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2.1 Introduction  

The role of the nanometals as catalysts have been specifically discussed
 

for 

understanding their technological applications in the field of catalysis.
1,2

 Metal 

nanoparticles (NPs), in particular, being cheap, require only mild reaction conditions 

for high yields of products in short reaction times as compared to traditional catalysts. 

A significant change in reduction potential is observed for metal nanoparticles of 

different sizes in comparison to bulk metals as the Fermi potential of nanoparticles 

becomes more negative. This particular property allows them to act as catalysts in 

various electron transfer processes. There are various advantages like easy synthesis, 

tunable size and narrow size distribution with easy adjustment of synthesis 

parameters, stability in organic solvents, and reusability. Above all there is improved 

efficiency under mild and environmentally benign conditions in the context of green 

chemistry. Noble metal and transition- metal nanoparticles such as Cu, Ag, Pd, Pt, Rh, 

Ru, Au, and Ni have exhibited higher catalytic activity than conventional supported 

metal catalysts in many reactions like hydrogenation
3
 and oxidation.

4
  

Nanosized nickel has become one of the interesting materials in research communities 

due to the diverse promising applications in the field of catalysis.
5,6,7

 Among the 

various kinds of metal nanoparticles, the preparation of some metal nanoparticles such 

as nickel, copper, and iron, are relatively difficult because they are easily oxidized. 

Nagashima et al.
8
 first prepared nickel particles by a spray pyrolysis method of nickel 

precursors more than 14 years ago. Many techniques have been and are being 

developed for preparation of nanosized metallic materials. Therefore, different types 

of reducing agents and stabilizing compounds are employed to control particle size 

and shape. Size of NPs, itself is affected by several factors such as concentration of 

metal precursor, concentration of stabilizing agent, type of stabilizing agent, 

efficiency of  stabilizing agent, stirring speed and method of synthesis. Generally, 

NiNPs can be prepared by a variety of methods, such as a wet chemical reduction in 

aqueous solution
5
 or inorganic medium

9
, microemulsion

10
 and hydrothermal 

methods.
11

 Among these preparation routes; wet chemical reduction is a versatile and 

economic method. Thus, the remarkable catalytic activity, easy synthesis, operational 

simplicity, ecofriendliness, and recycling efficiency encouraged us to utilize NiNPs as 

a catalyst for the synthesis and the electron transfer reaction.  
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The present study illustrates simple, green, convenient and technologically significant 

method for the synthesis of nickel nanoparticles in aqueous medium.   

2.2 Objective and methodology of the present work 

The efficient, controlled, and cost-effective design of catalysts is thus a goal of great 

importance. One area of catalysis that is growing at a rapid pace is metal 

nanocatalysis. Striking novel catalytic properties including greatly enhanced 

reactivities and selectivities have been reported for metal nanoparticle (NP) catalysts 

as compared to their bulk counterparts, for example, it is reported that nickel 

nanocatalysts were better than Raney Ni in terms of activity, selectivity and thermal 

stability in the hydrogenation reactions
12

 so metal nanoparticles are better options in 

place of bulk metals in heterogeneous catalysis reactions. 

Nickel nanoparticles (NiNPs) have been used effectively for various organic 

transformations.
6,13,14,15

 A general problem of metal nanoparticles is their tendency to 

undergo agglomeration, which increases their particle size, and therefore, dramatically 

reduces the catalytic activity. Two general strategies to stabilize the particle size of 

the metal, are, supporting the metal nanoparticles on suitable solid surfaces or by 

using suitable ligands.
16

 New possibilities for catalysis can be developed when the 

nanoparticles could be stabilized by encapsulating them in a structured host to 

combine the unique catalytic properties of nanoparticles with reaction shape-

selectivity effects. Synthesis of NiNPs was carried out by using biopolymer starch as 

a stabilizing agent in aqueous medium (wet chemical reduction). 

This chapter is devoted to the synthesis, characterization and catalytic application of 

nickel nanoparticles. The application part is divided into three subparts. 

Part-1 Catalytic application of NiNPs in transesterification of primary esters 

Part-2 Catalytic application of NiNPs in transesterification of Aloe vera seed oil and 

other oils 

Part-3 Catalytic applications of NiNPs in electron transfer reactions 
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2.3 Experimental section 

Nickel acetate (Ni(CH3COO)2.4H2O), soluble starch, sodium borohydrides (NaBH4), 

liquid ammonia and methanol etc. were purchased from Merck, Mumbai, India. All 

the solutions were prepared using double-distilled and demineralized water.  

2.3.1 Synthesis of nickel nanoparticle (NiNPs)  

NiNPs were synthesized through a wet chemical reduction process (Scheme 2.1) 

using a 1M solution of Ni(CH3COO)2.4H2O and soluble starch (1%, W/V) as a metal 

salt precursor and stabilizing agent respectively. NaBH4 (10%, W/V) was used as 

reducing agent and liquid ammonia as complexing agent. In a typical process 10 ml of 

1% starch solution and 0.4 ml of 1M Ni(CH3COO)2.4H2O were mixed together and 

stirred on a magnetic stirrer at RT (25 to 30 ᵒC). The pH of the solution was adjusted 

to 10 by adding liquid ammonia whereby the initial green colour of solution changes 

in Prussian blue colour. Finally, 0.6 ml of 10% NaBH4 solution was added dropwise 

with continuous stirring until black colour colloidal suspension was formed. These 

NPs were isolated by centrifugation process carried out at 10000 rpm for 10 minutes. 

The NPs were isolated by centrifugation and dried under vacuum at 50 °C. 

 

 

Scheme 2.1 Schematic presentation of the NiNPs synthesis 
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2.3.2 Characterizations methods 

The starch capped NiNPs were characterized by X-ray diffraction (XRD) by using 

PANalytical ‘X’PERT-PRO XRPD of Cu Kα radiation (λ= 0.15406 nm) with a 

scanning rate of 2°/min and 2θ ranging from 10 to 70°. Size and shape of the NiNPs 

in solution were determined by using TEM on a Philips, Holland Technai 20 model 

operating at 200 kV. The sample for transmission electron microscopy (TEM) was 

prepared by putting one drop of the suspension onto standard carbon-coated copper 

grids and then drying under an IR lamp for 30 min. Dynamic light scattering (DLS) 

was carried out on a 90 Plus DLS unit from Brookhaven (Holtsville, USA). Thermo 

gravimetric analysis (TGA) was recorded on TG-DTA 6300 INCARP EXSTAR 6000 

in nitrogen atmosphere in a temperature range of 30 °C to 450 °C at a heating rate of 

10 ºC/min. FT-IR spectra of NiNPs was recorded as KBr pellet on the Perkin Elmer 

RX1 model in the range of 4000-400 cm
-1

. Energy dispersive X-ray (EDX) analysis of 

the vacuum dried NiNPs was recorded by the model-JSM-5610 LV attached to 

Scanning electron microscopy (SEM). Surface area and porosity of the samples were 

measured by a volumetric adsorption system (Micromeritics Instrument Corporation, 

USA, model ASAP 2010) using N2 adsorption/desorption isotherms at 77 K up to 1 

bar. Prior to the measurements, the samples were activated (degassed) by heating at 

the rate of 1K/min upto 383 K under vacuum. The temperature as well as vacuum was 

maintained for 7h prior to the measurements. The surface area was calculated by 

Brunauer-Emmet-Teller (BET) method while the porosity by Barrett-Joyner-Halenda 

(BJH) method. 

2.4 Results and Discussion 

2.4.1 Characterization of nickel nanoparticles (NiNPs) 

XRD pattern of NiNPs in Figure 2.1a clearly shows NiNPs embedded in amorphous 

starch matrix. The peak due to Bragg’s reflection is observed at 2θ value 

corresponding to 44.54° and 51. 2° representing b111N and b220N planes of fcc 

crystal structures of bulk nickel. The XRD pattern also does not show any peak at 37 

deg due to formation of NiO. The Similar XRD pattern was obtained by Khanna et al 

17
 and Wang et al.

18
 and the absence of oxide peak was attributed to the instant 

formation of metal NPs due to sodium borohydride. This, combined with stabilization 
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by starch, in the present case, prevents the formation of oxide on exposure to air. The 

pattern indicates that NiNPs are nanocrystalline in nature.
19

 DLS analysis from 

Figure 2.1b it was observed that the particles are in the range of 70-95 nm in 

diameter with narrow size distribution. The average particle size was confirmed as 

75±5 nm by TEM (Figure 2.1c and d). The NPs have a somewhat spherical shaped 

morphology and are monodispere in nature. 

Energy Dispersive X-ray Analysis (EDX) indicates that the well-cleaned final product 

is mostly composed of Ni, with no other signal (Figure 2.2a). The FT-IR spectra 

(Figure 2.2b) of NiNPs and pure starch both display the typical profile of 

polysaccharides in the range 920–1100 cm
-1

 (characteristic peaks attributed to C-C/C-

O bond stretching). The peaks at 1020–1100 cm
-1

 are characteristic of the 

anhydroglucose ring. The peaks at 1404–1420 cm
-1

 are due to C-H bending. Other 

peaks appeared at 1620 cm
−1

 due to the tightly bound water present in the starch. It is 

seen that the peak at 1620 cm
−1

 shifts to 1640 cm
−1

 in the NiNPs. The shifts observed 

in the spectra can be attributed to the interaction of NiNPs with starch. The band at  

 

 Figure 2.1 (a) XRD pattern, (b) DLS analysis, (c) and (d) TEM images of NiNPs 
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2910–2930 cm
-1

 is characteristic of C–H stretching. A broadband due to hydrogen 

bonded hydroxyl group (O–H) appeared at 3400–3420 cm
–1

 and is attributed to the 

complex vibrational stretching, associated with free, inter and intra molecular bound 

hydroxyl groups. The degradation pattern in TGA (Figure 2.2c) also supports the 

presence of organic matter on the surface of NiNPs.
20

 

The Brunauer-Emmet-Teller (BET) surface area of a NiNPs sample was determined 

to be 17.07m²/g (Figure 2.3a). NiNPs have high surface area which greatly differs 

from that obtained for NiNPs synthesised from the electric explosion of wire, the 

specific area of which was 4.4 m
2
/g.

21
 The pore size of the NPs was determined to be 

12.37nm by the Barrett-Joyner-Halenda (BJH) analysis of the isotherms (Figure 

2.3b). The total pore volumes were 0.05cm³/g. 

  

Figure 2.2 (A) EDX analysis, (B) FT-IR spectra and (C) TGA degradation curve of 

NiNPs. 
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Figure 2.3a Nitrogen sorption isotherms for NiNPs 

 

           Figure 2.3b BJH Desorption dV/dD Pore Volume of NiNPs 
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2.1.1 Introduction 

Catalytic transesterification of carboxylic esters with alcohols is an important organic 

synthesis
1
 and an important tool in the synthesis of biologically active compounds and 

drugs.
1a,2,3

 Esters play an important role in the multiple-step synthesis or as a 

protecting group of several natural products.
4 

The large scale applications of 

transesterification are in polymerization processes,
5
 paint industry 

6 
and in conversion 

of fats (triglycerides) into biodiesel.
7
 Carboxylic acids are sparingly soluble in organic 

solvents, whereas esters are normally soluble in most of organic solvents.
8
  

Transesterification being an equilibrium reaction, high conversions are difficult to 

attain. Hence, reactions are catalyzed by acids 
6b,9

 and bases 
10

 under homogeneous as 

well as heterogeneous conditions.
11

 However, acid catalysts 
12

 exhibit low substrate 

selectivity and can cleave sensitive functional groups. They may also lead to 

formation of side products.
13 

A strongly basic catalyst leads to high conversions, but 

fail for base-sensitive substrates.
12 

Therefore, with either acidic or basic conditions, 

such transesterification reactions do not prove to proceed efficiently under mild 

reaction conditions.
11c

 A number of organic amines have shown good catalytic 

activity for transesterification.
14

 Although the recovery process is simpler the process 

has narrow range of applicability due to longer reaction time and low conversions.   

On the other hand, nanoparticles (NPs) are core base materials for implementing 

nanotechnology and have promising applications in organic synthesis.
15

 It has been 

proved that Ni and CuNPs as catalysts offer great opportunities for a wide range of 

applications in organic synthesis.
16

 The high efficiency of NPs system relies mainly 

on the approach to the metal core, size, and surface modification. Various functional 

groups can be introduced on the surface of the NPs by using appropriate capping 

agent. In order to identify an ideal catalyst for transesterification, we decided to study 

the catalytic activity of some organic amines in presence of metal NPs. In the past, we 

have synthesized metal NPs with various capping agents which were used for 

biological applications.
17

 In this chapter, we report first protocol for metal NPs (nickel 

and copper) assisted amine catalyzed synthesis of higher to lower esters and vice-

versa under ambient conditions. Initially diethylmalonate (DEM) was used as the 

model system to simplify the analysis and to accelerate the screening speed for 

suitable amine-NPs catalytic system. Consequently the optimized conditions were 

used for the synthesis of various esters.  
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2.1.2 Experimental section 

2.1.2.1 Materials and Synthesis of metal nanoparticles 

Triethylamine (TEA), diethylamine (DEA), ethylenediamine (EDA), methanol, 

ethanol, diethylmalonate (DEM) and other esters were purchased from Merck, 

Mumbai, India. GC was calibrated using standards of esters (purchased from Merck, 

Mumbai, India). Copper nanoparticles (CuNPs) were synthesized by using starch as 

stabilizing agent and ascorbic acid as reducing agent as reported earlier.
17a

 The 

characterization of starch capped CuNPs is reported elsewhere.
17a

  

2.1.2.2 Characterization methods 

The progress of reactions was monitored by TLC (silica gel 60 F254, Merck, 

Mumbai, India). The solvent system consisted of hexane/ethyl acetate (75:25 v/v) for 

DEM. The spots were detected in iodine chamber. The product of DEM reaction was 

analyzed by gas chromatography on Perkin Elmerclarus 500 GC with the flame-

ionization detector. The capillary column (RestekRtx®-5) used had a length of 30 m 

with an internal diameter of 0.25 mm. Nitrogen was used as the carrier gas at a 

constant flow rate. The column oven temperature was programmed from 80 to 280 °C 

(at the rate of 10 °C min
-1

) with injector and detector temperatures at 240 and 280 °C, 

respectively. In case of transesterification phenyl benzoate / DEM / DMM with long 

chain alcohols, the column oven temperature was programmed from 100 to 320 °C (at 

a heating rate of 10 °C min
-1

) with injector and detector temperatures at 270 and 280 

°C, respectively.   The products of triacetin reaction (methyl acetate or ethyl acetate) 

were analyzed by HPLC (Agilent 2000) with a C18 XDB column and diode array 

detector. The mobile phase was methanol–water (50:50) and was tested at 205 nm 

with a flow rate of 1.0 mL/min and a column temperature of 35 °C. 

2.1.2.3 General procedure for room temperature transesterification   

In a typical reaction methanol (20mmol), amines (0.12mmol) and starch capped 

nickel nanoparticles (NiNPs) (80 mg,) were initially sonicated at room temperature 

(rt) for 30 minutes in a round bottom flask (RBF) prior to addition of the substrate. 

After sonication diethylmalonate (1mmol) was added and the reaction mixture was 

stirred at rt (25-30 °C). In cases where the reaction did not proceed to completion the 
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mixture was gradually heated to reflux (at 70 °C) with an aim to achieve maximum 

conversion. Reaction monitoring was done by thin-layer chromatography (TLC) and 

gas chromatography (GC). After the completion of reaction, NPs were separated by 

centrifuge and alcohol (methanol or ethanol) and amines were distilled out. Isolated 

NPs were washed by acetone and they were dried at 60 ºC under vacuum and used for 

the next reaction. 

The yield and purity of final products were analyzed by GC. Short- path silica gel 

chromatography (5:95, ethyl acetate in hexane v/v) was used to obtain an analytically 

pure dimethylmalonate (DMM). Finally, the product DMM was also analyzed by 

nuclear magnetic resonance (NMR) (BRUKER 400 MHz). Transesterification of 

other esters was carried out in a similar manner by using alcohol and esters molar 

ration 10:1. The products purified by short-path silica gel chromatography (0-25% 

ethyl acetate in hexane v/v) were analyzed by GC and NMR. All experiments have 

been repeated three times and the reproducibility confirmed.  

2.1.3 Results and Discussion 

2.1.3.1 Transesterification of diethylmalonate and other esters  

In order to assess the efficiency of different amines as base catalyst the 

transesterification of diethylmalonate was carried out using each of the three amines 

(Triethylamine (TEA), Diethylamine (DEA), Ethylenediamine (EDA)) in the absence 

of NPs (Table 2.1).  

It was observed that the reaction yields were very low (~ 50 to 55%) even after 72h at 

rt (Table 2.1, entries-3, 4, and 5 respectively) and after 48h under reflux (Table 2.1, 

entries-6, 7 and 8). The order of the catalytic activity of amines was observed to be 

EDA (pka-11.09 at 25°C)>DEA (pka-11.01 at 25°C) >TEA (pka-10.9 at 25°C) 

respectively which is the same as the order of basicity.  

Hence for establishment of optimum conditions a preliminary study was carried out 

using EDA as the catalyst (Table 2.2 to 2.4). After several experiments with different 

concentrations of EDA, methanol and various quantities of NiNPs, the optimum 

conditions for transesterification of DEM to dimethylmalonate (DMM) were 

established (Scheme 2.2).  

Interestingly, when the same reactions were carried in presence of NiNPs a significant 

enhancement in conversion was observed. The effect was more pronounced in EDA 
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and DEA catalyzed reactions, which were completed within 30min and 8h with 99% 

(entry-11) and 80% (entry-10) conversion respectively. On the other hand, TEA 

catalyzed reactions were less affected by NiNPs (entry-12).  

 

Table 2.1 Transesterification of diethylmalonate
a
 

Entry Amines Metal 

NPs 

Temperature of 

reaction in °C 

Reaction 

time (h) 

GC yield 

(%±1) 

1 - - Reflux 72 3 

2 - Cu / Ni Reflux 72 8 

3 TEA - Rt 72 42 

4 DEA - Rt 72 47 

5 EDA - Rt 72 50 

6 TEA - Reflux 48 45 

7 DEA - Reflux 48 49 

8 EDA - Reflux 48 56 

9 TEA Ni Rt 24 52 

10 DEA Ni Rt 8.0 80 

11 EDA Ni Rt 0.5 99 

12 TEA Ni Reflux 8.0 56 

13 DEA Ni Reflux 8.0 86 

14 EDA Ni Reflux 0.25 99 

15 EDA Cu Reflux 0.25 99 

16 EDA Cu Rt 0.50 99 

(a) Reaction condition: Substrate- diethylmalonate (1mmol), methanol (20mmol), 

amines (0.12mmol) (TEA/DEA/EDA) and NiNPs/CuNPs-80mg (60wt %)  

 

 

 

 Scheme 2.2 Optimum conditions for transesterification of diethylmalonate. 
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Table 2.2 Transesterification of DEM at different DEM/methanol ratios.
a
 

Entry DEM/Methanol(mmol) T (h) Yield(±1,by GC) 

1 1:1 24 76 

2 1:2.5 12 95 

3 1:5 12 99 

4 1:10 3.0 99 

5 1:15 1.5 99 

6 1:20 0.5 99 

7 1:25 0.5 99 

8 1:30 0.5 99 

(a) All reaction carried out at rt by using EDA (0.12mmol) and NiNPs (80mg). 

Table 2.3 Transesterification of DEM at different DEM/NiNPs ratios.
a
 

Entry DEM/NiNPs(mg) T (h) Yield(±1, by 

GC) 

1 1:0.0 72 49 

2 1:10 5.0 98 

3 1:20 4.0 99 

4 1:40 3.0 99 

5 1:60 1.0 99 

6 1:80 0.5 99 

7 1:100 0.5 99 

8 1:120 0.5 99 

(a) All reactions carried out at rt by using DEM (1mmol) EDA (0.12mmol) and 

Methanol (20mmol). 
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Table 2.4 Transesterification of DEM at different DEM/EDA ratios.
a
 

Entry DEM/EDA(mmol) T (h) Yield(±1, by GC) 

1 1:0.0 72 8 

2 1:0.03 72 85 

3 1:0.06 5.0 98 

4 1:0.12 0.5 99 

5 1:0.16 0.5 99 

6 1:0.20 0.5 99 

7 1:0.25 0.5 99 

(a) All reaction carried out at rt by using DEM (1mmol), NiNPs (80mg) and Methanol 

(20mmol).  

 

 

Figure 2.4 FT-IR spectra of (a) NiNPs recovered after 1
st
 run showing traces of 

bound EDA (b) EDA alone. 
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To understand the role of metal, the reaction under optimized conditions was also 

carried out with copper nanoparticles (CuNPs) instead of NiNPs to yield similar 

results (Table 2.1, entry-15). Hence to get better insight into the mechanism of the 

reaction, the FT-IR spectrum (Figure 2.4) of the recovered NiNPs provided the 

evidence for surface-functionalization of NiNPs with EDA. The FT-IR spectrum of 

the NiNPs recovered (Figure 2.4a) after the first cycle of transesterification showed 

peaks at 3354 cm
-1

 and 1611 cm
-1

 which can be assigned to the N-H stretching and 

bending respectively. The peaks at 2979 and 2883 cm
-1

 are assigned to the C-H 

stretching vibrations and the one at 1482 cm
-1

 is due to C-H bending of alkanes. 

Based on these observations we propose that role of metal NPs is to provide surface 

binding sites for the reactants (methanol) and milder catalyst (amine) during 

sonication. This facilitates the generation of nucleophile, the methoxide ion, with the 

help of a weak base,
18

 like EDA which then attacks DEM as shown in Scheme 2.3. 

The higher efficiency of metal NPs under mild conditions is due to their higher 

dispersion in solvent so that the reactant reaches the catalytic site by diffusion. EDA 

being a diamine gives highest catalytic activity because of greater basicity, followed 

by DEA. TEA being a tertiary amine was probably too weak to generate nucleophile 

due to steric hindrance.  

 

 

Scheme 2.3 A proposed reaction mechanism for Starch-NiNPs supported organic 

amine catalyzed transesterification of diethylmalonate systems. 
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Sequence of addition of reactants was also observed to be important. If substrate 

DEM is added before amine, the reaction slows down probably due to partial 

adsorption of DEM which affects the generation of nucleophile. Hence it is 

advantageous that amine and methanol come in contact with NiNPs before DEM. A 

similar observation has been reported by Liu et al.
19

 for hydrotalcite based catalyst. At 

reflux temperature of the methanol, much better conversion was 99% and the reaction 

was complete within 15min (Table 2.1, entry - 14).  

The NPs were recovered by centrifugation with insignificant loss and 

recycling experiments were carried out under optimized conditions. Interestingly, it 

was observed that the NPs could be reused directly without further purification for 24 

consecutive runs as can be seen in Table 2.5. Upto seven cycles there was no loss in 

activity. After that, however, the reaction time increased in each successive recycling 

experiment reaching from 30min to 2h finally. This may be due to gradual loss of the 

catalytic activity of NiNPs with number of runs which may be due to various reasons. 

One of the reasons may be surface modification due to deposition of matter during 

reaction.
20,21 

The IR spectra of the NiNPs recorded after 24
th

 run displays a number of 

peaks of deposited matter as shown in Figure 2.5. Nevertheless, the reaction does 

proceed to completion at the same temperature at the end of 24 cycles giving the same 

yield. Further the used NiNPs were also characterized by XRD in order to confirm the 

metallic state of nickel or the possibility of surface oxidation. The formation of oxide 

is less as evident as seen from the XRD analysis (Figure 2.6) which does not show 

any peak corresponding to NiO at 37 deg. This can be attributed to the presence of 

starch coating which makes the NPs stable to water and air and maintains their 

metallic state.
17a,22

 This increases their utility and enhances recycling efficiency. 

Further, it is also possible that hydrogen-bonding between hydroxyl groups of capping 

agent starch and methanol also assists the generation of methoxide ion on the surface 

of NiNPs.
23 

Thus the metal surface, capping agent and amine simultaneously make the 

amine-NiNPs system an effective catalyst. Starch capped CuNPs were observed to be 

much less stable and more prone to oxidation than NiNPs. Hence there was 

considerable loss due to leaching out and recycling experiments were difficult to 

perform.  
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Figure 2.5 FT-IR spectra of the reused NiNPs after 24
th

 run 

 

 

 

 

Figure 2.6 XRD pattern of NiNPs recovered after 24
th

 run 
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Table 2.5 Transesterification of diethylmalonate at rt (25-30°C) with methanol 

using NiNPs and EDA (Recycling experiments) 

Cycle Time(min) Yield
a
(%) IY

b
(%) Cycle Time(min) Yield

a
(%) IY

b
(%) 

1 30 99 96 13 60 99 96 

2 30 99 96 14 60 99 96 

3 30 99 96 15 60 99 96 

4 30 99 96 16 60 99 96 

5 30 99 96 17 60 99 96 

6 30 99 96 18 60 99 96 

7 30 99 96 19 60 99 96 

8 40 99 96 20 60 99 96 

9 40 99 96 21 60 99 96 

10 60 99 96 22 60 99 96 

11 60 99 96 23 90 99 96 

12 60 99 96 24 120 99 96 

(a) GC yield, (b) Isolated yield 

 

Under the optimized conditions, we investigated the scope of converting various 

methyl esters to ethyl esters and vice-versa by using ethanol and methanol 

respectively (Scheme 2.4). Both NiNPs and CuNPs were applied for all substrate and 

they almost gave same yield in similar reaction time (Table 2.6). The results were 

satisfactory for aliphatic, aromatic, and heterocyclic substrates. Conversion from ethyl 

to methyl esters and vice-versa occurs almost in comparable time. Reaction 

conversion time was less in aliphatic diesters (entry-4, 5, 15 & 16) compared to long 

chain monoesters (entry - 6, 17) but, reaction yield were comparable in both cases. 

Heterocyclic esters undergo smooth conversion as any other ester (entry - 9, 10 & 19). 

The transesterification of triglyceride like triacetin (entry-11 and 21) with ethanol 

resulted in 96-97% HPLC yield (data not shown) in 3h. This opens up new 

possibilities for eco-friendly synthesis biodiesel since organic amines can be 

recovered by distillation
24, 25

 and the NPs can be recycled. 
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 Scheme 2.4 General scheme for transesterification of various esters 

 

  

Table 2.6 Transesterification of various esters at rt (25-30°C) with methanol/ 

ethanol using NPs and EDA 

Entry Substrate Product Time 

(h) 

Yield
a 
(±1%) 

NiNPs CuNPs Without NPs
d
    

 

1 

  

 

2.5(2.5)
b
 

 

96 

 

96 

 

40 

 

2 

 
 

 

2.0(2.0)
b
 

 

96 

 

95 

 

50 

 

3 

  

 

5.0(4.5)
b
 

 

96.5 

 

97 

 

34 

  

 4 
 

 

 

3.0(3.5)
b
 

 

95 

 

95 

 

50 

 

5 
  

 

0.30(0.40)
b
 

 

96 

 

95 

 

50 

 

6 
 

 

 

5.0(5.30)
b
 

 

94 

 

95 

 

40 

 

7   

 

5.30(5.30)
b
 

 

96 

 

96 

 

15 
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8 

 
 

 

4.0(4.0) 

 

95 

 

95 

 

23 

 

9 

  

 

4.0(4.0) 

 

95 

 

95 

 

20 

 

10 

  

 

3.0 (3.0) 

 

94 

 

93 

 

35 

 

11 

 

     

 

3.0 (3.0)
b
 

 

97
c
 

 

97
c
 

 

45
c
 

 

   

   12 

  

 

1.30 (1.0)
b
 

 

92 

 

93 

 

10 

 

13 

 
 

 

1.0 (1.0)
b
 

 

96 

 

95 

 

20 

 

14 

  

6.0 (5.0) 
b
 90 91 30 

 

15 

 

 

 

0.30 (0.30)
b
 

 

95 

 

96 

 

40 

16 
 

 3.5 (3.5)
b
 80 81 2 
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(a)Isolated yield after column chromatography, (b) Reaction time for CuNPs 

catalyzed reaction, (c) HPLC yield (data not shown) and (d) Reaction time after 24 h.  

 

 

2.1.3.2 Transesterification with other alcohols 

In order to validate the process further, the transesterification of DEM and DMM was 

attempted with other alcohols. The results in Table 2.7 show that with primary 

alcohols (C3-C6) transesterification successfully occurred although a progressive 

decrease in yield was observed due to increasing steric hindrance. However with 

secondary, tertiary and benzylic alcohols as well as phenol the reaction either did not 

initiate or conversions were poor (data not shown). The reactions were also tried with 

a different substrate (Table 2.7, entry 5 to 11) having aromatic groups instead of 

ethyl/methyl side chains. But similar results were obtained.   

 

17 
  

 

6.5 (7.0)
b
 

 

96 

 

96 

 

20 

 

18 

 

 

 

6.5 (6.5)
b
 

 

90 

 

92 

 

5 

 

19 

  

 

3.0 (3.5)
b
 

 

95 

 

95 

 

40 

 

20 

 

 

 

3.0 (3.0)
b
 

 

 

96
c
 

 

96
c
 

 

40
c
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Table 2.7 Transesterification with other alcohols using NPs and EDA at rt (25-

30°C) 

Entry Substrate Alcohol Product 
Yield

a
 (±1%) 

NiNPs CuNPs Without NPs 

 

1 

 

 

 

n-Propanol 

 

 

 

94 

 

94 

 

23 

 

2 

 

,, 

 

n-Butanol 

 

 

 

89 

 

91 

 

15 

 

3 

 

 

 

n-Propanol 

 

 

 

94 

 

93 

 

24 

 

4 

 

,, 

 

n-Butanol 

 

 

 

88 

 

90 

 

10 

 

5  

phenyl benzoate 

 

Methanol 
 

 

95 

 

94 

 

34 

 

6 
,, Ethanol 

 

 

95 

 

95 

 

33 

 

7 

 

,, 

 

n-Propanol 

 

 

92 

 

93 

 

30 

 

8 
,, n-Butanol 

 

 

92 

 

91 

 

15 
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9 
,, n-Pentanol 

 

 

92 

 

91 

 

15 

 

10 
,, n-Hexanol 

 

 

90 

 

91 

 

17 

 

11 

 

,, 

 

Allylalcohol 

 

 

93 

 

93 

 

32 

(a) GC yield after 24 h. 

 

 

 

 

2.1.4 Conclusion 

The study leads to a conclusion that the present catalytic system of EDA–NiNPs, 

provides smooth transesterification over a wide range of structurally diverse esters 

without disturbing other functional groups. Catlyst exhibited excellent activity in the 

transesterification of higher to lower esters and vice-versa at room. The reaction 

proceeds to offer high yields under ambient conditions and starch capped NPs 

exhibited excellent recyclability. The entire system comprising metal core, capping 

agent and the amine works as effective catalyst. The scope of the procedure was 

successfully extended to aliphatic, heterocyclic and aromatic esters. 
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(Spectral Data)  

1
HNMR of known compounds 

1
HNMR (400 Hz) spectra were recorded in CDCl3 and DMSO. All compounds 

described in Table 2.6 are known in the literature and were characterized by 

comparing their 
1
H NMR spectra to the previously reported data. In all cases, the 

comparisons were very favorable. Previously known compounds for which spectral 

data were not published (Table 2.6 entries 8,9,10 and 19) were characterized by 

proton analysis as reported herein. 

References for known compounds 

www.sigma-aldrich.com (
1
HNMR spectra available online) 

 

 

Figure S1 Proton NMR (400 MHz, CDCl3) spectrum of methyl benzoate (Table 2.6, 

entry 1) 
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Figure S2 Proton NMR (400 MHz, CDCl3) spectrum of methyl cinnamate (Table 2.6, 

entry 2) 

 

 

Figure S3 Proton NMR (300 MHz, CDCl3) spectrum of methyl 2-hydroxybenzoate 

(Table 2.6, entry 3) 
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Figure S4 Proton NMR (400 MHz, CDCl3) spectrum of dimethyl adipate (Table 2.6, 

entry 4) 

 

 

Figure S5 Proton NMR (400 MHz, CDCl3) spectrum of dimethyl malonate (Table 

2.6, entry 5) 
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Figure S6 Proton NMR (400 MHz, CDCl3) spectrum of methyl palmitate (Table 2.6, 

entry 6) 

 

Figure S7 Proton NMR (400 MHz, CDCl3) spectrum of methyl acrylate (Table 2.6, 

entry 7) 
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Figure S8 Proton NMR (400 MHz, DMSO) spectrum of methyl 2-amino-2-(2-

chlorophenyl) acetate (Table 2.6, entry 8) 

 

Figure S9 Proton NMR (400 MHz, DMSO) spectrum of methyl 2-(2-chlorophenyl)-

2-(6,7-dihydrothieno[3,4-c]pyridin-5(4H)-yl) acetate (Table 2.6, entry 9) 
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Figure S10 Proton NMR (400 MHz,CDCl3) spectrum of methyl 1-(2-methoxy-2-

oxoethyl) piperidine-4-carboxylate (Table 2.6, entry 10) 

 

 

Figure S11 Proton NMR (400 MHz,CDCl3) spectrum of ethyl benzoate (Table 2.6, 

entry 12) 
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Figure S12 Proton NMR (400 MHz,CDCl3) spectrum of ethyl cinnamate (Table 2.6, 

entry 13) 

 

 

Figure S13  Proton NMR (400 MHz,CDCl3) spectrum of ethyl 2-hydroxybenzoate 

(Table 2.6, entry 14) 
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Figure S14  Proton NMR (400 MHz,CDCl3) spectrum of diethyl malonate (Table 2.6, 

entry 15) 

 

Figure S15 Proton NMR (400 MHz,CDCl3) spectrum of diethyl adipate (Table 2.6, 

entry 16) 
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Figure S16 Proton NMR (400 MHz,CDCl3) spectrum of ethyl palmitate (Table 2.6, 

entry 17) 

 

Figure S17 Proton NMR (400 MHz,CDCl3) spectrum of ethyl acrylate (Table 2.6, 

entry 18) 
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Figure S18 Proton NMR (400 MHz, CDCl3) spectrum of ethyl 1-(2-ethoxy-2-

oxoethyl) piperidine-4-carboxylate (Table 2.6, entry 19) 

 

 

 

 

 



 

 

 

 

 

 

 

 

Published in Energy & Fuels, 2013, 27, 2776 
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2.2.1 Introduction 

Biodiesel prepared by transesterification of vegetable oil with methanol, is alternative 

fuel that can be used directly in any existing unmodified diesel engine. Because of 

properties similar to diesel fuel, biodiesel can be blended at any ratio with diesel fuel. 

Among the various vegetable oil sources, non-edible oils are suitable for biodiesel 

production as edible oils are already in demand and too much expensive than diesel 

fuel. Among the non-edible oil sources, Jatropha curcas
1 

and Derris indica are some 

of the species identified as potential biodiesel source suitable for tropical and 

subtropical regions of the world.
2
 However, a species already having a high potential 

market can give an extra edge to its selection. Aloe vera is one such species which has 

been exploited for medicinal, neutraceutical and cosmetic purposes. Today, mostly 

the Aloe gel from the center of the leaves is processed. It primarily consists of 

polysaccharides to which also many medical properties have been attributed. 

However, the potential of Aloe vera seed oil (AVSO) has not yet been worked out 

from biodiesel prospective. We have investigated the fatty acid composition of a 

number of oil species in the past.
3a,b

 In the present study, the potential of AVSO was 

investigated for the production of biodiesel.   

The use of strong base like KOH and mineral acids leads to wastage of water and 

large scale effluent generation.
4 

Hence extensive research has been carried out for the 

development of suitable catalyst for biodiesel production. Solid catalysts like ZnAl 

hydrotalcite,
5
 sulfated zirconia,

6
 KF/ZnO,

7 
hydrous zirconia supported 12-

tungstonphosphoric acid,
8
 Zinc dodecatungstophosphate (Zn1.2H0.6PW12O40; ZnPW) 

nanotubes
9
, and acid catalyst

10
 possess some shortcomings including high cost and 

easy deactivation. Solid organic bases have also been used as catalyst for the 

production of biodiesel by Schuchardt et al.
11

 But the recovery process of catalyst was 

tedious and expensive. Instead it is advantageous to use some low boiling amines 

which also have shown good catalytic activity and recovery process is simpler.
12,13

 

However the vigorous conditions reported previously for these catalysts are not 

commercially and economically feasible. Since our group has been actively engaged 

in the synthesis and applications of metal nanoparticles,
14a-d

 we decided to develop an 

easy method of nanoparticles assisted organic amine catalysed synthesis of methyl 

esters.  
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Currently metal nanoparticles (NPs) are used widely in many reactions
15 

with the 

advantages like higher specific surface, lower mass transfer resistance, easy 

separation and less fouling. The high efficiency of a NPs system relies mainly on the 

approach to the metal core and the structure of the surface. Although a number of 

organic reactions have been catalyzed, the use of NPs in transesterification reaction 

has not been extensively reported. In an effort to identify catalyst characteristics that 

would be ideal for biodiesel synthesis, this study compared the catalytic activity of 

some organic amines in presence of nickel nanoparticles (NiNPs) with conventional 

catalyst KOH. Initially triacetin was used as the model system to simplify the analysis 

and to accelerate the screening speed for suitable amine-NPs catalytic system. 

Consequently the optimized conditions were used for the synthesis of biodiesel from 

some recognized oils
16a-e,17

 and finally applied on AVSO. The products of the new 

catalyst system were also compared against the conventional KOH catalyzed 

reactions. 

The synthesis of biodiesel from AVSO using nanocatalytic system that works at room 

temperature (RT) is reported for the first time.  

2.2.2 Experimental section 

Triacetin, KOH, H2SO4, triethylamine (TEA), ethylenediamine (EDA), diethylamine 

(DEA), methanol, petroleum ether and chloroform etc. were purchased from Merck, 

Mumbai, India. Tulsion T-45 BD (Ion exchange resin) was purchased from Thermax 

Limited, Pune, India. All the solutions were prepared using double-distilled and 

demineralized water.  

2.2.2.1 Aloe Vera Seeds collection and oil extraction 

Aloe Vera seeds were collected from various parts of Gujarat (Saurashtra and Kutch 

region) during the favorable season between February to March. All the seeds 

collected were already matured and dried. The seeds were separated from the fruit. 

Each plant has 15-20 fruits on the spike and each fruit contains on an average 4-8 

seeds which are extremely light weight. The oil from the seeds was extracted using 

petroleum ether as a solvent in soxhlet apparatus.  
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2.2.2.2 Transesterification reaction  

The molar ratio of methanol and triacetin was taken as 20:1. In a typical reaction 

methanol (10 ml), amines (6 wt % of substrate) and NiNPs (150mg) were sonicated at 

room temperature (25-30ºC) for 30 minutes in a round bottom flask (RBF) followed 

by addition of the substrate triacetin (1 g,). All the reactions were carried out at RT 

initially. In cases where the reaction did not proceed to completion the mixture was 

gradually heated to reflux (at 70 °C) with an aim to achieve maximum conversion. 

Reaction monitoring was done by thin-layer chromatography (TLC). After the 

completion of reaction the NPs were separated by centrifuge. The yield and purity of 

final products of the triacetin reaction were analyzed by high performance liquid 

chromatography (HPLC) 

The transesterification of AVSO and other oils was carried out in a similar manner. 

After the maximum conversion of the reaction the NPs were separated from the 

reaction mixture by centrifuging along with the glycerol phase. The organic amine 

and unreacted methanol were removed by distillation to get the final product. About 

6-7 ml of the methanol could be recovered by distillation at 75– 80 
o
C. Isolated NiNPs 

were washed by water to remove glycerol followed by petroleum ether to remove 

wax.  Finally after an acetone wash they were dried at 60 ºC under vacuum and used 

for the next reaction. 

The transesterification by KOH (3 wt%) was carried out by conventional method and 

the product was obtained by following usual work up process.
 

After 

transesterification, the glycerol byproduct was separated from the resulting biodiesel 

in a separatory funnel. The excess methanol was removed using a rotary evaporator 

under reduced pressure. The methyl ester was acidified with dil. H2SO4 to neutralize 

the excess residual KOH and extracted with chloroform. This was followed by water 

washings with warm distilled water (50 °C) in a separatory funnel, until the pH of the 

aqueous phase was around 7. The chloroform was removed by evaporation and 

product dried over anhydrous Na2SO4. Further, purification of methyl esters was done 

by passing through an ion-exchange resin (Tulsion T-45 BD) column (1.5x20 cm
2
) 

that retained the impurities such as residual water, ions and glycerol. The product thus 

purified was compared with standards using Gas chromatography (GC). Calibration 

of GC was done by using methyl linoleate, methyl palmitate, methyl stearate, methyl 
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oleate, 1-oleoyl-rac-glycerol, di-oleoyl-glycerol and tri-olein purchased from Sigma. 

n-Pentadecane was used as the internal standard. The area of GC peaks for individual 

fatty acid methyl esters obtained from KOH process were calculated and their 

cumulative content was assumed to be the maximum yield (100%) corresponding to 

maximum conversion of AVSO. The methyl esters yield in NP catalysed experiments 

was expressed in terms of the percentage of methyl esters produced (as analyzed by 

GC) as per the calibration method reported by Zieba et al
18 

for methanolysis of castor 

oil. Mixtures were prepared with known amounts of AVSO methyl ester (obtained 

from KOH process), AVSO and methanol in proportions corresponding to various 

conversions of triglycerides, from 5 to 100%. From the GC peak areas obtained 

corresponding to various conversions, calibration plot was obtained.  This plot was 

used for calculation of yield of methyl esters obtained using EDA-NiNPs system as 

catalyst and expressed in terms of the percentage of methyl esters produced. 

2.2.2.3 Characterizations methods 

AVSO composition was determined by Gas Chromatography-Liquid Chromatography 

(GC-LC), Two samples were taken for the analysis of the fatty acid composition. The 

methyl esters of extracted oil were prepared in accordance with the Bureau of Indian 

Standards (BIS, 548, part III).
19

 ANUCON-GLC chromatograph with a flame 

ionization detector (FID) was employed for the analysis using nitrogen as the carrier 

gas. The column used was 30 M 9 0.53 mm I.D. 5.0 lm DB-1 Type MXT-1 capillary 

column. The column oven temperature was programmed from 80 to 280 °C (at the 

rate of 10 °C min
-1

) with injector and detector temperatures at 250 and 280 °C, 

respectively. The total run time was 40 min. Identification of each component was 

made by comparing its retention time with that of a Sigma-Aldrich standard fatty 

acids mixture. FFA content was determined by a standard titrimetry method.
20

    

Transesterification reactions were monitored by TLC (silica gel 60 F254, Merck, 

Mumbai, India). The solvent system consisted of hexane/ethyl acetate (1:1 vv
-1

) for 

triacetin, hexane/ethyl acetate/acetic acid (95:5:1 vv
-1

) for AVSO reaction and 

(90:10:1 vv
-1

) for other oils.
17

 The spots were detected in iodine chamber. The 

products of triacetin reaction (methyl acetate and intermediates) were analyzed by 

HPLC (Agilent 2000) with a C18 XDB column and diode array detector. The mobile 
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phase was methanol–water (50:50) and was tested at 205 nm with a flow rate of 1.0 

mL/min and a column temperature of 35 °C.  

Other oils like Jatropha (Jatropha curcas), Jyotishmati (Celastrus paniculatus), 

Bacuachi (Psoralea coryfolia), Saragava (Moringa oleifera), Mahuva (Madhuca 

indica) and Salvadora (Salvadora oleifera) were obtained from a local store. 

The methyl esters obtained from transesterification of oils were confirmed by gas 

chromatography on Perkin Elmer clarus 500 GC with the flame-ionization detector. 

The capillary column (70% phenyl polysilphenylenesiloxane) used had a length of 30 

m with an internal diameter of 0.25 mm. Nitrogen was used as the carrier gas at a 

constant flow rate. The column oven temperature was programmed from 150 to 250 

°C (at the rate of 10 °C min
-1

) with injector and detector temperatures at 240 and 250 

°C, respectively. Finally, the product methyl esters were also analyzed by FTIR 

(Perkin Elmer RX1 model) and 
1
H NMR (BRUKER 400 MHz). The Kinematic 

viscosity measurements were carried out using Scott Gerate AVS 350b capillary 

viscometer.
21

 The viscosity obtained in centipoise was converted to centistokes. The 

density and specific gravity were measured by means of Pycnometer.  

2.2.3 Results and Discussion 

2.2.3.1 Properties, composition of AVSO  

The percentage of seed oil in Aloe vera varied between 20-22 wt%. The fatty acids 

compositions are described in Table 2.8. The unsaturated fatty acids were 

approximately 85.59% (linoleic up to 69.63% and oleic acid 15.96%). The saturated 

fatty acid accounted for approximately 14% of the total contents. The dominant 

saturated acid being Palmitic acid (10.6%). The oil properties are quite similar to that 

of Sunflower oil.
22 

The oil property of AVSO has been depicted in Table 2.9. The 

presence of higher oil with linoleic (73.73%) and oleic acid accounting for 90% 

unsaturated fatty acid content gives the AVSO the unique property of low melting 

point and low viscosity. Thus methyl esters formed by the oil will also have low 

melting point between -19.8 to -35.0 °C.
23 
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Table 2.8 Fatty acid composition of AVSO 

 Fatty acid wt. % 

Palmitic(16:0) 10.6% 

Stearic(18:0) 2.44% 

Oleic(18:1) 15.96% 

Eicosadienoic(20:2) 1.37% 

Linoleic(18:2) 69.63% 

 

Table 2.9 Properties of AVSO 

Saponification Value  187.2(mg/gm) 

Iodine Value 118.4(gm/100gm) 

Unsaponifiable Matter (USM) 2.65% 

Acid value 39.92 mg KOH /g 

Kinematic viscosity(mm2/s) 27.8 Cst (40
0
C) 

Free fatty acid (FFA) 21.50% 

 

 

2.2.3.2 Transesterification of triacetin 

Transesterification of triacetin was carried out first with KOH at RT. TLC monitoring 

of the reaction showed stepwise transesterification of each ester group of triacetin, 

indicating the formation of diacetin followed by monoacetin. At the end of the 

reaction (after 3h.) all the spots on TLC disappeared due to complete conversion of 

triacetin into the product methyl acetate and byproduct glycerol which did not appear 

on TLC. The complete conversion of triacetin to methyl acetate was confirmed by 

HPLC against standard samples (data not shown).  

In order to assess the efficiency of amines as base catalyst instead of KOH the 

reaction was carried out using each of the three amines without any support. Similar 

results were observed for all the three amines but the reaction times were much longer 

(Table 2.10). In case of EDA and DEA the reaction took 8h and 10h respectively at 

RT. While in case of TEA, complete conversion could be obtained only after 

refluxing for 8h. The order of the catalytic activity EDA>DEA>TEA is due to the 
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decrease in basicity from primary to tertiary amine and increase in steric hindrance. 

Similar results were reported by Wang et al,
12

 for the transesterification of crude 

rapeseed oil in supercritical methanol (>300°C temperature).  

In order to enhance the rate of transesterification at RT, NiNPs were used along with 

the amines. Significant enhancement in reaction was observed in case of DEA and 

EDA catalyzed reaction which are complete within 6h and 3h respectively (Table 

2.10, entries-7 & 10). On the other hand, TEA and KOH catalyzed reactions were less 

affected by NiNPs. For establishment of optimum conditions a preliminary study was 

carried out using EDA as the catalyst. After several experiments with different 

concentrations of EDA, methanol and various quantities of NiNPs, the optimum 

conditions for transesterification were established. 

 

Table 2.10 Transesterification of triacetin 

S.No. Amines NPs 
Reaction 

Temperature °C 

Reaction time 

in hrs. 

Yield 

(±2%) 

1 KOH - RT 3 97 

2 - - reflux 48 none 

3 - Ni ,, ,, ,, 

4 TEA - ,, 8 93 

5 ,, Ni ,, 7.30 ,, 

6 DEA - RT 10 94 

7 ,, Ni ,, 6 95 

8 ,, ,, reflux 4 ,, 

9 EDA - RT 8 97 

10 ,, Ni ,, 3 ,, 

11 ,, ,, reflux 1 ,, 

12 ,, Cu
a
 RT 3 ,, 

 

(a) Ref.14d 

 

The precise mechanism of this transesterification process is not very clear to us. The 

reactions in absence of NPs were observed to be quite slow. To understand the role of 

metal, the reaction under optimized conditions was also carried out with starch capped 
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copper nanoparticles (CuNPs)
14d 

instead of NiNPs to yield similar results (Table 2.10, 

entry-12). The higher efficiency of metal NPs under mild conditions seems due to 

their higher dispersion in solvent so that the reactant reaches the catalytic site by 

diffusion. Possibly, the role of metal NPs is to provide surface binding sites for the 

reactant (methanol) and milder catalyst (amine) during sonication. This facilitates the 

generation of nucleophile, the methoxide ion, with the help of a weak base,
24

 like 

EDA which then attacks triacetin as shown in Scheme 2.5. Further, it is possible that 

hydrogen-bonding between hydroxyl groups of capping agent starch and methanol 

also assists the generation of methoxide ion on the surface of NiNPs.
25 

The FT-IR 

spectrum (Figure 2.7a and b) of the recovered NiNPs provided the evidence for 

surface-functionalization of NiNPs with EDA. The FT-IR spectrum of the NiNPs 

recovered after the first cycle of transesterification showed peaks at 3354 cm
-1

 and 

1611 cm
-1

 which can be assigned to the N-H stretching and bending respectively. The 

peaks at 2979 and 2883 cm
-1

 are assigned to the C-H stretching vibrations and the one 

at 1482 cm
-1

 is due to C-H bending of alkanes. Thus the metal core, capping agent and 

amine do not act independently but concomitantly to make the amine-NiNPs system 

an effective catalyst.  

 

 

Scheme 2.5 A proposed reaction mechanism for NiNPs supported organic amine 

catalyzed transesterification systems 
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EDA gives highest catalytic activity because of greater basicity, followed by DEA. 

TEA was probably was too weak to generate nucleophile while KOH was strong 

enough for generation of nucleophile in absence of NiNPs. At reflux temperature of 

the methanol, good to high conversion were obtained in case of DEA and EDA and 

the reaction was complete within 4h and 1h respectively (Table 2.10, entries 8 & 11). 

This shows that as the reaction temperature increases, reaction time decreases.  

Sequence of addition of reactants was also observed to be important. If substrate 

triacetin is added before amine, the reaction slows down probably due to preferential 

adsorption of triacetin which blocks the active site of NiNPs. Hence it is advantageous 

that amine and methanol come in contact with NiNPs before triacetin. A similar 

observation has been reported by Liu et al.
26

 for hydrotalcite based catalyst.  

The above results clearly indicated that organic amines could effectively catalyze 

transesterification of triacetin with methanol. Among the three amines, EDA shows 

the best catalytic activity at RT which was further enhanced in the presence NiNPs.  

Encouraged by these results, we decided to explore the potential of this catalytic 

system (EDA-NiNPs) for transesterification of some recognized seed oils to obtain 

biodiesel.  

 

 

Figure 2.7 FT-IR spectra of (a) NiNPs recovered after 1
st
 run showing traces of 

bound EDA (b) EDA alone 
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2.2.3.3 Transesterification of seed oils 

The results indicate in Table 2.11, that the transesterification proceeds to completion 

in 3-4h except for Saragava (Moringa oleifera) oil where the KOH process itself took 

12h to maximum even under reflux conditions. The products obtained from both the 

processes are identical and the yields were comparable as can be seen from the 

chromatographic and spectroscopic evidences.  

Next the catalytic system was applied to transesterification of AVSO (Table 2.12). It 

is evident that EDA-NiNPs system works efficiently for this reaction at RT as well as 

under reflux condition and the results are comparable with KOH process (Table 

2.12). Interestingly, DEA and TEA catalyzed reactions get initiated, but do not 

proceed to completion even after 8h of reflux in presence of NiNPs. These results 

suggest the importance of basicity of the amine catalyst and also signify the role of 

NPs. The importance of addition sequence of raw materials was similar to triacetin 

reaction. The products obtained from both the process are identical as can be seen 

from the chromatographic and spectroscopic evidences: GC, TLC (supporting 

information), IR (Figure 2.8), and 
1
HNMR (Figure 2.9).  

 

 

Table 2.11 Transesterification of some recognized oils with EDA-NiNPs system 

at RT  

Name of oil Time 

(h) 

Conversion  

(%) 

Mahuva (Bassa latifolia ) 4 96 

Jyotishmati ( Celastrus paniculatus) 4 95 

Jatropha (jatropha curcas) 3 96.2 

Bacuchi (Psoralea coryfolia) 4 92 

Saragava ( Moringa oleifera ) 20* 84 

Salvadora (Salvadora oleifera) 4 90 

 

*Transesterification of this oil by KOH method took 12 h. of reflux for maximum 

conversion  
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Table 2.12 Transesterification of AVSO 

Entry Amines NPs Reaction     

Temperature (°C) 

Reaction     

time(h) 

Yield 

(%±1) 

1 KOH - reflux 1.0 95.0 

2 ,, - RT 3.0 ,, 

3 TEA/EDA/DEA - reflux 8.0 03.3 

4 TEA Ni ,, ,, 04.6 

5 DEA ,, ,, ,, 15.5 

6 EDA ,, ,, 1.25 94.0 

7 ,, ,, RT 4.0 95.0 

 

 

 

Figure 2.8 The FT-IR spectra of Methyl esters of AVSO catalysed by (a) KOH and 

(b) EDA-NiNPs 
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Figure 2.9 
1
H NMR spectra of methyl ester of AVSO catalysed (a) by KOH and (b) 

EDA-NiNPs 

 

Use of organic amines does not produce soap and emulsion and thus can avoid 

washing procedures. However, in absence of NPs, the reaction time, temperature, 

pressure and methanol to oil molar ratio were relatively high in the organic amine-

catalysed systems.
27,12,13

 Since the reactions herein are carried out under ambient 

conditions, the organic amines can also be easily recovered by distillation,
28,13

 while 

the NPs can also be recycled. The catalytic activity of the present system is 

comparable to that of KOH (Table 2.10, entry-1). 

2.2.3.4 Recycling of NiNPs 

One of the advantages of using NPs as catalyst is that they can be easily recovered by 

centrifugation and recycled. It was observed that the catalyst could be reused directly 

without further purification for five consecutive runs. However the reaction time 

increased in each successive recycling experiment (Table 2.13) reaching from 3h to 

4h in the case of triacetin and 4h to 5h in AVSO finally. This may be because the 

catalytic activity of NiNPs decreases with the number of runs which may be due to 

various reasons. The possibility of surface oxidation of the NPs is less as evident from 

the XRD analysis of NiNPs after 5
th

 run (Figure 2.10) which does not show any peak 

due to NiO at 37 deg. This can be attributed to the presence of starch coating which 
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makes the NPs stable to water and air and maintains their metallic state.
29,30

 Another 

reason could be the surface modification due to deposition of matter during reaction.
31

 

A decrease in activity for similar reasons has been observed for NiNPs by Alonso et 

al
32 

Nevertheless, the reaction does proceed to completion at the same temperature at 

the end of five cycles giving the same yield. 

 

Table 2.13 Recycling experiments with NiNPs at RT 

Triacetin AVSO 

Run Time 

(h) 

Yield
 

(%±2) 

Run Time 

(h) 

Yield
 

(%±1) 

1 3.0 97 1 4.0 95 

2 ,, ,, 2 ,, ,, 

3 3.15 ,, 3 4.30 93 

4 3.30 ,, 4 4.45 94 

5 4.0 ,, 5 5.0 93 

 

 

 

Figure 2.10 XRD pattern of NiNPs recovered after 5
th

 run 

 

 

2.2.3.5 Characterization of methyl esters of AVSO 

The formation of methyl esters from AVSO by both processes was identical as 

confirmed by GC, TLC, FT- IR spectra (Figure 2.8) and 
1
H NMR (Figure 2.9). FT-

IR revealed a strong band at 1377 cm
-1

 corresponding to the methyl group. The 
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presence of ester group was confirmed by the band at 1742 cm
-1

. The band at 2925–

2926 cm
-1

 is characteristic of C–H stretching. The band at 726 cm
-1

 is due to the 

presence of more than three consecutive –CH2 groups as in case of methyl esters.  

The percentage of free fatty acids (FFA) is another critical variable which affects the 

acid value in transesterification process.
33 

For biodiesel preparation the oil should 

have acid no. < 1mg of KOH / g. While in our case the acid value was close to 39 mg 

of KOH/g of oil owing to the high FFA content of 21.50% (Table 2.8). However, 

after transesterification the acid no. of the methyl esters reduced to 0.33 mg of KOH / 

g. alkali which is close to the ASTM standards. It is likely that esterification of FFA 

have occurred in case of EDA-NiNPs catalyzed process. On the other hand, for KOH 

process before transesterification, the FFA had to be esterified by reported process.
16b

 

This also supports the fact that the catalyst might be effective in esterification 

reaction. However, a detailed investigation needs to be undertaken in order to 

establish this observation. The NMR spectra do not show evidence of any acidic 

protons or protons due to formation of byproducts like amide after transesterification 

(Figure 2.8).  

A comparison of the properties of AVSO methyl esters with ASTM standards showed 

(Table 2.14) significant similarity with regard to Kinematic viscosity, Density and 

specific gravity. The scientific study on its stability and its further understanding with 

respect to biodiesel specification are still in progress. The cetane value is expected to 

be high because of the fatty acids like linoleic and oleic acid constituting > 80 % of 

the total AVSO. Thus AVSO can be viewed as a potential source for biodiesel 

production. 

 

Table 2.14 Properties of AVSO methyl esters obtained by EDA-NiNPs catalysis 

Fuel properties Biodiesel (ASTM D 975) AVSO methyl esters 

Acid value (mg KOH / g) 0.8 0.33 

Kinematic viscosity Cst  (40 
0
C) 4 -6 4 

Density Kg / m
3 

(30 
0
C) 733 856 

Specific gravity (30 
0
C) 0.880 0.860 

Boiling point - 135 
0
C 
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2.2.4 Conclusion 

A simple ecofriendly approach was adopted to prepare methyl esters by using organic 

amines instead of conventional inorganic catalysts. Ethylene diamine assisted by 

starch capped Ni nanoparticles proved to be efficient catalysts for room temperature 

conversion of some recognised seed oils as well as AVSO to methyl esters. The 

properties of methyl esters thus obtained from AVSO matched well with the ASTM 

standards for biodiesel.  
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(Spectral Data) 

   

 

 

 

Figure S1 Comparative GC spectra of the methyl esters of AVSO obtained by EDA- 

NiNPs system or KOH as catalysts. 

 

 

Aloe Vera Methyl esters 

by EDA-NiNPs 

Aloe Vera Methyl esters 

 by KOH 
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Figure S2 Comparative GC spectra of the methyl esters of Mahua oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

 

 

Mahua (Madhuca indica) 

Methyl esters by KOH 

 

   Mahua (Madhuca indica) 

Methyl esters by EDA-NiNPs 
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Figure S3 Comparative GC spectra of the methyl esters of Saragava oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

 

 

Saragava (Moringa oleifera) 

Methyl esters by KOH 

Saragava (Moringa oleifera) 

Methyl esters by EDA-NiNPs 
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Figure S4 Comparative GC spectra of the methyl esters of Salvadora oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

 

 

 

 

Salvadora (Salvadora oleifera) 

Methyl esters by KOH 

Salvadora (Salvadora oleifera) 

Methyl esters by EDA-NiNPs 
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Figure S5 Comparative GC spectra of the methyl esters of jatropha oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

 

 

Jatropha (Jatropha curcas) 

Methyl esters by KOH 

Jatropha (Jatropha curcas) 

Methyl esters by EDA-NiNPs 
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Figure S6 Comparative GC spectra of the methyl esters of jyotishmati oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

 

 

 

 

 

Jyotishmati (Celastrur paniculatus) 

Methyl esters by KOH 

Jyotishmati (Celastrur paniculatus) 

Methyl esters by EDA-NiNPs 
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Figure S7 Comparative GC spectra of the methyl esters of Bacuchi oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

 

 

 

Bacuchi (Psoralea coryfolia) 

Methyl esters by KOH 

Bacuchi (Psoralea coryfolia) 

Methyl esters by EDA-NiNPs 
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Figure S8 Comparative
 1

H spectra of the methyl esters of Saragava oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

Saragava (Moringa oleifera) 

Methyl esters by EDA-NiNPs 

Saragava (Moringa oleifera) 

Methyl esters by KOH 
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Figure S9 Comparative
 1

H spectra of the methyl esters of Jatropha oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

Jatropha (Jatropha curcas) 

Methyl esters by EDA-NiNPs 

Jatropha (Jatropha 

curcas) 

Methyl esters by KOH 
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Figure S10 Comparative
 1

H spectra of the methyl esters of Jyotishmati oil obtained 

by EDA- NiNPs system or KOH as catalysts. 

Jyotishmati (Celastrur 

paniculatus) 

Methyl esters by EDA-NiNPs 

Jyotishmati (Celastrur 

paniculatus) Methyl ester by KOH 

Methyl esters by KOH 
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Figure S11 Comparative
 1

H spectra of the methyl esters of Mahua oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

Mahua (Madhuca indica) 

Methyl esters by EDA-

NiNPs 

Mahua (Madhuca indica) 

Methyl esters by KOH 



Chapter-2  2015

 

                                              The M. S. University of Baroda                                             115 
 

 

 

 

 

Figure S12 Comparative
 1

H spectra of the methyl esters of Salvadora oil obtained by 

EDA- NiNPs system or KOH as catalysts. 
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Figure S13 Comparative
 1

H spectra of the methyl esters of Bacuchi oil obtained by 

EDA- NiNPs system or KOH as catalysts. 

 

 

Bacuchi (Psoralea coryfolia) 

Methyl esters by EDA-NiNPs 

Bacuchi (Psoralea coryfolia) 

Methyl esters by KOH 
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Figure S14 Comparative FT-IR spectra of the methyl esters of Salvadora oil obtained 

by EDA- NiNPs system or KOH as catalysts. 

 

 

 

 

 

Salvadora (Salvadora oleifera) 

Methyl esters by EDA-NiNPs 

Salvadora (Salvadora oleifera) 

Methyl esters by KOH 
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Figure S15 Comparative FT-IR spectra of the methyl esters of Jyotishmati oil 

obtained by EDA- NiNPs system or KOH as catalysts. 

 

 

 

 

 

Jyotishmati (Celastrur 

paniculatus) 

Methyl esters by EDA-NiNPs 

Jyotishmati (Celastrur 

paniculatus) 

Methyl esters by KOH 
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Figure S16 Comparative FT-IR spectra of the methyl esters of Mahua oil obtained by 

EDA- NiNPs system or KOH as catalysts. 
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Methyl esters by EDA-NiNPs 

Mahua (Madhuca 
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Figure S17 Comparative FT-IR spectra of the methyl esters of Saragava oil obtained 

by EDA- NiNPs system or KOH as catalysts. 

 

 

 

 

 

 

Saragava (Moringa oleifera) 

Methyl esters by EDA-NiNPs 

Saragava (Moringa 

oleifera) 

Methyl esters by KOH 



Chapter-2  2015

 

                                              The M. S. University of Baroda                                             121 
 

 

Figure S18 Comparative FT-IR spectra of the methyl esters of Bacuchi oil obtained 

by EDA- NiNPs system or KOH as catalysts. 

 

 

 

Bacuchi (Psoralea coryfolia) 

Methyl esters by EDA-NiNPs 

Bacuchi (Psoralea coryfolia) 

Methyl esters by KOH 
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Figure S19 Comparative FT-IR spectra of the methyl esters of Jatropha oil obtained 

by EDA- NiNPs system or KOH as catalysts. 

 

 

Figure S20 TLC analysis of (a) AVSO and biodiesel from AVSO obtained by 

different catalysts (b) KOH, (c) EDA + NiNPs, (d) DEA + NiNPs and (e) TEA + 

NiNPs. 

Jatropha (Jatropha curcas) 

Methyl esters by EDA-NiNPs 

Jatropha (Jatropha curcas) 

Methyl esters by KOH 
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2.3.1 Introduction 

Nickel nanoparticles are used in various electron transfer reaction including other 

reaction like chemoselective oxidative coupling of thiols,
1 

reduction of carbon-carbon 

multiple bonds,
2-3

 imine reduction,
4
 hydrodehalogenation of organic halides,

5
 

reduction of sulfonates and aromatic compounds,
6
 homocoupling of aryl iodides,

7
 

Wittig-type olefination,
8 

α-alkylation of methyl ketones with primary alcohols,
9
 

reduction of aldehydes and ketones,
10-11

 and supports for hydrogen adsorption.
12-13 

The reduction of aromatic nitro compounds to the corresponding amines is important 

in synthetic chemistry because aromatic amines are frequent intermediates in the 

production of pharmaceuticals, agrochemicals, polymers, dyes, and other fine 

chemicals.
14 

A variety of procedures and reducing agents are available for this 

purpose.
15 

In literature a few procedures involving noble metal NPs such as Pd, Pt, 

Ag, Au, as well as Cu, and Ni NPs have been demonstrated for the reduction of nitro 

group.
15-17 

The main limitations of earlier reported work were the necessity of high H2 

pressures, organic solvents and high temperatures. Further, the selection of metal and 

its support, the hydrogen source and operational simplicity, which are the important 

parameters for effective conversions, are restricted. However, an alternative efficient, 

simple, chemoselective, green and cost-effective procedure is highly appreciated. 

The role of metal nanoparticles is very important in redox reactions and can be 

explained in terms of electrochemical potentials.
18 

The considerable catalytic activity 

for the NiNPs can be probably attributed to the following two factors: (1) larger 

surface than a bulk metal to simultaneously accommodate both the oxidation and 

reduction half reactions and (2) NiNPs could provide a much higher activity than a 

bulk metal due to the size effect. In other words, the superior catalytic activity of the 

NiNPs is a result of two effects: good electrical connection and small sizes related to 

their bulk part. 

In the past our group has focused on biological and catalytic applications of metallic 

NPs of Ag, Cu and Ni.
19-21 

The present work highlights the use of NiNPs as catalyst 

for three different kinds of reactions. (1) Selective hydrogenation of aromatic nitro 

compounds at room temperature (RT) in aqueous medium, (2) Microwave (MW) 

assisted azo dyes reduction by ascorbic acid (AA) and (3) Electron transfer reaction 

between potassium ferricyanide (PFC) and sodium thiosulfate (STS). 
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2.3.2 Experimental 

2.3.2.1 Materials and methods  

para-Nitroaniline (PNA), other aromatic nitro compounds, potassium ferricyanide 

(PFC), sodium thiosulfate (STS), ascorbic acid (AA) and azo dyes were all purchased 

from Merck Mumbai, India. All the solutions were prepared using double-distilled 

and demineralized water. Characterisation of starch capped NiNPs has been discussed 

in our previous chapter.  

NiNPs catalyzed hydrogenation, decolourization of dye and redox reactions were 

monitored on PerkinElmer Lambda 35 UV–vis spectrophotometer by corresponding 

λ-max. Hydrogenation reaction monitoring was also done by thin-layer 

chromatography (TLC, Using ninhydrin as staining reagent) and gas chromatography 

(GC). All products of the reduction of nitroarenes are commercially available and 

were identified by comparing their physical and spectral data (m.p., TLC (silica gel 60 

F254, Merck, Mumbai, India), GC (Perkin Elmer clarus 500 GC) and 
1
H NMR 

(BRUKER 400 MHz) with those of authentic samples or reported data (data not 

shown). For decolourizationof azo dyes microwave (MW) oven operated at the 100% 

power of 1350W and frequency 2450 MHz. 

2.3.2.2 Catalytic Reduction of p-Nitroaniline and other aromatic nitro 

compounds 

In a typical reaction PNA (0.0036mole) was used as a starting material, NaBH4 

(0.0260mole) as a source of hydrogen, water (6 mL) as solvent and NiNPs 50mg 

(10wt % of PNA, 0.85mmol) as catalyst. All the components were mixed together in 

50mL round bottom flask and the reaction was carried out at room temperature (RT, 

25-30 °C) under stirring for 90min.  

The product was isolated by extraction in dichloromethane and evaporation of solvent 

followed by column chromatography (10:90, ethyl acetate in hexane v/v) over basic 

alumina furnished PPDA. The spectroscopic data of this compound are in good 

agreement with those reported. The reaction was also carried out in absence of NiNPs 

for comparison. 
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Reduction of other nitro aromatics was carried out in a similar manner. The products 

purified by short-path basic alumina chromatography (0-40% ethyl acetate in hexane 

v/v) were analyzed by 
1
HNMR (data not given).  

2.3.2.3 Decolourizationof azo dye 

Experiments were carried out by using four different kinds of azo dyes. The dyes used 

were Orange II (OR-II), Methyl Red (MR), Methyl Orange (MO), Erichrome Black-T 

(EBT) and mixture of dyes (MD). Each microwave (MW) assisted reduction 

experiments were carried out by taking 6mg of NiNPs (0.102mmol) into 50 mL 

stoppered borosilicate Erlenmeyer flasks together with 5mL of an aqueous solution 

with 6.5×10
−4 

mol L
−1

 of azo dyes and 3×10
−3 

mol L
−1

 ascorbic acid (AA). Analogous 

experiments were performed without AA, NiNPs and alternatively without MW 

irradiation (at RT, 25-30ºC). The decolourization of each dye was measured by its 

absorbance at λmax using UV–vis spectrophotometer. Reduction of a mixture of dyes 

was also attempted in a similar manner. 

2.3.2.4 Redox reaction 

The reaction mixture containing as synthesized NiNPs (5mg, 0.085mmol), 1mL of 

0.001mole potassium ferricyanide (PFC) and 1mL of 0.1mole sodium thiosulfate 

(STS) was placed in a quartz cell with 1 cm
3
 path length. The reaction was monitored 

by UV-vis spectroscopy in the presence and absence of NiNPs at 25±2 
0
C 

temperature. 

All experiments have been repeated three times and the reproducibility confirmed. 

The recyclability of the NPs was also surveyed. The NPs were recovered by 

centrifugation, washed with acetone, dried at 60 ºC under vacuum and used for the 

next reaction. 
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2.3.3 Results and discussion 

2.3.3.1 Catalytic Reduction of p-Nitroaniline and other aromatic nitro 

compounds 

 

Scheme 2.6 Schematic representation of the performance of NiNPs as catalysts in the 

reduction of PNA to PPDA by NaBH4 in water 

 

Table 2.15 Optimization of reaction conditions for hydrogenation of p-

Nitroaniline 

Sr. No. Catalyst(mg) NaBH4(mole) Temperature(
°
C) Time 

(h\min) 

%Yield
b 

(±2) 

1 None none 25-30 to reflux 24h - 

2 50 ,, ,, ,, - 

3 None 0.0260 ,, ,, < 5 

4 50 < 0.005 ,, ,, <10 

5 ,, 0.007 ,, ,, 31±5 

6 ,, 0.0132 25-30 180min 95±3 

7
a
 ,, 0.0260 ,, 90min ,, 

8 ,, ,, 50-60 60min ,, 

9 ,, ,, 70-80 15min ,, 

10 10 ,, 25-30 300min ,, 

11 20 ,, ,, ,, ,, 

12 30 ,, ,, ,, ,, 

13 40 ,, ,, 180min ,, 

14 ≥ 50 ,, ,, 90 min ,, 

Reaction conditions: p-Nitroaniline-0.0036 mole, solvent (water)-6 mL, a-optimized 

reaction condition and b- Isolated yield. 
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Metal nanocatalyst can catalyze the reduction of nitro compounds by acting as an 

electronic relay system to overcome the kinetic barrier, in which the electrons donated 

by BH4
¯ 

can be transferred to the acceptor nitro groups.
22

 In the present case 

hydrogenation of PNA as a model system was used to study the efficiency of the 

NiNPs as catalyst in aqueous medium (Scheme 2.6). The results of the conversion of 

PNA to PPDA are illustrated in Table 2.15. It is seen from the table (entries 1-3) that 

the presence of a catalyst along with NaBH4 is required for hydrogenation of PNA. 

The optimum reaction conditions for PNA reaction are given in Table 2.15 (entry 7), 

which yields 95±2 % of product at RT after 90min and selectivity was 100%. 

This reaction was monitored by UV-vis spectrophotometer (Figure 2.11), where the 

product and reactant show different absorption bands at 307nm and 381nm, 

respectively. As shown in Figure 2.11, when the reaction conditions mentioned in 

Table 2.15 (entry-7) was used, the reaction proceeded faster within 90min and the 

λmax shifted from 381nm to 307nm. Whereas, in the absence of NiNPs, the peak at 

381nm corresponding to PNA did not disappear even after 24h of reflux. 

 

 

 

Figure 2.11 UV-vis spectra indicating the change of p-Nitroaniline to p-

Phenylenediamine in presence of NiNPs 

 

Furthermore, experiments were performed using a different mole ratio of NaBH4 in 

standard reaction. On using NaBH4 less than 0.005mole, reaction yield was less than 
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10% even after 24h of reflux (Table 2.15, entry 4). When we increased moles of 

NaBH4 from 0.005 to 0.007, the yield increased to 31±5% (table-1, entry 5), whereas 

using 0.0132 mole of NaBH4 resulted into a remarkable yield (95±2%) at 35°C within 

180min (Table 2.15, entry 6). However, lowering the amount of NaBH4 caused an 

increase in the reaction time and hence an adequate quantity of NaBH4 was used in 

optimum reaction condition. Good to high yields were obtained at 80ºC temperature 

and the reaction was completed within 15min. This shows that as the reaction 

temperature increases, reaction time decreases (Table 2.15, entries 8, 9).  

Variation in quantity of NPs (Table 2.15, entries 10 to 14) under optimum reaction 

conditions showed that even 10mg was sufficient for catalyzing the reaction at RT but 

took 300min for maximum conversion (Table 2.15, entry 10). On the other hand with 

40mg the reaction time decreased to 180min (Table 2.15, entry 13). Beyond 50mg the 

reaction time and yield did not change (Table 2.15, entry 14). 

Under the optimized conditions, we investigated the scope of converting various 

aromatic nitro compounds to aromatic amines by using NiNPs, NaBH4 and water 

(Scheme 2.7). NiNPs was applied for all substrates and they almost gave same yield 

in similar reaction time (Table 2.16). The results were satisfactory for various 

aromatic nitro substrates with different functional groups (Table 2.16). Further, this 

catalytic system works efficiently in aqueous system and therefore no hazardous 

solvent was required. This reaction has been investigated in the presence of other 

protic solvents such as methanol, ethanol, and ethylene glycol; however, none of them 

gave satisfactory results. In an aqueous system NaBH4 gives sodium metaborate 

(NaBO2)
28 

which is the only waste generated during the reaction. However sodium 

metaborate can be recycled using magnesium hydride (MgH2) or magnesium silicide 

(Mg2Si) by annealing (350–750
◦ 

C) under high H2 pressure (0.1–7 MPa) for 2–4h.
28 

This opens up new possibilities for eco-friendly synthesis of aromatic amines. 

 

 

Scheme 2.16 General scheme for reduction of various Nitro aromatics 
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Table 2.16 Selective reduction of Nitro aromatics to aromatic amines in water 

with NiNPs at RT 

S. No 

 
Substrate Product 

Time 

(min) 

Yield
a
 

(%±3) 

Selectivity 

(%) 

1 o-Nitrophenol o-Aminophenol 80 90 100 

2 p-Nitrophenol p-Aminophenol 80 95 ,, 

3 m-Nitrophenol m-Aminophenol 100 95 ,, 

4 o-Nitrotoluene o-Toulidine 120 85 ,, 

5 p-Nitrotoluene p-Toulidine 120 90 ,, 

6 m-Nitrotoluene m-Toulidine 100 90 ,, 

7 p-Nitrobenzyl alcohol p-Aminobenzyl alcohol 120 92 ,, 

8 m-Nitrobenzyl alcohol m-Aminobenzyl alcohol 120 91 ,, 

9 o-Nitrobenzyl alcohol o-Aminobenzyl alcohol 130 94 ,, 

10 
4-Chloro-3-nitro 

aniline 
4-Chlorobenzene-1,3-diamine 150 90 ,, 

11 
4-Chloro-2-nitro 

aniline 
4-Chlorobenzene-1,2-diamine 140 90 ,, 

12 Nitrobenzene Aniline 180 95 ,, 

13 o-Nitroaniline o-Phenylenediamine 90 95 ,, 

14 m-Nitroaniline m-Phenylenediamine 95 94 ,, 

15 p-Nitroaniline p-Phenylenediamine 90 95 ,, 

16 o-Chloronitobenzene o-Chloroaniline 100 95 ,, 

17 m-Chloronitobenzene m-Chloroaniline 100 94 ,, 

18 p-Chloronitobenzene p-Chloroaniline 90 95 ,, 

19 o-Bromonitobenzene o-Bromoaniline 110 96 ,, 

20 m-Bromonitobenzene m-Bromoaniline 110 95 ,, 

21 
1-Methoxy-3-

nitrobenzene 
3-Methoxyaniline 80 96 ,, 

22 
1-Methoxy-2-

nitrobenzene 
2-Methoxyaniline 80 97 ,, 

23 1-Iodo-4-nitrobenzene 4-Iodoaniline 100 94 ,, 

24 6-Nitroquinoline Quinolin-6-amine 130 90 ,, 
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25 1-Nitronaphthalene 1-Naphthylamine 140 91 ,, 

26 2-Nitronaphthalene 

 

2-Naphthylamine 

 

160 90 ,, 

27 3-Nitroquinoline Quinolin-3-amine 180 92 ,, 

Reaction conditions: Substrate-0.0036 mole, catalyst-10 wt% (0.85mmol) of 

Substrate, sodium borohydride-0.0260 mole and solvent (water)-6 mL, a-Isolated 

yield after Colum chromatography and reactions were carried at RT. 

 

2.3.3.2 Decolourization of azo dyes 

Degradation of dyes, especially azo dyes which contribute to about 70% of all used 

dyes, is difficult due to their complex structure and synthetic nature.
23 

The most 

commonly used method is adsorption which causes the high operational cost because 

regeneration is generally not so effective.
24

 The use of noble metal NPs like Pd,
25

 Au, 

26
 Ni,

27 
and Ag

28
 in dye decolourization or reduction has been reported. This is the 

first report on the MW (Microwave) assisted decolourization reaction of azo dye by 

NiNPs. As a representative case, the catalytic activity of NiNPs was first investigated 

in the decolourization of Orange II (OR-II) in MW, a kind of azo dye with –N=N– 

bonds. UV–vis spectra in Figure 2.12 shows that before the addition of NiNPs, there 

was the maximum absorption band centred at 483nm, which could be assigned to the 

conjugated system formed by the –N=N– bonds of OR-II. The colour of the dye is 

attributed to this maximum absorption band, which could be used to monitor the 

decolourization reaction. Ascorbic acid alone could not induce complete 

decolourization of the dye in MW. But when irradiated in presence of NiNPs ascorbic 

acid led to complete decolourization of the dye. The absorption band at 483nm 

decreased and disappeared, which could be ascribed to the loss of conjugation of –

N=N– bonds due to electron transfer through surface of NiNPs (Scheme 2.8). As 

discussed by Pande and co-workers,
29

 when the size of bulk metals goes to the 

nanoscale, electron transfer is efficient, in addition to large surface area. Thus the 

electron transfer between the dye and ascorbic acid occurs before rapid diffusion pulls 

them apart.
30 
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Scheme 2.8 Schematic representation of the performance of NiNPs as catalysts in the 

electron transfer reaction between ascorbic acid and MO for decolourization of dye. 

 

 

Figure 2.12 UV-vis spectra related to experiments on decolourization of OR-II dye 

under different conditions. Inset shows related digital photograph 

 

Although the role of starch is only to cap the NiNPs and prevent its oxidation
21 

its role 

as adsorbent needs to be assessed in the present case since starch is highly active 

towards adsorption of dye molecules.
31 

To rule out the possibility of adsorption, a 

control experiment was performed with only starch. No significant decrease in the 
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absorbance was observed indicating that the decolourization is not simply due to dye 

adsorption onto the support. Also under MW condition adsorption will not occur due 

to the high kinetic energy of dye molecules. 

Table 2.17 Name, corresponding λmax(nm), decolourization time and structure of 

dyes.     

a-Reaction conditions: NiNPs-6mg (0.102mmol), aqueous solution of azo dyes-2.5mL 

(6.5×10
−4 

mol L
−1

 ) and ascorbic acid-2.5 mL (3×10
−3 

mol L
−1

 ) and MW.  

Similarly, in the study of decolourization of other azo dyes with AA, it was noted that 

the absorption peak at corresponding wavelength (λmax) (Table 2.17) of all azo dyes 

Name of dyes
a
 λmax(nm) Decolourization 

 time (sec) 

Structure of dye 

Orange-II (OR-II) 483 120 

 

Methyl orange (MO) 465 220 

 

Methyl red (MR) 427 195 

 

Erichrome black-T 

(EBT) 
540 190 

 

Mixture of dyes 

(MD) 
456 190 - 
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significantly decreases indicating that NiNPs catalyzes the decolourization of azo 

dyes. 

The experiment was also successful with a mixture of dyes (Figure 2.13). In all 

experiment decolourization occurred within 2 to 4 min (Table 2.17). The process is 

extremely slow at RT (Figure 2.13) irrespective of the presence of NP while it was 

feasible in a very short time on MW irradiation.  

This suggests that both NiNPs and MW play an important role in the decolourization 

of dye.  

 

 

 

Figure 2.13 UV-vis spectra indicating the decolourization of MR, EBT and MD dyes 

in the presence of NiNPs; UV-vis spectra indicating the decolourization of MR dye at 

room temperature (MR-RT) in the presence of NiNPs. 
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2.3.3.3 Redox reaction between potassium ferricyanide and sodium thiosulfate 

It has been reported that the electron transfer reaction between Fe(CN)6
−3

 and S2O3
−2 

is catalyzed by noble metal like Pt.
32-33 

The redox reaction proceeds by electron 

transfer through the surface of the PtNPs, where they act as highly dispersed 

electrodes. We attempted this reaction for the first time in presence of NiNPs which 

are economically more viable. 

 

 

Figure 2.14 (a) UV-vis spectra indicating change of Fe(CN)6
−3

 concentration during 

the reaction between Fe(CN)6
−3

 and S2O3
−2

 at 25±2 °C in the presence of NiNPs, and 

the inset shows the UV-vis spectra of an uncatalyzed reaction in the absence of  

NiNPs (b) Pseudo-first-order plot of –lnA420 against time for the determination of the 

rate of reaction between Fe(CN)6
−3

 and S2O3
−2

 using NiNPs. 

 

 

The characteristic absorption of Fe(CN)6
−3 

was observed at 420nm. When reaction 

takes place between Fe(CN)6
−3 

and S2O3
−2 

intensity of corresponding  peak (420nm) 

decreased with time. In both reactions absorption was measured at 3min time 

intervals. In presence of NiNPs (Figure 2.14a) there was a continuous decrease in 

absorbance at 420nm with respect to time and after 27min, peak completely 

disappeared. Whereas, in absence of NiNPs reaction proceeds very slowly and takes 

6h for its completion (Figure 2.14a, inset). On the other hand, using PtNPs with the 

same concentration the reaction remained incomplete even after 40min.
32-33 

Therefore, 

it can be said that in presence of NiNPs redox reactions proceeds faster  
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owing to efficient electron transfer due to the larger surface area of NiNPs. The 

pseudo first-order plot of −lnA420 against time showed a linear relationship with a 

correlation coefficient of 0.9027 (Figure 2.14b). The rate constant value of the 

reaction, in the presence of the NiNPs, obtained from the slope of the straight line, 

was observed to be 0.0028 min
−1

. These results were comparable with the results 

obtained using PtNPs.
33

 

2.3.3.4 Recycling of NiNPs 

The recyclability of the NPs was also surveyed in optimum condition for all three 

reactions (Tables 2.18 to 2.20). It was observed that the catalyst could be reused 

directly without further purification for seven consecutive runs in case of PNA to 

PPDA (Table 2.18). Upto three cycles there was no loss in activity. After that the 

reaction time increased in each successive recycling experiment reaching from 90min 

to 180min finally after the 7
th

 experiment. This may be due to gradual loss of the 

catalytic activity of NiNPs with the number of runs for various reasons mentioned in 

our previous work.
21 

Similarly in case of decolourization of azo dye (Table 2.19) and 

redox reaction between PFC and STS (Table 2.20) was observed that the catalyst 

could be reused directly without further purification for five consecutive runs in both 

cases although reaction time increases. 

 

Table 2.18 Recycling experiments of hydrogenation of p-Nitroaniline at RT in 

optimum condition 

Cycle Reaction time 

(min) 

% Yield 

 (Isolated, ±3) 

Selectivity (%)  

1 90 95 100 

2 90 95 100 

3 90 94 100 

4 110 94 100 

5 120 95 100 

6 140 95 100 

7 180 94 100 
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Table 2.19 Recycling experiments of decolourization of OR-II azo dye by NiNPs 

in MW. 

Cycle 1 2 3 4 5 

Time (Sec) 120 125 140 160 200 

 

Table 2.20 Recycling experiments of redox reaction between PFC and STS by 

NiNPs 

Cycle 1 2 3 4 5 

Time (min) 27 28 30 30 42 

 

 

2.3.4 Conclusions 

Nickel nanoparticles exhibited an excellent catalytic activity for room temperature 

reduction of aromatic nitro compounds in aqueous medium. The catalyst used here is 

economic and ecofriendly as it requires neither higher temperature nor harsh acid or 

bases, and produces higher yields with excellent chemoselectivity in reduction of nitro 

aromatics substrates. NiNPs also helped in speeding up decolourization of azo dyes 

and changed the order of a redox reaction. Recycling experiments demonstrated that 

the catalyst can be reused for successive runs. 
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