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Abstract
In the present study, bio-augmented silver nanoparticles with Derris trifoliata seed extract (AgNP-DT) have been

developed. Formation of AgNP-DT has been confirmed with X-ray diffraction (XRD), High resolution transmission

electron microscopy (HRTEM) and Fourier-transform infrared spectroscopy (FTIR). Even though introduced for the first

time as a catalyst owing to high surface area, the as-prepared nanoparticles showed one of the best catalytic activity in the

reduction of a water soluble azo dye–methyl orange. An incredible pseudo-first order rate constant (0.3208 min-1) and

activity parameter (1086 s-1 g-1) were obtained for the catalytic reduction of methyl orange with 4.9 lg AgNP-DT.

Furthermore, AgNP-DT exhibits a good selectivity and sensitivity towards mercury(II) ions over other metals in aqueous

solution. Absorbance of AgNP-DT exhibits a good linear relationship against concentration of Hg2? with a limit of

detection (LOD) of 1.55 lM. The mechanism of sensing activity of AgNP-DT was elucidated by measuring the variation in

the zeta potential of the system with increasing concentration of Hg2?. Moreover the proposed method could be practicably

applied for the detection of Hg2? in real water samples with a percentage recovery in range of 91.41–108.07%.
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Introduction

Heavy metals and artificial dyes causes many serious

problems to human and environment [1]. Usage of these

chemicals are unavoidable for their wide applications in

different fields of science and technology. With rapid

development of industries such as textile industry, ore

mining, paint and paper industry, pesticide and fertilizer

industry etc., a huge amount of dyes, pigments and heavy

metals are disposed after the industrial processes. The

effluents from these industries are discharged into natural

surface and ground water resources. These pollutants alters

the chemistry of surface water and thus affects the health of

living organisms. With passage of time, dyes and pigments

present in water undergoes chemical degradation or trans-

formation to form more toxic products. Heavy metals and

dyes could directly or indirectly enter the food chain and

cause severe toxic impacts on the environment. Therefore,

it is critical to detect and reduce or remove these industrial

pollutants from water.

There are several techniques reported in the literature for

the treatment of dye contaminated waste water. These

include catalytic reduction [2], photocatalytic degradation

[3], advanced oxidation processes [4], membrane techniques

[5], bioremediation [6] and adsorption [7, 8]. Among them,

reductive degradation using nanocatalyst have been applied

widely for the treatment of dyes in aqueous solutions due to

its low cost, clean processing and efficiency [9, 10].

Reduction of dyes with nanocatalyst convert them to readily

biodegradable products which can be further treated if

required [10]. Metal based nanocatalysts for the reduction

reaction mainly rely on noble metals, such as Au and Ag
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[11, 12] due to their high stability and large surface area.

However, without suitable surface stabilizers, these

nanocatalysts undergo aggregation, which can lead to

degradation of their catalytic activities and lifetime [13].

Therefore, it is important to stabilize nanocatalyst with

proper ligands to improve its lifetime and efficiency.

Recently, bio-augmented metal nanocatalysts have been

prepared by utilizing different parts of plants, algae, micro-

organisms and enzymes [14]. Due to its highly stable and

dispersive nature in water, these bio-functionalised

nanocatalysts could be effectively applied for catalysing the

reduction reaction of water soluble dyes [15].

Among heavy metals, mercury is one of the highly toxic

pollutants in aquatic environments [16]. Inorganic salts of

mercury are highly water soluble and thus Hg2? exists

mostly in surface waters. Mercury binds with sulfhydryl

groups of enzymes and amino acids and induces mitochon-

drial dysfunction with subsequent increase in oxidative

stress causing hypertension, cardiovascular disease, stroke

etc. [17]. There are severalmethods reported for the selective

mercury detection like atomic fluorescence spectrometry

(AFS), atomic absorption/emission spectrometry (AAS/

AES), inductively coupled plasma mass spectrometry

(ICPMS) etc. [18]. However these methods are expensive

and require laborious sample preparation and pre-concen-

tration procedures. Hence, the interest in cost-effective

analytical methods with selective and sensitive mercury(II)

ion sensors have been increasing. Various sensor systems for

the detection ofmercury(II), based on polymers [19], organic

compounds [20], functionalised nanoparticles [21], carbon

dots [22], DNA [23] and chromophores [24] have been

reported. Nowadays metal nanoparticles and their compos-

ites are widely applied for the sensing of organic and inor-

ganic molecules like alcohols [25], thiols [26], 2,4-

dinitrotoluene [27], glutathione [28], hydrogen peroxide

[29, 30], heavy metals [31, 32] and even rare earth metals

[33]. Among them, mercury sensors based on bio-function-

alised metal nanoparticles have been extremely attended due

to their simplicity, selectivity and ease of measurement.

Farhadi et al. have developed a mercuric colorimetric sensor

of silver nanoparticles stabilized with soap-root plant extract

which could detect Hg2? in micromolar level [21]. Unlike

other metal nanoparticles, silver nanoparticles are stable for

several months, allowing these nanoparticles to be utilized

for sensitive detection with minimum consumption of

materials [34].

Derris trifoliata belongs to the family Leguminosae, is

an underutilised mangrove associated plant species com-

monly seen in tropical region. Very few studies were

reported on the chemical and medicinal applications of

Derris trifoliata. Catalytic activity and metal sensing

ability of nanoparticles capped with Derris trifoliata

extract have not yet been evaluated. Therefore the present

study focus on the catalytic potential of AgNP-DT for the

reductive degradation of an azo dye, methyl orange. Also

the metal sensing ability of AgNP-DT was explored for the

selective sensing of Hg2? ions from water samples.

Materials and Methods

Seeds of Derris trifoliata were collected from Vembanad-

Kol Ramsar site, Kerala, India. Methyl orange, Sodium

borohydride (NaBH4), Silver nitrate (AgNO3) and mercuric

chloride were procured from Merck India Ltd. and used

without further purification. All aqueous solutions were

prepared using double distilled water.

Synthesis and Characterisation of AgNP-DT

10 g of seed powder was extracted with 50 mL of distilled

water for 30 min and filtered. The presence of phyto-

chemical constituents in the aqueous seed extract was

analysed by standard preliminary phytochemical tests

[35, 36]. 250 lL of seed extract was then added to 5 mL of

1 mM solution of AgNO3 and kept under sunlight. The

above experiment was repeated at room temperature under

the same experimental conditions in the absence of sun-

light. The silver nanoparticles synthesized by the assistance

of sunlight were characterized by spectroscopic and

microscopic techniques. UV–visible studies were carried

out using Shimadzu UV-1700 Pharmaspec spectropho-

tometer. The IR spectra have been recorded using Shi-

madzu IR Prestige-21 FTIR spectrometer. X-ray diffraction

(XRD) analysis were performed by Mini Flex 600-Rigaku

diffractometer. The size and morphology of nanoparticles

were examined by high resolution transmission electron

microscope (HRTEM). DLS measurements were carried

out by LitesizerTM 500 Anton Paar GmbH analyser.

Catalytic Reduction of Methyl Orange (MO)

The reduction of methyl orange with NaBH4 was used to

study the catalytic efficacy of AgNP-DT. To 50 lL of

5 mM methyl orange taken in the quartz cuvette, 0.1 mL of

0.5% w/v freshly prepared NaBH4 solution was added. It

was followed by the addition of 30 lL of AgNP-DT and

the solution was made up to 3.2 mL with distilled water.

The variation in the concentration of methyl orange was

observed using UV–visible spectroscopy.

Colorimetric Detection of Mercury(II) Ion
in the Aqueous Solution Using AgNP-DT

For the colorimetric detection of Hg2?, the prepared

AgNP-DT was diluted twenty times with double distilled
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water. To examine the metal ion detection ability of AgNP-

DT, representative alkali metals, alkaline earth metals and

transition metal ions at same concentration (500 lL,
10-4 M) were added into 2 mL of diluted AgNP-DT at

room temperature. The photographs were taken after 5 min

of mixing and the change in the surface plasmon resonance

(SPR) of AgNP-DT was monitored by UV–visible spec-

troscopy. Further, we employed the proposed sensing

method for the determination of spiked concentration of

Hg2? in a river water (environmental matrix) collected

from Meenachil River, Kerala, India and tap water col-

lected from School of Environmental Sciences, MG

University campus. The minimum detectable limit of Hg2?

in aqueous solution was also investigated.

Results and Discussion

Formation and Characterisation of AgNP-DT

Upon sunlight irradiation, colour of the reaction medium

changes to yellowish dark-brown (Fig. 2a, b) indicating the

formation of AgNP-DT. Figure 1a shows the UV–Vis

spectrum of AgNP-DT formed at 15 min and 1 h of sunlight

irradiation. The surface plasmon resonance (SPR) of AgNP-

DT experienced a blue shift from 435 to 419 nm with

increase in the time of irradiation and almost completes

within 2 h. This may be due to the decrease in the size of

nanoparticle with increase in duration of sunlight irradiation.

For synthesizing AgNP-DT for catalytic reduction reaction

of MO, the reaction mixture was kept under sunlight for 1 h,

till the SPR peak reaches a wavelength of 419 nm. However,

mercury sensing was effective even with AgNP-DT with

SPR peak at 435 nm, formed upon an irradiation time of

15 min without any variation in its sensitivity. XRD mea-

surements (Fig. 1b) showed diffraction peaks at 2h values of
38.12�, 44.41�, 64.70� and 77.40�. These XRD peaks are

compared with JCPDS number 87 - 0720 and it corresponds

to (111), (200), (220) and (311) planes of a face centred cubic

structures of silver crystals [37]. The average size of AgNP-

DT (D) was calculated to be 16.05 ± 5.0 nm using Debye–

Scherrer equation,

Particlesize Dð Þ ¼ k � k
b� Cosh

where k is Scherrer constant (0.9 for spherical crystals), k
is wavelength of X-ray, b is full width at half maximum

(FWHM) and h is the diffraction angle [38].

TEM images (Fig. 2c) revealed nearly spherical shape

of AgNP-DT with d(111) spacing values measured to be

0.23 nm. The crystal planes of AgNP-DT and selected area

electron diffraction patterns (SAED) of AgNP-DT corre-

sponding to their Bragg’s reflections were clearly shown in

Fig. 2c.

Fig. 1 a UV–vis spectra of

AgNP-DT, b XRD pattern of

AgNP-DT and c FTIR spectra

of seed extract of Derris

trifoliata and AGNP-DT
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Derris trifoliata is already reported to contain bioactive

compounds like flavonoids [39], isoflavonoids [40], phe-

nolic acids [41] and polysaccharides [42]. Qualitative

phytochemical analysis of the aqueous seed extract of

Derris trifoliata confirm the presence of secondary

metabolites like polyphenols, proteins, flavonoids and

alkaloids. Figure 1c shows the FTIR spectra of Derris

trifoliata and AgNP-DT nanoparticles. A broad and strong

peak at 3333 cm-1 could be attributed to the –OH

stretching vibrations of polyphenolic compounds [43]. The

weak band at 2938 cm-1 could be assigned to the aliphatic

C–H stretching and a peak at 1402 cm-1 correspond to

geminal methyl of secondary metabolites in the aqueous

extract [44]. The band at 1632 cm-1 was assigned to car-

bonyl (C=O) stretching in carboxyl group (amide I band) of

proteins [45]. The band at 1054 cm-1 correspond to CN-

stretching of amines [46]. Comparing the FTIR spectrum of

Derris trifoliata with that of AgNP-DT, the peaks at

1632 cm-1 and 1054 cm-1 were the prominent ones

present in both the spectra. These peaks correspond to the

carbonyl and amine groups which might be responsible for

the capping of silver nanoparticles. These capping ligands

itself could act as reducing and stabilizing agents. The

nitrogen or oxygen atom of the capping agent could donate

lone pairs of electrons to Ag? ions for its reduction to Ag0.

This reaction proceed at a very slow in the absence of

sunlight. At room temperature, it takes minimum 48 h for

the formation of AgNP-DT. In the presence of sunlight, the

capping agent could easily donate electrons for the reduc-

tion of silver ions. This confirms the catalytic behaviour of

sunlight in the formation of AgNP-DT.

Catalytic Reduction of Methyl Orange (MO)

Methyl orange is an azo dye which is widely used as pH

indicator as well as for dyeing of fabrics. The catalytic

reduction ofMOwas studied using synthesized AgNP-DT in

the presence of excess NaBH4. The reduction of MO with

Fig. 2 a Derris trifoliata seed extract in AgNO3 before sunlight irradiation, b AgNP-DT formed after sunlight irradiation and c HRTEM images

of AGNP-DT
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NaBH4, in the absence of a catalyst occurs at a very slow rate

(Fig. 4c). This may be due to the presence of high energy

barrier between the mutually repelling negative ions of

borohydride (BH4
-) andmethyl orange. In the present work,

30 lLofAgNP-DTwas used for the reduction ofMO. 30 lL
of AgNP-DT contains 4.9 lg of nanocatalyst. Aqueous

solution ofMO has an absorption maximum at 464 nm. This

reduction reaction could be monitored by decrease in the

intensity of peak at 464 nm and simultaneous increase in the

absorbance at 250 nm (Fig. 4a). With the addition of AgNP-

DT, the azo (–N=N–) bond in MO dye was reduced to cor-

responding colourless amine (–NH–NH–).The orange col-

our of the dye disappear within 10 min of time. This colour

change indicates complete conversion of the dye to its cor-

responding amine compound.

The reduction process was also monitored by carrying out

FTIR analysis of the dye solution before and after the addi-

tion of NaBH4 and AgNP-DT (Fig. 3). Methyl orange dis-

play a peak at 2920 cm-1 for asymmetric –CH3 stretching

vibrations, peaks at 1676 cm-1 and 1646 cm-1 represents –

C–H bending of aromatic rings. Peaks at 1031 cm-1,

939 cm-1 and 690 cm-1 for –C–H stretching vibrations of

benzene ring and a peak at 817 cm-1 for –C–H stretching

vibrations in di-substituted benzene ring [47]; this confirms

aromatic nature of dye. Peaks at 1600 cm-1 and 1516 cm-1

for –N=N– stretching vibrations [47] and peaks at

1361 cm-1 and 1184 cm-1 for –C–N stretching confirm the

azo nature of dye [48]. The peak at 1111 cm-1 correspond-

ing to –S=O stretching vibrations confirm the sulfonic nature

of the MO [48]. The FTIR spectra of the reduced product of

MO after the addition of NaBH4 and AgNP-DT display an

intense broad distinct peak at 3290 cm-1 for –N–H stretch-

ing of amine and peak at 1653 cm-1 for –N–H bending

vibrations; this confirms the reduction of azo group to amine.

Also, missing of peaks at 1600 cm-1 and 1516 cm-1 for –

N=N– stretching vibrations further confirm the reduction of

the azo group. The peak at 2932 cm-1 represents asym-

metric –CH3 stretching vibrations and peak at 1369 cm-1 for

–C–N stretching vibrations. The peak at 1128 cm-1 corre-

sponding to –S=O stretching vibrations confirm the presence

of sulfonic group in the reduced product. Peaks at 904 cm-1,

860 cm-1 and 690 cm-1 represents –C–H stretching vibra-

tions of benzene ring. FTIR spectrum of the reduced product

have displayed different peaks compared to the initial solu-

tion of MO, which confirms that MO has been reduced.

In the above reaction process, the concentration of

NaBH4, is much higher than that of MO and therefore

almost remains constant throughout the reaction. There-

fore, first order kinetics was applied to calculate the cat-

alytic performance of AgNP-DT. The rate constant (k) was

calculated from the linear plot of ln (A) versus reduction

time (t) in minutes. The correlation coefficient for the plot

was found to be R2 = 0.9944. The pseudo-first order rate

constant (k) and activity parameter for MO degradation for

the present study were found to be 0.3208 min-1 and

1086 s-1 g-1 respectively (Fig. 4b). It is more appropriate

to define the activity parameter of a catalytic reaction for

comparing the efficiency of catalyst than merely comparing

the rate constants. The activity parameter denotes the rate

constant of a reaction per gram of the catalyst used [49].

The high activity parameter observed for our catalyst may

be due to the higher surface area provided by AgNP-DT for

the adsorption of MO and BH4
-, which increases the rate

of reduction reaction by increasing the electron transfer

between these molecules. Furthermore, the effect of cata-

lyst loading on the rate of reaction was studied by adding

8 lg of AgNP-DT, while keeping other parameters con-

stant. The newly observed rate constant and activity

parameter for the reaction were found to be 0.7221 min-1

and 1461 s-1g-1 respectively. Therefore it can be con-

cluded that the rate of reaction as well as activity parameter

increases with increase in the catalyst loading, which is

evident due to increase in the effective catalytic surface

area for the reduction reaction. Thus the high catalytic

activity of our catalyst can be explained on the basis of its

small size and large surface area. Above results show that

AgNP-DT synthesized using the seed extract of Derris

trifoliata can be used as a promising catalyst for the

reduction reaction of water soluble dyes and effluents.

Spectrophotometric Detection of Hg21

in the Aqueous Solution Using AgNP-DT

Selectivity and Sensitivity for Mercury(II) Ion Detection

The as-prepared AgNP-DT was tested for the selective

detection of metal ions from aqueous solution. To
Fig. 3 FTIR spectrum of methyl orange and reduced product of

methyl orange
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investigate the response of AgNP-DT to metal ions,

500 lL of 10-4 M solution of 14 different metal ions were

added separately to the former solution at room tempera-

ture. It was observed that within 2 min of addition, the

characteristic yellow colour of AgNP-DT got decolourised

after mercury addition There was no decolourisation with

metals other than mercury (Fig. 5a). This property of

AgNP-DT could be utilized for the detection of Hg2? ions

selectively in water samples even with our naked eye.

Gradual colour change of AgNP-DT with increasing con-

centration of Hg2? is shown in (Fig. 5b). The limit of

detection in case of visual detection method is 56 lM.

To investigate the sensitivity of the method, UV–Vis

titration studies were done with AgNP-DT versus different

concentrations of Hg2?. The interaction between AgNP-

DT and Hg2? ions was clear from the drastic change in the

intensity of SPR peak as confirmed from UV–Vis spec-

troscopic studies. The absorbance of SPR peak decreased

and blue shifted with increasing concentration of Hg2?

(Fig. 4b). A linear graph (y ¼ �0:00353xþ 0:23982) was

obtained by plotting absorbance against concentration of

Hg2? (Fig. 6c). From the data obtained, the limit of

detection (LOD) and limit of quantification (LOQ) for the

colorimetric detection of Hg2? was found to be 1.55 lM
and 4.7 lM respectively.

Mechanism of Sensing Activity of AgNP-DT Towards Hg21

To elucidate the mechanism of sensing activity of AgNP-

DT towards Hg2?, the nanoparticles were examined before

and after the addition of Hg2? using DLS measurements.

Variation of zeta potential of AgNP-DT with increasing

concentration of Hg2? was also monitored. When a drop of

Hg2? was added to AgNP-DT aqueous solution, the sta-

bility of bio-stabilised silver nanoparticles decreases,

which could be confirmed from zeta potential measure-

ments. The average size of nanoparticles also increases

with the addition of Hg2? ions (Fig. 6). On further

increasing the concentration of Hg2?, zeta potential again

decreases destabilising the nanoparticle.

This is explained as follows: Biological ligands stabil-

ising the AgNP-DT could efficiently reduce Hg2? to form

Hg0. This reaction weakens the electrostatic binding

between biological ligands and silver nanoparticles leading

to destabilisation of AgNP-DT. The as-generated mercury

atoms could quickly undergo a redox reaction with zero-

valent silver having a standard potential of 0.8 V (Ag?/Ag)

and 0.85 V (Hg2?/Hg) respectively thereby forming an

amalgam between Ag and Hg [50, 51]. In order to attain

stability, these weakly stabilised amalgamated silver

nanoparticles aggregates to form large particles, resulting

in a quenching of SPR peak intensity [52]. From DLS

measurements, the average size of the nanoparticle

Fig. 4 a Reductive degradation

of methyl orange in presence of

30 lL of AgNP-DT, b pseudo

first order kinetic plot of ln

(A) against time and

c uncatalysed reduction of

methyl orange
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increases to 90 nm with the addition of 80 lM of Hg2?.

The blue shift observed in the SPR band might be due to

the above redox reaction between zero-valent silver and

Hg2?.

Determination of Hg21 in Real Water Matrix

The proposed method was evaluated for determining Hg2?

in river tap water matrix. Water samples were collected

from Meenachil River, Kerala, India and tap water was

collected from School of Environmental Sciences, MG

University campus. Both water samples were free of mer-

cury ions. So the collected real water samples were spiked

with a various concentration range of mercury and anal-

ysed according to the proposed method. The recoveries of

Hg2? in real water samples were measured [53], which are

in range of 91.41%–108.07% (Table 1). Hence our pro-

posed method has a great potential for the colorimetric

sensing of Hg2? ions in real water samples.

Fig. 5 a Selective sensing of

Hg2? by AgNP-DT over other

metal ions, b sensitivity of

AgNP-DT towards varying

concentration of Hg2?; Inset

(b) shows the visual detection

limit for the titration of AgNP-

DT versus different

concentrations of Hg2? and

c linear relationship of

absorbance with concentration

of Hg2?

Fig. 6 Variation of zeta potential and average particle size of

nanoparticle with increasing concentration of Hg2?

Table 1 Analytical results of Hg2? in river water and tap water

samples (n = 3)

Sample Hg2? (lM) added Hg2? (lM) found % Recovery

River water 0 – –

6.54 5.99 91.56

10.71 9.79 91.41

19.35 17.94 92.76

Tap water 0 – –

6.54 7.07 108.07

10.71 10.92 101.96

19.35 18.70 96.64
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Conclusions

In this report, stable AgNP-DT was prepared using AgNO3

as the precursor and aqueous seed extract of Derris trifo-

liata as reducing and stabilising agent. From the FTIR

spectral data, carbonyl and amine groups of the extract

were mainly involved in the reduction and stabilization of

silver nanoparticles. The as-prepared nanoparticles char-

acterised by various spectroscopic and microscopic tech-

niques revealed the spherical crystalline nature of AgNP-

DT with an average particle size of 16.05 ± 5.0 nm. 30 lL
(4.9 lg) of AgNP-DT could effectively reduce methyl

orange in the presence of NaBH4 with an exceptional rate

constant of 0.3208 min-1. Furthermore, AgNP-DT could

selectively detect Hg2? ions from aqueous solution. With

increasing amount of Hg2?, the intensity of yellow colour

of AgNP-DT decreases and finally got colourless. As a

result, the absorbance of AgNP-DT was decreased, which

was attributed to the amalgam formation between Ag and

Hg. Moreover this simple and fast method was applied to

monitor the concentration of Hg2? in a real water matrix.
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