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Abstract

Green synthesis of metallic nanoparticles by means of renewable bioresources has emerged as a new trend in current nano-

technology research with improved environmental safety. In the current study, monodispersed gold nanoparticles (AuNPs) 

with excellent stability were prepared in a completely green and cost effective manner using aqueous extract of marine 

macroalgae-Padina tetrastromatica. The influence of reaction conditions such as the quantity of seaweed extract, temperature, 

precursor metal ion concentration, reaction time and pH on the biosynthesis of nanoparticle was evaluated spectroscopically 

and also with the help of high resolution transmission electron microscopy (HR-TEM). These physicochemical parameters 

not only affected the rate of formation but also the size and morphology of resultant nanoparticles. Optimum conditions 

resulted in the generation of nearly spherical AuNPs having an average particle size of 11.4 nm. The high crystallinity of 

the biogenic AuNPs was confirmed from characteristic diffraction peaks in XRD profile, clear lattice fringes in the HR-TEM 

image and bright circular spots in the SAED pattern. The presence of metallic gold was evidenced from EDAX profile. 

FTIR study revealed the role of secondary metabolites in the bioreduction as well as stabilization of AuNPs. The study also 

highlights the spectroscopic investigation on the catalytic efficacy of the biosynthesized AuNPs in the reduction reactions 

of hazardous organic dyes, eosin yellow and Congo red using sodium borohydride, which have a pseudo-first order kinetics. 

Thus, the biosynthesized metal nanoparticles using renewable marine resources like seaweeds act as promising materials 

for the application in environmental protection.
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Introduction

Noble metal nanoparticles are gaining significant attention 

nowadays due to their attractive optoelectronic properties 

as against their bulk counterparts. Among these nanopar-

ticles, the gold nanoparticles are renowned for its promis-

ing applications in medicine, catalysis, optics, electronics 

and sensing [1–4]. Several physical and chemical synthetic 

strategies are available for the preparation of AuNPs. But 

they are often costly and employ noxious chemicals that 

are potentially hazardous to the environment [5]. So there 

is an emerging interest associated with the development 

of cheap, non- toxic and environmentally benign processes 

for nanosynthesis.

Recently, biosynthetic procedures employing microbes 

and plant extracts have aroused as a facile and feasible sub-

stitute for commonly used physical and chemical methodolo-

gies due to its simplicity, ecofriendliness and cost effective 

nature [6]. Nevertheless, plant mediated nanosynthesis are 

more beneficial over microbe assisted procedures in the case 

of easiness, fast rate of synthesis, abundant availability of 

resources and ecofriendliness. Moreover it eradicates the 

complicated procedure of preserving microbial cultures and 

could also be stretched to bulk-scale production. Previous lit-

erature revealed that terrestrial plants have been extensively 

utilized for the preparation of metal nanoparticles [7–12] 

and only a limited number of reports on nanogold synthe-

sis using renewable marine resources like marine macroal-

gae (seaweeds) [13, 14]. Due to the richness of bioactive 

metabolites, marine macroalgae are promising source for 

both industrial and biotechnological applications.

Herein, we explored the utility of aqueous Padina tet-

rastromatica extract for the fabrication of AuNPs. Padina 

tetrastromatica belongs to the family of Dictyotaceae, is a 

marine brown algae having plenty of phytochemicals like 

flavonoids, steroids, saponins, tannins, phenols and pro-

teins [15]. The algal extract itself performed as reductant 

and stabilizer. Since no toxic chemicals used in the synthetic 

protocol, it is completely a green chemistry process. Fur-

ther, the size, shape and morphological characteristics of 

the nanoparticles can be controlled and improved by altering 

the reaction conditions like quantity of extract, temperature, 

precursor metal ion concentration, pH and incubation time 

[16]. So we have carried out a detailed investigation on the 

effect of these physicochemical parameters on the formation 

of AuNPs and also demonstrated spectroscopically the cata-

lytic efficacy of the optimized AuNPs for the degradation 

of hazardous dyes Congo red and eosin yellow by sodium 

borohydride.

Materials and methods

Chloroauric acid of purity 99.9% was obtained from 

Sigma-Aldrich. Congo red, eosin yellow and sodium boro-

hydride were supplied by Merck India Ltd. Milli Q water 

is used to prepare all experimental solutions.

Preparation of seaweeds extract

The seaweed Padina tetrastromatica was collected manu-

ally from the coast of Thirumullavaram (8°53′38″N; 

76°33′14″E), Kollam district of Kerala and washed thor-

oughly in seawater. They were again washed several times 

in Milli Q water and dried in air. 10 g of the chopped 

algae were mixed with 100 mL of sterile Milli Q water and 

kept in a water bath at 60 °C for 20 min [17]. It was then 

allowed to cool and strained by means of Whatman No. 1 

filter paper. The resultant filtrate was used for biosynthesis.

Optimization of reaction parameters 
for the biosynthesis of AuNPs

Quantity of seaweed extract (SWE)

Volume of SWE required for the biosynthesis of AuNPs 

was optimized by adding varying quantity of extract 

(1 mL, 2 mL, 3 mL, 4 mL, 5 mL, 8 mL and 10 mL) to 

10 mL of 1 mM Chloroauric acid solution at room tem-

perature. The reaction mixtures were mixed thoroughly 

and incubated in dark.

Temperature

To analyse the influence of temperature on the biosyn-

thesis of AuNPs, the reaction mixtures were maintained 

at three different temperatures namely, room temperature 

(RT), 60 and 90 °C till the completion of the reaction with-

out changing the pH.

Metal ion concentration

To evaluate the impact of concentration of Chloroauric 

acid on AuNPs formation, 10 mL of four different concen-

trations of  HAuCl4 (0.1 mM, 0.5 mM, 1 mM and 2 mM) 
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was mixed with 2 mL of SWE at room temperature without 

altering the pH.

pH

The influence of pH on the formation of AuNPs was exam-

ined by keeping the pH of the reaction medium (which 

is obtained by adding 10 mL of 1 mM Chloroauric acid 

to 2 mL of SWE) at 3.2, 7 and 10, respectively at room 

temperature.

Reaction time

To optimize reaction time, the biosynthesis of AuNPs was 

monitored periodically in a UV–visible spectrophotometer. 

The reaction mixture comprising 10 mL of 1 mM Chloric 

acid and 2 mL of SWE at RT was monitored as a function 

of reaction time from 0 min to 48 h.

Characterization

Optimization of reaction parameters for the biosynthesis 

of AuNPs was performed using Thermo scientific Evolu-

tion 201 UV–visible spectrophotometer in the wavelength 

range of 300–700 nm. After 24 h of reaction, the biosyn-

thesized AuNPs were purified by repeated centrifugation at 

15,000 rpm for 20 min at 4 °C. The resultant precipitate 

was redispersed in sterile Milli Q water and freeze dried. 

The freeze dried AuNPs were then characterized using high 

resolution transmission electron microscopy (HR-TEM), 

Selected area electron diffraction (SAED), Energy disper-

sive X-ray analysis (EDAX), X-ray diffraction (XRD) and 

Fourier transform infrared spectroscopy (FTIR) techniques. 

FTIR measurements of freeze dried AuNPs and SWE were 

recorded using Perkin Elmer Spectrum 100 at the wave-

length range of 4000–500 cm−1. XRD pattern was recorded 

by PANalytic X’PERT-PRO X-ray spectrometer by means 

of Cu Kα radiation (λ = 0.1542 nm) functioned at a voltage 

of 40 kV and a current of 30 mA. HR-TEM images, EDAX 

and SAED patterns have been acquired with Tecnai  G2 30 

transmission electron microscope.

Catalytic activity

The catalytic efficacy of the biosynthesized AuNPs at 

optimum conditions was exploited for the degradation of 

hazardous dyes eosin yellow and Congo red using  NaBH4 

by following the method of Gangula et  al. [18], with 

slight modification. To 1.4 mL of water taken in a quartz 

cell, 0.3 mL of 2 mM aqueous dye and 1 mL of 0.03 M 

of recently made  NaBH4 solutions were added. To this, 

100 µL of biogenic AuNPs (1 mg/mL) was added and the 

periodic monitoring of the degradation reactions was carried 

spectroscopically at regular intervals. Control experiments 

were also executed without gold nanocatalyst. Kinetics of 

the degradation reactions were also investigated. Moreover, 

the degradation effectiveness of the AuNPs for each dye 

pollutant is estimated by means of the equation, % degrada-

tion = {(A0 − At)/A0} × 100, where A0 and At are the absorb-

ance at 0 and t minutes, respectively.

Results and discussion

The biotransformation of  Au3+ ions to AuNPs during expo-

sure to SWE was primarily evidenced from the colour vari-

ation of reaction medium from pale yellow to pink or pur-

ple owing to the excitation of surface plasmon resonance 

(SPR) in the AuNPs [19]. Further, optimization of reaction 

conditions like the quantity of SWE, temperature, precursor 

metal ion concentration, pH and reaction time was carried 

out using UV–visible spectroscopy and HR-TEM analysis.

E�ect of quantity of SWE on the biosynthesis 
of AuNPs

The UV–visible spectra depicted in Fig. 1a–c, describes the 

impact of varying volumes of SWE at RT, 60 and 90 °C, 

respectively, on the biosynthesis of AuNPs. From the spec-

tra it is evident that at all the three temperatures, as the 

quantity of SWE is augmented from 1 to 2 mL, the SPR 

band moved towards lower wavelength region signifying a 

decrease in particle dimension. Further rise in the extract 

volume resulted in broad SPR bands due to the agglom-

eration of the nanoparticles [20]. Moreover, photograph of 

AuNPs (Fig. 1d) at varying quantity of SWE revealed that 

after 2 mL, the colour of AuNPs changes to purple and then 

to blue owing to the rise in particle size. Thus the volume of 

SWE played a crucial part in deciding the size distribution 

of AuNPs and 2 mL is found to be the optimum quantity of 

extract required for the biosynthesis.

In�uence of temperature on the green synthesis 
of AuNPs

Figure 2a shows the absorption spectra of AuNPs formed 

with 2 mL of SWE at different temperatures. From the spec-

tra it is clear that with the rise temperature from RT to 90 °C, 

the absorption bands of AuNPs underwent a red shift from 

532 to 544 nm. This red shift is due to an increase in the 

particle size at high temperature owing to the agglomera-

tion of particles [21], which was further confirmed from the 

digital photographs (Fig. 2b) and HR-TEM images (Fig. 2c) 

of AuNPs at various temperatures. At room temperature, 

monodispersed particles of almost spherical shape were 

observed. Thus temperature performed a significant role 
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Fig. 1  The UV–visible absorption spectra of AuNPs at a RT b 60 °C c 90 °C and d digital images of AuNPs formed with varying volumes of 

SWE at RT

Fig. 2  a The UV–visible absorption spectra of AuNPs formed with 2 mL of SWE at various temperatures, b digital images of AuNPs formed 

with 2 mL of SWE at various temperatures and c–e HR-TEM images of AuNPs formed with 2 mL of SWE at various temperatures
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in determining the morphological characteristics of the 

nanoparticles.

E�ect of concentration of  HAuCl4 solution 
on the biosynthesis of AuNPs

The absorption spectra and the corresponding colour 

changes of the AuNPs generated at various concentration 

of Chloroauric acid have been presented in Fig. 3a, b. From 

the spectra it is clear that, at very low concentration of 

Chloroauric acid (0.1 mM), no characteristic SPR peak of 

AuNPs was perceived. But when the concentration increases 

to 0.5 mM, a broad band at 536 nm was witnessed and the 

spectra underwent a blue shift to 532 nm with increase in 

the concentration to 1 mM. Further increase in the  HAuCl4 

concentration resulted in a shift towards longer wavelength 

(541 nm) due to the increase in particle size. The HR-TEM 

images (Fig. 3c–e) showed a good agreement with the cor-

responding UV–visible absorption spectra. By considering 

these results, it could be finalised that, the optimum con-

centration of Chloroauric acid for the preparation of AuNPs 

using Padina tetrastromatica is 1 mM. Similar interpreta-

tions were also stated by Ghosh et al. [22].

In�uence of pH

The pH of the reaction mixture obtained by adding 2 mL 

of SWE to 10 mL of 1 mM Chloroauric acid was observed 

to be 3.2. The UV–visible spectra (Fig. 4a) and the corre-

sponding digital photographs (Fig. 4b) and HR-TEM images 

(Fig. 4c–e) revealed that more spherical and homogeneous 

AuNPs were formed at pH 3.2 which is consistent with ear-

lier reports [23]. Moreover, by altering the pH to 7 or to 

10, the AuNPs formed became polydispersed. Therefore pH 

of the reaction mixture itself is the optimum pH for this 

biosynthesis.

In�uence of reaction time

The bioreduction of  Au3+ ions to  Au0 mediated by Padina 

tetrastromatica extract at optimum conditions was exam-

ined spectroscopically at different reaction time and the 

stacked spectra is displayed in Fig. 5a. The biosynthesis 

of AuNPs started within 5 min which showed an SPR band 

at 540 nm. As the reaction continues, the intensity of this 

band increases together with a blue shift to 532 nm attrib-

uted to the creation of small sized spherical nanoparti-

cles. The biosynthesis was found to be completed within 

Fig. 3  a The UV–visible absorption spectra of AuNPs formed at varying  HAuCl4 concentrations b digital photograph and c–e HR-TEM images 

of AuNPs formed with 2 mL of SWE at various  HAuCl4 concentrations



338 Journal of Nanostructure in Chemistry (2018) 8:333–342

1 3

24 h and no further rise in the intensity of SPR band was 

detected. Also, there was no appreciable change observed 

in the colour and UV–visible spectrum of the biosynthe-

sized AuNPs even after 6 months, indicating the presence 

of well stabilized nanoparticles in the solution (Fig. 5b).

Characterization studies of AuNPs at optimum 
conditions

HR-TEM images at various magnifications (Fig.  6a–c) 

revealed that at optimum conditions, the biosynthesized 

AuNPs have almost spherical shape with an average size of 

Fig. 4  a The UV–visible absorption spectra of AuNPs at different pH ranges b digital images and c–e HR-TEM images of AuNPs at various pH 

ranges

Fig. 5  a UV–visible absorption spectra of AuNPs at different reaction time and b after 6 months
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11.4 nm (Fig. 6e).The existence of elemental gold was con-

firmed from the EDAX profile (Fig. 6f). The high crystal-

linity of the biogenic AuNPs was established by clear lattice 

fringes in the HR-TEM image (Fig. 6c) and bright circular 

spots the in SAED pattern (Fig. 6d) and diffraction peaks 

corresponding to (111), (200), (220), and (311) lattice planes 

in XRD profile (Fig. 6g).

The FTIR spectrum of SWE and AuNPs are shown in 

Fig. 7. It is seen that all major peaks in the SWE were pre-

sent in the AuNPs displaying the powerful reducing nature 

and capping effect of the SWE. The broad peak appeared 

between 3400 and 3450  cm−1 is owing to the of O–H 

stretching vibrations of alcohols and phenols, small peak 

at 2926 cm−1 is attributed to aliphatic C–H stretching, the 

sharp band at 1640 cm−1 arose from –C=O stretching of car-

bonyl groups of protein, the absorption peak at 1028 cm−1 

corresponds to the carboxylic acid functional group [24]. 

These results suggested that several phytochemical metabo-

lites in SWE might be adsorbed on the surface of AuNPs, 

and might be accountable for the reduction as well as stabi-

lization of AuNPs. But the exact nature and chemical com-

position of compounds needs a detailed investigation.

Catalytic e�cacy of AuNPs in the reduction 
of organic dyes

Because of their exceptional small size and high surface area 

to volume fraction, metal nanoparticles can act as excellent 

catalysts. The catalytic potential of AuNPs biosynthesized 

under optimum conditions was examined for the reduction 

reactions of Congo red (CR) and eosin yellow (EY) using 

 NaBH4.

Congo red is a non-biodegradable 2° diazo dye, exten-

sively used in textiles, rubber and paper industries. Due to 

the toxic nature, its degradation and eradication are very 

important. In aqueous medium CR is deep red in colour and 

shows two absorption peaks (Fig. 8a) at 498 and 350 nm 

owing to π → π* and n → π* transitions of the –N=N– group, 

respectively [25]. Catalytic degradation of CR using  NaBH4 

yield diphenyl and 4-aminonaphthalene-1-sulfonate [26]. 

The rate of reduction of CR by  NaBH4 have been studied 

Fig. 6  a–c HR-TEM images of AuNPs at various magnifications d SAED pattern e particle size histogram f EDAX spectrum and g XRD pattern 

of biosynthesized AuNPs under optimum conditions

Fig. 7  FTIR spectra of (a) SWE and (b) AuNPs
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both in presence and absence of AuNPs spectrophotometri-

cally by monitoring the peak at 498 nm. In the absence of 

nanocatalyst, the peak at 498 nm remained almost unchanged 

(Fig. 8b), demonstrating that the reduction of CR by  NaBH4 

is insignificantly slow owing to the appreciable variance in 

redox potential between them [27]. Consequently, this reac-

tion is not kinetically favourable without a catalyst and could 

not be performed simply with the reducing agent  NaBH4. 

However the degradation reaction commenced instantly with 

the supplement of gold nanocatalyst. This is obvious from 

the vanishing of red colour of the reaction medium along 

with a drop in intensity of the peak at 498 nm. The degrada-

tion was found to be completed within 4 min (Fig. 8c).

EY is a tetrabromofluorescein dye, widely employed in 

paper, textile and leather industries and forms a major dye 

pollutant [28]. Orange red coloured solution of EY showed 

an absorption maxima at 515 nm (Fig. 9a).The catalytic 

efficacy of the biosynthesized AuNPs was also assessed for 

the reduction reaction of EY by  NaBH4. Here also, there 

is no apprecible change witnessed when the reaction exe-

cuted without nanocatalyst (Fig. 9b). But reduction occured 

instantly with the addition of AuNPs and the red colour of 

the solution gradually turned to colourless. The degradation 

reaction was accomplished within 6 min as was clear from 

almost nil absorption at 515 nm (Fig. 9c).

As the concentration of  NaBH4 used as reductant in this 

study largely exceeds that of dyes, the reaction rate is sup-

posed to be depend only on the concentration of the dye. 

For this reason, the rate is assumed to be pseudo first order 

kinetics and can be denoted as ln [C]/[C0] = − kt, where 

[C] is the concentration of dye at time t, [C0] is the initial 

concentration and k is the pseudo first order rate constant. 

Since the absorbance is proportional to concentration of 

solution, the absorbance at time t (A) and time 0 (A0) are 

comparable to concentration at time t (C) and time 0 (C0) 

[29]. The linear plots of ln (A/A0) against time in both the 

reactions confirmed that the reactions to be in agreement 

with pseudo first order kinetics (Figs. 8d, 9d). The rate 

constants of each reaction computed from the slope of 

the linear plot of ln (A/A0) verses reaction time have been 

detailed in Table 1. The correlation coefficient value for 

each linear plot is found to be nearly one. The degrada-

tion efficiency of the AuNPs for each dye pollutant is also 

evaluated by calculating the % degradation and was found 

to be 92 and 96% for CR and EY, respectively.

In both the degradation reactions, the AuNPs took the 

role of an electron transfer mediator between dye and 

 NaBH4 and the catalytic reduction proceeds by an elec-

tron relay effect [30]. As soon as the reactants get adsorbed 

on the surface of the AuNPs, catalytic reaction occurs by 

the transmission of electron from  BH4
− to the dye moiety. 

Thus, in the above catalysed reactions, AuNPs helped in 

enabling the reduction by decreasing the activation energy 

of the reaction and hence performed the task of an efficient 

catalyst [31].

Fig. 8  a The UV–visible 

absorption spectrum of aqueous 

solution of CR b reduction of 

CR by  NaBH4 without AuNPs 

c reduction of CR by  NaBH4 

using AuNPs d Plot of ln (A/A0) 

verses reaction time in the 

reduction of CR using AuNPs
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Conclusion

The present study demonstrated the optimized biosyn-

thesis of highly stable and monodispersed AuNPs by a 

completely green process by means of aqueous extract 

of marine macroalgae-Padina tetrastromatica as effec-

tive reducing and stabilizing agent. Optimization studies 

revealed that different physicochemical parameters like 

the quantity of seaweed extract, temperature, metal ion 

concentration, pH and reaction time greatly affected the 

rate of formation, size and distribution of nanoparticles. 

On optimizing the synthesis conditions, small, spherical 

and monodispersed AuNPs were formed, which were char-

acterized by UV–Vis, HR-TEM, SAED, EDAX, XRD and 

FTIR techniques. Biosynthesized AuNPs under optimum 

conditions performed as efficient catalyst in the degrada-

tion of harmful pollutants Congo red and eosin yellow 

using  NaBH4. These catalytic reduction reactions were 

very quick and followed pseudo-first order kinetics. Thus, 

seaweed mediated biosynthesized AuNPs could act as 

promising materials for the application in environmental 

protection.
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