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Abstract The kinetics and mechanism of the formation of

silver nanoparticles by reduction of Ag? with maltose were

studied spectrophotometrically by monitoring the absor-

bance change at 412 nm in aqueous and micellar media at a

temperature range 45–60 �C. The reaction was carried out

under pseudo-first-order conditions by taking the [maltose]

([tenfold) the [Ag?]. A mechanism of the reaction between

silver ion and maltose is proposed, and the rate equation

derived from the mechanism was consistent with the

experimental rate law. The effect of surfactants, namely

cetyltrimethylammonium bromide (CTAB, a cationic sur-

factant) and sodium dodecyl sulfate (SDS, an anionic sur-

factant), on the reaction rate has been studied. The enthalpy

and the entropy of the activation were calculated using the

transition state theory equation. The particle size of silver

sols was characterized by transmission electron microscopy

and some physiochemical and spectroscopic tools.

Introduction

Silver nanoparticles have many applications in biotechnology

[1], medicine [2], antibacterial agents [3], biosensors [4],

catalysis and biochemical studies [5]. The evolution and tech-

nological progress of silver nanoparticles in the manufacture

are due to their antiviral and antibacterial properties, in addition

to numerous industrial applications including microelectronics,

cosmetics, adhesives and catalysis to enhanced solar cells [6–

8]. The formation of nanoparticles using biological entities has

great importance due to their individual shape-dependent

optical, electrical and chemical properties, which have potential

application in biotechnology [1].

The silver nanoparticles have been formed and stabilized

by chemical and physical methods; chemical methods such as,

electrochemical techniques, chemical reduction and photo-

chemical reduction have been most widely used [9, 10]. The

chemical reduction is the most used method for the formation

of silver nanoparticles as stable, colloidal dispersions in

aqueous or nonaqueous media [11, 12]. Hydrazine, aniline,

ascorbic acid, glucose, lactose and sodium borohydride are

used as reducing agents in the formation of nanoparticles [13–

17]. Stabilizing agents such as cetyltrimethylammonium

bromide, sodiumdodecyl sulfate, Tritron X-100 and poly

(vinyl alcohol) are used as capping agents to control the shape

and size of silver nanocrystals [13, 16, 18]. The reduction of

silver ions (Ag?) in aqueous medium gave a colloidal silver

with particle diameters of several nanometers [19]. The

reduction of various complexes with Ag? ions leads to the

formation of silver atoms (Ago), which is followed by

agglomeration into oligomeric clusters [20]. These clusters

eventually lead to the formation of colloidal Ag particles,

which in solution have a yellow color [20].

In this work, the kinetics and mechanism of the for-

mation of silver nanoparticles by reduction were studied in

order to obtain a stable form of silver nanoparticles in

aqueous and micellar media.

Experimental

Silver nitrate, maltose, cetyltrimethylammonium bromide,

sodium hydroxide, sodium dodecyl sulfate and potassium
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permanganate (Fluka and BDH) were used without further

purification. The solutions of silver nitrate and maltose

were prepared daily (to arrest the aerial oxidation) in boiled

and cooled water. Doubly distilled water was used for the

preparation of all solutions.

A UV–visible LABOMED, INC UVD-2960 spectro-

photometer and PerkinElmer EZ-150 recording spectro-

photometer were used to monitor the absorbance of the

formation of silver sols. TEM images for the determination

of the size of silver particles were recorded using a trans-

mission electron microscope (JEOL, JEM-1011, Japan).

The preparation of samples was carried out by adding a

drop of working solution on a carbon-coated standard

copper grid (300 mesh) operating at 80 kV. The Fourier

transform infrared (FT-IR) spectra were investigated on a

Bruker Equinox 55 spectrophotometer. A few drops of the

silver sol were added on potassium bromide pellets, left to

dry, and IR spectra recorded. The particles were imaged by

LEO 440i Scanning Electron Microscopy (SEM) at an

accelerating voltage of 20 kV. Elemental analysis of syn-

thesized silver nanoparticles was recorded using an Energy

Dispersive Spectrometer (EDS) JSM-7600F.

The UV–visible absorption spectra of the products (sil-

ver sol) were followed spectrophotometrically for a definite

period of time using a LABOMED, INC UVD-2960

spectrophotometer. All reactants were equilibrated at the

required temperatures in a thermostated water bath for ca.

15 min before being thoroughly mixed and quickly trans-

ferred to an absorption cell. The reaction rates were mea-

sured by monitoring the absorbance of product at 412 nm,

on a PerkinElmer EZ-150 spectrophotometer, where the

absorption of the products is maximal. The temperature of

the reacting solution was adjusted, using an automatic

circulation thermostat. The thermostat was provided with a

special pumping system for circulating water at regulated

temperature in the cell holder.

Pseudo-first-order conditions were maintained in all

runs by the presence of a large excess ([tenfold) of malt-

ose. Pseudo-first-order rate constants, kobs, were obtained

from the slopes of plots of ln a/(1-a) versus time with a

fixed-time method where a = At/A? and At and A? are the

absorbencies at times and infinity, respectively [21].

Thermodynamic activation parameters DH* and DS* were

calculated by plotting ln(k/T) against 1/T using the Eyring

equation:

ln k=T ¼ ln K=h þ DS�=R� DH�=RT

where k the rate constant, K the Boltzmann constant,

h Plank’s constant, R universal gas constant and T absolute

temperature.

The preparation of silver nanoparticles by the reduction

of silver nitrate solution with maltose in the presence of

micelles in aqueous medium was investigated. A series of

runs were carried out, using different concentrations of

maltose, silver nitrate and CTAB to obtain a perfectly clear

silver sol. In a similar procedure, 2.0 ml of a

0.001 mol dm-3 solution of silver nitrate and 4.0 ml of a

0.1 mol dm-3 sodium hydroxide solution were mixed with

4.0 ml of a 0.01 mol dm-3 CTAB solution. The pale yel-

low color of the silver sol was formed, when 2.0 ml of a

0.02 mol dm-3 solution of maltose was added to the

reaction mixture at the beginning of reaction. The total

volume of the reaction mixture was always 40 ml. The

presence a pale yellow color indicated the formation of Ag

nanoparticles [22, 23].

The solid sample of silver nanoparticles for FT-IR, EDS

and SEM analysis was synthesized using the CTAB as

stabilizer for silver nanoparticles that were formed from the

aqueous colloidal solution via centrifugation by adding

acetone as anti-solvent for several times, then drying.

Results and discussion

Formation and characterization of silver nanoparticles

The formation of silver nanoparticles using a suitable

reducing agent and stabilizer for the stability of Ag nano-

particles is very important because the shape and size

depend on the nature of stabilizers and reducing agent [23].

Metal nanoparticles synthesized by means of moderate

reducing agents were comparatively more stable than those

produced by strong reducing agents [24]. Maltose is one of

the relatively moderate reducing agents used for the

reduction of silver ions in the presence of CTAB as

stabilizer.

UV–visible absorption spectra have proven to be sen-

sitive to the formation of silver sols because silver nano-

particles show a strong absorption peak due to the surface

plasmon excitation. Spectra of the product were recorded

between the wavelength range from 300 to 600 nm as a

function of time (Fig. 1). The maximum absorption was

obtained at wavelength 412 nm, showing the formation of

Ag nanoparticles. This indicates that the absorbance

increases at 412 nm with time. The absorption plasmon

band with a kmax at 412 nm is the characteristic of spher-

ical or roughly spherical shape Ag-nanoparticles synthesis.

FT-IR is tool to characterize the state of silver nano-

particles present in the colloidal solution. IR was used for a

qualitative investigation, to see if CTAB-capped silver

nanoparticles would have different IR spectra. The bands at

3,291 and 1,629 cm-1 are broad and sharp and assigned to

the hydroxyl groups from adsorbed moisture. These bands

are absent from the silver nitrate and CTAB spectra. The
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observed bands of CTAB appear at 2,910, 2,844, 1,431,

955, 902 and 714 cm-1. This is may be attributed to the

constraints imposed on chemical bond vibrations in CTAB

molecules being the same as those of CTAB-capped silver

nanoparticles.

EDS was used to measure the chemical composition and

crystal structure of the silver nanoparticles. Figure 2 shows

the EDS spectrum where the peaks at 3.2 and 3.5 keV corre-

spond to silver, while those at 0.2 and 0.4 keV correspond to

carbon and oxygen. The lower intensity peaks at 0.5, 1.0 and

1.5 keV belong to copper, zinc and bromide, respectively.

Copper and zinc appeared because of the copper grid used to

deposit the nanoparticles for their EDS characterization.

Carbon, oxygen and bromide are due to CTAB adsorbed on

the nanoparticles. These results confirmed that the nanopar-

ticles being synthesized are silver. Figure 3 shows the SEM

images of silver nanoparticles were prepared and measured as

a solid sample (Fig. 3a) or solution sample (Fig. 3b). From the

SEM images, it is observed that the particles had a relatively

narrow size and a spherical shape. The size of silver nano-

particle ranges from 14.84 to 36.44 nm and the shapes are

variable, being spherical and irregular with broad size distri-

bution (Fig. 3b). A TEM image of the prepared Ag nanopar-

ticles is represented as shown in Fig. 4. From Fig. 4, it clear

that the size of the nearly spherical nanoparticles ranges

between 13.12 and 39.23 nm and their size distribution is

relatively wide. The TEM micrograph confirms the formation

of CTAB stabilized spherical Ag nanoparticles rather than

hexagonal close-packed arrays and nanorods of Ag nano-

crystals as observed in the reduction in Ag? ions with

hydrazine and glucose, respectively [25, 26].

Kinetics of formation of silver nanoparticles

The kinetics of the formation of Ag nanoparticles by

reduction with maltose were studied at different concen-

trations of Ag?, maltose, NaOH and CTAB over a tem-

perature range (45–60) �C. Plotting absorbance versus time

(Fig. 5) shows both a non-catalytic and autocatalytic

reaction path. The observation of autocatalysis in Fig. 5 is

due to the formation of metal nucleation centers that act as

a catalyst for the reduction of other silver ions present in

solution. Figure 6 suggests that autocatalysis is involved in

the silver sol formation. In the present study, it is necessary

to point out that the plots of ln a/(1-a) against time are

linear up to [85 % of the reaction (Fig. 6), where a =

At/A? and At and A? are the absorbances at times t and

infinity ?, respectively [21]. The values of the rate con-

stants were obtained from the slopes of ln a/(1-a) versus

time plots (Table 1). The constancy of kobs over the [Ag?]

range (2.50–7.50) 9 10-5 mol dm-3 at constant maltose

concentration indicates first order dependence on the [Ag?]

as shown in Table 1 and Eq. (1)
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Fig. 1 Absorbance spectra of reaction mixtures versus time. Curves

(1–8) were recorded at 2, 5, 10, 15, 20, 30, 42 and 50 min. at

[Ag?] = 5.0 9 1025 mol dm23, [maltose] = 1.0 9 1023 mol dm23,

[CTAB] = 1.0 9 1023 mol dm23, [NaOH] = 10 9 1023 mol dm23

and T = 50 �C

Fig. 2 EDS of the silver nanoparticles was confirmed the presence of

elemental silver signal
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Rate ¼ kobs Agþ½ �: ð1Þ

The dependence of the observed rate constant, kobs, on

maltose (R-CHO) was studied over the concentration

range (0.5–2.0) 9 10-3 mol dm-3 at fixed [Ag?]

(=5.0 9 10-5 mol dm-3), [NaOH] (=10 9 10-3) and

[CTAB] (=1.0 9 10-3) at T = 50 �C. The results in

Table 1 and Fig. 7 show that kobs varies linearly with [R-

CHO] according to Eq. (2):

kobs ¼ k1 R-CHO½ �: ð2Þ

The kinetics of the formation of silver nanoparticles were

studied over a [NaOH] range of (2.50–15.0) 9 10-3 mol dm-3

at different temperatures. The values of k1 with [NaOH] at

different temperatures are represented in Table 2 and shows

that the rate increased gradually with increasing [NaOH].

Plots of the slope k1 against [OH-] were linear, with intercepts

as shown in Fig. 8. It can be seen that this variation is

described by Eq. (3):

k1 ¼ k2 þ k3 OH�½ � ð3Þ

From Eqs (1), (2) and (3) the rate law for the reduction

in [Ag?] by maltose is given by Eq. (4):

Rate ¼ k2 þ k3½OH��ð Þ½Agþ� [R-CHO� ð4Þ

and

kobs ¼ ½R-CHO] k2þk3½OH��ð Þ: ð5Þ

The k2 and k3 values, collected in Table 3 at the tem-

peratures used were gained from the intercepts and the

Fig. 3 SEM images of silver nanoparticles that were obtained as the

final products under the optimal conditions mentioned under Fig. 1.

a Solid sample. b Solution sample

Fig. 4 TEM images of silver nanoparticles that were obtained as the

final products under the optimal conditions mentioned under Fig. 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50

Time (min.)

A
b

so
rb

an
ce

0.5
0.75
1
1.25
1.5
1.75
2

       [Ag+] = 5.0 x 10 -5 mol dm-3

   [NaOH] = 10 x 10 -3 mol dm-3

   [CTAB] = 1.0 x 10-3 mol dm-3

T    =  50 oC

103[Maltose], mol dm-3

Fig. 5 Absorbance–time curves of silver sol formation at different

[maltose]
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slopes, respectively, of Fig. 8. The enthalpy of activation

DH2* and DH3* related to k2 and k3 were obtained from the

Eyring equation as 25.2 and 37.4 kJ mol-1, respectively.

The corresponding entropies of activation DS2* and DS3*

were calculated as -169.8 and -68 JK-1 mol-1,

respectively.

Mechanism

The formation of silver sol in aqueous medium involves

different species of silver metal particles. Several species

of silver ions like Ag2
?, Ag4

2?, Ag3
2?, Ag6

4? and Ag9
? exist in

aqueous medium [27, 28], as suggested by Henglein et al.

[27] and other researchers [28]. Ag4
2? is the more stable

species for a long time in the presence of active surfactants.

Equation (6) involved a complex formation between R-

CHO and Ag? in alkaline medium. In the rate-determining

step, the complex, R-COOAg, decomposes unimolecularly

through a one electron oxidation–reduction mechanism to

the formation of Ago (Eq. (8)). In the following step, Ago

reacts with Ag? to yield a silver sol (Ag4
2?) (Eq. (9)) [27].

The suggested mechanism is described by Eqs. (6–9):

R-CHO þ Agþ þ OH� � R-COOAg þ H2O K1 ð6Þ

R-CHO þ Agþ ! R-COOHþ Ago k4 ð7Þ
R-COOAg! R-COO� þ Ago k5 ð8Þ

2Ago þ 2Agþ !Ag2þ
4 fastð Þ

Silver sol: yellow colorð Þ:
ð9Þ

From the above mechanism the rate law is given by:

Rate ¼ k4 R-CHO½ � Agþ½ � þ k5 R-COOAg½ �: ð10Þ

From Equilibrium (6), we obtained:

R-COOAg ¼ K1 R-CHO½ � Agþ½ � OH�½ �: ð11Þ

Substitution Eq. (11) in Eq. (10), gave Eq. (12).

Rate ¼ k4 R-CHO½ � Agþ½ � þ k5K1 R-CHO½ � Agþ½ � OH�½ �
ð12Þ

Rate ¼ R-CHO½ � Agþ½ � k4 þ k5K1½OH��ð Þ ð13Þ

and

kobs ¼ R-CHO½ � ðk4 þ k5K1½OH��Þ: ð14Þ

Comparing Eqs. (14) and (5), one obtained k2 = k4 and

k3 = k1k5. Eq. (14) contains two terms; the first term rep-

resents the path independent of [OH2] and the second term

represents the path dependent on [OH2].

In comparison with the formation of silver nanoparticles

by reduction with glucose [26] under the same conditions,

the rate-determining step is via one electron oxidation–

reduction mechanism in both cases. The rate of formation

of silver nanoparticles by the reduction with maltose is

lower than the rate of formation by reduction with glucose.

This may be because maltose as a reducing sugar has only

half the reduction ability per unit mass.

Effect of micelles on the rate of formation of silver

nanoparticles

Micellar catalysis has received considerable attention in view

of the analogies drawn between micellar and enzyme catal-

yses [29, 30]. Micelles increase rates of bimolecular reactions
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Fig. 6 Plots of ln a/(1-a) versus time at different [maltose]

Table 1 Dependence of the [Ag?]/[maltose] reaction rate on [Ag?],

[maltose] and [CTAB] = 1.0 9 1023 mol dm-3 at T = 50.0 �C

103[OH2]

mol dm23
105[Ag?]

mol dm23
103[maltose]

mol dm23
103 kobs s21

10.00 5.00 2.00 4.58

1.75 4.08

1.50 3.58

1.25 3.13

1.00 2.35

0.75 1.63

0.50 1.14

2.50 1.00 1.11

5.00 1.00 1.38

7.50 1.00 1.97

12.50 1.00 2.55

15.00 1.00 2.98

10.00 2.50 1.00 2.19

3.75 1.00 2.47

5.00 1.00 2.35

6.25 1.00 2.66

7.50 1.00 2.54
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by concentrating both the reactants at their surfaces. Elec-

trostatic, approximation, and medium-effects are responsible

for the incorporation of reactants into or onto a micelle. In

order to verify the role of micelles on the formation of silver

nanoparticles by reduction with maltose, cationic and anionic

micelles were chosen. The effect of micelles (CTAB and

SDS) on the formation of silver nanoparticle by reduction

with maltose was carried at [Ag?] = 5.0 9 1025 mol dm-3,

[maltose] = 1.0 9 1023 mol dm-3, [OH2] = 10 9 1023

mol dm-3, [CTAB] = [SDS] = 1.0 9 1023 mol dm-3 and

T = 50.0 �C. Figure 9 plots of maximum wavelength

absorbance versus time clearly indicate that the absorbance

associated with formation of silver nanoparticles gradually

increases with time in presence of CTAB, but a rapid increase

in absorbance of silver sol at the beginning of the reaction is

observed in the presence of SDS.

The role of micelles in catalysis and inhibition of some

reactions is due to the solubilization and/or incorporation

of reactants into the small volume of micelles through

electrostatic, hydrophobic, hydrogen bonding and van der

Waals forces [30] and [31]. The different behavior of SDS

and CTAB micelles in the formation of silver sol due to the

presence of positive charge on the Ag? and its metal par-

ticles in the reaction medium. The formation of ion pairs

(–OSO3
2Ag?) from the positive charge on Ag? with the

negative head group of SDS micelles which concentrate the

Ag? through the electrostatic interactions into the reaction

site (i.e., Stern layer as most of the ionic micelle mediated

reactions are believed to occur in this region). Furthermore,

electrostatic repulsion between the positive head group

(–N?(CH3)3) of CTAB micelles with silver ion Ag? is

present in the bulk aqueous pseudo-phases. According to

the following observations, the reaction proceeds faster in

the presence of SDS than that of CTAB.
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Fig. 7 Plot of kobs versus [maltose] at 50 �C

Table 2 Variation in k1 with hydroxide ion concentration at

[Ag?] = 5.0 9 1025 mol dm23, [maltose] = 1.0 9 1023 mol dm-3

[CTAB] = 1.0 9 1023 mol dm23 and at different temperatures

103[OH2] mol dm23 k1 dm3 mol21 s21

T = 45.0 �C 50.0 �C 55.0 �C 60.0 �C

2.50 0.72 1.11 1.49 1.63

5.00 0.95 1.38 1.84 2.07

7.50 1.33 1.97 2.48 2.81

10.00 1.66 2.35 2.91 3.54

12.50 2.06 2.55 3.62 4.13

15.00 2.25 2.98 4.04 4.60
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Fig. 8 Plot of k1 versus [OH-] at different temperatures

Table 3 Variation in hydroxide-independent rate constant k2 and

hydroxide dependent rate constant k3 with temperature

Temp. oC 10 k2 dm3 mol21 s21 1022 k3 dm6 mol22 s21

45.0 3.64 1.30

50.0 7.34 1.51

55.0 8.81 2.12

60.0 9.54 2.49
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The negative values of the entropies of activation for

this reaction may result from the charge concentration of

the reactants, which causes substantial mutual ordering of

the solvated water molecules [32]. The intermolecular

electron transfer steps are endothermic as indicated by the

positive DH* values. The contributions of DH* and DS* to

the reaction rate seem to compensate each other. This

suggests that the factors affecting DH* should be closely

related to those controlling DS*.

Conclusions

The results from this study show that the reduction in sil-

ver(I) by maltose is enhanced in the presence of NaOH,

leading to the formation of stable and transparent yellow

colored silver sol. The kinetics of silver sol formation were

monitored by recording the absorbance as a function of

time. The rate of formation of silver nanoparticles gradu-

ally increases with time in presence of CTAB, but rapidly

increases at the beginning of the reaction in the presence of

SDS. The particle size of silver sol was characterized by

UV-SP, Fit-IR, EDS, SEM and TEM.
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