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Chapter 3: NanoSilver Supported on ACs 

3.1 Introduction 
The most amenable method for removal of Nitrophenols is by treatment with a 

catalyst which reduces it into 4-Aminophenol (4-AP) (Murugan and Jebaranjitham, 

2012). This method of remediation for nitroaromatic compounds has gained interest 

(Cárdenas-Lizana et al., 2012; Coccia et al., 2012; Li J. et al., 2012; Zarejousheghani 

et al., 2013; Zhang J. et al., 2013; Zhang P. et al., 2011) as it is a green process 

avoiding the use of organic solvents. Further the products, aromatic amines are widely 

used as intermediates for the synthesis of dyes, pharmaceuticals, and agrochemicals 

(Ishida and Haruta, 2007; Kleist et al., 2009; Liu et al., 2010; Rajagopal and Spatola, 

1995).   

However, the traditional methods for reduction of such nitro compounds involve the 

use of reagents such as Raney Ni in the presence of acid (Crossley, 1922; Nadagouda 

et al., 2011). The process is thus not green, but costly and environmentally hazardous. 

A cleaner alternative is employing NaBH4 in water as the hydride source; but 

reduction of nitro groups with NaBH4 in the absence of any catalyst is time 

consuming. Many different metals including Au, Ag, Pt and Pd have been used as 

catalysts for this purpose (Dotzauer et al., 2009; Li X. et al., 2012; Mei et al., 2005; 

Rajesh and Venkatesan, 2012). 

During reduction catalyzed by Ag, it was observed that smaller Agnps usually showed 

higher activity, due to a more favorable negative redox potential and higher surface-to 

volume ratio which facilitated electron transfer from surface of Agnps to reactants 

(Mori et al., 2009; Zhang et al., 2012). However, the use of small-sized Agnps as 

catalysts resulted in their aggregation thus minimizing the surface area of catalysts 

(Cañamares et al., 2005; Hu et al., 2015).  Dispersion of Agnps in colloidal form was 

adopted to overcome this drawback (Yang et al., 2013; Zhang and Yu, 2014). 

However, this resulted in passivation of some surface-active sites of Agnps and hence 

reduced catalytic activities. Further, the highly dispersed Agnps were also difficult to 

separate and recycle (Patel et al., 2007; Zhang Z. et al., 2011). 

A feasible solution to overcome these drawbacks was immobilization of Agnps onto a 

support so as to retain both the high catalytic activity and reusability of the catalysts 

(Liu et al., 2015; Mao et al., 2015; Zhu et al., 2013).  

In order to control their catalytic properties, the catalytically active metal nps have 

also been immobilized on solid supports with mesopores such as SBA-15 ( Zhang X. 
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et al., 2013; Zheng et al., 2013) and MCM- 41 (Chen et al., 2013; Selvakannan et al., 

2013; Venezia et al., 2010) which have been regarded as ideal supports for 

heterogeneous catalysis due to their excellent stability, high surface area, tunable pore 

size, and robust surface chemistry. Naik et al. have reported the formation of Agnp 

within the pores of mesoporous silicas (e.g., SBA-15, MCM-41) and mesoporous γ-

alumina and applied the materials as catalysts for the reduction of 4-NP to 4-AP ( 

Naik B. et al., 2011; Naik B. et al., 2012).  

Other supports include silica (Chen et al., 2005), silica nanotubes  ( Zhang Y.  et al., 

2011), Al2O3 (Liu et al., 2013; Patil et al., 2004; Peláez et al., 2013; Shimizu et al., 

2011), halloysite (Liu and Zhao, 2009), TiO2 (Chusuei et al., 2000), zeolites 

(Patterson et al., 2007), carbon nanotubes (Fortunati et al., 2011; Guo and Li, 2005), 

graphene oxide (Sreekanth et al., 2016), polyamino cyclodextrin (Russo et al., 2015), 

polymers (Xiong et al., 2012), polymer resins (Kuroda et al., 2009) and inorganic 

spheres (Chen et al., 2005; Shin et al., 2009). Leelavathi et al., used quantum clusters 

of silver supported SiO2, TiO2, Fe2O3 and Al2O3 as catalysts for reduction of nitro 

compounds (Leelavathi et al., 2011). Dong et al. fabricated a fibrous nano-silica 

(KCC-1) based nanocatalyst (Ag/KCC-1) for the reduction of 4-NP and 2-nitroaniline 

using aqueous solution of NaBH4 at room temperature(Dong et al., 2014). Liu et al. 

fabricated an Ag NPs/Si chip using porous Si and investigated its catalytic potential 

towards reduction of nitro aromatics (Liu et al., 2014). Shimizu et al. found that silver 

clusters supported on Al2O3 exhibited highly chemo selective reductive activity on the 

nitro group for the reduction of substituted nitroaromatics (Shimizu et al., 2010). 

"Cooperation of the acid-base pair sites on Al2O3 and the coordinatively unsaturated 

Ag sites on the silver clusters" were reported to be responsible for the rate-limiting H2 

dissociation to yield an H+/H− pair at the metal/support interface, while the basic site 

on Al2O3 acts as an adsorption site for the nitro aromatics.  

The formation of Agnps on biological matrices has also been paid particular attention 

in catalytic applications. Jia et al. used a solid biological organic matrix derived from 

cuttlebone as scaffold and reducer for the formation of Agnps; the resulting composite 

was further utilized as catalyst for the reduction of 4-nitrophenol (Jia et al., 2008).  

Chitosan and calcium alginate have also been used (Murugadoss and Chattopadhyay, 

2008; Saha et al., 2010). Bhui and Mishra synthesized worm like Ag nanostructures in 

methyl cellulose matrix as an efficient catalyst for the reduction of 4-NP to AP by 

NaBH4 (Bhui and Misra, 2012). Rajesh et al. have synthesized nanocatalysts based on 
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Agnps encapsulated on three generations of PAMAM dendrimers with varying chain 

branches that have been grafted on graphite surface (Rajesh and Venkatesan, 2012).  

Gao et al. utilized Agnps supported onto electrospun polyacrylonitrile micro fibres for 

catalytic reduction of 4-NP. SPR-induced ultrafast thermal effect and NaBH4 as the 

electron donor was attributed to the enhanced catalytic activity of Ag/PAN composite 

fibrous networks effect (Gao et al., 2016).  

The fabrication of polymeric composite materials and other composites consisting of 

Ag has attracted much attention recently (Esumi et al., 2004; Liang et al., 2007; 

Mallick et al., 2004; Mbhele et al., 2003; Murugan and Jebaranjitham, 2012; Zhang 

and Han, 2003). Manivannan et al.  synthesised a silicate and β-CD composite 

nanocatalyst for the reduction of 4-NP (Manivannan et al., 2012). Chi et al. have 

synthesized Fe3O4@SiO2-Ag magnetic nanocomposite based nps for catalytic 

reduction of 4-NP (Chi et al., 2012). The catalytic activity of the Ag/HZSM-5 nano 

composite was investigated for the reduction of 4-NP, Congo-red, RhodamineB and 

methylene blue using aqueous solution of NaBH4 at room temperature (Tajbakhsh et 

al., 2016). Nasrollahzadeh et al. synthesized Ag/Reduced Graphene Oxide/TiO2 

nanocomposite through a green method using Euphorbia helioscopia L. leaf extract as 

a stabilizing and reducing agent and investigated the reduction of 4-NP, congo red and 

methylene blue (Nasrollahzadeh et al., 2016).  

However, very little effort has been directed towards the preparation of metal 

catalysts supported on carbonaceous materials and the application of carbon supported 

Ag catalysts in hydrogen mediated reactions. Carbon offers a number of advantages 

over oxide and other supports, in being cost effective, stable in acid and base media 

and the possibility of tuning porosity, specific surface area and surface chemistry for 

specific catalytic applications (Rodríguez-Reinoso, 1998). Carbon supports are 

intrinsically hydrophobic and have to be made hydrophilic to increase surface 

wettability by polar solvents such as water and facilitate homogeneous distribution of 

supported metal precursors. Surface oxygen-containing functionalities act as metal-

anchoring sites (Cameron et al., 1990), promote reduction of the metal precursor 

(Emmrich, 1999) and  lower hydrophobicity and improve support accessibility during 

catalyst synthesis (Solís-López et al., 2014). The concentration and nature of surface 

groups can be tailored by treatment with oxidising agents (HNO3, KMnO4, 

H2SO4/HNO3, (NH4)2S2O8, H2O2, and O3) (Wepasnick et al., 2011). 
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Mondal et al. prepared Ag/carbon polymer hybrid films using spin coated thin films 

of PAN in N,N-dimethyl formamide followed by their carbonization and  

incorporation of a silver salt in the solution prior to spin coating. The Ag/carbon 

porous films were reported to be effective in the reduction of 4-NP to AP with sodium 

borohydride (Mondal et al., 2013). Cárdenas-Lizana et al. performed gas phase 

continuous hydrogenation of m-dinitrobenzene (m-DNB) over acid treated AC 

supported Au and Ag prepared by deposition-precipitation (Cárdenas-Lizana et al., 

2015). In-situ reduction of Ag nanoparticles on oxygenated mesoporous carbon fabric 

was performed by Ji et al. and used for reduction of nitro aromatics (Ji et al., 2016). 

Our objective was to investigate the potential of synthesised activated carbons from 

palm shell (SPAC, PSAC, PCAC and PAC) described in chapter 2 as supports for 

Agnps and investigate their potential for the catalytic reduction of Nitrophenols. 4-

NP, DNP and TNP were chosen as model compounds. 

3.2 Experimental 
3.2.1 Chemicals and reagents 

AgNO3 (Spectrochem, India), NaBH4 (Spectrochem, India), 4-NP, DNP and TNP 

(Spectrochem, India) were used. De-ionized water was used for preparation of all 

solutions. 

3.2.2 Synthesis of NanoSilver Supported on ACs 

The nano silver supported on to ACs (Agnp-ACs) were synthesised by a one pot 

process (Figure 3.1). The optimised protocol was: 1.25 g of AC was initially mixed 

with 50 mL of 0.1 N AgNO3 solution for 30 min followed by addition of 0.1% ( w/w 

of AgNO3) NaBH4. The whole reaction mixture was kept in dark for 4 h and then 

filtered through whatman filter paper no. 42, followed by washing with conductivity 

water until excess of AgNO3 solution was removed. The residue was then allowed to 

dry at ambient conditions.  

 
Figure3.1 Schematic presentation for the synthesis of Agnp-AC 
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Filtered,
Washed 
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Agnp-SPAC, Agnp-PSAC, Agnp-PCAC and Agnp-PAC were synthesized following 

the above protocol. The synthesis and characterisation of SPAC, PSAC, PCAC and 

PAC have been discussed in chapter 2. 

3.2.3 Characterizations of NanoSilver Supported on ACs 

All the four Agnp supported carbons were characterised by XRD, SEM-EDX, FTIR, 

TEM, Zeta Analyser, Raman and UV-Vis spectroscopy.  

3.2.3.1 Transmission Emission Microscopic Analysis (TEM) 

Aqueous solutions of Agnp-SPAC, Agnp-PSAC, Agnp-PCAC and Agnp-PAC were 

dried on -1500 mesh Cu coated TEM grid (Tecnai-12, FEI-Netherlands) for analysis. 

Images were taken by single tilt holder with CCD Camera. Tecnai software was used 

for noise filtering. 

3.2.3.2 Raman Analysis 

Raman analysis was carried out using Mini Ram-II (B&W TEK) Raman 

Spectrometer with “CLEANLAZE” laser technology (excitation at 785 nm) and TE 

cooled 2048 pixel CCD array spectrometer in the range 200 cm-1 to 2800 cm-1. The 

analysis was done by taking powder samples in transparent plastic bags and liquid 

samples in transparent glass vials.  

3.2.4 Assay of silver loaded in Agnp-ACs 

About 0.1 g sample of Agnp-AC was dried in an oven at 105°C until constant weight 

and then digested with 10 mL nitric acid (16 M) in an evaporating dish almost to 

dryness; further 10 mL nitric acid was added and again digested to dryness. About 15 

mL of water was added to the digest and boiled for 10-15 min; the suspension was 

filtered and thoroughly washed with de-ionized water. The resultant filterate and 

washings were combined and diluted to 10 mL with de-ionized water. The silver 

concentration in the obtained solution was determined using ICP-OES (Optima 3300 

RL, Perkin Elmer).  

3.2.5 Catalytic Reduction of Nitrophenol 

The potential of Agnp-SAC, Agnp-SPAC, Agnp-PCAC and Agnp-PAC as catalysts 

has been evaluated for the reduction of 4-NP, DNP and TNP. Literature reports 

revealed that during the study of nitrophenol reduction reaction catalyzed by metal 

nps and semiconductor nanocomposites, the color changes involved during the 

reduction reaction provide simple means to monitor the reaction spectroscopically 

(Aditya et al., 2015; Fu et al., 2016; Ko et al., 2015; Pozun et al., 2013; Vats et al., 

2016). In neutral or acidic condition, 4-NP exhibits a strong absorption peak at 317 
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nm. Upon addition of NaBH4 to 4-NP, the increased alkalinity of the solution leads to 

the formation of 4-nitrophenolate ions with a new absorption band at 400 nm 

(Hayakawa et al., 2003; Praharaj et al., 2004).  

The catalytic reduction experiment was carried out in 10 mL glass vial. In a typical 

setup, 0.02876 mmol 4-NP was mixed with 8 mL water followed by 20 mg of Agnps-

AC and 0.7 mmol NaBH4. 100 µL of reaction mixture was taken and diluted to 5 mL 

in a volumetric flask and the progress of reaction was monitored by taking UV-visible 

absorption spectra in the wave length range of 200-600 nm at regular time intervals.  

3.3 Results and discussion 
3.3.1 Characterization of Agnps-AC 

3.3.1.1 UV-Visible spectroscopy  

UV–Vis spectra of ACs or Agnp-ACs suspension was recorded on Jasco, (Japan) V-

603 spectrophotometer in the wavelength range 200–800 nm against water as blank. 

Figure3.2 shows UV-Vis spectra of all four catalysts and their respective pristine 

carbons. It is observed that ACs and Agnp-ACs exhibited strong absorption in the 

visible light region due to their black color (Lee et al., 2015).  
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Figure 3.2 UV-Visible Spectra of ACs and Agnp-ACs 

The absorption at 200-350 nm is attributed to the characteristic absorption of the 

AgCl while the absorption at 350-800 nm can be ascribed to the characteristic surface 
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plasmon resonance (SPR) absorption of Ag nps (Zheng et al., 2015). However, the 

weak absorbance may be due to the dispersion of Ag on the surface of ACs. 

3.3.1.2 FTIR analysis 

The ACs loaded with silver  exhibited increase in intensity of the bands at 1102 cm-1, 

1180 cm-1 and 1402 cm-1 (Figure 3.3). This could be attributed to oxidation of active 

oxygen functionalities. Further, there was increase in intensity of the band at ̴ 3350 

cm-1, representing the O–H stretching in C–OH. The band at 900–600 cm-1 could be 

assigned to Ag–O vibrations (Huang and White, 2003).  

     
Figure 3.3 FTIR spectra of ACs and Agnp-ACs  

3.3.1.3 XRD analysis 

XRD patterns of as prepared catalysts are shown in Figure3.4. The well defined 

intense peaks in the diffraction pattern indicated crystallinity of the Agnps. 

Characteristic 2θ values of silver nano particles observed were 38.12°, 44.31°, 64.45° 

and 77.4° for Agnp-SPAC; 38.04°, 44.22°, 64.39° and 77.36° for Agnp-PSAC; 

38.02°, 44.24°, 64.34° and 77.32° for Agnp-PCAC and 38.01°, 44.22°, 64.37° and 

77.32° for Agnp-PAC  that could be readily indexed to the (111), (200), (220) and 

(311) reflections of fcc structure of silver, respectively (Lu et al., 2007) while a broad 

diffraction peak at 2θ  ~23.5° corresponds to the (002) diffraction  of graphite plane 

arising from  the carbon support. The broadness of the peak could be due to nano 
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crystallite size. The average crystallite size was calculated to be ~20, 52, 50, 59 nm 

for Agnp-SPAC, Agnp-PSAC, Agnp-PCAC and Agnp-PAC respectively. It can be 

seen that the crystalline silver is present in the nanometer range. 

 
Figure 3.4 XRD spectra of Agnps-ACs 

The presence of 400 plane of AgCl could be observed in AgPAC (2θ ~ 68.29°) and 

AgPCAC (2θ ~ 68.21°). An additional diffraction peak due to 222 plane of AgCl was 

observed in AgPSAC. Further, AgPAC and AgPSAC showed sharp diffraction peaks 

at 26.58° and 26.47° respectively due to ordered (002) plane of graphene layers 

overlain on the broad graphite peak. Additional peaks were observed in AgPSAC and 

AgPAC at 2θ = 20.76° and 20.81° respectively, probably caused by widened stacking 

of more wrinkled or disordered graphene layers at the edge areas (Mohammed et al., 

2016).  

3.3.1.4 SEM analysis 

Figure 3.5 shows the SEM images of the prepared Agnps-AC. It can be seen the 

Agnps were deposited on the carbon surface and in the pores. 
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Figure 3.5 SEM images of Agnp-AC 

3.3.1.5 EDAX analysis 

The dispersion of Ag onto the surface of ACs was confirmed by EDAX analysis. 

 

 
Figure 3.6 EDAX analysis of Agnp-AC 
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Quantitative determination of Agnps loading onto the ACs surface was also 

determined by ICP-OES analysis. The results are given in Table 3.1. 

Table 3.1 Ag content in Agnps-ACs determined by ICP-OES 

Catalyst 
w/w (%) of Ag  

in  
Agnps-AC 

Agnp-SPAC 4.86 

Agnp-PSAC 4.23 

Agnp-PCAC 1.93 

Agnp-PAC 7.25 

It was observed that the results were not in agreement with SEM-EDAX probably due 

to Ag being deposited into the pores of the carbon supports. 

3.3.1.6 TEM analysis 

The TEM images of all Agnp-ACs are given in Figure3.7. It can be seen that the 

Agnps are mainly in distorted spherical shape and the average size of Agnps in all 

cases was found to be less than 40nm. The multilayers of graphene are clearly visible 

in AgPAC amd AgPSAC suggesting that the structure of the graphene sheets appears 

to be retained after loading of Ag. 

 
Agnp-PSACAgnp-SPAC

AgNP

SPAC AgNP

PSACAgnp

Agnp
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Figure 3.7 TEM images of Agnps-AC 

3.3.1.7 Zeta-potential analysis 
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Figure 3.8 Zeta-potential analysis of Agnps-ACs; (a) Agnp-SPAC (b) Agnp- PSAC  

(c) Agnp-PCAC (d) Agnp-PAC 
All the carbons loaded with Agnps displayed negative zeta potential from pH 2, and 

exhibited increasingly negative zeta potential as pH increased. It was observed that 

the zeta potential values of Agnps-ACs were greater than -30 mV in the pH range 9 to 

10, which is an indication of the high stability of prepared Agnps-ACs against 

agglomeration. The high value of the zeta potential also indicates the electrostatic 

repulsion between the formed particles, keeping particles free from agglomeration and 

stable for long periods.  

Agnp-PCAC Agnp-PAC

AgNP

AgNP

PAC

PAC

Agnp

Agnp

PCAC

3-11 

 



Chapter 3: NanoSilver Supported on ACs 

3.3.2 Evaluation of Catalytic Performance of Agnp-ACs for reduction of 4-NP  

The catalytic activities of Agnp-ACs were investigated for the reduction of 4- NP 

using NaBH4. About 20 mg of Agnp-AC was added to 0.02876 mmol of 4-NP 

solution followed by 0.7 mmol NaBH4. During the reaction, the absorption peak of 4-

NP underwent a red shift from 317 to 400 nm (due to the generation of 4- 

nitrophenolate ion) immediately upon the addition of NaBH4, corresponding to a 

significant change in solution color from light yellow to yellow-green (Figure 3.9). 

The reduction process could be monitored by measurement of the absorbance at 400 

nm, which is due to the formation of 4-nitrophenolate ions (Nandanwar and 

Chakraborty, 2012). As can be seen in Figure 3.9, with the addition of NaBH4 to the 

mixture of 4-NP and Agnp-PCAC, the absorption band at 400 nm due to 4-

nitrophenolate ion gradually decreased as the catalytic reduction reaction proceeded 

with simultaneous appearance of a two new absorption bands at 290 nm and 230 nm 

due to the formation of 4-AP. 
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Figure3.9 Reduction of 4-NP to 4-AP via phenolate ion formation in presence of 

Agnp-PCAC 

In the absence of Agnp-AC, peak at 400 nm remained unaltered for a long duration 

(Figure3.10). As can be seen from Figure3.10, complete reduction of NP to 4-AP has 

taken about 19 h in presence of only NaBH4 indicating the extremely slow kinetics of 

NaBH4 in reduction of 4-nitrophenolate ion.  

Further, the reduction of NP was also monitored in the absence of NaBH4 by taking 

only NP and Agnp-AC.  
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Figure 3.10 Reduction in presence of NaBH4 without any catalyst 

It can be seen from Figure 3.11, that that decrease in absorbance after 15 min, 7 min, 

14 min and 10 min (time for catalytic reduction section 3.3.3) was 36.2%, 20.8 %, 

19.8%, and 5.49 % for Agnp-SPAC, Agnp-PSAC, Agnp-PCAC and Agnp-PAC 

respectively which could be attributed to adsorption. However quantitative adsorption 

did not occur even after 24 hours.  
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(Initial pH = 5.5, 4-NP=0.02876 mmol, Agnp-ACs =20 mg) 

Figure3.11 Percentage of adsorption at the time interval required for catalytic 

reduction of 4 NP using only Agnp-AC under study as adsorbent  

Further the effect of just pristine ACs on NP reduction taking 4-NP, NaBH4 and 

pristine ACs (i.e. without Agnps) in the reaction mixture was investigated. 
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Figure 3.12 Reduction using pristine ACs 

It can be seen from Figure 3.12 that decrease in absorbance after 15 min, 7 min, 14 

min and 10 min (time for catalytic reduction section 3.3.3)  was 1.06%, 13.05 %, 9.45 

%, and 4.46 % for SPAC, SAC, PCAC and PAC respectively. The pristine activated 

carbons alone were thus not functioning as catalysts and both Agnp-ACs and NaBH4 

were required for the effective reduction of 4-NP to 4-AP.  

 We further investigated the effect of the amount of four different Agnp-ACs under 

study and also the effect of increasing NP concentration as shown in Figures 3.13 [a] 

to 3.13 [b]. 

Initial pH = 5.5, 4-NP=0.02876 mmole, 
SPAC = 20 mg, NaBH4=0.7 mmole 

Initial pH = 5.5, 4-NP=0.02876 mmole, 
PSAC= 20 mg, NaBH4=0.7 mmole 

Initial pH = 5.5, 4-NP=0.02876 mmole, 
PCAC= 20 mg, NaBH4=0.7 mmole 

Initial pH = 5.5, 4-NP=0.02876 mmole, 
PAC = 20 mg, NaBH4=0.7 mmole 
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Figure3.13 [a] Effect of amount of catalyst on catalytic reduction of 4-NP 
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Figure 3.13 [b] Effect of 4-NP concentration on catalytic reduction of 4-NP 

It is observed that with increasing amount of catalyst, the time taken for reduction of 

4-NP was lesser. It can be further concluded from the figures that Agnp-PSAC was 

the most effective of all the four catalysts under study.  

In addition, the product was characterised by mass spectrometry. Mass analysis also 

clearly suggested the presence of 4-AP with high purity (Figure3.14).  

 
Figure 3.14 Mass spectra after catalytic reduction of 4-NP 

The molecular ion which is also the base peak corresponds to m/z 109.  The next most 

abundant ion in the spectrum is at m/z 80 attributed to pyridinium cation formed by 

rearrangement. The ion at m/z 53 was attributed to loss of HCN from pyridinium 

cation providing evidence towards the formation of aminophenol (Marı́n and Barbas, 

2004). 
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Effect of sodium borohydride concentration 

The reaction rate increased with increasing borohydride concentration under specific 

reaction conditions (Figure3.15) (Mesmer and Jolly, 1962; Wu et al., 2014). 
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Figure 3.15 Effect of NaBH4 variation on Catalytic reduction of 4-NP 

3.3.3 Kinetic Studies of the reduction of NP by Agnp-AC 

Figure3.16 displays the time-dependent UV-vis absorption spectra in the presence of 

all the catalysts.  
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Initial pH = 5.5, 4-NP=0.01797 mmol, 
Agnp-SPAC=10 mg, NaBH4 =0.3-0.8 mmol 

Initial pH = 5.5, 4-NP=0.01797 mmol, 
Agnp-PSAC=10 mg, NaBH4 =0.3-0.8 mmol 

Initial pH = 5.5, 4-NP=0.01797 mmol, 
Agnp-PCAC =10 mg, NaBH4 =0.3-0.8 mmol 

Initial pH = 5.5, 4-NP=0.01797 mmol, 
Agnp-PAC =10 mg, NaBH4 =0.3-0.8 mmol 

Initial pH = 5.5, 4-NP=0.02876 mmol, 
NaBH4=0.7 mmole 4, Agnp-SPAC =20 mg   

Initial pH = 5.5, 4-NP=0.02876 mmol, 
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Figure 3.16 Temporal evolution of UV-Vis spectra during catalytic reduction of 4-NP 

to 4-AP 

It can be seen in all cases that, the peak of 4-nitrophenolate ions at 400 nm decreased 

with time along with a concomitant increase in a new peak at 299 nm indicating the 

formation of 4-AP (Dotzauer et al., 2009). The isosbestic points provide evidence to 

the formation of 4-AP as a result of reduction of 4-NP (Mei et al., 2005). At the end 

of the reaction, the peak for 4-nitrophenolate ion almost disappeared and only the 

peak for 4-AP was observed. In the present system, since the concentration of NaBH4 

was in excess pseudo-first-order kinetics could be applied to evaluate the kinetic rate 

constant (k) of the reaction (Lam et al., 2012). Figure 3.17 shows the plot of Ct/C0 

versus reaction time for the reduction of 4-NP over the catalysts; where Ct and C0 are 

the concentrations of 4-NP at definite time intervals and zero time, respectively. It can 

be seen from Figure 3.17 that the expected linear relationship between Ct/C0 and 

reaction time (t) confirmed the pseudo-first-order kinetics. The calculated rate 

constants and activity parameters along with literature reported values are given in 

Table3.1. The rate constants were observed to be comparable to literature reported 

catalysts for the reduction of 4- NP to 4 AP and Agnp-PSAC was found to be the 

most effective. 

Initial pH = 5.5, 4-NP=0.02876 mmol, 
NaBH4=0.7 mmole 4, Agnp-PCAC =20 mg   

Initial pH = 5.5, 4-NP=0.02876 mmol, 
NaBH4=0.7 mmole 4, Agnp-PAC =20 mg   
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Figure 3.17 Kinetics study for the reduction of nitrophenol by Agnp-AC 

Table 3.2 Results from kinetic study and their comparison with literature data 

Catalyst 
weight of 
catalyst  
m (mg) 

Rate 
constant 
k (min-1) 

Activity 
parameter 

k/m 
(mg-1 min-1) 

References 

Dumbbell-like 
Au-Fe3O4 

2.0 0.6300 0.3150 Lin and Doong, 
2011 Flower-like Au-

Fe3O4 
2.0 0.3780 0.1890 

TAC-Ag-1.0 
 (Silver 

Dendrites) 
4.0 0.0218 0.0055 Rashid and 

Mandal, 2007 TSC-Ag-1.4  
(Silver Dendrites) 4.0 0.3110 0.0778 

Agnp-SPAC 0.972 0.0734 0.0755 

Present  
Study 

Agnp-PSAC 0.846 0.2344 0.2771 

Agnp-PCAC 0.386 0.1260 0.3264 

Agnp-PAC 1.450 0.1625 0.1121 
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3.3.4. Investigation of Catalyst reusability  

The main advantage of this heterogeneous catalysis system was the ease of separation 

of the catalysts from reaction systems at the end of the reaction. Therefore, the 

reusability of the catalysts under study was also investigated. The reusability was 

tested by separating catalyst, washing it with water and after drying at 105 °C was 

used for the next cycle of catalysis. Figure3.18 shows the catalyst efficiency against 

time required for the reduction for particular cycle number. It can be seen from Figure 

3.18, that for Agnp-SPAC, the time for reduction was almost constant upto 5 cycles 

(10 min) which increased to 12 min, 25 min and 35 min during 6th, 9th and 10th 

cycles respectively. When Agnp-PSAC was used as catalyst, the reduction time was 5 

min. upto 4th cycle which increased to 8, 15, 20 and 30 min. in 5th, 8th, 9th and 10th 

cycles respectively while in case of Agnp-PAC, the time required for reduction was 

10 min. upto 4th cycle, which increased to 20, 30 and 70 min. during 5th, 6th and 7th 

cycles respectively. Agnp-PCAC was less effective in terms of its reusability as can 

be seen from Figure 3.18, wherein the time for reduction of 4-NP increased from 12 

min. to 27 min in 3rd cycle; while it took 45 min., 50 min. and 60 min. during 4th, 6th 

and7th cycle respectively.  
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Figure 3.18 Catalysts Reusability study 

Initial pH = 5.5, 4-NP=0.02876 mmol, 
NaBH4=0.7 mmole, Agnp-SPAC =20 mg   

Initial pH = 5.5, 4-NP=0.02876 mmol, 
NaBH4=0.7 mmole, Agnp-PSAC =20 mg   

 

Initial pH = 5.5, 4-NP=0.02876 mmol, 
NaBH4=0.7 mmole, Agnp-PCAC =20 mg   

 

Initial pH = 5.5, 4-NP=0.02876 mmol, 
NaBH4=0.7 mmole, Agnp-PAC =20 mg   
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The morphology of the catalysts after each cycle and the silver content was examined 

by SEM-EDAX. As evident from figure 3.19 (a-d),  after 4 runs, the Ag  content was 

reduced by ~ 0.14 weight % (from 1.52  to 1.28 weight %) in case of SPAC; ~ 0.06 

weight % (from 0.46 to 0.40 weight %) in case of PSAC; 0.41 weight % (from 3.84 to 

3.43 weight %) in case of PCAC and 0.68 weight % (from 4.97 to 4.29 weight %) in 

case of PAC. The results suggest that (i) the catalysts SPAC and PSAC are more 

stable; (ii) there is negligible leaching of Ag from the catalysts. Hence, the catalysts 

under study are stable and reusable for the reduction of nitrophenols. 
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Figure 3.19 (a) SEM-EDAX analysis of Agnp-SPAC for reusability 
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Figure 3.19 (b) SEM-EDAX analysis of Agnp-PSAC for reusability 
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Figure 3.19 (c) SEM-EDAX analysis of Agnp-PCAC for reusability 
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Figure 3.19 (d) SEM-EDAX analysis of Agnp-PAC for reusability 

3.3.5. Raman spectral study 

The Raman spectra of pristine ACs, Agnp-ACs and NP loaded Agnp-ACs are shown 

in Figure3.20. The samples exhibited two  graphite related bands, which corresponded 

to the well known D (~1339+ 20 cm-1) and G (~1529 + 20 cm-1) bands, assigned to 

defects and edge effects in sp2 hybridized carbon lattices and to the C-C bond 

stretching, respectively. Significant displacement of D and G bands between the ACs 

and Agnp-ACs samples was not observed. The G band was assigned to the amorphous 

graphitic phase which is attributed to the interstitial defects (Ferrari et al., 2006). The 

2D band, a D band overtone, is related to the crystallinity of the material. The 

intensity ratio R of the D- and G-bands (Id/Ig) indicates a relative disorder in the 

carbonaceous structures (Fonsaca et al., 2015; Mehl et al., 2015). It should be noted 

that an Id/Ig value > 1 indicated the transition from graphite to nanocrystalline 

graphite (Ferrari and Robertson, 2000). The Id/Ig ratio indicated amorphous character. 

The down shifting of G peak position was attributed to the bond angle disorder in the 

graphite (Jawhari et al., 1995). 

It was observed that intensity of Raman signals PSAC, SPAC, PCAC and PAC 

increased when loaded with Agnps. Similarly, Mehl and coworkers reported that 
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Raman signals of rGO or GO were increased by attached noble metallic NPs, carbon 

nanotubes attached to metallic nanostructures also displayed enhancement(Mehl et al., 

2015). As shown in Figure 3.20, the R values increased with Ag loading for PCAC 

and PAC and decreased with Ag loading in SPAC and PSAC, suggesting interaction 

between the Ag and ACs. The R value was highest in Agnp-PCAC, where there were 

more Agnps loaded as seen from ICP analysis.  

A few less intense bands, namely 2D (~2630 cm-1) and D + D0 (~2730 cm-1), were 

also observed in SPAC and PAC (Figure 3.20) and were similar to those previously 

observed by Mehl (Mehl et al., 2015) in graphene Ag nanoparticles. The 2D band, a D 

band overtone, is related to the crystallinity of the carbon material (Fonsaca et al., 

2015; Mehl et al., 2015).  

On the right side of Raman spectra, all samples exhibit low intensity signals in the 

range of 2200–3500 cm-1 (Figure3.20), namely 2D (~2630 cm-1) and D + D0 (~2733 

cm-1). According to Cuesta et al, (Cuesta et al., 1994), this range is attributed to 

second-order spectra, i.e. overtone and combination of graphitic lattice vibration 

modes.  

Thus, the increased intensity of AC bands in the presence of Agnps may indicate that 

PSAC and PAC can be used as substrates for SERS (Fonsaca et al., 2015; Mehl et al., 

2015). 

The occurrence of bands with medium intensity at 1339 and 1260 cm-1, could be 

attributed to the presence of neutral nitrophenol molecules. The downshift of the nitro 

group stretching mode from 1359 cm-1 in the 4-NP loaded Agnp-ACs suggest that the 

adsorption onto Ag NPAC could occur via nitro group. The assignments of peaks due 

to 4-NP are given in Table3.3 and the Raman spectral analysis of Agnp-ACs are 

summarized in Table 3.4. 

Table 3.3 Raman spectral analysis of 4-NP 

Raman shift Assignment 
642 C-C-C out-of-plane bending 
879 Ring breathing 

1129 C -NO2 stretch 
1359 Sym. stretch NO2 
1522 Asym. stretch NO2 
1615 C-C stretch 
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Figure 3.20 Raman spectral study of ACs, AgACs and 4-NP Loaded Ag-ACs 
(a) 4-NP, (b) Agnp-SPAC, (c) Agnp-PSAC (d) Agnp-PCAC (e) Agnp-PAC 
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Table 3.4 Raman spectral analysis of Agnp-ACs 

Raman Shifts 
Inference 

SPAC AgnpsPAC PSAC AgnpPSAC PCAC AgnpPCAC PAC AgnpPAC 

1104.64 1364.49 1193.94 1101.89 1101.89 1121.08 1104.64 1101.89 The D4 band is as a result of lattice vibrations corresponding to sp2 -
sp3 bond 

1339 1364 1341 1354 1354 1334 1384 1336 Fundamental D band  activated by the defects that creates holes in 
the π valence band (Couzi et al., 2016)  

1529.59 1543.67 1527.24 1546.01 1543.67 1517.8 1529.59 1529.59 D3 band attributed to amorphous carbon 

1628.77 1642.30 1619.71 1621.98 1608.34 1633.29 1649.04 1649.04 
Broad G band-in-plane vibration stretching of the C-C bond in 
graphitic materials and is common to all sp2 carbon materials along 
with D2 due to im plane defects 

2506.38 2512.17 - - - 2499.1 2500.56 2504.92 Second harmonic of D4 band 

2632 
weak 

2643  
intense - - - - 2636 

moderate 
2434  
weak 2D band 

2731.81 2733.04 - - - - 2733.04 2735.51 2D overtone 

Id/Ig ratio 
 

1.58 1.22 2.47 1.83 1.47 1.79 1.34 2.05 

 

 

3-26 

 



Chapter 3: NanoSilver Supported on ACs 

The spectra consist of peaks in the first and 2nd order regions. All peaks are narrow 

but superimposed on a "halo" as observed by Voranov and Street (Voronov and Jr., 

2010). The G band is broad due to disorder.  In-plane defects (Jorio et al., 2009; 

Lucchese et al., 2010) and small cluster size (Cançado et al., 2007) are both known to 

broaden the G band. 

Combination bands in the range of 1650 -1800 cm-1 of high intensity were observed in 

SPAC and PAC and were of weak intensity in PSAC and PCAC These weak bands 

have been assigned to the out-of-plane combination (LO + ZA, LO + ZO') and 

overtone (2ZO) phonons (Araujo et al., 2012; Cong et al., 2011; Rao et al., 2011; Sato 

et al., 2011). The most intense band at 1750 cm-1, belongs to the LO + ZO' 

combination mode. 

The second order Raman spectra are observed only in SPAC and PAC  situated at 

~2500 cm-1 (D + D") and  ~2730 cm-1 (2D). The 2D is the harmonics of Raman 

inactive fundamental modes in ordered carbons (Couzi et al., 2016) the 2D band is 

asymmetric and comprises at least two bands due to 3D graphitic ordering (AB 

stacking) of the crystallites (Larouche and Stansfield, 2010) one below 2700 cm-1 and 

another above 2700 cm-1; They show a peak intensity ratio of roughly one half. For 

very disordered carbons, the second-order bands tend to disappear (PSAC and 

PCAC). SPAC and PAC have high graphitization degree. 

In PAC, it was possible to find peaks at 699 and 840 cm-1 in the ZO mode range. The 

in-plane modes, especially the LO + TA mode with a maximum at 1975 cm-1 , was of 

significant intensity. It is possible to find only some weak structure for the ZO' mode 

in a frequency range of 90 to130 cm-1 attributed to the breathing between layers of 

multilayer graphene (MLG). These peaks were less prominent in SPAC and PSAC 

suggesting that some MLG crystallites are interspersed in carbon matrix while in 

PCAC the peaks were not observed (Niilisk et al., 2016).  

3.3.6. Reduction of DNP and TNP 

The effectiveness of the catalysts was also investigated for reduction of DNP and 

TNP using the optimised conditions for NP using all the four catalysts under study. It 

was observed that with increase in number of nitro groups the amount of NaBH4 

required was higher (1.8 mmol and 2.3 mmol for DNP and TNP respectively).  

The time dependent UV-Visible spectra for DNP and TNP are given in Figure3.21 (a-

d). 
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It can be seen from the Figure 3.21 (a-d), that all four catalysts under study showed 

their potential for reduction of DNP and TNP. The catalytic reaction was monitored 

by UV-Visible spectroscopy and it was found that like 4-NP, red-shift was observed 

with the addition of NaBH4 due to formation of the respective phenolate ions of DNP 

and TNP. The peak at 360 nm and 357 nm had shifted to 440 nm and 390 nm in case 

of DNP and TNP respectively, which gradually decreased with increase in time and 

new peaks developed at 300 nm and 298 nm respectively due to formation of 

respective amino compounds.  
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Figure3.21 (a) Catalytic reduction of DNP and TNP using Agnp-SPAC 
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Figure3.21 (b) Catalytic reduction of DNP and TNP using Agnp-PSAC 

Initial pH = 5.5, DNP= 0.02876 mmol, 
NaBH4=1.8 mmole, Agnp-SPAC= 20 mg 

Initial pH = 5.5, TNP= 0.02876 mmol, 
NaBH4=2.3 mmole, Agnp-SPAC = 20 mg 

 

Initial pH = 5.5, DNP=0.02876 mmol, 
NaBH4=1.8 mmole, Agnp-PSAC= 20 mg 

 

Initial pH = 5.5, TNP= 0.02876 mmol, 
NaBH4=2.3 mmole, Agnp-PSAC= 20 mg 
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Figure3.21 (c) Catalytic reduction of DNP and TNP using Agnp-PCAC 
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Figure3.21 (d) Catalytic reduction of DNP and TNP using Agnp-PAC 

On complete reduction no peaks were observed at both 440 and 390 nm for DNP and 

TNP which suggest complete reduction of respective nitrophenols. 

 

3.4 Proposed Mechanism of Reduction of 4-Nitrophenol to 4-

Aminophenol by NaBH4 and rationale for the protocol adopted 
Though the reduction of 4-NP by borohydride has been frequently used to examine 

the catalytic activity of metal nanoparticles, the mechanism of these reactions is not 

very clear yet. There could be several possible pathways for reduction of nitrophenol 

by NaBH4 in the presence of metal catalyst and different researchers have proposed 

different mechanisms.  

The reactions are usually accompanied by a time lag in observing any visible 

absorbance change, i.e., induction time (Saha et al., 2010; Santos et al., 2012). 

Various models have been reported to explain the delay, such as the time required for 

Initial pH = 5.5, DNP=0.02876 mmol, 
NaBH4=1.8 mmole, Agnp-PCAC= 20 mg 

Initial pH = 5.5, DNP=0.02876 mmol, 
NaBH4=1.8 mmole, Agnp-PAC= 20 mg 

Initial pH = 5.5, TNP= 0.02876 mmol, 
NaBH4=2.3 mmole, Agnp-PCAC= 20 mg 

Initial pH = 5.5, TNP= 0.02876 mmol, 
NaBH4=2.3 mmole, Agnp-PAC= 20 mg 
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borohydride molecules to diffuse to the nanoparticle surface, for the removal of 

surface oxidized layers (Pradhan et al., 2002), for the scavenging of the dissolved 

oxygen (Saha et al., 2010), for the decomposition of borohydride on the surface of 

nanoparticles (Khalavka et al., 2009), or the reconstruction of nanoparticles (Wunder 

et al., 2010). 

One possible mechanism was explained by Langmuir-Hinshelwood model where in 

the BH4
- ions transfer the surface-hydrogen species to the Agnps and the concomitant 

adsorption of 4-NP on the surface of Agnps led to the reduction of 4-NP by the 

surface-hydrogen species (Edison and Sethuraman, 2013). The catalysis mechanism 

was also attributed to the electron transfer from the donor BH4
- ion to the acceptor 

nitro compounds through silver nanoparticles as mediators (Huang et al., 2012).  

Choi et al. reported that charge played an important role in the activation of sodium 

borohydride on the surface of metal nanoparticles. Negatively charged nanoparticles 

prevented the approach of borohydride anions, leading to the widely reported 

induction time. However, they also observed that aged borohydride showed no 

induction time when reducing 4-nitrophenol in the presence of metal nanoparticles 

(Choi et al., 2016). 

In contrast we observe that though Agnp-ACs under study were negatively charged 

there was no induction time and we could see decrease in absorbance (17.2%, 67.8%, 

54.9% and 51.9% for Agnp-SPAC, Agnp-PSAC, Agnp-PCAC and Agnp-PAC 

respectively) immediately. We had also observed that adsorption process did not play 

a significant role in the time interval required for catalytic reduction of Nitrophenol 

(15min, 7 min, 14 min and 10 min for Agnp-SPAC, Agnp-PSAC, Agnp-PCAC and 

Agnp-PAC respectively).  

Choi et al. had also observed that during catalysis with silver ions to catalyze the 

reduction of 4-nitrophenol by borohydride, the induction time shortened and the 

reaction constant increased with aging time of borohydride However, when they used 

“old” borohydride, the induction time disappeared in their experiments.  Choi et al. 

suggested that the intermediates B(OH)4
- and (BH3OH)- formed from the hydrolysis of 

borohydride were the key components that reacted  with silver species during the 

catalysis (Choi et al., 2016).  

We had added solid sodium borohydride to a solution containing 4-NP and catalyst so 

that hydrogen generated is used efficiently for hydrogenation of nitrophenol as soon 

as sodium borohydride is in contact with water resulting in complete reduction of 4-
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NP in 8 to 12 minutes. The immediate utilization of hydrogen would further enhance 

the production of hydrogen shifting the equilibrium to the right.  Recently a number 

of reports concerning the solid state hydrolysis of NaBH4 has been published 

(Mäkinen et al., 2012; Mohring et al., 2009; Shurtless et al., 2009; Zhu et al., 2007). 

The intermediates reported by Choi et al. could be playing a role in our case as well 

but with no induction time as the generation of the neutral intermediate of 

borohydride is strongly pH-dependent and amount of water. The lower the pH, faster 

the hydrolysis of borohydride.  

During the experiment, we found that when solid NaBH4 was added to a solution 

containing 4-NP and Agnp-ACs a large amount of hydrogen liberation was observed 

on the surface of Agnp-ACs instantaneously, which came from the decomposition of 

NaBH4 indicating that Agnps catalyze the decomposition reaction. 

The pH of the medium is initially ~ 5 where the NP existed mainly in molecular form 

whose pKa value is 7.15, and the adsorption of 4-NP was ascribed to the hydrophobic 

interaction, hydrogen bond between the nitro, hydroxyl groups in 4-NP molecules and 

hydroxyl, carboxyl groups on adsorbent surface, and dispersion interaction between 

the aromatic ring and the basal planes of AgAC (section 2.6 in chapter 2). However, 

the amount adsorbed is less in the short time interval. On the other hand, the yielded 

H2 molecule due to direct interaction of AgAc with NaBH4 powder is bound to the 

surface of Agnps and its antibonding molecular orbital accepts the electron pairs 

donated by d electrons of Ag atom. Thus the bond order of H2 declines which results 

in activation of the H2 while nitro group coordinates with nano Ag and donates the 

electrons from oxygen to the unoccupied orbitals of Ag.  The reduction proceeds 

when nitro aromatics and activated H2 are absorbed chemically on the surface of Ag 

NPs. In this case, Ag NPs served as mediators of electron transfer( Figure 3.22). The 

immediate reduction of NP and desorption from surface further promotes more 

nitrophenol to be adsorbed and further reduction to take place. With increase in time 

the hydrolysis products of borohydride would also be playing a role in the reduction 

of NP as observed by Choi et al. (Choi et al., 2016). 
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Figure3.22 Proposed Mechanism for the Nitophenol reduction 

 

3.5 Conclusions 
 Silver nanoparticles were loaded onto SPAC, PSAC, PCAC and PAC by a 

one pot synthesis using NaBH4.  Transmission electron microscopic images show that 

Ag nanoparticles with the mean particle size of around 20-40 nm were well-dispersed 

on the Agnp-ACs  while the XRD analysis of Agnp-ACs revealed loading of Agnps 

by giving sharp crystalline peaks at 38.2˚ and 44.1˚. The as-prepared Agnp-ACs were 

used as  effective catalysts for the reduction of nitrophenols to aminophenols from 

aqueous solutions The Agnp-ACs also exhibited recyclability upto five, four, three 

and four cycles for Agnp-PSAC, Agnp-PSAC, Agnp-PCAC and Agnp-PAC 

respectively. The Agnp-PCAC also showed potential to act as SERS substrate for 4-

NP. 

 

AgNP

ACs
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