [11–13].

Silver nanoparticles are believed to be nontoxic for

human health as its products are approved by US FDA, US

EPA and various other accreditation agencies [7]. The

shape, size and the non-toxicity of the silver nanoparticle

makes them high in demand in disinfecting the home

appliances, medical devices and in water treatment. Among

the most recent applications of the silver nanoparticles

include the wound dressing by incorporating silver nano-

particles. The in vitro results are shown to have an efficacy

of [99.99 % for Staphylococcus aureus and able to kill

entire Pseudomonas aeruginosa cultures [14]. Silver

nanoparticles coated surgical masks were reported to be

capable of reduction in viable S. aureus and E. coli cells

after incubation [15]. In yet another latest biological

application of nanoparticles, gold nanoparticle entrapped

within the polyaniline layer was developed for ampero-

metric glucose sensor [16]. The Au-NPs included in GOx/

Au-NPs/PANI nanocomposites significantly increased the

amperometric signal. In a similar study, Ramanaviciene

et al. [17] evaluated the efficiency of gold nanoparticles

(Au-NP) for enzymatic activity of glucose oxidase. The

gold nanoparticles together with N-methylphenazonium

methyl sulfate have increased the rate of glucose oxidase

catalyzed enzymatic reaction. Their results show that the

gold nanoparticles effectively transfer electrons from glu-

cose oxidase to red-ox-dye 2,6-dichloroindophenol sodium

salt hydrate and at some conditions electron transfer via

gold nanoparticles is comparable with electron transfer via

red-ox mediator N-methylphenazonium methyl sufate.

Oztekin et al. [18] reported the use of copper nanoparticle

modified carbon electrode for the determination of dopa-

mine. They demonstrated that glassy carbon electrode

modified by copper nanoparticles is suitable for the deter-

mination of dopamine in real samples such as human blood

serum.

One of the advantages associated with the synthesis of

the metal nanoparticles in solution phase is its manipula-

tion into the desirable shape and size. It can be readily

achieved through adjusting the reaction parameters such as

concentration, temperature, pH, reducing ability, etc. The

reducing ability of the reductant and stabilizing agents play

crucial role in determining the shape and size of the

obtained nanoparticles [19, 20]. For, example, the size of

Ag-NPs obtained by Velikov et al. [21] was up to 1,200 nm

on reduction of silver nitrate by ascorbic acid while the

reduction by polyols at high refluxing temperatures gave

rise to Ag-NPs of *40 nm size [22, 23]. Raveendran et al.

[24] reported the synthesis of Ag-NPs of small size Ag-NPs

(*5 nm) by using b-D-glucose as reducing agent and

starch as the stabilizing agent. Similarly, Ag-NPs of

*20 nm were reportedly obtained by using heparin as a

reducing/capping agent and the silver nanocubes (with

edge length of 55 ± 5 nm) were obtained on reduction of

[Ag(NH3)2]? with glucose in the presence of n-hex-

adecyltrimethylammonium bromide (HTABr) [25, 26].

Hussain et al. [27–29] reported the synthesis of the silver

nanoparticles through the plant extracts, a viable green

chemical route to the preparation of stable bio-conjugated

silver nanostructures.

In the following paper, attempts were made to synthe-

size and study the rate of formation of Ag-NPs through the

reduction of silver nitrate by adrenaline. Adrenaline (Epi-

nephrine) is among the catecholamines used to regulate

myocardial contractility and metabolism; and play a

prominent role in cardiac physiology [30–32]. It contains

oxidizable catechol and basic amine, and has tendency to

undergo autoxidation in alkaline medium [33]. Thus,

adrenaline is among the soft reducing agent and the studies

will help to understand the fate of Ag? ions in the presence

of adrenaline in the biological fluids. Based on the kinetic

studies, the mechanism of the reaction is proposed in this

paper.

Experimental

Materials

1-(3,4-Dihydroxyphenyl)-2-methylamino ethanol (Adrena-

line, 95 %, Aldrich, USA), silver nitrate (99 %), cetyltri-

methylammonium bromide (CTABr, 99 %, Aldrich),

sodium dodecyl sulfate (SDS, 99 %, BDH, England)

sodium hydroxide of Anal R grade were used during the

experiments. The stock solutions of AgNO3;

1.0 9 10-2 mol dm-3, adrenaline; 1.0 9 10-2 mol dm-3,

surfactant; 1.0 9 10-1 mol dm-3 and NaOH; 1.0 9 10-2

mol dm-3 were prepared in the deionized double-distilled

water having the specific conductance: 1-

2 9 10-6 X-1 cm-1. The reagents were further diluted

when needed, and the appropriate amounts of these

chemicals were used during the kinetic experiments.

Instruments

The spectral studies were carried out by using Perkin-

Elmer Lambda 650 UV–visible spectrophotometer attached

with quartz cuvette having 1 cm path length. The
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temperature was kept constant at 25.0 ± 0.1 �C with

L.K.B. 2,209 multi-temperature water bath. The transmis-

sion electron microscopy (TEM) was performed with JEOL

ultra-high resolution field emission electron microscope

(model JEM 2100F) with an accelerating voltage of

200 kV. The XRD patterns were recorded by X-ray dif-

fractometer (Rigaku, Ultima IV, Germany) equipped with

CuKa (k = 1.54056 Å) radiation source operated in the h/

2h mode in the 10�–80� (2h) range with the step-scan of

2h = 0.01�.

Kinetic measurements

The preliminary experiments have demonstrated that the

addition of silver nitrate solution to the alkaline adrenaline

solution gave deep orange colored product (Supplementary

material, S1 (a)). The characterization of the orange col-

ored product by spectral and TEM studies confirmed the

formation of silver nanoparticles. The maximum value of

absorbance (kmax) was observed at 426 nm wavelengths.

The spectra were recorded under the different experimental

conditions by varying the concentrations of AgNO3,

adrenaline, surfactant and NaOH to establish the role of

each reagent in the color yield and on the rate of formation

of silver nanoparticles. The required amounts of the reac-

tants (AgNO3, adrenaline, surfactant and NaOH) were

taken into the 3 mL cuvette. The kinetics experiments for

the rate of formation of silver nanoparticles in the micellar

media of SDS and CTABr, were performed by monitoring

the absorbance at 426 nm. The reaction was started with

the addition of calculated amount of adrenaline in the pre-

equilibrated solution containing the fixed amounts of

sodium hydroxide, surfactant and silver nitrate solutions.

The increase in absorbance was measured until the reaction

was completed to 3–4 half lives. The values of pseudo first

order rate constant (kw, s-1) were calculated from the

slopes of plots of ln (A?–At) versus time with the average

values of linear regression coefficient, r2 C 0.98. Each

kinetic runs were repeated at least thrice. The observed

values of rate constant were found to be reproducible

within the error limits of ±5 %.

Results and discussion

Influence of [surfactants] on the rate of formation

of silver nanoparticles (Ag-NPs)

Adrenaline undergoes autoxidation reactions with dis-

solved oxygen in the alkaline medium to form adreno-

chrome and other products. During the course of reaction

between adrenaline and oxygen in the presence of NaOH,

the absorbance values (with kmax at 490 nm) initially

increase with the progress of reaction. The absorbance

values reach to maxima, and thereafter, decrease rapidly in

the visible region, whereas, the absorbance in the uv-region

(with kmax at 290 nm) continues to increase progressively

with the formation of adrenochrome [34]. However, the

addition of silver nitrate solution to the solution containing

adrenaline and NaOH gave deep orange color solution

having kmax at 426 nm. The strong absorbance in the

vicinity of 426 nm is attributed to the formation of Ag-

nano particles (Ag-NPs). The nano sized crystallites of

silver atoms appear colored due to the excitation of surface

plasmons of colloidal silver sols formed through the

reduction of silver ions by adrenaline. The broad band of

absorption observed in the UV–visible spectrum for

metallic nanoparticles is due to surface plasmon band

(SPB) [35–37]. Silver atoms or ions do not absorb any

radiations in the visible range, but, after their agglomera-

tions into nanoparticles, they become orange colored owing

to the excitation of the surface plasmons of nanoparticles

formed. The SPB has strong absorption for nanoparticles

with sizes greater than 2 nm. The position, shape and the

intensity of the SPB strongly depends upon (1) dielectric

constant of the surrounding medium (2) the electronic

interactions between the stabilizing ligands and the nano-

particle, and (3) the size, shape and monodispersity of the

nanoparticles. Thus, the strong absorption by the solution is

due to the contribution of micellar environment, the

interaction between the Ag-NPs and surrounding environ-

ment, and, the size and the size-distribution of the Ag-NPs.

The SDS and CTABr micelles stabilized the Ag-NPs in the

aqueous solution and prevented further agglomeration to

form precipitate.

The repetitive scans were recorded for the formation

of silver nanoparticles in the micellar medium contain-

ing fixed [SDS] (=5.0 9 10-3 mol dm-3), [AgNO3]

(=2.0 9 10-4 mol dm-3), [NaOH] (=1.0 9 10-3

mol dm-3) and [adrenaline] (=2.0 9 10-5 mol dm-3)

taken into 3 mL cuvette at 25.0 ± 0.1 �C and are shown in

Fig. 1. These spectra were recorded at the intervals of

2 min. The analysis of spectra presented in Fig. 1 reveal

that the values of absorbance increase as the reaction

proceeds and the maximum value of absorbance (kmax) was

observed at 426 nm. The influence of the variation in the

concentrations of surfactants on the values of rate constant

were studied in the concentration range from

2.0 9 10-3 mol dm-3 to 20.0 9 10-3 mol dm-3 SDS and

1.0 9 10-4 mol dm-3 to 12.5 9 10-4 mol dm-3 CTABr.

The concentrations of AgNO3 (=2.0 9 10-4 mol dm-3),

adrenaline (=2.0 9 10-5 mol dm-3), and NaOH (=1.0 9

10-3 mol dm-3) were kept constant at 25.0 ± 0.1 �C. The

rate of agglomerations of silver atoms to form aggregated

clusters was found to be dependent upon micelles con-

centrations. It is observed that the values of the rate
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constant decreases with the increase in [SDS] as displayed

from the kw-[SDS] profile (Fig. 2) while the values of rate

constant increases initially with the increase in [CTABr],

then reaches to a maximum value at 2.0 9 10-4 mol dm-3

CTABr. The further increase in the [CTABr]

([CTABr] [ 2.0 9 10-4 mol dm-3) decreases the rate of

reaction (Fig. 3). The solution containing higher concen-

trations of CTABr or SDS ([SDS] C 10.0 9 10-3

mol dm-3 and [CTABr] C 10.0 9 10-4 mol dm-3) did

not yield orange colour and appeared almost colorless

(Supplementary material S2, S3). The absence of orange

colour in the presence of higher [surfactant] indicates that

the reduced silver atoms could not aggregate together to

form Ag-NPs. Thus, the agglomeration of silver atoms to

form Ag-NPs occurs in the vicinity of lower concentrations

of surfactants, i.e. [SDS] B 10.0 9 10-3 mol dm-3 and

[CTABr] B 10.0 9 10-4 mol dm-3.

The surfactant molecules in aqueous solution have ten-

dency to form micelles which are dynamic aggregates of

surfactant molecules having spherical, ellipsoidal, rod-like

structures, depending upon the concentration of surfactant

and ionic environment around it. Micelles of SDS and

CTABr have their charged surfaces and non-polar core.

They have highly anisotropic interfacial regions and pos-

sess the ability to alter the nanoparticle’s shape, size and

other surface properties; depending upon their nature of

head group and length of hydrophobic tail. In dilute

aqueous solutions, the molecules of SDS behave as strong

electrolyte and dissociate into cationic Na? ion and anionic

DS- ions. The higher values of rate constant in the pre-

micellar concentrations of SDS suggest the role of anionic

headgroup and non-polar tail. The head part (DS- anions)

bind with the Ag? ions as counter ion while the tail part

associates with adrenaline molecule. Thus, the DS- anions

bring the reactants; Ag? ions and adrenaline molecules in

the close proximity, thereby, enhancing the rate of reduc-

tion of Ag? ions. The aggregation of the DS- anions also

causes the agglomeration of the Ag/Ag? to form nano-

crystalline silver particles. The increase in [SDS] above its

‘cmc’ results into formation of micelles and the further

increase in [SDS] cause the formation of more and more

numbers of micelles. The micellization of SDS and

increase in micelles concentrations (which relatively lower

the concentration of Ag?/Ag around the micellar surface)

decrease the chance of agglomeration of Ag?/Ag. There-

fore, Ag?/Ag fails to aggregate to form nano crystalline
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Fig. 1 Repetitive scan of the solution containing [AgNO3] =

2.0 9 10-4 mol dm-3, [adrenaline] = 2.0 9 10-5 mol dm-3,

[NaOH] = 1.0 9 10-3 mol dm-3 and [SDS] = 5.0 9 10-3

mol dm-3 at 25.0 ± 0.1 �C. The spectra were recorded at the interval

of 2 min

Fig. 2 Plot of kw versus [SDS] at [AgNO3] = 2.0 9 10-4 mol dm-3,

[adrenaline] = 2.0 9 10-5 mol dm-3 and [NaOH] = 1.0 9 10-3

mol dm-3 at 25.0 ± 0.1 �C
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Fig. 3 Plot of kw versus [CTABr] at [AgNO3] = 2.0 9 10-4

mol dm-3, [adrenaline] = 2.0 9 10-5 mol dm-3 and [NaOH] =

1.0 9 10-3 mol dm-3 at 25.0 ± 0.1 �C
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silver particles at high [SDS] and, so, no orange colour

appears. The observed variation (increase or decrease) in

the values of rate constant with increase in [CTABr] may

be explained in terms of the aggregation and dilution of the

reactants concentrations in the micellar regions. The

incorporations of adrenaline and silver ions in the Stern and

palisade layers of CTABr micelles increases the local

molalities of the reactants in the small volume and thereby

increase the rate of reaction and also the rate of agglom-

eration of silver particles. However, the further increase in

[CTABr] causes the dilution in reactants concentrations in

the vicinity of micellar surface, so, the rate of reaction

decreases. The silver ions/atoms associated with the dif-

ferent micelles fail to agglomerate to form Ag-NPs at

higher concentrations of CTABr.

Influence of [adrenaline] on the rate of formation

of silver nanoparticles (Ag-NPs)

The variation in the concentration of adrenaline on the rate

of formation of Ag-NPs was studied in the range from

2.0 9 10-5 mol dm-3 to 6.4 9 10-5 mol dm-3 at 25 ±

0.1 �C. The concentrations of NaOH (=1.0 9 10-3

mol dm-3), AgNO3 (=2.0 9 10-4 mol dm-3) and SDS

(=5.0 9 10-3 mol dm-3)/CTABr (=2.0 9 10-4 mol dm-3)

were kept constant. Adrenaline reduces the Ag? ions into Ag-

atom in the alkaline solution. The rate of reduction is quite

fast, but, the rate of agglomeration of Ag-atoms to form

Ag-NPs is slow. The values of rate constant were obtained

after monitoring the increase in absorbance at different

[adrenaline] as stated above. It is observed that the varia-

tion in [adrenaline] did not influence the values of rate

constant as depicted in Fig. 4. The spectra presented in

Fig. 5 show that absorbance increases with the increase in

[adrenaline] and the straight line plot (in the inset figure) of

absorbance at kmax versus [adrenaline] suggest that the

Beer-Lamber’s laws have been obeyed for the formation of

Ag-NPs at different concentration of adrenaline. The

increase in [adrenaline] from 2.0 9 10-5 to 6.4 9 10-5

mol dm-3, actually, increases the amount of reduced Ag

atoms, thereby, increasing the number of Ag-NPs. There-

fore, an increase in the values of absorbance is observed

with the increase in [adrenaline] (Supplementary materials,

S4).

Influence of [silver nitrate] on the rate of formation

of silver nanoparticles (Ag-NPs)

The kinetic studies performed at different concentration of

AgNO3 demonstrate that the values of absorbance increase

with increase in [AgNO3], and also, the colour yield

depends linearly upon the [AgNO3] at fixed [adrenaline]

and [NaOH]. The kinetic studies were performed at dif-

ferent initial concentrations of AgNO3 in the range from

0.8 9 10-4 mol dm-3 to 2.4 9 10-4 mol dm-3 keeping

[NaOH] (=1.0 9 10-3 mol dm-3), [adrenaline] (=2.0 9

10-5 mol dm-3) and [SDS] (=5.0 9 10-4 mol dm-3)

constant. The spectra are given in Fig. 6 and the inset

figure shows the linear dependence of the maximum value

of absorbance (kmax) on [AgNO3]. Thus, the Beer-Lam-

bert’s laws are followed at varying concentrations of

AgNO3. Figure 7 (kw versus [AgNO3]) shows that an

increase in the [AgNO3] does not show any significant
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Fig. 4 Plot of kw versus [adrenaline] at [AgNO3] = 2.0 9 10-4

mol dm-3, [NaOH] = 1.0 9 10-3 mol dm-3, [CTABr] = 2.0 9

10-4 mol dm-3(filled circle), [SDS] = 5.0 9 10-3 mol dm-3 (open

circle) at 25.0 ± 0.1 �C
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Fig. 5 Absorption spectra recorded at varying concentrations of

adrenaline (2.0 9 10-5 mol dm-3 (1); 2.4 9 10-5 mol dm-3 (2);

3.2 9 10-5 mol dm-3 (3); 4.8 9 10-5 mol dm-3 (4); 6.4 9 10-5

mol dm-3 (5)). [AgNO3] = 2.0 9 10-4 mol dm-3, [NaOH] =

1.0 9 10-3 mol dm-3 and [SDS] = 5.0 9 10-3 mol dm-3 at

25.0 ± 0.1 �C. The inset plot is absorbance (at kmax) versus

[adrenaline]
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effect on the values of rate constant for the nanoparticles

formation. The values of rate constant remain independent

on [AgNO3] in the presence of micelles of SDS as well as

in the presence of CTABr. The increase in absorbance with

the increase in [AgNO3] is attributed to the increase in the

amounts of nanoparticles formed. The independence of the

values of rate constant on [AgNO3] suggest that the

reduction of Ag? ions are quite fast, but, the rate of

agglomeration of silver atoms to form nanoparticles

remains the same. The peak values of absorbance (kmax) do

not shift with the increase in [AgNO3], thus, indicating that

the particle size of Ag-NPs does not depend upon the

[AgNO3], rather it depends upon the reaction conditions

(Supplementary material, S5).

Influence of [NaOH] on the rate of formation of silver

nanoparticles (Ag-NPs)

The influence of different initial concentrations of NaOH

on the rate of formation of Ag-NPs was studied in the range

from 1.0 9 10-3 mol dm-3 to 5.0 9 10-3 mol dm-3. The

concentrations of adrenaline, AgNO3, surfactant (CTABr/

SDS) were kept constant at 2.0 9 10-5 mol dm-3, 1.0 9

10-4 mol dm-3 and 2.0 9 10-4 mol dm-3/5.0 9 10-4

mol dm-3, respectively. The observed results are depicted

graphically in Fig. 8, which shows that the rate constant

values increase linearly with the increase in [NaOH]. The

increase in [NaOH] increases the equilibrium concentration

of silver oxide. The rate of oxidation of adrenaline by silver

oxide (i.e. reduction of Ag? ions into Ag-atoms) also

increases with the increase in [NaOH]. The hydroxide ions

may also initiate the metal nucleation centres, which on

further adsorption of silver metal atoms and metal ions lead

to the formation of silver nanoparticles. Thus, the

hydroxide ions activate the aggregation of silver oxide and

silver atoms in the crystallization process and, thereby,

increase the rate of reaction.

On the basis of the studies on the dependence in the

values of rate constant on [adrenaline], [AgNO3], [surfac-

tant] and [NaOH], the following mechanism of the reaction

in Scheme 1 is proposed. The rate of reduction of Ag? is

fast accompanied with the formation of adrenochrome.

But, after the reduction of Ag? ions, the aggregation of Ag

atoms to form Ag-NPs is slow and dependent upon
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Fig. 6 Absorption spectra recorded at varying concentrations of silver

nitrate [5.0 9 10-5 mol dm-3 (1); 1.2 9 10-4 mol dm-3 (2);

1.6 9 10-4 mol dm-3 (3); 2.0 9 10-4 mol dm-3 (4); 2.4 9 10-4

mol dm-3 (5)]. [Adrenaline] = 2.0 9 10-5 mol dm-3, [NaOH] = 1.0

9 10-3 mol dm-3 and [SDS] = 5.0 9 10-3 mol dm-3 at 25.0 ±

0.1 �C. The inset plot is absorbance (at kmax) versus [AgNO3]
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Fig. 7 Plot of kw versus [AgNO3] at [adrenaline] = 2.0 9 10-5

mol dm-3, [NaOH] = 1.0 9 10-3 mol dm-3, [CTABr] = 2.0 9

10-4 mol dm-3 (filled circle), [SDS] = 5.0 9 10-3 mol dm-3 (open

circle) at 25.0 ± 0.1 �C
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Fig. 8 Plot of kw versus [NaOH] at [adrenaline] = 2.0 9 10-5

mol dm-3, [AgNO3] = 2.0 9 10-4 mol dm-3, [CTABr] = 2.0 9

10-4 mol dm-3 (filled circle), [SDS] = 5.0 9 10-3 mol dm-3 (open

circle) at 25.0 ± 0.1 �C
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[surfactant] and [NaOH]. The aggregation of silver atoms

to form nanoparticles is slow and is the rate determining

step of the reaction. Therefore, with the increase in

aggregation of Ag- atoms into Ag-NPs, the absorbance

increases with time.

Analysis of TEM images and XRD spectra

Ag-NPs appear ‘colored’ owing to the oscillating con-

duction electrons. The TEM image presented in Fig. 9(b)

reveals formation of predominantly spherical and some

non spherical particles with their diameters between 30

and 60 nm. The existence of the polydispersity in the

shapes and sizes of the nanoparticles may be attributed to

the variation in the nucleation and growth rates of the

nanoparticles. The median diameter of the nanoparticles

formed was found to be approximately 43 nm [38, 39].

The electron diffraction studies carried out on a limited

number of crystals indicate the presence of peaks at 2h
values of 37.42�, 43.64�, 63.98� and 77.05� which corre-

sponds to (111), (200), (220) and (311) planes of silver

crystals, respectively. Thus, the XRD spectrum given in

Fig. 9(a) confirms the crystalline nature of silver nano-

particles having face-centered cubic crystal structure with

lattice constant of ‘a’ *4.076 Å in conformation with the

reported value of ‘a’ = 4.086 Å (Joint Committee on

Powder Diffraction Studies File No. 4-0783). The fol-

lowing relationships (1–5) were used to calculate the

agglomeration number of Ag- atoms per nanoparticle:

Edge length of each unit cell; ‘a’ ¼ 4.076 Å

¼ 0.4076 nm ð1Þ

Volume of each unit cell = 0:06732nm3 ð2Þ

Number of Ag� atoms per unit cell

¼ 1=8ð Þ � Number of atoms at cornersþ 1=2ð Þ
� Number of atoms at faces

¼ 4 ð3Þ

Volume of spherical nanoparticle with diameter 43 nmð Þ
¼ 4=3ð Þp R3 ¼ 4:16 � 104 nm3

ð4Þ

Number of unit cells per nanoparticle

¼ Volume of nanoparticleð Þ= volume of unit cellð Þ
¼ 6:22 � 105

ð5Þ

Therefore, the number of Ag- atoms per nanoparticle was

found to be 2.49 9 106. In our experiment, we have taken

2 9 10-4 mol dm-3 AgNO3 solution, i.e. 9.69 9 1013

nanoparticles per liter solution are formed. Assuming that,

at the end of reaction all of the Ag? ions are reduced and

crystallized in the form of nanoparticles with average val-

ues of diameter 43 nm, the number of moles of silver

nanoparticles formed are 1.61 9 10-10 mol dm-3. The

extinction coefficient was calculated from the following

relation (6).

HO

HO

C
CH2

HOH

N
CH3H

Ag+
+ NaOH AgOH + Na+

2 AgOH Ag2O + H2O

+ Ag2O 2  Ag +

HO

HO

C
CH2

HOH

N

CH3

+ H2O

Ag + Ag+ Ag2
+

HO

HO

C
CH2

HOH

N

CH3

+ Ag2O 2  Ag + + H2O
O

O

C
CH2

HOH

N

CH3

Ag + Ag+ Agn
+n

fast

fast

fast

fast

fast

slow

Scheme1 Proposed mechanism

of reduction of silver nitrate by

adrenaline in the alkaline

medium
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A ¼ e b C ð6Þ

Where, ‘A’ is the absorbance, ‘e’ is the molar extinction

coefficient, ‘b’ is path length (=1 cm) and ‘C’ is the molar

concentration of nanoparticles. Thus, the obtained values

of molar extinction coefficient (e at kmax = 426 nm) for

the prepared nanoparticle is 6.34 9 109 mol-1 dm3 cm-1.

It is observed that the band width decrease with the

increase in Ag? ions contents (Supplementary material,

S1–S2). The bandwidth depends upon particle size due to

the change in mean free path of the electrons and the

decrease of the cluster size increases of the bandwidth. The

broadening in the UV–Vis spectrum with the preserved

maximum value of the absorption bands may be caused by

the presence of silver particles with the same size but with

different, spherical and nonspherical shapes [40].

Conclusion

The tendency of adrenaline to undergo autoxidation reac-

tion in the alkaline media has been used as a potential

reducing agent for the reduction of silver ions into silver

nanoparticles. The Ag-NPs formed are almost spherical

with face-centered cubic crystal structure. The size distri-

bution of the Ag-NPs was found in the range 30–60 nm.

The rate of reaction is quite fast and the values of rate

constant were found to be independent of [adrenaline] and

[AgNO3]. The rate of reaction initially increased with

increase in [CTABr], but, then decreased on further

increasing the [CTABr]. The increase in [SDS] decreased

the reaction rate. The addition of surfactant molecules

prevented the settlement of the Ag-NPs. The increasing the

concentration of sodium hydroxide increased the values of

rate constant for the formation of Ag-NPs.
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