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Abstract: The main objective of this study is to synthesize silver nanoparticles via green approach (environmentally eco 

friendly method) without using hazardous compounds. Here we present the distinctive properties of the silver nanoparticles 

(AgNPs) synthesized using hot water Phyllanthus emblica leaf extract (PELE) a reducing and capping agent. The nature of 

AgNPs synthesized was analyzed by atomic force microscope (AFM), scanning electron microscope (SEM), energy-

dispersive microanalysis (EDX), X-ray diffraction spectroscopy (XRD), flourier transform infra red (FTIR), thermo 

gravimetric analysis (TGA), differential thermal analysis (DTA) and UV–vis spectroscopy (UV). We explored the ability of 

the AgNPs for removing Hg
2+

 from aqueous solution. Moreover, adsorption isotherms, kinetics and thermodynamics were 

studied to understand the mechanism of the synthesized AgNPs adsorbing metal ions. The adsorption isotherms were well 

described by Langmuir isotherm model with correlating constant (R
2
) higher than 0.9945. The maximum adsorption 

capacity was determined at 303 K and was found to be 312 mg/g for Hg (II) ion respectively. The adsorption kinetics data 

were well fitted by the pseudo-second-order rate model with high regression coefficient (0.998). The intra particle diffusion 

of Hg (II) on AgNPs represents the rate-limiting step. The adsorption capacity was decreased with the increase of 

temperature, and thermodynamic calculations suggested that the adsorption of Hg (II) ions onto AgNPs is an exothermic 

process. It has been found that AgNPs show high selectivity‟s and adsorption capacities to removal of Hg
2+

 from its 

aqueous solution. 

Keywords:  Adsorption isotherms, Kinetics, Mercury, Thermodynamics, Phyllanthus emblica, silver nanoparticles, 

biological reduction, green synthesis. 

 

I. INTRODUCTION 

  Nanotechnology is a rapidly expanding and potentially beneficial field with tremendous implications for society, industry, 

and medicine. The uses for nano-sized particles are even more remarkable. Silver nanoparticles have been synthesized 

using various plant extracts such as Hibiscus rosa sinensis [1], Svensonia hyderabadensis [2], Trianthema decandra [3], 

Dioscorea batatas [4], Moringa oleifera [5], Bacopa monniera [6], Citrus limon [7], Arbutus unedo [8], Acalypha indica [9], 

Mentha piperita [10], Cassia auriculata [11] etc. so for  the AgNPs (zero-valent metal) are not synthesized using PELE. 

Hence, we report an inexpensive, versatile, and very reproducible method for the large -scale synthesis of silver 

nanoparticles by reduction process using PELE. This is act both as reducing and stabilizing agent. Further, the 

contamination of water recourses by heavy metal is a serious worldwide environmental problem [12]. Numerous metals 

such as mercury, cadmium, chromium, lead, etc. are known to be significantly toxic. Mercury is well known for its 

extremely high toxicity. A very low concentration of mercury in water may cause health hazard. The World Health 
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Organization (WHO) has set the guideline value for inorganic mercury in drinking water at 1.0µgL−1 [13].These facts have 

motivated many physicochemical methods for heavy metal removal from aqueous solution, including chemical 

precipitation, membrane separation, electrochemical reduction, ion exchange, and adsorption [14–18]. Among these 

methods, adsorption is generally preferred for the removal of heavy metal ions due to its high efficiency, easy handling, 

availability of different adsorbents and cost effectiveness. Several types of materials, such as activated carbons [19], clay 

minerals [20], chelating materials [21], and chitosan/natural zeolites [22] have been researched to adsorb metal ions from 

aqueous solutions. Although traditional sorbents could remove heavy metal ions from wastewater, the low sorption 

capacities and efficiencies limit their application deeply. To solve these defects of traditional sorbents, nanomaterials are 

used as the novel ones to remove heavy metal ions in wastewater. Materials with the particle size between 1 nm to 100 nm 

are defined as nanomaterials. With novel size- and shape-dependent properties, nanomaterials have been extensively 

investigated over a decade [23]. In recent years, the development of nanoscience and nanotechnology has shown 

remarkable potential for the remediation of environmental problems [24]. Compared with traditional materials, 

nanostructure adsorbents have exhibited much higher efficiency and faster rates in water treatment. The generally used 

nanoparticles include zero-valent metals [25–32] to remove heavy metal ions from aqueous solution. From the literature 

survey, it is found that the application of PELE capped AgNPs (zero-valent metal) for adsorbing heavy metals has not been 

reported yet. Hence in the present study, we have synthesized these PELE capped AgNPs and applied these AgNPs for 

adsorbing heavy metals from aqueous solution. Meanwhile the influence of experimental parameters such as contact time, 

initial concentration and thermodynamics on adsorption will be revealed. 

 
II. EXPERIMENTAL 

A. Materials 

  The raw plant material used in the present study was Phyllanthus emblica (P.emblica).This is a plant material freely 

available in Tamil Nadu, India. AR grade SD fine silver nitrate (AgNO3) was purchased and its 0.1 M solution was 

prepared in stock and diluted to 1 mM solution. The other chemicals and reagents were of chemically pure grade (AnalaR) 

procured from SD Fine Chemicals, India. 

B. Methods 

1) Preparation of PELE: Fresh P.emblica leaves were collected and washed with sterile distilled water and dried. After 

drying cut in to small pieces. The extract was prepared by taking 20 g of thoroughly washed finely cut P.emblica leaves in a 

250-mL Erlenmeyer flask with 100 mL of deionized water, and then boiling the mixture at 60°C for 5 min. After boiling, 

the solution was decanted and filtered through nylon mesh (spectrum). The filtrate is used as reducing agent and stabilizer, 

stored at 4ºC for further nanoparticles synthesis process.  

 

 
 

Fig. 1 (a) Leaf extracts (b) Silver nitrate mixture before and (c) After the synthesis of AgNPs 

2) Green synthesis of AgNPs: For synthesis process, the PELE of 2 mL was added to 25 mL of 1 mM AgNO3 aqueous 

solution and the resulting solution became brown in color. Then the mixture was stirred for 30 min to obtain the AgNPs. 
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Here the formation of AgNPs was identified by change in the color of the stock solution to brown within 20 min (Fig.1). 

Further the extract and aqueous solution ratio was varied. These biologically-reduced aqueous solutions of Ag nanoparticles 

were used for further characterizations. This process carried out at room temperature.  

3) Spectral analysis: The synthesized AgNPs were confirmed by sampling the aqueous component of different time 

intervals and the absorption maxima was scanned by UV-Vis spectrophotometer at the wavelength of 300-800 nm on UV-

1800 SHIMADZU spectrophotometer. The infrared spectra were achieved in a Shimadzu FT-IR spectrophotometer IR 

Affinity-1 by employing KBr pellets and registering amplitude waves ranging from 400 to 4000 cm
−1

.  

4) Morphological analysis: Morphological analysis was done using Philips model CM 200 SEM machine. Thin films of the 

sample were prepared on a carbon coated copper grid by just dropping a very small amount of the grid, extra solution was 

removed using a blotting paper and then the films on the SEM grid were allowed to dry by putting it under mercury lamp 

for 5 min. 

5) Structural analysis: The formation and quality of compounds were checked using X‟Pert Pro Materials Research 

diffractometer system. The X-ray diffraction (XRD) pattern was measured by drop coated films of AgNO3 on glass plate 

and employed with characteristic radiation in the range of 20
0 

to 90
0
 at a scan rate of 0.05

0
/min with the time constant of  2 

s, CuKα radiation and amplitude wave λ = 1.5418 Å working with a 40 kV voltage and 30 mA current. The full–width at 

half–maximum (FWHM) from three different peaks were used in Scherrer‟s equation to determine the average crystallite 

size of the nanoparticles. 

6) AFM analysis: A small volume of sample was spread on a well cleaned glass cover slip surface mounted on the AFM 

stub, and dried with nitrogen flow at room temperature. Images were obtained in tapping mode using a silicon probe 

cantilever and resonance frequency 209-286 KHz, spring constant. The scan rate used was 1 HKz. A minimum of five 

images for each sample were obtained with AFM and analyzed to ensure reproducible results. 

7) Batch adsorption studies: Adsorption studies were carried out in a batch mode by shaking 0.025 g AgNPs in 40 mL 

solution of Hg (II) with concentration range from 30 to 150 ppm onto the water bath shaker at 100 rpm stirring speed. 

Furthermore the adsorption studies were also carried out by varying time interval (10–50 min.) at 60 ppm concentration of 

Hg (II) to optimize the time required for the removal of Hg (II) from aqueous solution. The Hg (II) concentration in the 

supernatants after the adsorption onto the AgNPs was determined by using standard titration techniques as per the literature 

[33].  The equilibrium adsorption capacity of AgNPs was estimated with the help of following equation: 

                                                  qe     =   (Co-Ce) × V / M                    -------------- (1)  

 

Where qe is the equilibrium adsorption capacity (mg g
-1

), Ce is the metal ion concentration (mg L
-1

) at equilibrium, V is the 

volume of solution (L) and M is the weight (g) of adsorbent. 

 
III. RESULTS AND DISCUSSION 

 
A. Spectral characterization 
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             Fig.2. UV-Visible Spectra of the synthesized AgNPs 

1) UV–Vis spectra: The colour change in reaction mixture (metal ion solution + PELE) was recorded through visual 

observation. The color change showed the presence of silver nanoparticles in the leaf extract and it was characterized by 

UV-Visible spectrophotometer. The strong surface plasmon resonance band positioned at 420 nm was observed for AgNPs 

(Fig.2). The position of SPR band in UV–Vis spectra is sensitive to particle shape, size, its interaction with the medium, 

local refractive index and the extent of charge transfer between medium and the particles. The broad spectra indicate the 

presence of particles with a broad size distribution [34]. 
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Fig.3. IR Spectra of the synthesized AgNPs 

2) FT-IR spectra: FT-IR spectroscopy is used to probe the chemical composition of the surface of the AgNPs and the local 

molecular environment of the capping agents on the nanoparticles. The FT-IR spectrum of PELE mediated AgNPs is shown 

in Fig. 3. The band at 3446 cm
-1

 corresponds to intermolecular O-H stretching vibrations. The peaks at 2956 and 2922 cm
-1

 

are belonging to C-H aromatic stretching
 
frequencies. The medium absorption peak located at 1647 & 1680 cm

-1
 is 

identified as the amide group. This amide band occurs due to carbonyl stretch and N–H deformation vibrations in the amide 

linkage of proteins present in it. The band observed at 1460 & 1425 cm
−1

 may be due to the C–O–H vibrations. The band at 

1269 cm
−1

 is assigned to polyphenols. The band at 2360 cm
−1

 corresponds to C–N stretching vibrations of aliphatic amines 

[35]. All these bands clearly confine the presence of polyphenols, proteins, tannins and flavonoids in PELE which act as 

reducing agents for the synthesis of silver nanoparticles. Thus, the IR spectroscopic study confirmed that the PELE has the 

ability to perform dual functions of reduction and stabilization of AgNPs. 
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Fig.4. SEM image of AgNPs using PELE leaf extract 

 

3) SEM: The synthesized nanoparticle morphology was characterized by scanning electron microscope (SEM) was done by 

using Philips model CM 200 instrument. After the completion of reaction, the nanoparticles placed on carbon coated copper 

grid, it exhibit spherical in shape (Fig.4). Further, from all the SEM images it is evident that the morphology of AgNPs is 

nearly spherical which is in good agreement with the shape of SPR band in the UV–Vis spectra. The size of the AgNPs 

range around 50 -100nm [36]. 

 

 
Fig.5. EDX spectra of AgNPs 
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4) EDAX:  PELE reduced silver solutions were dried, drop coated on to glass film. The EDAX pattern thus clearly shows 

that the AgNPs are crystalline in nature by the reduction of silver ions by using leaf broth. It expose strong signal in the 

silver region and confirms the formation of AgNPs (Fig.5). Metallic silver nano crystals generally show typical optical 

absorption peak approximately at 3 keV due to surface plasmon resonance [37]. Other elemental signals are recorded 

possibly due to elements from enzymes or proteins present within the PELE. 

5) XRD: The XRD pattern of the AgNPs is as shown in Fig. 6 and Table 1. The prominent diffraction peaks observed are 

indexed to (1 0 0), (1 0 1), (1 0 3), (0 0 6), (1 1 0) and (2 0 2) reflections of face centered cubic structure of metallic silver, 

respectively revealing that the synthesized AgNPs are composed of pure crystalline silver (JCPDS file no. 87-0598).  
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Fig. 6. X-ray diffraction pattern of AgNPs 

 
TABLE 1 

XRD PROFILE OF AgNPs 

Peak Pos. 

[°2Th.] 

FWHM Left 

[°2Th.] 

d-spacing, 

[Å] 

hkl values Crystallite 

size [nm] 

28.3873834 0.2 3.46911 1 0 0 18.53 

30.8462905 0.08 3.12773 1 0 1 42.85 

43.3207463 0.28 2.99868 1 0 3 13.83 

56.3349622 0.16 2.77329 0 0 6 29.42 

61.592655 0.09 2.65427 1 1 0 58.29 

70.2087961 1.22 2.43529 2 0 2 5.54 

Average crystallite size (nm) 28.07 

 

The relative intensity of the (1 0 0) plane to (2 0 2) diffraction peaks in the figure was higher than the conventional value. 

This indicates that the prepared AgNPs may be enriched in (1 1 1) facets and thus the (1 1 1) plane seems to be 

preferentially oriented parallel to the surface of the supporting substrate [38]. The average particle size of AgNPs can be 

calculated using Debye–Scherrer equation: D = kλ/βcosθ, where D is the thickness of the nanocrystal, k is a constant, λ is 
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the wavelength of X–rays and β is the full width at half maxima of (111) reflection at Bragg's angle 2θ. The average particle 

size calculated from the XRD patterns is 28.07 nm and it is in good agreement with the particle size assigned from the SEM 

studies. 

 
Fig. 7. AFM topographical image of AgNPs 

   

 

Fig. 8. AFM size distribution image of AgNPs 

                                                                                                                         

Fig. 9. AFM inset image of AgNPs 

 6) AFM: AFM analysis predominantly assures the homogeneity and the respective size of the synthesized particles. Here, 

the AgNPs reduced by PELE were characterized by AFM for confirming its detail size, morphology and agglomeration of 

the particles. From all the figures (Figs. 7, 8 and 9), it has been notified that the biologically reduced nanoparticles are in 

the range of 60 nm. Further, the clear particle shape of the nanoparticles is also observed from their surface topography 

(Fig. 8). The size distribution of the synthesized AgNPs is showed in the histogram, which ranges from 3 to 20 nm. The 

nanoparticles are maximum at 10nm is also showed in the line profile. The statistics graph is also showed that the size 

distribution of nanoparticles, this ranges from around 30 to 40 nm. In addition, the uniform spherical nature of our 
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synthesized nanoparticles is also confirmed from the inset image observed from AFM (Fig. 9). Thus, from the AFM 

observations, it is clearly confined that the synthesized nanoparticles are formed without agglomeration and are spherical in 

nature. All the results achieved here are in good agreement with the spectral and XRD pattern analysis [39]. 
7) TGA: The weight loss of AgNPs during the heating process was investigated Fig. 10. The TG curve of AgNPs revealed 

weight loss at two regions corresponding to the loss of water (8% by weight) at temperature around 100
o
C and the loss of 

organic binder (50% by weight) at the temperature range of 200–500
o
C. Such total weight loss at 30–500

o
C of TG curve 

related to the total weight of organic binder added. No further significant weight loss peak was observed in the temperature 

range above 500
o
c. It can be concluded that AgNPs exhibited thermal stability during the heating process at the temperature 

range 500
o
C.  

8) DTA: Fig. 11 shows the loss of water and organic binder of AgNPs was evidenced by One endothermic and exothermic 

peak around 100 and 480
O
C corresponding to the evaporation of water and the oxidation of organic binder. From DTA 

curve, it is concluded that the limiting temperature for the safer use of AgNPs was 100
o
C since the AgNPs degrade 

thermally after 100
o
C [40]. 

B .Effect of concentration and adsorption isotherm 

  The adsorption of Hg (II) onto the AgNPs at different Hg (II) concentrations is depicted in Fig. 12. It was observed that 

the adsorption of Hg (II) onto the AgNPs decreased with rise in concentration of Hg (II) from 30 to 150 mg L
-1

. This is 

attributed to the greater driving force through a higher concentration gradient at high metal ion concentration [41]. Thus the 

developed AgNPs can be efficiently used for the removal of high concentration Hg (II) from aqueous solutions. The surface 

property and affinity of AgNPs for Hg (II) removal can be determined using the different adsorption isotherm models. The 

obtained equilibrium data from the adsorption of Hg (II) onto the AgNPs fitted to the linear equation of Langmuir [42], 

Freundlich [43] isotherm models. The linear equation for Langmuir and 

Freundlich isotherm models are expressed as follows:  

Freundlich isotherm            :  log qe = log KF + (1 / n) log Ce              -------  (2) 

Langmuir isotherm              : (Ce / qe) = (1 / Qob) + (Ce / Qo)                -------- (3) 
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Fig. 10. TG curve of the AgNPs at different temperatures 
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Fig. 11. DTA curve of the AgNPs at different temperatures 
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Where KF (mg g
-1

) is the Freundlich constant and „n‟ the freundlich exponent. Where qe (mg g
-1

) is the adsorbed amount of 

Hg (II) at equilibrium, Ce (mg L
-1

) is the equilibrium concentration of Hg (II), Q0 (mg g
-1

) and b (L mg
-1

) are Langmuir 

constants related to adsorption capacity and energy of adsorption . Further, the essential characteristics of the Langmuir 

isotherm can be described in terms of a dimensionless constant viz., separation factor or equilibrium parameter, RL, which is 

defined by the equation [44]. 

                                                                     RL = 1/ (1+bQo)                                              ------- (4) 
 

TABLE 2 

 
NATURE OF ADSORPTION ISOTHERM AND THE FEASIBILITY OF ADSORPTION PROCESS 

 

RL value 

 

Adsorption process 

RL > 1 

 

RL = 1 

 

0< RL < 1 

 

RL = 0 

Unfavourable 

 

Linear 

 

Favourable 

 

Irreversible 

 

 

 
 

Fig.12. Effect of concentration on the removal of Hg (II) from aqueous solution (AgNPs dose: 0.025 g, temp.: 30oC, and Time: 30 min) 

 

 
 

Fig.13a and b. Freundlich and Langmuir plots for the removal of Hg (II) from aqueous solution 
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TABLE 3 

ADSORPTION ISOTHERM PARAMETERS FOR THE ADSORPTION OF Hg (II) FROM AQUEOUS SOLUTION ONTO THE 
AgNPs. 

Metal  ion 

Langmuir Freundlich 

Qo (mg/g) b (g/l) RL=1/1+Qob R2 n KF R2 

Hg (II) 312 0.0504 0.0597 0.9945 1.4981 21.09 0.9782 

 

The value of RL infers the nature of adsorption isotherm and the feasibility of adsorption process are indicated in 

table 2. A number of scientists have applied the Langmuir isotherm to test the formation of monolayer of adsorbate/solute, 

as well as the nature and the favorability of the adsorption process using RL values. 
The all values of applied adsorption isotherm parameters are calculated from their respected plots, which are included here 

in Fig. 13a and b, reported in Table 3. R2 values indicated that Langmuir isotherm model for the Hg (II) adsorption was best 

fitted in comparison with Freundlich isotherm models. The n value was found to be 1.4981 for the Hg (II) adsorption onto 

the AgNPs from aqueous solution. These values are suggesting that AgNPs is better adsorbent for the separation and 

removal of Hg (II) from aqueous solution. 

  

TABLE 4 
COMPARISON OF ADSORPTION CAPACITIES OF DIFFERENT ADSORBENTS WITH AgNPs 

NANOPARTICLES 

Adsorbent 

 

Hg (II) 

 

Reference 

 
Expanded perlite 

 

8.46 

 

[46] 

 Thiol functionalized Fe3O4 

 

227 

 

[47] 

 Ethylenediamine modified 

peanut shells  
30.78 

 
[48] 

 

   Rice husk   [47] 

 

303.03 

 

[49] 

 AgNPs 

 

312 

 

Present work 

  

The values of RL are observed to be fraction i.e., in the range of 0 to 1 (0.0504) which indicate that the adsorption process is 

favorable for all these adsorbents.  The obtained results for the Hg adsorption are similar to the reported adsorbent by T. 

Sheela [45]. The adsorption capacity of the AgNPs and other adsorbents for the separation and removal of Hg (II) from 

aqueous solution or wastewater are tabulated in Table 4. The adsorption capacity of the AgNPs for the Hg (II) adsorption 

from aqueous solutions is higher than the other reported adsorbents in the literature [46–49]. 
C. Effect of contact time and adsorption kinetics 

  The obtained data for the Hg (II) removal from aqueous solution using the AgNPs is presented in Fig. 14. The adsorption 

of Hg (II) from aqueous solution onto the AgNPs was rapid at the start of experiment and then rate of adsorption become 

slowly down. The maximum amount of Hg (II) from aqueous solutions was adsorbed onto the AgNPs within 30 min and 

then no significant change was observed. Thus the time of equilibrium for the Hg (II) adsorption onto the AgNPs from 

aqueous solutions was 30 min. The reason for rapid adsorption of Hg (II) onto the AgNPs from aqueous probable solution 

may be more available active sites in the AgNPs for adsorption. However the more active sites may not be available in the 

AgNPs for further metal ions adsorption with progress of contact time. The pseudo-first-order and pseudo-second-order 

kinetic models were applied to determine the adsorption rate of Hg (II) onto the AgNPs. The linear equation for pseudo-

first-order kinetic model can be expressed as [50]: 

                                  log (qe - qt) = log qe – [k1 / 2.303] t   -------------- (5) 
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Fig. 14. Effect of contact time on the removal of Hg (II) from aqueous solution (AgNPs dose: 0.025 g, temp.: 30oC, and conc.: 60 mg L-1). 

 

 
 

Fig.15a and b. Pseudo first and Pseudo second order plots for the removal of Hg (II) from aqueous solution 
 

TABLE 5 
 

THE KINETIC  PARAMETERS FOR THE ADSORPTION OF Hg (II) FROM AQUEOUS SOLUTION ONTO THE AgNPs 

Metal  

ion Experimental qe (mg/g) 

Pseudo-I-Order constants Pseudo-II-Order constants 

qe (mg/g) 

K1 

(min-1) R2 qe (mg/g) K2 (g/mg/min) R2 

Hg (II) 84.85 91.3 0.2047 0.9408 86.95 9.65×10-3 0.9998 
 

Where k1 is the pseudo-first-order rate constant (min
-1

) and qe (mg g
-1

) is the adsorption capacity at equilibrium and qt (mg 

g
_1

) is the adsorbed amount of metal ion after time t (min). The linear equation for pseudo-second-order kinetic model can 

be expressed as [51]: 

                                  t / qt  = 1/ k2 qe
2 
+ t/qe     -------------- (6) 

Where k2 is the pseudo-second-order rate constant (g mg
-1

 min
-1

). The qe, k1, k2 and R2 values for different concentrations of 

Hg (II) solutions were calculated from their respected plots, which are included here in Fig. 15a and b. The obtained qe, k1, 

k2 and correlation coefficient (R2) values are tabulated in Table 5. The R2 values for pseudo second- order kinetic model are 

relatively higher than pseudo-first order kinetic model for the Hg (II) adsorption. However, the experimental qe values are 

very close to the calculated qe values for pseudo-second-order kinetic model. These results implied that the adsorption of 

Hg (II) onto the AgNPs obeyed second order model kinetic model [52]. 
D. Intra-particle diffusion model (Waber–Morris model) 
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  The overall reaction kinetics for the adsorption of Hg (II) is a pseudo-second-order process. However, this could not 

highlight on the rate-limiting step. The rate-limiting step (slowest step of the reaction) may be either the boundary layer 

(film) or the intra-particle (pore) diffusion of solute on the solid surface from bulk of the solution in a batch process. The 

probability of the intra particle diffusion was explored by using the following equation suggested by Weber and Morris 

[53]. 

                                                       qt   =   kid t
1/2   

+ c                                  -------------- (7) 

 

 
 

Fig. 16. Weber–Morris intra particle diffusion model for the removal of Hg (II) from aqueous solution using the AgNPs 
 

TABLE 6 

THE INTRA PARTICLE DIFFUSION PARAMETERS FOR THE ADSORPTION 

OF Hg (II) FROM AQUEOUS SOLUTION ONTO THE AgNPs 

Metal  ion 

Intra particle diffusion model 

Kid ( g mg-1 min-1/2) C R2 

Hg (II) 1.829 73.02 0.8807 
 

Where qt is adsorption capacity at any time t and kid is the intra particle diffusion rate constant (mg/g min½) and C is the 

film thickness. Greater the value of C greater is the effect of boundary layer on adsorption process. If the rate limiting step 

be the intra-particle diffusion, the plot of qt against the square root of time should be a straight line and pass through the 

origin. The deviation of the plot from the linearity indicates the rate-limiting step should be boundary layer (film) diffusion 

controlled. It can be seen from Fig. 16 that the plots possess multi-linear portions; it indicates that the two or more steps 

influence the sorption process. It was found that two straight lines relate the points, the sharp first linear portion is due to 

the film diffusion and the second linear portion is due to the pore diffusion. Non-linearity of the plots had indicated the 

multi stage adsorption of Hg (II) by AgNPs nanoparticles. The extrapolation of the first linear portion gives the intercept 

equal to the boundary layer thickness or film thickness. The obtained Kid, C and correlation coefficient (R
2
) values are 

tabulated in Table 6. 

E. Thermodynamics of Hg adsorption 

  The effect of temperature on the adsorption of Hg from aqueous solution onto the AgNPs was performed to evaluate the 

influence of metal ion adsorption capacity. The adsorption capacity of the AgNPs was reduced to 80.448 from 84.67 mg g
-1

 

for Hg (II) with increase in temperature (30–50 
o
C). This may be due to the deformation of the active sites in the AgNPs 

with increase in temperature. Thermodynamic studies were performed in detail to find out the nature of adsorption process. 

Thermodynamic parameters such as standard free energy change (∆G
o
), enthalpy change (∆H

o
) and entropy change (∆S

o
) 

were calculated using the following equations [54]: 
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                   KC            =   Cad (solid) / Ce (solution)                        -------------  (8) 

 

                   ΔG      = - 2.303 RT log KC                                                             --------------  (9) 

 

                   Log KC = - [ΔH / 2.303 RT] + (ΔS / 2.303R)        -------------- (10) 
 

TABLE 7 

 
 

Where Kc is the distribution coefficient, T is the temperature (K) and R is gas constant (8.314 J mol
-1

 K
-1

). The ∆H
o
 and 

∆S
o
 values were obtained from the slope and intercept of ln Kc vs. 1/T plot for the Hg (II) adsorption from aqueous solution 

onto the AgNPs at various temperatures. The obtained values are tabulated in Table 7. The negative ∆G
o
 values suggested 

that the adsorption of Hg (II) from aqueous solution onto the AgNPs was spontaneous in nature. The negative ∆H
o
 values 

confirmed the exothermic nature of Hg (II) adsorption. Moreover negative ∆S
o
 value showed reduction in affinity of Hg (II) 

onto the AgNPs. 

 

IV.CONCLUSION 

  

In this work, have built-up a simple and green method to synthesize AgNPs with diameters in the range of 50–100nm using 

the PELE as reductant and capping agent. The PELE has a syndicate effect of reducing the silver salt solution and also 

hindering the particle growth. This green chemistry approach toward the synthesis of AgNPs was trouble-free and suitable 

to handle, and it is understood that it has advantages over other biological syntheses. The reduction of silver ions and 

stabilization of the AgNPs occur through the participation of PELE compounds like tannins and flavonoids. Most 

importantly, the reaction was simple and convenient to handle, and it is believed that it has advantages over other biological 

syntheses. The present study also reports the adsorption of Hg (II) from aqueous solution onto the AgNPs was dependent on 

the metal ion concentration, contact time and temperature. The adsorption isotherm experiments revealed that adsorption of 

Hg (II) from aqueous solution onto the AgNPs was fitted well for Langmuir model. The maximum adsorption of Hg (II) 

from aqueous solution onto the AgNPs was found to be 312 mg/ g. The lower values of RL (0.0597) indicate that the 

adsorption process is favored on AgNPs nanoparticles. Kinetic studies demonstrated that the mechanism for adsorption of 

metal ions followed the pseudo-second-order rate model, which provided the best fit for the experimental data. Intra-

particle diffusion model suggested that the initial adsorption rate controlled by the film diffusion, which followed by the 

pore diffusion. The thermodynamic studies revealed that the adsorption is spontaneous and exothermic for Hg (II) ions onto 

AgNPs. The negative entropy indicates a decrease in the degree of freedom for the adsorbed species and suggests that there 

is a decrease in the concentration of adsorbate in solid–solution interface. 

 

 

THE THERMODYNAMIC PARAMETERS FOR ADSORPTION OF  Hg (II) ON AgNPs 

Temperature 

-∆Go (kJ mol-1) -∆So (J mol-1K-1) -∆Ho (kJ mol-1) 

30oC 40oC 50oC 

  
Hg (II) 7.23 6.88 6.74 81.31 33.33 
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