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Abstract
In the present study, we targeted to synthesize size-dependent gold nanoparticles (Au NPs) using aqueous leaves extract of

Actinodaphne madraspatna Bedd (AMB) both as reducing and stabilizing agents. The different sized Au NPs were

effortlessly prepared by varying the concentration of AMB leaves extracts (2%, 3%, 4%). Characterization of synthesized

Au NPs was performed by UV–Vis spectroscopy (UV–Vis), scanning electron microscopy (SEM), transmission electron

microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), Brunauer–Emmett–Teller (BET) and X-ray

diffraction (XRD). The synthesized Au NPs using different concentrations of AMB leaves extracts were approximately

polyhedral in shape as well as the particle size of AmAu2, AmAu3, and AmAu4 nanoparticles were calculated to be 80, 60

as well as 20 nm, respectively. Small-sized particles were obtained with a higher concentration of AMB leaves extract. The

potential of the prepared Au NPs as catalyst was assessed by the reduction of organic pollutant 4-nitrophenol (4-NP) to

4-aminophenol (4-AP) using sodium borohydride (NaBH4) as a reducing agent and AmAu4 NPs has exhibited better

catalytic activity evidenced by higher rate, when compared with gold NPs reported in the literature. From the study,

different sized Au NPs were found to be suitable candidates in the environmental remediation of polluted water.
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Introduction

In recent decades, nanotechnology attracted much attention

in the field of science due to synthesis, as well as the

development of several nanomaterials. Characteristics of

nanoparticles (NPs) differ from the bulk material by their

shape and size ranges from 1 to 100 nm. Metal/metal oxide

nanoparticles are extensively used in the field of biosens-

ing, catalysis, medicine, imaging, and drug delivery

because of their distinctive properties like optical, electri-

cal as well as biological properties [1]. Consequently, it has

wide applications in the industrial, medical, agricultural,

and environmental fields [2–5]. Nanoparticles have been

conventionally synthesized using physical and chemical

methods that have enormous negative effects on the

surroundings due to toxic chemicals [6–8]. To prevent the

agglomeration of nanoparticles due to their smaller size

and large surface-volume ratio, a large amount of reducing

and capping agents were added in the synthesis [9]. Noble

metal nanoparticles have fascinated enormous attention

due to its assorted applications in many products especially

cosmetics and pharmaceuticals [10]. Among them, gold

nanoparticles (Au NPs) gained more consideration mainly

because of its catalytic [11, 12], magnetic [13], optical

[14], sensing [15], electrical conductivity [16], bio-medical

applications [17], anti-microbial activity [18] and Surface-

Enhanced Raman Scattering (SERS) [19]. Nowadays, the

synthesis of nanoparticles by green method using micro-

organism, enzymes, and plants extract augmented ample

attention owing to abundance, cheap, and eco-friendly

nature [20]. Plants such as Capsicum annuum, Dalbergia

coromandeliana, Sapindus mukorossi Gaertn, Amentotaxus

assamica and Mussaenda glabrata were explored for the

synthesis of Au NPs and their catalytic activities also tested

[21–25].

4-Nitrophenol (4-NP) is found in the manufacturing as

well as agricultural effluents as a pollutant [26–28]. At the
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same time, the formation of 4-aminophenol (4-AP) as a

product of 4-NP reduction has enormous applications in the

pharmaceutical industry [29]. Authors have already

reported the synthesis of silver and palladium nanoparticles

using Actinodaphne madraspatna Bedd (AMB) leaves

extract and assessed their catalytic efficiency towards the

reduction of 4-NP [30, 31]. The results were fascinated

again to synthesis size-dependent Au NPs using AMB

leaves extract simply by varying the concentration of the

AMB leaves extract and investigating catalytic efficiency

towards reducing 4-NP.

Materials and Methods

Tetrachloro auric(III) acid (HAuCl4�3H2O) and 4-nitro-

phenol (4-NP) were procured from SRL, India. Sodium

borohydride (NaBH4) was bought from Merck, India. All

analytical delivered grade chemicals were used as such.

The leaves of Actinodaphne madraspatna Bedd were

gathered as a green reducing agent from Talakona forest,

Tirupathi, South India.

Green Synthesis of Au NPs Using Actinodaphne
Madraspatna Bedd Leaves

To study the effect of concentration of AMB leaves extract

in the synthesize of size tuned nanoparticles, 4 mL of

1 mM aqueous HAuCl4�3H2O was added separately to

various concentrations [1 to 5% (w/v)] of AMB leaves

extract. The mixture was stirred for 15 min at room tem-

perature at 400 rpm, which turned to pink color finally,

showed the development of Au NPs. In the same way, the

influence of the concentration of HAuCl4 as well as pH for

the synthesis of Au NPs were also investigated.

Characterization of Gold Nanoparticles (Au NPs)

The prepared Au NPs were well characterized by a UV–

Vis spectrophotometer (Jasco-V670). The TEM (JEOL

JEM) was performed to confirm the size and morphology

of the nanoparticles. The selected diffraction ring patterns

(SAED) and also lattice fringes were obtained using high-

resolution mode. The X-ray Diffraction (XRD, BRUKER

D8) analyzer with CuKa radiation (k = 1.5406) was used

to analyze the crystalline phases of Au NPs. The Brunauer–

Emmett–Teller (BET) specific surface area of Au NPs was

measured by adsorption–desorption study of nitrogen

molecules at 77 K using a Quanta chrome Nova 1000

analyzer.

Catalytic Reduction of 4-Nitrophenol

The UV–Visible spectrophotometer was used to evaluate

the catalytic reduction of 4-NP in the presence of Au NPs

along with aqueous NaBH4 as a catalyst and reducing agent

respectively in a quartz cuvette. Similarly, the influence of

catalyst load, concentration of NaBH4, and concentration of

4-NP to the catalytic reduction have also been performed.

The kinetic studies showed that the found results match

with the pseudo-first-order rate equation; hence the rate

constant ‘k’ values were calculated accordingly.

Results and Discussion

Optimization of Size Tuned Green Synthesized
Au NPs

The development of Au NPs was followed by UV–Vis

spectrophotometer by the Surface Plasmon Resonance

(SPR) peak of the nanoparticles and its optimization

parameters were listed in Table S1. Figure 1a exhibited the

UV–Vis spectra of the synthesized Au NPs using different

concentrations of AMB leaves extract (1, 2, 3, 4, and 5%)

in the presence of 1 mM HAuCl4�3H2O. The SPR band

was gradually shifted from 558 to 530 nm when the con-

centration of AMB leaves extract increased from 1 to 4%,

but beyond 5% significant shift in the SPR band was not

observed. So, 4% of AMB leaves extract was preferred as

an optimum concentration to study the concentration effect

of HAuCl4�3H2O and pH, during the preparation of Au

NPs. Similarly, the effect of concentration of HAuCl4-

3H2O (0.2 to 1 mM) was examined by keeping the con-

centration of AMB leaves extract as 4% during Au NPs

synthesis (Fig. 1b). The peak intensity at 530 nm was

continually increasing by increasing the HAuCl4�3H2O

concentration, which showed that the formation Au NPs

increases with increasing the HAuCl4.3H2O concentration.

This may be due to the availability of a large number of

gold nuclei when HAuCl4�3H2O concentration was high.

Similarly, the effect of pH was studied during the green

synthesis of Au NPs by changing the pH from 3 to 12 in

presence of 4% AMB leaves extract as well as 1 mM

HAuCl4�3H2O (Fig. 1c). But characteristic shift or notice-

able increase in intensity was not noticed at 530 nm. The

overall results indicated that the size of Au NPs varies by

different concentrations of AMB leaves; thus, by opti-

mizing the parameters, desired particle size could be tuned,

which was tabulated in Table S1. Figure 1d indicate the

formation AmAu2, AmAu3 and AmAu4 in the presence of

2, 3 and 4% concentrations of AMB leaves extracts

respectively.
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Characterization of the Synthesized Au NPs

TEM analysis was used to investigate the size, morphol-

ogy, and crystalline nature of the prepared AuNPs. Fig-

ure 2 indicated that the prepared AuNPs at various

concentrations of AMB leaves extracts were polyhedral in

shape and crystalline in nature, which was indicated by the

appearance of bright spots in the concentric diffraction

rings showed by the selected area electron diffraction

(SAED) pattern. The particle size of AmAu2, AmAu3, and

AmAu4 nanoparticles was calculated to be 80, 60 as well

as 20 nm, respectively. The particle size was observed to

be decreased by increasing the concentration of AMB

leaves extract and the results were in agreement through

the blue shift in the SPR bands acquired from the UV–Vis

spectra [32, 33].

Moreover, XRD analysis revealed the crystalline nature

of the green synthesized Au NPs. The prepared Au NPs

(Fig. 3a) showed diffraction peaks at 38.1�, 43.1�, 66.5�,
and 77.7� corresponded to (111), (200), (220), and (311) of

face center cubic (fcc) lattice which is based on JCPDS file

No: 04-0784 [33, 34]. The crystalline size of the gold

nanoparticles was calculated using Scherrer equation and

the crystalline size are 27.37, 21.15 and 12.33 nm for

Fig. 1 UV–Vis spectra of the synthesized Au NPs at a various

concentrations of AMB leaves extract with 1 mM HAuCl4�3H2O.

b various concentrations of HAuCl4�3H2O with 4% AMB leaves

extract. c 4% AMB leaves extract with 1 mM HAuCl4�3H2O under

different pH. d prepared Au NPs using various concentrations of

AMB leaves extract: 2% (AmAu2), 3% (AmAu3) and 4% (AmAu4)

with 1 mM HAuCl4�3H2O
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AmAu2, AmAu3 and AmAu4 NPs, respectively based on

the highest intense (111) plane.

The phytomoieties present in AMB leaves extract

played a vital role throughout the synthesis of Au NPs

which was shown by FTIR spectroscopy. IR spectrum of

AMB leaves extract with important peaks at 3336, 1602,

1383, and 1022 cm-1 were shown in Fig. 3b. These major

peaks were attributed to saponin, triterpenoids, flavonoids,

steroids, glycosides tannins, alkaloids, as well as carbo-

hydrate compounds of AMB, leaves extract which was in

good agreement with the previous reports [35–37]. The

new peak at 1643 cm-1 (Fig. 3b) might be attributed to the

Fig. 2 TEM Images of a–

c AmAu2, d–f AmAu3 and g–

i AmAu4 Nanoparticles. (Inset

showing the corresponding

SAED Pattern)

Fig. 3 a XRD pattern of synthesized AmAu4, AmAu3 and AmAu2 NPs and b FTIR Spectra of AMB Leaves extract as well as AmAu4 NPs
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stretching vibration of the carbonyl group that formed

during the reduction process of AmAu4 NPs. Therefore,

during the formation of Au NPs, it was expected that

phyto-moieties of AMB leaves extract with functional

group –OH was oxidized to aldehydes/ketones. Addition-

ally, the FTIR spectrum of AmAu4 NPs (Fig. 3b) exhibited

substantial variations in the position as well as the intensity

of the functional peaks (flavonoids/polyphenols) of AMB

leaves extract that was shown the participation of its phyto-

moieties throughout the synthesis of Au NPs as capping as

well as stabilizing agents. The minor change in the peak

positions may be due to the p-electrons existing in the

aromatic phyto-moieties of AMB leaves extract shifted to

the free orbital of Au ions through the Red/Ox route as well

as reduced to Au0 NPs [38]. The results obtained from

FTIR spectra were comparable with previously reported

plant assisted Au NPs [39, 40]. The probable mechanism

for the formation of Au NPs is given in Fig. 4.

The zeta potential measurements (Fig. 5) were per-

formed to find out the stability of synthesized Au NPs,

listed in Table S2. The AmAu4 NPs having high surface-

to-volume ratio due to smaller particle size tends to gather

extra negative charges of the oxidized form of phyto-

moieties of AMB leaves extract covered on the AmAu4

NPs surface which resulted in slightly higher zeta potential

values compared to AmAu3 and AmAu2 NPs, thereby

reducing the chances of agglomeration between the

nanoparticles [41].

The BET gas adsorption method is used for the deter-

mination of the surface area of the gold nanoparticles.

Figure 6 shows the BET plots of the gold nanoparticles

prepared in the TritonX-100 based microemulsions at dif-

ferent concentrations of the AMB leaves extract. The

specific surface area of the gold nanoparticles increases

from 10.8 to 25.6 m2/g as the concentration of the leaves

extract decreases from 4 to 2%. As can be seen, the particle

size decreases from 27.3 to 12.3 nm as the leaves con-

centration of the AMB regularly increases from 2 to 4%

[42–44].

Based on the data obtained, it was suggested that the Au

NPs with three-different sizes could be easily prepared by

changing the concentration of AMB leaves extract. The

phytoconstituents that exist in the AMB leaves extract

played a dual role in reducing and protecting agents during

the Au NPs formation. Therefore, we have proposed a

plausible correlation of Au NPs of different sizes under

different AMB leaves extract concentration with its size

and zeta potential values (Fig. S1).

Catalytic Activity of Synthesized Au NPs

The catalytic efficiency of the prepared Au NPs has been

examined towards the reduction of 4-nitrophenol to

4-aminophenol. The kinetics of the reduction reaction was

studied using an UV–Visible spectrophotometer in the

presence of Au NPs (catalyst) as well as NaBH4 (reducing

agent). The peak of 4-NP was shifted from 317 to 400 nm

owing to 4-nitrophenolate ion (Fig. 7a) formation upon

before NaBH4 addition to the reaction medium. This peak

remains unaltered even an hour indicated that the reduction

reaction proceeds only in the presence of a catalyst [45].

Therefore, 7 lL of Au NPs was added to the reaction

mixture with 4-NP (0.1 mM) and excess of NaBH4. As a

result, a steady decrease in intensity at 400 nm was

observed, indicating the reduction reaction occurred sig-

nificantly in the presence of Au NPs catalyst (Fig. 7b)

[46, 47].

The rates of the reduction reaction were found to be

independent of NaBH4 concentration since its concentra-

tion was considerably higher than that of 4-NP, and hence

the reaction follows pseudo-first-order for 4-NP. The effect

of different key parameters like 4-NP concentration, cata-

lyst dosage as well as NaBH4 concentration on 4-NP

reduction was also thoroughly examined.

The Effect of Catalyst Dosage

To examine the influence of synthesized Au NPs as

nanocatalyst on the reduction of 4-NP, the reduction

reaction was performed with different dosage (4 to 12 lL)

of Au NPs whereas other parameters like 4-NP

Au0

Fig. 4 Probable mechanism for the formation of Au NPs using AMB

leaves extract
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concentration (0.1 mM) as well as NaBH4 (5 mM) were

kept constant. The absorbance values of 4-NP decrease

with time was observed during the reduction of 4-NP.

Based on the absorbance values, ln (At/A0) vs time ‘t’ was

plotted for different Au NPs dosages, presented in Fig. 8a

besides rate constant ‘k’ values were measured from the

concern slope. Here, ‘k’ values of the reduction reaction

were observed to be increases with an increase in Au NPs

dosage (Fig. 8b) besides showed in Table S3. The larger

amount of Au NPs (12 lL) provides a higher number of

nanoparticles to reaction medium with excess surface-to-

volume ratio with a lot of active sites available for the

reactants (4-NP and BH4
-) to adsorb simply on the

nanocatalyst surface followed by the rapid relay of electron

among BH4
- as well as 4-NP. Thus, 4-NP reduction

occurred faster with higher rate constant ‘k’. On the other

hand, the rate constant ‘k’ was found to be lesser with

lower dosage of Au NPs (4 lL), owing to the reduced

number of available nanoparticles for reactants to adsorb

and this may produce a competition among reactants on the

catalyst surface, which hindered the reaction hence results

in low reduction rate.

The Effect of Concentration of 4-NP

It was our interest to find out the influence of 4-NP con-

centration (0.050 to 0.125 mM) on reduction reaction,

NaBH4 (5 mM) concentration as well as Au NPs (7 lL)

were kept constant. Figure 9a represents the plot of ln (At/

A0) vs time ‘t’ of the reduction of various concentrations of

4-NP as well as rate constants ‘k’ were calculated. Fig-

ure 9b showed the dependence of rate constant ‘k’ on 4-NP

concentration which provided a clear insight that ‘k’ value

remarkably decreases with a higher concentration of 4-NP

and summarized in Table S3. At the higher concentration

of 4-NP, it was observed that 4-NP has more affinity to be

adsorbed on Au NPs surface compared to BH4
- ions that

resulted in low available occupancy sites to BH4
- on the

Au NPs surface. As a result, low electron relay was

observed among reactants that retarded reduction rate with

a higher concentration of 4-NP. On the other hand, faster

reaction was observed with higher rate constants when the

concentration of 4-NP was low which may lead to less

competition among BH4
- and 4-NP.

The Effect of Concentration of NaBH4

Similarly, the influence of concentration of NaBH4 (2 to

10 mM) on the reduction of 4-NP was also determined by

keeping the concentration of 4-NP (0.1 mM) and Au NPs

(7 lL) as constant. ln(At/A0) vs. time ‘t’ was plotted for the

different concentrations of NaBH4 (Fig. 10a) also, rate

constant ‘k’ values were calculated. It was observed that

increase in concentration of NaBH4 increases the rate

constant ‘k’ values (Fig. 10b) which was tabulated in

Table S3. With a low concentration of NaBH4, only less

Fig. 5 Zeta potential of prepared a AmAu2, b AmAu3 and c AmAu4 NPs

Fig. 6 BET analysis of synthesised Au NPs
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amount of BH4
- ions have generated, which supplied

fewer electrons to 4-NP that adsorbed on the Au NPs

surface which slows down the electron relay process.

Therefore, the reduction occurred gradually with lower rate

constant ‘k’ values. Instantaneously, at a higher concen-

tration of NaBH4, rate constant ‘k’ values were observed to

be increased implies that extra BH4
- ions were available

that supplies electrons toward 4-NP resulted in a fast

increase in rate with quicker electron relay process.

Catalytic Activity of Different Sized Au NPs

Successfully, three different sized Au NPs (AmAu2,

AmAu3 as well as AmAu4 NPs) were synthesized, so

interested to examine the influence of particle size on the

catalytic reduction of 4-NP. The progress as well as kinetic

studies of 4-NP reduction in the presence of AmAu2,

AmAu3, and AmAu4 nanoparticles also their correspond-

ing plots ln (At/A0) vs. time ‘t’ were presented in Fig. 11. It

was noted that the time required by AmAu4 nanoparticles

Fig. 7 a UV–Vis spectrum of comparison of 4-NP before and after addition of NaBH4. b Kinetics of reduction of 4-NP (0.1 mM) with NaBH4

(5 mM) catalyzed using Au NPs (7 lL)

Fig. 8 a The plot of ln (At/A0) vs time ‘t’ for the reduction of 4-NP (0.1 mM) with various amount of Au NPs. b dependence of rate constant ‘k’

on the concentration of Au NPs catalysts

Catalytic Activity of Size Tailored Gold Nanoparticles for the Reduction of Environmental Pollutant,… 1199
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for the complete reduction of 4-NP (0.1 mM) was almost

8 min, but AmAu2 as well as AmAu3 nanoparticles had

taken 18 and 14 min respectively for reduction of equal

quantity of 4-NP. The investigation indicated that the

efficiency of the catalyst increases with smaller particle

size of prepared Au NPs and the catalytic efficiency was

found to be in the following order: AmAu4[AmAu3[
AmAu2. The Au NPs with smaller sizes have a more

surface-to-volume ratio which increases the active sites on

the surface to execute better catalytic activity. The ‘k’

values observed for various sized Au NPs were summa-

rized in Table S4.

Figure S2 represented the plausible mechanism for the

catalytic efficiency of three different sized Au NPs on the

reduction of 4-NP. From the systematic study, it was noted

that rate constant ‘k’ value of AmAu4 was higher com-

pared to AmAu3 as well as AmAu2 nanoparticles owing to

less redox potential and smaller particle size that reduced

the kinetic barrier, in turn, facilitated faster reduction of

4-NP through higher ‘k’ values [48]. Therefore, the entire

results showed, the catalytic activities of the synthesized

Au NPs were directly associated with the particle size.

Moreover, the catalytic activity of prepared Au NPs were

also compared with earlier reported synthesized Au NPs

[33, 39, 40, 49] and observed that the found rate constant

Fig. 9 a The Plot of ln (At/A0) vs time ‘t’ for Reduction of various concentration of 4-NP by 5 mM of NaBH4. b Dependence of Rate Constant

‘k’ on the 4-NP concentration

Fig. 10 a The Plot of ln (At/A0) vs time ‘t’ for Reduction of 4-NP (0.1 mM) with various concentration of NaBH4. b Dependence of Rate

Constant ‘k’ on the NaBH4 concentration
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‘k’ value was greater than the reported catalysts (Table 1).

Therefore, it was emphasized that the synthesized Au NPs

is a better catalyst for the reduction of 4-NP.

Size-Dependent Catalytic Studies of Different Sized Au NPs
on the Reduction of 4-Nitrophenol

The catalytic efficiency of the AMB leaves extract medi-

ated Au NPs were compared along with the influential

parameters which were tabulated in Table S5. From

Table S5, it was noted that the rate constant ‘k’ value of

three different Au NPs was in the following order

Fig. 11 The UV–Vis Absorption Spectra exhibiting the Reduction of 4-NP (0.1 mM) and 5 mM NaBH4 Catalysed using 7 lL of a AmAu2,

b AmAu3 and c AmAu4 Nanoparticles, d Corresponding Plots of ln(At/A0) vs Time

Table 1 Comparison of Rate Constant ‘k’ for the Reduction of 4-NP by the Au NPs by different Green Reducing Agents

Catalyst Calculated rate constant ‘k’ (10–3 s-1) Reference

Actinodaphne madraspatna Bedd mediated Au NPs (This work) 6.44 Present work

Fagonia indica mediated Au NPs 3.4 [33]

Prunus domestica mediated Au NPs 5.1 [39]

Mussaenda glabrata mediated Au NPs 5.71 [40]

Garcinia combogia mediated Au NPs 2.23 [49]
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AmAu4[AmAu3[AmAu2. AmAu4 NPs showed a fast

catalytic reaction compared to other prepared Au NPs

owing to their smaller particle size. By comparing ‘k’

values of synthesized Au NPs, it was found that the size

and shape of the nanoparticles play a vital role in the

catalytic reduction of 4-NP.

Conclusion

In summary, an eco-friendly method was adopted to syn-

thesis Au NPs using aqueous leaves extract of Actin-

odaphne madraspatna Bedd. The average particle size of

the prepared Au NPs was reduced from 80 to 20 nm,

simply by increasing the AMB leaves extract concentration

in synthesis protocol. Furthermore, the AMB leaves extract

stabilized Au NPs demonstrated the significant catalytic

efficiency towards the reduction of 4-NP through the

electron relay process. The different influential parameters

in the kinetic studies exhibited that rate constant ‘k’

increases by increase in Au NPs dosage as well as NaBH4

concentration but get decreased with an increase in 4-NP

concentration, which depicted the role of Au NPs as nano-

catalyst. Besides, Au NPs synthesized with 4% concen-

tration of AMB leaves extract exhibited higher catalytic

activity towards the reduction of 4-NP and that is compared

with other synthesized Au NPs owing to more surface-

tovolume ratio because of their smaller particle size. The

comparative catalytic study of all synthesized metal

nanoparticles suggested that size-dependent redox potential

as well as the availability of surface-to-volume ratio of

metal nanoparticles were played an important role in the

catalytic reduction. On the whole, the synthesized Au NPs

were proved to be a suitable candidate for the environ-

mental remediation of polluted water.

Supplementary Information The online version contains

supplementary material available at https://doi.org/10.1007/s10876-

021-02045-0.
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