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5.1. Introduction 

Heterogeneous catalysis has tremendous applications in many organic 

transformations, as seen in many industrial and academic research.1-7 Heterogeneous 

transition metal nanocatalysts have attracted significant attention because of their mild 

reaction conditions, recyclability, enhanced catalytic performance, and simple separation 

strategies.8-21 Among different transition metal nanocatalysts, silver nanoparticles, in 

particular, possess special features such as easiness of synthesis, good catalytic activity, 

remarkable electrical and optical properties, less toxicity and cost effectiveness.22-24 Silver 

nanoparticles could function as stable nanocatalysts for desired applications via stabilizing 

them with capping molecules, surfactants, and polymer matrices.22,25,26 Heterogeneous 

catalysts have good prospects in recovery and reusability than homogeneous catalysts. 

However, the former inherently exhibits poor solubility/dispersibility.27, 28 Bare colloidal 

nanoparticles have an aggregation effect with time which reduces catalytic activity with 

storage.8, 9 Besides that, colloidal nanoparticles require a tedious process to purify from the 

mother liquid. In contrast, heterogeneous catalysts can be purified by simple washing and 

filtration. Moreover, the irreversible nature of homogeneous silver colloidal systems 

restricts them to single catalytic use. Therefore, facile, green, and cost-effective metal 

nanoparticle-supported heterogeneous nanocomposites with good dispersibility in water or 

other solvents deserve immense attention in recent times. Lee and co-workers studied silver 

 

Figure 5.1. Illustration of formation of colloidal silver nanoparticles without having host 

material (A) and formation of CNT-hosted silver nanoparticles (B) (Adapted from Lee et 

al. 2021).  

nanoparticles embedded in single-walled carbon nanotube nanocomposites for wearable 

electronics and sensor applications in which carbon nanotubes function as hosts for silver 

nanoparticles against agglomeration (see Figure 5.1.).29 Polymer/carbon nanomaterial 
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hosted metal nanocatalysts have been recognized as green catalysts because of the energy 

benefits in catalytic use and catalytic recyclability without significant loss of 

nanoparticles.30 The polyelectrolyte-carbon nanotube host system nanocomposites could 

provide good dispersibility, charged cationic or anionic side chains, and mechanical 

stability.30 Conducting polymers were recently used for the preparation of conducting 

polymer-multiwalled carbon nanotube nanocomposites by in situ polymerization. 

Conducting polythiophene-MWCNT nanocomposites have high electrical conductivity, 

good optical properties, biocompatibility, environmental/thermal stability, and better host 

interactions with metal nanoparticles.31 The stability of metal nanoparticles against 

oxidation, agglomeration and leaching from the supporting framework remained as the 

critical issues to be addressed for the performance of heterogeneous polymer/carbon 

nanomaterial supported metal nanocatalysts.28-35      

 

Figure 5.2. UV-Vis spectra of p-nitrophenol, p-nitrophenolate ion and reduced product p-

amino phenolate ion by adding a reducing agent and a suitable catalyst.                  

Catalytic reduction of p-nitrophenol using sodium borohydride as a hydride source 

in the presence of different nanocatalysts is considered as a typical model reaction due to 

mild reaction conditions, moderate reaction kinetics, and simple experimental setup.36-38 

The changes that occurred in UV-vis spectra in different stages during the catalytic 
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reduction of p-nitrophenol is shown in Figure 5.2. The high reaction rate was not achieved 

until we used an excessive sodium borohydride to exhibit pseudo-first-order and more than 

the minimum quantity as a catalyst. Therefore, catalytic reduction of p-nitrophenol requires 

some reaction conditions improvements to obtain enhanced catalytic conversion with 

minimum reagents and catalyst (see Figure 5.3.). Acceleration of the reaction kinetics with 

some metal salts or other reagents has been conducted previously in the literature.39-42 The 

mechanism of the catalytic reduction of p-nitrophenol for substantiating the source of 

hydrogens remains ambiguous.39,43-47 Recently, Zhao et al. investigated the catalytic 

reduction of p-nitrophenol with sodium borohydride using a deuterium isotope experiment. 

Their work substantiated the requirement of polar protic solvents, and it acts as the source 

of hydrogen rather than a hydride reducer.43 Fountoulaki et al. studied kinetic isotope 

effects on catalytic reduction of p-nitrophenol using NaBH4 and NaBD4, which has given 

evidence for B-H bond cleavage at rate-determining step and in-situ formation of Au-H.44 

More validating evidence is required to understand the role of water and other protic 

solvents for the hydrogenation of p-nitrophenol. 

 

Figure 5.3. Accounting the benefits of nanocatalysts in model nitrophenol reduction 

reaction (adapted from Bhairi et al. 2018) 

The present chapter focuses on the reduction reaction of p-nitrophenol to p-

aminophenol in the presence of ternary (TNC) and binary nanocatalysts (BNC); both 
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contain silver nanoparticles embedded on different hosts, polythiophene-functionalized 

multiwalled carbon nanotubes nanocomposite, and functionalized multiwalled carbon 

nanotubes, respectively. The kinetics of binary silver nanocatalyst (k = 0.0364 s-1) were 

two to three times faster than ternary nanocatalyst (k = 0.0134 s-1). The optimum 

nanocatalyst concentration for reducing p-nitrophenol at concentration 1 ×10-4 M was 

determined to be 0.06 mg/mL. We have carried out the reaction kinetics of nitrophenol in 

polar protic and aprotic solvents miscible with water. The glycerol-water mixture (5%-

30%) acts as energizing solvent for nitrophenol reduction with NaBH4. By employing a 

green solvent combination of 10% glycerol, the catalytic activity factor enhanced to 936.50 

s-1g-1 (3 times higher activity than in water as solvent); therefore, we could reduce catalyst 

concentration and sodium borohydride concentration approximately to one-sixth. A 

plausible mechanism demonstrated for the nitrophenol reduction using sodium borohydride 

and active hydrogens in the solvent. Ternary silver nanocatalyst has shown better 

dispersion than binary nanocatalyst, which lead us to study the antimicrobial properties. 

The ternary nanocomposites with a lower atomic percentage of silver nanoparticles was 

attached to the less cytotoxic polythiophene layer act as an efficient antibacterial agent 

against Escherichia coli bacteria.48-50 In summary, binary silver nanocatalyst (BNC) 

functioned as an efficient catalyst for reducing p-nitrophenol, whereas ternary nanocatalyst 

(TNC) acts as excellent antibacterial material against Escherichia coli bacteria in 

solution.51-56 

5.2. Experimental 

5.2.1. Materials and reagents: Sodium borohydride was purchased from Sigma Aldrich. 

Para-nitrophenol was purchased from LOBA chemicals. Para-aminophenol was purchased 

from NICE chemicals. Acetone, glycerol (anhydrous), ethylene glycol, and 1,4-dioxane 

were purchased from Merck chemicals, India. Deionized water was used as a solvent in 

catalysis and for nutrient broth preparation (a mixture of peptone, NaCl, and yeast extract 

from NICE chemicals and beef extract from Merck chemicals, India). 

5.2.2. Measurements and Instruments: UV-vis absorption spectra of the samples were 

recorded by Shimadzu UV-VIS spectrophotometer, UV 1800 series in the range 250-500 

nm with deionized water. The powder wide-angle X-ray diffraction of the samples was 

measured using PANALYTICAL, Aeris research X-ray diffractometer with 2θ values 

ranging from 10 to 80°. Field emission scanning electron microscopy (FE-SEM) and EDX 
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element mapping images were recorded using ZEISS ƩIGMATM. XPS analysis was 

conducted using PHI 5000 Versa Probe II, ULVAC-PHI Inc, USA X-ray photoelectron 

spectrometer. Optical densities of E. coli inoculated samples were recorded in an 

antibacterial assay using AU2701 UV-VIS double beam spectrophotometer, systronics. 

5.2.3. Reaction kinetics using different nanocatalyst concentrations: Different 

concentrations of ternary silver nanocatalysts (TNCs) were prepared by dispersing 0.5 mg, 

1.0 mg, 1.5 mg and 2.5 mg of TNCs in p-nitrophenol solution (25 mL, 1.0 ×10-4 M) via 

sonication to obtain 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL and 0.10 mg/mL respectively. 

The respective concentrations abbreviated as TNC-0.02, TNC-0.04, TNC-0.06, and TNC-

0.10, where the figures show the concentrations in mg/mL. Similarly, binary nanocatalysts 

(BNCs) designated as BNC-0.02, BNC-0.04, BNC-0.06, and BNC-0.10 for same 

concentrations.  

A typical procedure is showed below to determine the reaction kinetics using 

nanocatalyst concentration TNC-0.06. Ternary nanocatalyst TNC (1.5 mg) was dispersed 

in p-nitrophenol (25 mL, 1.0 ×10-4 M) by sonication for 15 min. Freshly prepared NaBH4 

solution (2 mL, 1.0 ×10-1 M) was added to 2 mL of a sonicated mixture of p-nitrophenol 

and TNC (0.06 mg/mL) taken in a vial, after that shaken for 10 s. We have mixed p-

nitrophenol-nanocatalyst reaction mixture and sodium borohydride solution in equal 

volume for all catalytical studies, therefore the final concentrations of p-nitrophenol, 

sodium borohydride, and nanocatalyst reduced to half (Table 5.1.). UV-vis absorption 

spectra were recorded automatically in regular intervals of time by the preset program. UV-

vis absorption spectra of p-nitrophenol reduction using different nanocatalyst 

concentrations TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, BNC-0.06, TNC-0.10, and 

BNC-0.10 were recorded using the same reaction conditions. The rate constants were 

calculated from the linear fit plots of UV-vis absorbance of the final mixture.  

5.2.4. Recycling studies using nanocatalysts: TNC (7 mg) was dispersed in p-

nitrophenol solution (5 mL, 2.33 ×10-3 M) by sonication for 15 min. Freshly prepared 

NaBH4 solution (5 mL, 2.33 M) was added to the above mixture. The reaction mixture was 

shaken well for one minute, then kept undisturbed for 10 min, and centrifuged. After 

centrifugation for three min, filtrate decanted, and then UV-vis absorption spectra were 

recorded. The residue (nanocatalyst) was washed with deionized water, and catalytical 

activities continued for four more consecutive cycles using the same method. A similar 
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procedure was repeated using BNC nanocatalyst (7 mg) instead of TNC for six catalytic 

cycles. 

5.2.5. Recycling effects of nanocatalysts on morphology and composition: The 

nanocatalyst TNC (25 mg) was dispersed in p-nitrophenol solution (25 mL, 1.66 ×10-3 M) 

by sonication for 15 min. Freshly prepared NaBH4 solution (25 mL, 1.66 M) was added 

and shaken well for one minute to the above mixture. It was kept undisturbed for 10 min to 

complete the reaction and then filtered. The nanocatalyst residue obtained was again 

dispersed in p-nitrophenol solution (25 mL, 1.66 ×10-3 M) and repeated the process up to 

the 9th cycle in the same manner. After the third, sixth, and ninth catalytic cycles, a portion 

(one-third of the initial amount of catalyst) of the residue was separated and centrifuged to 

recover the catalyst. The residue was washed with water and acetone, then dried in a 

vacuum oven at 60⁰C for 1 hour. The morphology and composition of nanocatalysts 

recorded using powder X-ray diffraction, X-ray photoelectron spectroscopy, and scanning 

electron microscopy. The same procedure was repeated using BNC nanocatalyst to find 

any difference in morphology and composition. 

5.2.6. TNC catalyzed reduction in different volume percentages of glycerol-water 

mixtures: TNC (1.5 mg) was dispersed in p-nitrophenol solution (25 mL, 1.0 ×10-4 M) by 

sonication for 15 min. NaBH4 solution (5 mL) prepared in different volume percentages of 

the glycerol-water mixture was added to the P-NP-TNC mixture (5 mL) taken in different 

vials. The final percentage volumes of glycerol in water were 5% v/v, 10% v/v, 20% v/v, 

30% v/v, 40% v/v and 50% v/v. The time for reaction completion was obtained from the 

change in colour of the reaction mixture from greenish-yellow to colourless. The same 

procedure was repeated for BNC catalyzed reduction of p-nitrophenol in different volume 

percentages of solvent mixtures. The other solvent mixtures such as ethylene glycol in 

water, ethanol in water, and 1, 4-dioxane in water were similarly used as solvent media for 

catalytic reduction of P-NP using nanocatalysts. 

5.2.7. Calibration curve of 4-aminophenolate to find the relative yield of product: 

Different concentrations of p-aminophenol (5 ×10-4 M, 1×10-4 M, 5×10-5 M, 1×10-5 M, 

5×10-6 M, 1×10-6 M, 5×10-7 M, 1×10-7 M) were taken in 10 mL deionized water. Freshly 

prepared NaBH4 solution (10 mL, 1x10-1 M) is added to each concentration of p-

aminophenol. UV-vis spectra of all above concentrations were recorded to get a calibration 
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curve and it can be used to quantify the concentration of p-aminophenol formed in unknown 

samples. 

5.2.8. Large scale reduction of p-nitrophenol: Binary nanocatalyst BNC (1.8 mg) was 

dispersed in 10 mL p-nitrophenol solution (0.15 g, 0.108 M, 15 g/L) and sonicated for 15 

min. To this NaBH4 solution (10 mL, 2.695 M, P-NP: NaBH4 molar ratio is 1:25) freshly 

prepared in 10% glycerol-water mixture was added and magnetically stirred for one hour. 

The completion of the reaction was observed from the colour change of greenish yellow 

colour of p-nitrophenol to the colourless p-aminophenolate product in one hour. 

Completion of the reaction was also monitored by recording UV-vis spectra of colourless 

p-aminophenolate product formed after one hour. 

5.2.9. Antibacterial study using ternary nanocatalyst TNC: The nutrient broth was 

prepared by dissolving NaCl (0.5 %), peptone (0.5 %), beef extract (0.3 %) and yeast 

extract (0.3 %) in double-distilled water. The pH was adjusted to 7.4 and sterilized by 

autoclaving at 15 lbs pressure (121°C) for 15 min. The stock solution of dispersed TNC 

(200 µg/mL) was prepared in 50 mL nutrient broth by sonication for 30 min. Different 

concentrations of TNC nanocatalyst such as 1 ×10-1 µg/mL, 5x10-1 µg/mL, 1 µg/mL, 5 

µg/mL, 10 µg/mL, 20 µg/mL, 30 µg/mL, 40 µg/mL, 80 µg/mL, 120 µg/mL, 160 µg/mL 

were prepared by adding 5 µL, 25 µL, 50 µL, 250 µL, 500 µL, 1000 µL, 1500 µL, 2000 

µL, 4000 µL, 6000 µL and 8000 µL of stock solution (200 µg/mL) to nutrient broth to 

obtain 10 mL of total volume. The stock solution also took for antibacterial activity. 

 Samples containing broth mixtures were sonicated for 10 min. All tubes were 

inoculated with 50 μL of actively growing E. coli culture and incubated overnight in a 

thermal shaker at 37 ⁰C. After incubation, microbial growth in each tube was studied using 

a UV-vis double beam spectrophotometer by measuring optical density at 660 nm. Positive 

and negative controls were used to validate the results. 

The same experiment was repeated using lactose broth instead of nutrient broth. The 

preparation of lactose broth is as follows: lactose (0.5 %), peptone (0.5 %) and beef extract 

(0.3 %) were dissolved in 1 L of double distilled water. The pH was adjusted to 6.9 and 

sterilized by autoclaving at 15 lbs pressure (121 °C) for 15 min. 
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5.3. Results and Discussion 

5.3.1. Comparison of TNC and BNC nanocatalysts 

                 Silver nanoparticles embedded ternary nanocatalyst (TNC) and binary 

nanocatalyst (BNC) were obtained by reducing silver nitrate solution using ascorbic acid 

as a reducing agent. Polythiophene-functionalized MWCNT nanocomposites and 

functionalized multiwalled carbon nanotubes were used as host materials for silver 

nanoparticles in TNC and BNC. Functionalization of multiwalled carbon nanotube was 

achieved by refluxing MWCNT (0.40 g) with nitric acid (5 M, 50 mL) at 100⁰C. 

Functionalization of multiwalled carbon nanotubes reduces the aggregation tendency of 

MWCNT in nanocomposites and significantly improves processability. Polythiophene-

functionalized multiwalled carbon nanotube (PTCNT-COOH) binary nanocomposites 

were used to prepare ternary silver nanocatalyst (TNC) which contains conducting 

polythiophene layer. The forces of attraction between functionalized multiwalled carbon 

nanotube and polythiophene were predominantly non-covalent attractive forces such as π-

interaction, hydrogen bonding and van der Waals forces. Silver nanoparticles were directly 

attached to the functionalized multiwalled carbon nanotubes (MWCNT-COOH) in binary 

silver nanocatalysts (BNC). The preparation, properties, and characterization of PTCNT-

COOH 300 Ag (TNC) and MWCNT-COOH Ag (BNC) have been discussed in chapter 4.57  

 

Figure 5.4. Schematic representation of (a) reactions of p-nitrophenol with NaBH4 and (b) 

silver nanocatalysts (BNC/TNC) catalyzed reaction of p-nitrophenol using NaBH4. 
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Table 5.1. Name of nanocatalyst, initial concentrations of P-NP, NaBH4, nanocatalyst, 

final concentrations of P-NP, NaBH4, nanocatalysts, solvents, rate constant (k), and the 

activity factor. 

 

a Ternary nanocatalyst (TNC) or binary nanocatalyst (BNC) taken in different concentrations. b The rate 

constant obtained from the time dependent UV-vis studies. b The ratio rate constant divided by the weight of 

the catalyst used. 

Heterogeneous ternary and binary nanocatalysts were utilized to convert p-nitrophenol to 

p-aminophenol in an aqueous medium. Due to the kinetic energy barrier, the reduction of 

nitrophenols to aminophenols did not proceed without a catalyst. Therefore, adding sodium 

borohydride to p-nitrophenol produces a greenish-yellow solution of p-nitrophenolate ion 

(see Figure 5.4.).58 On the other hand, in the presence of ternary or binary nanocatalysts, 

colourless p-aminophenolate ions were formed from the greenish-yellow coloured p-

nitrophenolate ion. The sonication process helps to adsorb the p-nitrophenol to the active 

sites of nanocatalysts.59  

Sl. 

No. 

Catalysta 

 

Initial concentrations of 

reaction mixtures 

Final concentration 

of reaction mixture 

 

 

Solvent  

kb 

(s-1) 

Acti

vity 

fact

orc 

(s-1 

g-1) 

P-NP 

in 2 

mL 

(mM) 

NaBH4 

in 2 mL 

(M) 

TNC/ 

BNC 

(mg/m

L) 

P-NP 

in 4 mL 

(mM) 

NaBH4  

in 4 mL 

 (M) 

BNC/ 

TNC 

(mg/

mL) 
1 TNC-0.02 0.01 0.10 0.02 0.005 0.05 0.01 water 1.40x10-3 35.00 

2 TNC-0.03 0.01 0.10 0.03 0.005 0.05 0.015 10% 

glycerol 

+ water 

- - 

3 TNC-0.04 0.01 0.10 0.04 0.005 0.05 0.02 water 4.90x10-3 61.25 

4 TNC-0.06 0.01 0.10 0.06 0.005 0.05 0.03 water 1.34x10-3 113.3

4 

5 TNC-0.10 0.01 0.10 0.10 0.005 0.05 0.05 water 3.99x10-2 199.5
0 

6 BNC-0.01 0.01 0.10 0.01 0.005 0.05 0.005 10% 

glycerol 

+water 

1.87x10-2 936.5

0 

7 BNC-0.02 0.01 0.10 0.02 0.005 0.05 0.01 water 1.10x10-3 27.50 

8 BNC-0.03 0.01 0.10 0.03 0.005 0.05 0.015 10% 

glycerol+ 

water 

- - 

9 BNC-0.04 0.01 0.10 0.04 0.005 0.05 0.02 water 1.59x10-2 198.7

5 

10 BNC-0.06 0.01 0.10 0.06 0.005 0.05 0.03 water 3.64x10-2 303.3

4 

11 BNC-0.10 0.01 0.10 0.10 0.005 0.05 0.05 water 5.40x10-2 270.0

0 



Chapter 5                                

118 
 

Figure 5.5. UV-vis absorption spectra for reduction of p-nitrophenol using catalyst TNC-

0.02 (A), BNC-0.02 (B), TNC-0.04 (C), BNC-0.04 (D) TNC-0.06 (E), BNC-0.06 (F), TNC-

0.10 (G)and BNC-0.10 (H) in consecutive time intervals. 
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Figure 5.6. Linear relationship plot of ln (A/A0) against time for p-nitrophenol reduction 

using TNC-0.02 (A), BNC-0.02 (B), TNC-0.04 (C), BNC-0.04 (D) TNC-0.06 (E), BNC-0.06 

(F), TNC-0.10 (G)and BNC-0.10 (H) 
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Figure 5.7. UV-vis absorption spectra of silver nano colloids after one day of synthesis(A) 

and silver nano colloids after 7 days of synthesis(B).                              

The catalytic conversion of p-nitrophenol to p-aminophenol was monitored by UV-

vis absorbance spectroscopy by noting the decrease in p-nitrophenolate ion peak at 400 nm 

in successive time intervals after the start of the reaction. Silver nanocatalysts were named 

TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, TNC-0.06, BNC-0.06, TNC-0.10, and BNC-

0.10, in which digits represent the concentration of ternary or binary nanocatalysts in 

mg/mL initially taken in aqueous P-NP solution for catalytic studies (see Table 5.1.). The 

p-nitrophenolate ion peak at 400 nm was produced immediately by adding sodium 

borohydride solution. As time progresses, the p-nitrophenolate ion peak intensity decreases 

with a concomitant increase of the new peak at 298 nm, corresponding to the p-

aminophenolate ion (see Figure 5.2.).58 The complete suppression of the peak at 400 nm 

indicated the reaction completion. Time-dependent UV-vis absorption spectra of 

nanocatalyst concentration TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, TNC-0.06, BNC-

0.06, TNC-0.10, and BNC-0.10 were recorded (see Figure 5.5.). The rate constants for this 

catalytically driven reaction were obtained by plotting ln (A/A0) against time (see Figure 

5.6.). The reaction follows pseudo-first-order kinetics; therefore, the rate constant can be 

obtained from the line’s slope from linear regression fit.60,61 The resultant rate constants 

were 0.0014 s-1, 0.0011 s-1, 0.0049 s-1, 0.0159 s-1, 0.0134 s-1, 0.0364 s-1, 0.0399 s-1 and 

0.0540 s-1 respectively for the catalytic concentrations TNC-0.02, BNC-0.02, TNC-0.04, 

BNC-0.04, TNC-0.06, BNC-0.06, TNC-0.10 and BNC-0.10. Activity factor (the ratio of 

rate constant to the weight of catalyst used) were also calculated as 35.00 s-1 g-1, 27.50 s -1 

g-1, 61.25 s -1 g-1, 198.75 s -1 g-1, 113.34 s -1 g-1, 303.34 s -1 g-1, 199.50 s -1 g-1 and 270.00 s -1  
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Figure 5.8. UV-vis absorption spectra of reduction of p-nitrophenol using NaBH4 using 

homogeneous colloidal silver nanoparticles as catalyst (A) and its linear relationship plot 

of ln(A/A0) against time on first day after the synthesis of silver nano colloid (B). UV-vis 

absorption spectra of reduction of p-nitrophenol using NaBH4 using homogeneous 

colloidal silver nanoparticles catalyst (C) and its linear relationship plot of ln(A/A0) (D) 

against time on seventh day after the synthesis of silver nanocolloid. UV-vis absorption 

spectra of reduction of p-nitrophenol using NaBH4 using PTCNT-COOH 300 as catalyst 

(E) and reduction of p-nitrophenol using NaBH4 using MWCNT-COOH as catalyst (F). 

g-1 for TNC-0.02, BNC-0.02, TNC-0.04, BNC-0.04, TNC-0.06, BNC-0.06, TNC-0.10 and 

BNC-0.10 respectively (see Table 5.1.). Rate constants of TNC-0.02 and BNC-0.02 are 

almost equal, but as nanocatalysts’ concentration increases, approximately 2 to 3 times 

greater catalytic activity was obtained for BNC rather than TNC. Silver nanoparticles 
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decorated TNC, and BNC nanocatalysts relay on electrons flow from NaBH4 to p-

nitrophenol (P-NP) through silver nanoparticles for catalytic reduction. The slow kinetics 

of TNC compared with BNC could be attributed to the electrical movement of electrons 

into conducting polythiophene layer.57,62 Control experiments conducted using silver 

nanoparticles (Ag NPs) have shown characteristic surface plasmon resonance peaks at 400 

nm in freshly prepared conditions (see Figure 5.7. A). The rate constant for p-nitrophenol 

reduction using Ag NPs (~ 0.03 mg/mL final concentration) was found (k = 1.82 ×10-3 s-1) 

to be approximately in the same range that obtained for TNC-0.02 and BNC-0.02 (see 

Figure 5.8. A and B). In colloidal silver nanoparticles, the surface plasmon resonance peak 

was overlapped with the nitrophenolate ion peak, making it difficult to note the reaction 

completion (see Figure 5.8. A). The reduction reaction carried out after the ageing of Ag 

NPs solution for seven days has shown a slight decrease in the rate constant and settling of 

nano colloidal silver nanoparticles (see Figure 5.8. C). Besides, the UV-vis absorption 

spectra of colloidal silver nanoparticles taken after seven days do not possess surface 

plasmon resonance peaks (see Figure 5.7. B). Although colloidal silver nanoparticles in 

freshly prepared conditions act as good catalysts, their aggregation tendency, stability, and 

recyclability were major issues. Control experiments conducted using MWCNT-COOH 

and PTCNT-COOH 300 without silver nanoparticles have not shown catalytic activity (see 

Figure 5.8 E and F). Functionalized multiwalled carbon nanotubes/polymer play a vital 

role as a heterogeneous framework to accommodate silver nanoparticles to prevent 

agglomeration, rapid oxidation, and leaching.                     

5.3.2. Optimization of nanocatalyst amount.  

 

Figure 5.9. Plot of (A/A0) against time for TNC catalysed reactions (A) and BNC catalysed 

reactions (B) for different concentrations of catalyst 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL, 

and 0.10 mg/mL taken in p-nitrophenol solution.  
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Table 5.2. Comparing catalysts, concentrations of reagents, rate constants, and activity 

factors obtained in the present study with recent other literature reports. 

 

The optimum nanocatalyst concentrations of TNC and BNC for reducing p-

nitrophenol (1.0 ×10-4 M) were selected by plotting A/A0 against time for different catalyst 

concentrations (see Figure 5.9.). The optimum nanocatalyst concentration has been 

selected based on the minimum quantity of a nanocatalyst needed to catalyze reaction at a 

measurable speed. In general, for all catalyst concentrations, as the time increases, the A/A0 

value decreases and reaches a steady minimum in the curve, corresponding to the 

completion of the reaction. The time required to reach a steady minimum for TNC-0.04, 

TNC-0.06, and TNC-0.10 were 550 s, 315 s, and 150 s, and that for BNC-0.04, BNC-0.06 

and BNC-0.10 were 225 s, 150 s, and 50 s respectively. Therefore, even though TNC-0.10 

and BNC-0.10 have given faster reaction kinetics than TNC-0.06 and BNC-0.06, the latter 

was selected as optimum catalyst concentration due to lower catalyst concentration and 

Sl. 

No. 

Catalyst Catalyst  

Amount 

  

p-aminophenol NaBH4 Rate constant 

(k) 

Activity factor R

ef. 

Conc. Vol. 

(mL) 

Conc. Vol. 

(mL) 

s-1 min-1 s-1 g-1 min-1 g-1 

1 Ag NPs 

−PANI/ 

MWCNT 

1.00 mg 0.10 mM 0.2 mL 0.1 M 2 mL 0.0054 - 5.40 - (1) 

2 Ag@MW
CNTs-

polymer  

10 mg 0.10 mM 15 mL 5 mM 15 mL 0.0079 - 11.64 - (2) 

3 NiS-

NiCo2O4

@C  

0.017 

mg/mL 

0.1 mM 3 mL 0.08 M - - 1.78 - - (3) 

4 Ag CD-

MA@Fe

MNps 
(AgNC) 

5 mg 

 

0.12 mM 1.5 mL 12 mM 1.5 mL - 0.674 - - (4) 

5  

Pd@PUN 

30 mg 0.10 mM 20 mL 40 mM 10 mL - 4.96 - - (5) 

6 Ag@PD

A@poly(

M-POSS)  

0.005 

mg/mL 

20 mM 50μL 0.2 M 20 mL - 0.837 - 1.67 ×105 (6) 

7 PSMAA/ 
Ag  

2 mg  0.1 mM 2 mL 60 mM 0.5 mL 0.0082 - - - (7) 

8 Fe3O4-

CS-Ag 

NPs 

2 mg/mL 0.125 

mM 

2 mL 0.5 M 0.1 mL - 0.56 - - (8) 

9 TNC-
0.06 

0.06 
mg/mL 

0.01 mM 2 mL 0.1 M 2 mL 0.0134 0.804 113.34 6.8 ×103 

P
r
e
se

n
t 

w
o
r
k

 

10 BNC-

0.06 

0.06 

mg/mL 

0.01 mM 2 mL 0.1 M 2 mL 0.0364 2.184 303.34 1.8 × 104 
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measurable speed. By considering other literature works reported recently on p-nitrophenol 

reduction using different metal incorporated nanocomposites, one of the leading catalytic 

activities observed in both BNC and TNC catalyzed reduction (see Table 5.2. for 

comparison with other reports). 

5.3.3. Recycling studies.  

 

Figure 5.10. UV-vis absorption spectra of TNC 0.06 catalysed (A) and BNC-0.06 catalysed 

reaction (B) for successive catalytic cycles. Catalytic conversion percentage of TNC-0.06 

(C) and BNC-0.06 (D) in successive catalytic cycles. 

The recycling studies of the nanocatalysts TNC and BNC were carried out, and 

catalytic efficiency in the recycling process was recorded via UV-vis absorption spectra 

(see Figure 5.10.). TNC was recycled and analyzed for five consecutive cycles and BNC 

for six consecutive cycles by fixing the reaction time as 10 min for each cycle. Here catalyst 

was recovered by centrifugation and reused for the next catalytic cycle after washing with 

water. The catalytic conversion (%) of p-nitrophenol to p-aminophenol has been 

determined using the equation,         

        𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 (%) = (𝟏 −
𝑨

𝑨𝟎
) 𝐱 𝟏𝟎𝟎          
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Where A0 and A are the absorption maxima of the p-nitrophenolate ion at the initial time 

(t0) and monitoring time (t), respectively. Catalytic conversion (%) for successive cycles 

indicated better BNC efficiency than TNC for six catalytical cycles (see Figure 5.10. C 

and D). TNC has shown catalytic conversion of 47.56 % in the 5th catalytic cycle, whereas 

BNC has shown 92.80 % conversion in the 6th cycle in identical conditions. The conversion 

(%) obtained from the UV-vis absorbance spectroscopy have revealed that nanocatalyst 

BNC activates the reaction more than TNC in multiple cycles. Nanocatalysts recovered 

from the reaction mixture via centrifugation and washing before subsequent uses. TNC 

being better dispersive than BNC via sonication, have more leaching effect of silver than 

the latter case.  

5.3.4. Elemental composition and morphology of recycled nanocatalysts.  

 

Figure 5.11. X-ray diffraction patterns of TNC and recycled TNCs (A), BNC and recycled 

BNCs (B) after 3rd, 6th and 9th catalytic cycles. FE-SEM images of TNC (C) and BNC (D) 

as pristine nanocatalyst (enlarged portion is shown in inset).   

We have subjected the recycled catalysts to powder X-ray diffraction studies to 

trace changes during the recycling (see Figure 5.11. A and 5.11. B). TNC and BNC 

obtained after the third, sixth, and ninth cycles were named TNC-3RC, TNC-6RC, TNC-
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9RC, BNC-3RC, BNC-6RC, BNC-9RC; the figure represents the recycle number. 

Comparison of powder X-ray diffraction patterns of pristine catalysts with recycled 

catalysts revealed that intensity of crystalline diffraction peaks corresponding to silver 

nanoparticles at 2θ values 38.15°, 44.33°, 64.52°and 77.46° were decreased considerably 

after the 6th catalytic cycle (see Figure 5.11. A and 5.11. B).45 A substantial decrease in 

intensity of diffraction peaks of silver nanoparticles was noticeable on the 9th catalytic cycle 

of TNC than BNC. The more decrease in TNC nanocatalyst intensity than the BNC 

nanocatalyst in higher catalytic cycles was due to the loss of a higher amount of silver 

nanoparticles during separation, washing, and sonication. The diffraction pattern of BNC-

3RC has given crystalline peaks other than silver nanoparticles matching with the 

crystalline form of sodium metaborate formed as a by-product from sodium borohydride 

(see Figure 5.12.).24,63-65 The inner core structure of the recycled nanocatalysts TNC-3RC 

and BNC-3RC were determined using X-ray photoelectron spectroscopy (see Table 5.12.). 

Functionalized multiwalled carbon nanotubes contain 94.42 atomic percent of C 1s and 

5.58 atomic percent of O 2s.57 Recycled binary nanocatalyst BNC-3RC have shown 

characteristic peaks of C 1s (284.77 eV), O 1s (532.47 eV), Na 1s (1072.27 eV), Ag 3d 

(374.44 eV) and B 1s (192.77 eV) with atomic percentage of 91.0%, 6.6 %, 1.3 %, 0.8 % 

and 0.2% respectively. On the other hand, TNC-3RC have shown characteristic peaks of C  

 

Figure 5.12. WXRD patterns of (A) byproduct separated from the reaction residue, (B) 

BNC-3RC and (C) BNC-3RC after repeated centrifugation and washing. 
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1s (284.78 eV), O 1s (532.18 eV), Na 1s (1074.08 eV), Ag 4s (102.11 eV), B 1s (192.77 

eV) and S 2p (166.47 eV) with atomic percentage 76.9 %, 21.9 %, 0.3 %, 0.5 %, 0.2 % and 

0.1 % respectively. The higher atomic percentage of C1s in BNC-3RC (91.0 %) than TNC-

3RC (76.9 %) was mainly due to the binary components, which consists of functionalized 

multiwalled carbon nanotubes and silver nanoparticles only. The presence of sodium 

metaborate hydrates as a by-product, intermediate layer of conducting polythiophene, and 

dopants influence the total atomic percent of TNC (see Figure 5.13.). The atomic 

composition of silver atoms of BNC-3RC was higher than TNC-3RC, which matches with 

powder x-ray diffraction data. The decrease in the atomic percentage of silver could be due 

to the separation of silver nanoparticles in the recycling process.   

 

Figure 5.13. XPS spectra of TNC-3RC and BNC-3RC. 
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Silver nanoparticles embedded pristine TNC and BNC nanocatalysts were 

subjected to field emission scanning electron microscopy. TNC contains silver 

nanoparticles with an average size of 25 ±5 nm, which exists in a tangled manner on the 

PTCNT-COOH 300 framework, whereas BNC contains nanoparticles with an average size 

of 45 ± 5 nm supported on MWCNT-COOH (see Figure 5.11. C and D for FESEM images 

of TNC and BNC before catalytic use). The surface morphology and elemental distribution 

of the recycled catalyst surface have been traced by scanning electron microscopy and 

energy dispersive X-ray (EDX) analysis (see Figure 5.14. C, D, E and F). FE-SEM images 

of recycled nanocatalysts TNC-3RC and BNC-3RC have shown hexagonal crystalline 

faces over the nanocatalysts (Figure 5.14. A and 5.14. B). The EDX elemental dot mapping 

showed a sodium atom percentage of 11.84 % on the TNC surface and 14.18 % on the BNC 

surface. The presence of sodium atoms and higher oxygen mass percentage from dot 

mapping images indicated the formation of sodium metaborate hydrates deposited in the 

hexagonal phase over the nanocatalyst surface. The recycled nanocatalyst TNC-3RC and 

BNC-3RC contain 1.61 and 1.00 atomic percent of silver atoms within the EDX analysis 

limitations (see Table 5.3.). A mechanistic view of recycled nanocatalyst (TNC or BNC) 

represented after catalytic hydrogenation of p-nitrophenol using sodium borohydride 

(shown in Figure 5.14. G). TNC and BNC could be reused for many cycles; however, the 

metaborates trapped in nanocatalysts could mask the catalytic activity.  

 Table 5.3. The atomic percentage of C, O, Na, B, Ag, and S in TNC-3RC and BNC-3RC.        

 
Element From XPS analysisa 

TNC-3RC 

(atom %) 

BNC-3RC 

(atom %) 

C 76.9 91.0 

O 21.9 6.6 

Na 0.3 1.3 

B 0.2 0.2 

Ag 0.5 0.8 

S 0.1 - 
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Figure 5.14. FE-SEM images of TNC-3RC (A) and BNC-3RC (B), EDX colour mapping of 

sodium in TNC-3RC (C), sodium in BNC-3RC (D), silver in TNC-3RC (E) and silver in 

BNC-3RC (F). Schematic representation of the existence of metaborate by-product over a 

recycled catalyst (G). 

5.3.5. Optimization of solvent-water mixture for reduction.  

The kinetic and mechanistic aspects of BNC and TNC catalyzed p-nitrophenol 

reduction were systematically studied using different solvent-water mixtures like glycerol-

water, ethylene glycol-water, ethanol-water, and 1,4-dioxane-water. The different catalyst 

concentrations like TNC-0.03, BNC-0.03, TNC-0.06, and BNC-0.06 were used to reduce 

p-nitrophenol (1.0 ×10-4 M, 5 mL) by the addition of NaBH4 (1.0x10-1 M, 5 mL) in the 

presence of different volume % of solvent-water mixtures. The time of decolourization was 

noted as the time to complete the reaction. The reaction completion time versus different 

volume percentages of solvent-water mixtures (5 % v/v, 10 % v/v, 20 % v/v, 30 % v/v, 40 

% v/v and 50 % v/v) were plotted (see Figure 5.15.). The reduction reaction has shown a 

faster reaction in glycerol-water, and ethylene glycol-water mixture, especially in the 5% - 

30% percent volume, and after that, the reaction slows down as the medium’s viscosity 

increases. In the ethanol-water mixture, the reaction rate was slower than in the above two 

mixtures and decolourization time increased as the volume percentage of ethanol increased. 
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The least reactivity was observed in 1,4-dioxane-water mixture, which could be easily 

understood from the non-availability of the active hydrogen in it. Therefore, the order of 

catalytic reactivity obtained in different solvent-water mixtures was glycerol-water > 

ethylene glycol-water > ethanol-water > 1,4-dioxane-water. 

 

Figure 5.15. Time of decolourization plotted against different volume percentage of 

solvent-water mixture using P-NP: NaBH4 molar ratio 1:1000 with TNC-0.06, BNC-0.06, 

TNC-0.03 and BNC-0.03 catalysts.  

5.3.6. Optimization of [P-NP]: [NaBH4] molar ratio.  

Catalytic hydrogenation of p-nitrophenol was conducted by varying the molar ratio 

of [P-NP]: [NaBH4] using TNC-0.06 and BNC-0.06 in a 10% v/v glycerol-water mixture. 

The [P-NP] to [NaBH4] molar ratio has varied from 1:50, 1:100, 1:150, 1:250, 1:500 to 

1:1000 in water and 10 % glycerol-water mixture by fixing the concentration of P-NP 

solution as 1 ×10-4 M. The decolourization time in catalytic reduction versus NaBH4 to P-

NP molar ratio was plotted (see Figure 5.16. A). The decolourization studies have revealed 

that reaction follows pseudo-first-order kinetics approximately at a mole ratio 500 in water, 

which was reduced to 250 in the glycerol-water mixture.61 A major disadvantage of 
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reducing 

 

Figure 5.16. Time of decolourization plotted against different NaBH4 concentrations in 

water and 10% glycerol-water mixture using TNC-0.06 and BNC-0.06 catalysts (A). UV-

vis absorption spectra of reduction of p-nitrophenol using catalyst TNC-0.06 [PNP: NaBH4 

molar ratio 1:100](B) using BNC-0.06 [PNP: NaBH4 molar ratio 1:100] (C) and BNC-

0.03 [PNP: NaBH4 molar ratio 1:200] [D] in 10% glycerol-water solvent mixture. UV-vis 

absorption spectra of reduction of p-nitrophenol using catalyst BNC-0.01 [PNP: NaBH4 

molar ratio 1:200 (E) and linear relationship plot of ln(A/A0) against time for BNC-0.01 

for PNP: NaBH4 molar ratio 1:200 (F) in 10% glycerol-water solvent mixture. 

 

nitrophenols with sodium borohydride in water was the excess utilization of NaBH4 to 

obtain a reasonable reaction rate. Therefore, minimizing the NaBH4 for p-nitrophenol 
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reduction can ensure more economic gain to the synthetic strategy and reduced toxicity 

effects. The UV-vis absorption spectra were recorded to show the minimum utilization of 

catalyst with P-NP to NaBH4 molar ratio 1:100 in 10% glycerol- water mixture TNC-0.06, 

BNC-0.06, BNC-0.03 catalyst concentrations were shown in Figure 5.16. B, C and D. In 

the presence of a 10% glycerol-water mixture, BNC-0.03 exhibited the same kinetics as 

BNC-0.06 in water with P-NP to NaBH4 molar ratio 1:1000. More interestingly, the 

catalytic reduction of p-nitrophenol executed with a minimal concentration of BNC-0.01 

catalyst and P-NP to NaBH4 molar ratio of 1: 200, excellent activity factor of 936.5 s-1g-1 

was obtained in a 10% glycerol-water solvent mixture (see Figure 5.16. E and F).  

5.3.7. The proposed mechanism for catalytic reduction.  

 

Figure 5.17. Change in pH of glycerol-water mixture (20%) by the addition of NaBH4. 

The catalytic reduction of p-nitrophenol using NaBH4 as the reductant remains 

controversial. TNC and BNC catalytic performance in different solvent mixtures led us to 

gain some mechanistic evidence about the hydrogen source used to reduce p-nitrophenol. 

Many possible ways of reduction mechanisms were discussed in the literature.39,43-48 It was 

already reported in the literature that the reduction of p-nitrophenol did not occur in 

nonpolar solvents.39,43,44 But the involvement of protic solvents using NaBH4 as a reducing 

agent for p-nitrophenol reduction is still inexplicit in its research. In the present experiment, 

it was noticeable that solvent mixtures like glycerol- water and ethylene glycol-water have 
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shown higher activity than water. Other solvent mixtures such as ethanol-water and 1,4-

dioxane-water mixture have shown a slower reduction rate than water, giving prime 

evidence of active solvent hydrogen involvement in the nitro group’s hydrogenation 

reaction. Sodium borohydride undergoes hydrolysis with water or solvolysis with other 

solvents containing active hydrogens and produces hydrogen gas.66 Rate of hydrogen 

molecule production due to solvolysis in the investigated solvent-mixtures at 5% v/v - 30% 

v/v follow the order glycerol-water > ethylene glycol-water > water > ethanol-water > 1,4-

dioxane-water. Three active hydrogens per molecule present in glycerol could be the reason 

for production of three hydrogen molecules by combining with hydride ions from sodium 

borohydride. Ethylene glycol has two active hydrogens; water and ethanol have one active 

hydrogen each, from which a corresponding number of hydrogen molecules could be 

produced by solvolysis. The ethanol-water mixture has comparably less capacity to form 

hydrogen molecules than water since NaBH4 exhibited low solubility in ethanol than water. 

The 1,4-dioxane with hydrogens in closed chains was not active as other solvents. The 1,4-

dioxane-water mixture, therefore, has minimal hydrogen production capacity. A direct 

influence was visible towards active hydrogens’ contribution from different solvent 

molecules to reduce the nitro group. Neither the sodium borohydride nor the active 

hydrogen-bearing solvent molecules alone could directly ensure the nitrophenol 

hydrogenation completely. The active hydrogens in solvent molecules combine with the 

hydride ion from sodium borohydride to produce hydrogen molecules, making reduction 

reaction feasible. The pH of NaBH4, glycerol, and glycerol-NaBH4 mixture in water was 

checked using a pH meter. The pH of 20% glycerol was 7.2, and that of NaBH4 solution 

(1x10-1 M) was 10.3. The NaBH4 solution (1x10-1 M) was added to the glycerol (25 mL, 

20%) solution, the pH of the corresponding solution mixtures was checked with the 

addition of 2 mL each. A graph was plotted with the volume of NaBH4 solution added 

against the pH of the reaction mixture (see Figure 5.17.). The reaction mixture’s pH 

increased by NaBH4 addition and reached a pH of 9.5 by adding 50 mL 1 ×10-1 M NaBH4 

solution. The reduction mainly happened in alkaline conditions; therefore, the production 

of hydrogen molecules by the reaction of NaBH4 with active solvent hydrogen was the 

major factor rather than the change in pH. The dielectric constant of solvent mixtures on 

the reduction rate was studied.67-69 Solvent mixtures used in the present study have lower 

dielectric constants than water; however, reaction rates in the glycerol-water mixture and 

ethylene glycol-water mixture exhibited a higher reaction rate than in water. A plausible 
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mechanism has been shown in Figure 5.18. Two probable reasons could be attributed here 

for catalytical hydrogenation of nitro group by the silver nanocatalyst. Active hydrogen 

species could be produced via solvolysis of the glycerol-water mixture with sodium 

borohydride has the primary role in enhancing the catalytic reduction rate.21,70,71 This 

reactive hydrogen species gets adsorbed on the catalyst’s surface to convert p-nitrophenol 

to p-aminophenol.21,72 Second possibility was the conventional way of catalytical 

hydrogenation by the hydrogen molecules produced in the solvolysis.40,47 Faster kinetics of 

the p-nitrophenol reduction in glycerol-water mixture using NaBH4 as reductant indicates 

that the major path could be highly energetically reactive hydrogen species involved in 

reduction.   

      

                         

Figure 5.18. Mechanism of active solvent enhanced green catalytic reduction of p-

nitrophenol using NaBH4 in 10% glycerol-water mixture. 

5.3.8. Relative yield and industrial-scale reduction of p-nitrophenol.  

The relative yield of the p-aminophenolate ion was obtained from the calibration 

curve of known concentrations of p-aminophenolate (see Figure 5.18.). Different p-

aminophenol solution concentrations were prepared from 5.0 ×10-4 M to 1.0 ×10-7 M. For 
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Figure 5.19. Calibration plot of p-aminophenol in different concentrations (1 ×10-7 M to 5 

×10-4 M) (A), UV-vis absorption spectra of the standard solution of p-aminophenolate ion, 

p-aminophenolate obtained from catalytic reduction using TNC-0.06 and BNC-0.06 (in 1 

×10-4 M) (B), reduction of p-nitrophenol in concentrated solution (10 mL, 15 g/L) using P-

NP: NaBH4 molar ratio 1:25 and BNC-0.18 (0.18 mg/mL) in 10% glycerol-water mixture 

(C), and UV-vis spectrum p-aminophenolate produced by bulk concentration scale 

reduction (D). 

measuring the absorbance of the p-aminophenolate ion, a freshly prepared NaBH4 solution 

(10 mL, 1.0 ×10-1 M) was added to each known concentration of p-aminophenol. The 

absorbance of p-aminophenolate ion obtained from nano catalytic reduction of p-

nitrophenol (1.0 ×10-4 M) almost matched the known concentration of aminophenol, 

indicating complete conversion (see Figure 5.19. B). The synthetic utility of amino 

phenolate product has been substantiated by diazotization reaction (inset of Figure 5.19. 

B). Catalytical conversion of p-nitrophenol to p-aminophenol in 10% glycerol-water 

mixture using minimum P-NP to NaBH4 molar ratio (1:25), by taking nanocatalyst 

concentration BNC-0.18 could be extended to high concentration scale up for industrial 

catalysis (near to the saturation limit of p-nitrophenol in water). The reaction completion 

was observed in green reaction conditions within one hour (see Figure 5.19. C for 
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photographs). The reaction mixture’s UV-vis absorption spectra taken after one-hour 

reaction time have shown a peak at 298 nm corresponding to p-aminophenolate ion (see 

Figure 5.19. D). The absence of the p-nitrophenolate ion peak at 400 nm and the 

appearance of a single peak at 298 nm validated the complete reduction of p-nitrophenol to 

p-aminophenolate. Aminophenol’s widespread applications in commercial and industrial 

fields demand bulk-scale hydrogenation of nitrophenol, which can be successfully prepared 

using heterogeneous silver nanocatalysts and by the utilization of a less volume percentage 

of glycerol.73,74 

5.3.9.    Antibacterial activity:  

 

Figure 5.20. Photographs of mixtures of E. coli bacteria culture with different 

concentrations of TNC taken after overnight incubation (A). The plot of optical density 

versus the concentration of TNC for the antibacterial study at 660 nm (B). 
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Antibacterial activity studies of the nanocomposite TNC have been carried out on 

Escherichia coli, a frequently used model organism in life science research.75,76 Silver 

nanoparticles act as good antibacterial agents depending on particle size and shape.25,26 

Ternary silver nanocatalysts (TNC) have been taken for antibacterial study in different 

doses due to their ability to maintain appreciable dispersion for longer. Antibacterial 

activity and minimum inhibitory concentration (MIC) of nanocomposite have been studied 

by the tube dilution method. Different concentrations of TNC such as 1 ×10-1 µg/mL, 5 

×10-1 µg/mL, 1 µg/mL, 5 µg/mL, 10 µg/mL, 20 µg/mL, 30 µg/mL, 40 µg/mL, 80 µg/mL, 

120 µg/mL and 160 µg/mL were prepared. The mixtures were dispersed in a boiling tube 

for 10 min, and 50 μL actively growing E. coli culture was used as the inoculum for all 

tubes. It was incubated in a thermal shaker overnight at 37 ⁰C. Microbial growth in liquid 

medium was characterized by increased turbidity, for that incubation tubes were examined 

under bright light. The white turbidity resulting from E. Coli bacterial growth was almost 

absent in the medium above 10 µg/mL concentration of TNC (Figure 5.20. A). The result 

indicates that TNC exhibits good antibacterial activity against gram-negative E. Coli 

bacteria. Quantitative antibacterial activity was assessed by measuring optical density at 

660 nm using a UV-vis double beam spectrophotometer. A graph was plotted by taking 

optical density versus the concentration of TNC used for antibacterial studies (see Figure 

5.20. B). The nutrient broth-TNC mixture has high optical density for concentrations 

between 5x10-1 µg/mL -10 µg/mL due to the bacterial growth; however, at 10 µg/mL of 

the nanocatalyst, the optical density considerably suppressed due to the inhibition to the 

growth of the bacterial culture. MIC of TNC was estimated as 10 µg/mL, comparable with 

the reference range of commercial antimicrobial agents.77-79 TNC with one-dimensional 

nanostructure in which silver nanoparticles are attached to MWCNT via less cytotoxic 

polythiophene layer.49,57,62a Silver nanoparticles attached to the nanocomposite can be 

biocidal by physicochemical interaction with bacterial cells.26 Comparison study of 

antibacterial activity of MWCNT-COOH, PTCNT-COOH-300 Ag nanoparticles solution 

(Ag NPs), BNC, and TNC against E. coli bacteria was carried out in lactose broth [lactose 

broth was selected here to repeat antibacterial activity in another medium] (see Figure 

5.21.). TNC has shown higher antibacterial activity against E. Coli bacteria in the dosage 

of 10 µg/mL and above. Silver nanoparticles in the dosage of 10 µg/mL have lower 

antibacterial activity than TNC, which may be due to the aggregation effect of some of the  
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Figure 5.21. The plot of optical density against the concentration of TNC in lactose broth 

used in the antibacterial study (A) and plot and photographs of comparison of antibacterial 

activity of MWCNT-COOH, PTCNT-COOH 300, Ag NPs, BNC and TNC (B). 

Ag NPs during the incubation period. BNC exhibited lower antibacterial activity than that 

of TNC due to the incapability to maintain stable dispersion for the overnight incubation 

period. MWCNT-COOH and PTCNT-COOH 300 have no observable antibacterial activity 

in these 10 µg/mL - 30 µg/mL concentrations. The well-dispersed state of TNC made them 

highly competent for bacterial inactivation, good dispersion provides more nano-surface 

active sites for interacting with bacteria.48 The properties of excellent water dispersibility 

and recovering nature could be combined with the high antibacterial activity of TNC; 
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thereby, it could find unique applications in different applications such as water 

disinfection, medical fields, and textile industries.48,49
 In this chapter ternary and binary 

nanocomposites demonstrated with their efficient catalytic activity and antibacterial 

efficiency. We could also illustare involvement of active hydrogens in catalytic 

hydrogenation of p-nitrophenol (see Figure 5.22.). 

 

Figure 5.22. Illustration of involvement of active hydrogens in catalytic hydrogenation of 

p-nitrophenol 

5.4. Conclusion 

                  We have studied the active solvent hydrogens enhanced catalytic hydrogenation 

of p-nitrophenol using NaBH4 using two types of heterogeneous silver nanocatalysts. 

Polymer-supported silver nanoparticles embedded functionalized MWCNT ternary 

nanocomposites (TNC) and silver nanoparticles directly embedded functionalized 

MWCNT nanocomposites (BNC). The nanocatalyst BNC was found to exhibit higher 

catalytic performance than TNC in conversion percentage and recyclable efficiency. 

Separate control experiments using Ag NPs solution, MWCNT-COOH, and PTCNT-

COOH revealed Ag NPs act as a catalyst for the reduction and functionalized multiwalled 

carbon nanotube (MWCNT-COOH) acts as a supporting framework for stabilizing silver 

nanoparticles and polythiophene layer to improve the dispersing nature of the 
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nanocomposites. Comparative study of the kinetics of p-nitrophenol reduction in water and 

different solvent-water mixtures such as 1,4-dioxane-water, ethanol-water, ethylene glycol-

water, and glycerol-water have been demonstrated. The 10 % glycerol-water mixture was 

an efficient green solvent mixture for the enhanced reduction rate. By utilizing the 

minimum amount of catalyst (0.005 mg/mL) and P-NP: NaBH4 molar ratio 1:200 in a 

glycerol-water mixture, a fast reduction of p-nitrophenol was obtained with an activity 

factor of 936.50 s-1 g-1. A plausible mechanism of hydrogen source for converting nitro 

group to amino group by the solvolysis of NaBH4 in a protic solvent has been proposed. 

Active hydrogens present in the solvent molecules were showing a direct impact on 

accelerating P-NP reduction using NaBH4. High concentration scale preparation of p-

aminophenol by a simple green organic reaction set up with a modest reaction time of one 

hour has been achieved by reducing p-nitrophenol (1.08 ×10-1 M) using catalyst 

concentration BNC-0.18 and NaBH4 (2.69 M). The ternary nanocatalyst TNC could also 

act as an efficient antibacterial agent against the widely used model organism Escherichia 

coli with a minimum concentration of 10 µg/mL. 
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