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6.1. Introduction 

Azo dyes are the major synthetic colourants used in many industries like textile, 

printing, cosmetics, leather, paint, and fiber due to their good tinctorial properties and 

attractive colours imparted with most types of stuff.1-4 They are generally considered 

mutagenic and carcinogenic due to benzidine, naphthalene or similar aromatic systems 

in their structure.5,6 It adversely affects the life cycle of aquatic and human life. 

Moreover, synthetic organic azo dyes like methyl orange, congo red, etc. are non-

biodegradable in normal conditions, creating harmful effects on their discharge to the 

environment.7 Various methods classified into physical, chemical and biological 

processes could be used to treat the dye effluents such as adsorption, solvent extraction, 

photochemical, electrochemical, chemical reactions, bacterial reactions, etc.7-13 Azo 

dyes exhibit prolonged photo and thermal stability. Therefore their treatment creates 

some obstacles in the degradation methods used.14 Implementation of some traditional 

treatment techniques might also lead to drawbacks like low product yield (s), high cost, 

formation of hazardous by-products or sludge, wastage of reagents and incomplete 

purification. On the other hand, chemical and photochemical degradation of dyes can 

efficiently achieve good degradation yields with the help of suitable catalysts.15,16 The 

use of heterogeneous nanocatalysts would be worthwhile due to their advantages such 

as large area of active sites, recycling ability and cost effectiveness.17-20 Heterogeneous 

catalytic reduction would be effective for the treatment of industrial dye effluents in 

high concentration for waste-water management.           

Azobenzene is the core moiety of azodyes for which chemoselective reduction 

to hydrazobenzene or reductive cleavage to aniline or both reduction products are 

obtained (see Figure 6.1.).21-34 Selective hydrazoarenes synthesis is important for 

preparing polymers, pharmaceuticals, food additives, and dyes. Hydrazobenzene can 

easily undergo rearrangement in strongly acidic conditions to obtain benzidine, an 

important intermediate in synthetic organic chemistry.25,29 Hydrazobenzene is an 

important precursor to produce 4,4’-diaminobiaryls, azoarenes and azodyes.27 

Traditionally, hydrazobenzene can be achieved from nitrobenzene by reducing it with 

Zn in methanol medium. However, more facile methods are later frequently reported 

for nitrobenzene to hydrazobenzene conversion.  
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Figure 6.1. Consecutive reduction in azo compounds to form chemo-selective product 

hydrazo compounds and followed by non-selective amino aromatics products.  

Hydrazobenzene was also prepared from another synthetic precursor 

azobenzene by selective hydrogenation utilizing expensive methods such as industrial 

photocatalytic reduction, electrochemical reduction using lead-containing electrodes 

and reduction using hydrazines in the presence of noble transition metals, use of 

substantial amounts of metal reductants such as Na, Mg, Zn etc., and rare earth metal 

compounds incorporated methods.23-31 More facile methods of azocompounds to 

hydrazocompounds conversion are being in progress. Shiraishi and co-workers 

demonstrated photocatalytic hydrogenation of azobenzene to hydrazobenzene using 

ethanol on cadmium sulfide as a green synthesis. As a result of this hydrogenation, Cd0 

is formed. They found that the saturated N-N bond in hydrazobenzene does not interact 

with Cd0 (see Figure 6.2. (A)).29 Pei et. al reported conversion of azobenzene to 

hydrazobenzene using NaNbO3 as a green strategy for the semi-hydrogenation. The 

interaction between NaNbO3 and hydrazobenzene is the root cause of this partial 

hydrogenation and inability to produce aniline (see Figure 6.2. (B)).30 Use of 

heterogeneous nanocatalysts for chemical reduction for azo- to hydrazo conversion is 

very rarely reported. Recently Hong and co-workers carried out a subsidiary study of 

azo benzene to hydrazo benzene conversion using NaBH4
 in ethanol medium with 

polystyrene supported Au nanoparticles as heterogeneous nanocatalyst along with the 



                                                          Catalytic Reduction of Azo dyes and Azobenzene  

 

151 
 

main work of hydrazoarene formation from nitroarene (see Figure 6.3.).31 Some other 

important reports of azo to hydrazo compounds conversion in literature are tabulated in 

Table. 6.1..21,23,25,32,33
 

          

Figure 6.2. Illustration of photocatalytic transfer hydrogenation of azobenzene to 

hydrazobenzene (A) with alcohol on cadminum sulfide (adapted from Shiraishi et al.) 

2012 and (B) using NaNbO3 catalyst (adapted from Pei et al. 2020) 

 

        

Figure 6.3. Synthesis of Hydrazoarenes formation from nitroarenes and azobenzene 

(Adapted from Hong et al. 2021)  
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Table 6.1. Literature reports of hydrogenation of azobenzene to hydrazobenzene           

      

In this chapter, catalytic decolourisations of different azodyes (methyl orange, 

congo red, methyl red and sudan III) were carried out in water or ethanol- water mixture 

by chemical reduction with sodium borohydride in the presence of ternary silver 

nanocatalyst (PTCNT-COOH 300 Ag, abbreviated as TNC) or binary silver 

nanocatalyst (MWCNT-COOH Ag, abbreviated as BNC). Hydrophilic or hydrophobic 

based azodyes were selected based on the structure and functional groups present in 

their structure. An aqueous medium was used to treat hydrophilic azo dyes like methyl 

orange and congo red. Hydrophobic azo dyes are difficult to handle in an aqueous 

medium due to poor solubility in water. Herein, the ethanol-water mixture in suitable 

proportions was effectively used as the media for the degradation treatment of 

hydrophobic azo dyes (methyl red and Sudan III). A mechanistic study of the product 

on decolourisation process was carried out as a control on azobenzene by investigating 

its isolated product. The selection of mild and green methodologies for the dye 

treatments and hydrogenation of azobenzene attracts great research interest and in the 

present study binary and ternary silver nano composites, BNC and TNC acted as a 

sustainable heterogeneous catalysts for it. 
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6.2.   Experimental 

6.2.1. Materials and reagents: Methyl orange, congo red, methyl red and sudan III 

were purchased from Nice chemicals, NaBH4 was purchased from Sigma Aldrich. 

Distilled water and distilled ethanol were used for all decolourisation studies. 

6.2.2. Measurements and Instruments: UV-visible spectra of the samples were 

recorded by Shimadzu UV-Visible spectrophotometer, UV 1800 series in the range 

200-800 nm with distilled ethanol and deionized water. High-Resolution Mass 

Spectrometry (HR-MS) of the product was carried out using Thermo Fisher Scientific 

Exactive mass spectrometer with Accella 600 HPLC system and PDA detector. 1H 

NMR spectra of the samples were taken with Bruker Avance 400 MHz FT-NMR 

spectrometer.  

6.2.3. Catalytic decolourisation study of methyl orange and congo red using 

BNC-0.04 catalyst: Nanocatalyst BNC (1.00 mg, 0.04 mg/mL) was added to the 

aqueous solution of methyl orange (1.0 x10-4M, 25 mL) taken in a standard flask and, 

sonicated for 15 min to obtain well-dispersed state of reactant catalyst mixture. The 

BNC catalyst with a concentration 0.04 mg/mL is represented as BNC-0.04. Freshly 

prepared NaBH4 solution (1.0 x10-1 M, 5 mL) was added to 5 mL of methyl orange-

BNC mixture taken in a 30 mL vial and shaken for 10 s. We have mixed methyl orange-

catalyst reaction mixture and NaBH4 solution in equal volume for all catalytical studies, 

therefore the final concentration of methyl orange, NaBH4 and catalyst reduced to half. 

Time for complete decolourisation of the reaction mixture was noted. Catalytic 

decolourisation with catalytic concentration of BNC in methyl orange solution such as 

BNC-0.06 and BNC-0.08 were carried out similarly. 

The same procedure was also repeated for the dye congo red instead of methyl orange 

with the concentration of BNC as 0.04 mg/mL, 0.06 mg/mL, 0.08 mg/mL and 0.10 

mg/mL in the congo red solution. 

6.2.4. UV-vis absorption study of reductive decolourisation of methyl orange and 

congo red: BNC (1.00 mg, 0.04 mg/mL) was added to a solution of methyl orange (1.0 

x10-4 M, 25 mL) taken in a standard flask. Sonicated for 15 min to obtain a well 

dispersed reactant catalyst mixture with a catalyst concentration of 0.04 mg/mL. 

Freshly prepared NaBH4 solution (1.0 x10-1 M, 2 mL) was added to 2 mL of methyl 
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orange-BNC mixture taken in a vial and shaken for 10 seconds. UV-vis absorption 

spectra were recorded in regular time intervals by a preset program.  

The same procedure was repeated for reductive decolourisation of congo red 

dye using BNC-0.04 nanocatalyst in an aqueous medium. The UV-vis absorption study 

was also conducted for the reductive decolourisation of methyl orange and congo red 

in an aqueous medium using TNC-0.04 catalyst with the same procedure. The TNC 

catalyst concentration 0.04 mg/mL was represented as TNC-0.04. 

6.2.5. Catalytic decolourisation study of methyl red and sudan III using BNC-

0.04 catalyst: Nanocatalyst BNC (1.00 mg, 0.04 mg/mL) was added to the solution of 

methyl red (1.0x10-4 M, 25 mL) in 33% ethanol-water mixture, taken in a standard flask. 

Sonicated for 15 min to obtain a well dispersed state of reactant-catalyst mixture with 

a catalyst concentration of 0.04 mg/mL. Freshly prepared NaBH4 solution (1.0x10-1 M, 

5 mL) prepared in 33 % ethanol-water mixture was added to 5 mL of methyl red-BNC 

mixture taken in a vial and shaken for 10 s. Time for complete decolourisation of the 

reaction mixture was also noted. Catalytic decolourisation of methyl red with the 

catalytic concentration of BNC-0.02, BNC-0.06 and BNC-0.08 were repeated in a 

similar manner.  

The same procedure was used with the dye sudan III instead of methyl red for 

the other catalyst concentrations of BNC such as BNC-0.02, BNC-0.04, BNC-0.06 and 

BNC-0.08 in the sudan III solution prepared in 66% ethanol-water mixture. 

6.2.6. UV-vis absorption study of reductive decolourisation of methyl red and 

sudan III: Methyl red solution (1.0x10-4 M, 25 mL) was prepared in a 33 % ethanol-

water mixture. TNC (1.00 mg, 0.04 mg/mL) was added and dispersed for 15 min to get 

a catalyst concentration of 0.04 mg/mL. Freshly prepared NaBH4 solution (1.0x10-1 M, 

2 mL)  in 33 % ethanol-water mixture was added to 2 mL of methyl orange-TNC 

mixture taken in a vial and shaken for 10 s. UV-vis absorption spectra were recorded 

in a preset program in regular time intervals.  

UV-vis absorption spectra was used to monitor reductive decolourisation for 

Sudan III (in 66 % ethanol-water mixture) and azobenzene (in 33 % ethanol-water 

mixture) using BNC-0.04 catalyst with the same procedure. 
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6.2.7. Large scale reduction of azobenzene: Azobenzene solution (0.10 g, 0.027 M, 

25 mL) was prepared in 50% ethanol-water mixture. To this solution binary 

nanocatalyst BNC (0.18 mg/mL) was added and sonicated for 15 min. Freshly prepared 

NaBH4 solution (1.917 g, AB: NaBH4 molar ratio=1:100, 25 mL) was added to the 

obtained azobenzene-catalyst dispersion mixture. It was then magnetically stirred for 

15 min. The reaction mixture turned colourless. The product formed was isolated with 

ether separation in a separating funnel and dried. A colourless solid was formed which 

gradually turned yellow, as an isolated product. Yield: 0.064 g. 1H NMR, (400 MHz, 

CHCl3, δ ppm): 5.57 (s,2H), 6.85 (d, 6H) and 7.2 (t, 4H). 

6.2.8. Recycling studies using nanocatalysts: TNC (7 mg) was dispersed in 

azobenzene solution (5 mL, 2.33 ×10-3 M) in 50% ethanol -water mixture by sonication. 

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 was decanted, and then UV-vis 

absorption spectra were recorded. The residue (nanocatalyst) was washed with 

deionized water, and catalytical activities continued for five more consecutive cycles 

using the same method. A similar procedure was repeated using BNC nanocatalyst (7 

mg) instead of TNC for five catalytic cycles. 

6.3.   Results and discussion 

6.3.1. Ternary and binary silver nanocomposites (TNC and BNC) as nanocatalyst 

for reductive decolourisation of azo dyes 

 

Figure 6.4. Chemical structure of different azo dyes 
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Table 6.2. Name of azo compounds, concentration and volume of azo compounds used, 

amount of NaBH4 used, name of catalyst and concentration of catalyst with respective 

rate constant and activity factor in the catalytic reduction/decolourisation.  

Azo 

compounds 

Amount of azo 

compounds 

used 

Amount of NaBH4 

used 

Catalyst 

and conc. 

(mg/mL) 

Reaction 

medium 

Rate 

constant 

(s-1) 

Activity 

factor 

(s-1 g-1) 

Conc. 

(M) 

V 

(mL) 

Conc. (M) V 

(mL) 

Methyl 

orange 

1x10-4  2 1x10-1 2 BNC, 0.04 Water 1.03x10-2 129.13 

1x10-4  2 1x10-1 2 TNC, 0.04 Water 1.00x10-1 1255.00 

Congo red 1x10-4  2 1x10-1 2 BNC, 0.04 Water 5.46x10-3 68.25 

1x10-4  2 1x10-1 2 TNC, 0.04 Water 1.02x10-2 128.00 

Methyl red 1x10-4  2 1x10-1 2 BNC, 0.04 33% 
ethanol 

9.23 x10-3 115.38 

1x10-4  2 1x10-1 2 TNC, 0.04 33% 

ethanol 

2.50 x10-4 3.13 

Sudan III 1x10-4  2 1x10-1 2 BNC, 0.04 66% 

ethanol 

5.47x10-3 68.37 

1x10-4  2 1x10-1 2 TNC, 0.04 66% 
ethanol 

8.39 x10-3 104.88 

Azobenzene 1x10-4  2 1x10-1 2 BNC, 0.04 33% 

ethanol 

1.03 x10-2 128.13 

Azobenzene 1x10-4  2 1x10-1 2 TNC, 0.04 33% 

ethanol 

2.59 x10-1  3232.50 

Ternary nanocomposite (PTCNT-COOH 300 Ag or TNC) consists of silver 

nanoparticles embedded polythiophene-functionalized multiwalled carbon nanotube 

and binary nanocomposite (MWCNT-COOH Ag or BNC) consists of functionalized 

multiwalled carbon nanotube-silver nanoparticles, they were effectively used as a 

catalyst for the reductive decolourisation of water soluble azo dyes such as methyl 

orange, congo red and insoluble organic azo dyes such as methyl red and Sudan III. 

TNC and BNC were prepared by in-situ reduction of silver ions in the presence of 

dispersed state of PTCNT-COOH 300 and MWCNT-COOH nanocomposites, 

respectively. Synthesis and characterizations of TNC and BNC were previously 

reported in chapter 4 with the names PTCNT-COOH 300 Ag and MWCNT-COOH Ag 

respectively. FE-SEM images of PTCNT-COOH 300 Ag and MWCNT-COOH Ag 

were obtained as nearly spherical silver nanoparticles entangled with PTCNT-COOH 

or MWCNT-COOH nanotubular structures. The average size of silver nanoparticles in 

TNC and BNC was measured as 25 ± 8 nm and 45 ± 5 nm, respectively (see Figure 

4.10. in chapter 4). The reduction of organic azo dyes was carried out using NaBH4 as 
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a reducing agent and TNC or BNC as the nanocatalyst. Treatment of azodyes (1x10-4 

M, 2 mL) with NaBH4 solution (1x10-1 M, 2 mL) in a dispersed state of TNC or BNC 

catalysts led to decolourisation of the dye stuff. The colour of the dye faded gradually 

with the progress of the reaction and finally became colourless. The chemical structure 

of different azo dyes used to conduct the degradation study is given in Figure 6.4. 

Synthetic conditions and corresponding amounts of reactant, reagent and catalyst used 

in catalytic reduction and outcomes are given in Table 6.2.   

6.3.2. Optimization of the amount of catalyst for reduction of water-soluble azo 

dyes 

 

Figure 6.5. Photographs of reductive decolourisation of water-soluble azo dyes methyl 

orange (initial stage (A), middle stage (B) and final stage (C), and congo red (initial 

stage (D), middle stage (E) and final stage (F). Plots of decolourisation time against 

catalyst concentration used for methyl orange(G) and Congo red (H).  

Accomplishing partial or complete reduction of azo-bond(s) in azo dyes is 

indicated by decolouration of the reaction mixture. Here, the time for decolourisation 

of different organic azo dyes was noticed during reduction treatment conducted in 

different concentrations of BNC catalyst (as shown in Figure 6.5.). The concentrations 

of BNC catalyst was as varied as 0.02 mg/mL, 0.04 mg/mL and 0.06 mg/mL for methyl 

orange and 0.04 mg/mL, 0.06 mg/mL, 0.08 mg/mL and 0.10 mg/mL for congo red for 
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obtaining its optimum catalyst concentrations. A graph has been plotted for the time for 

decolourisation against the catalyst concentration (see Figure 6.5. G and H). The 

optimum catalyst concentration was selected as 0.04 mg/mL for methyl orange and 

congo red. The optimum catalyst concentration was selected as the minimum amount 

of catalyst, which exhibited moderate reaction kinetics. BNC-0.04 also provide good 

comparison of kinetics of catalytic decolourisation of both water soluble azodyes 

methyl orange and congo red.        

6.3.3. Kinetics of reductive decolourisation of water soluble organic azo dyes  

 

Figure 6.6. UV-vis absorption spectra of catalytic reduction of methyl orange (A) and 

congo red (B) using BNC-0.04 catalyst in different time intervals. Linear relationship 

plot of ln (A/A0) against time for reduction of methyl orange (C) and congo red (D) 

using catalyst BNC-0.04.   

Reductive decolourisation of water soluble organic azo dyes (1x10-4 M, 2 mL) 

was carried out in the presence of BNC or TNC nanocatalyst (0.04 mg/mL) using 

NaBH4 (1x10-1 M, 2 mL) as a reductant in the aqueous medium. The reaction kinetics 

was monitored using UV-vis absorption spectroscopy in consecutive time intervals by 

means of a preset time program (see Figure 6.6. A, B and 6.7 A, B). For the catalytic 

reduction of methyl orange, the intensity of the peak with an absorption maximum at 
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470 nm corresponds to azo group, gradually diminished with time, and then disappeared 

(see Figure 6.6. A and Figure 6.7. A). The time for the disappearance of the peak at 

470 nm was selected as the time for the completion of the reaction. The bright orange 

colour of the reaction medium faded and finally decolourised on completion of the 

reaction. The highly intense orange colour of azo dyes like methyl orange was observed 

due to extended conjugation with chromophore groups in the molecule.34,35 The peak 

with an absorption maximum at 258 nm underwent a blue shift with time with increased 

intensity up to 251 nm as a result of structural changes. Catalytic reduction of another 

azo dye congo red was also carried out with sodium borohydride as reductant and BNC 

or TNC as a catalyst in an aqueous medium. The completion of the reaction has been 

monitored by recording the absorption spectra of the reaction mixture in consecutive 

time intervals (see Figure 6.6. B and 6.7. B). The progress of the reduction reaction 

was observed as a continuous decrease in the intensity of the major absorption peak at 

an absorption maximum of 498 nm. The completion of the reaction was identified as 

the time at which the peak at 498 nm vanished. The brownish red colour of the mixture 

of congo red with the catalyst also faded and turned colourless on completion of the 

reaction. Methyl orange and congo red was decolourised in the presence of BNC 

nanocatalyst in the reaction mixture in about 315 s and 270 s, respectively (see Figure 

6.6. A and B). Likewise, TNC catalysed decolourisation of methyl orange and congo 

red was carried out and completion of the reaction was attained at 135 s and 215 s, 

respectively (see Figure 6.7. A and B). 

The rate constants for reductive decolourisation of methyl orange and congo red 

was obtained from linear regression fit of the graph plotted for ln(A/A0) against the 

time of the reaction progress (see Figure 6.6. C, D and Figure 6.7 C, D). The rate 

constant for reductive decolourisation of methyl orange and congo red using catalysts 

BNC was found to be 1.03x10-2 s-1 and 5.46x10-3 s-1, respectively (see Figure 6.6. C 

and D). The corresponding activity factor for BNC catalysed decolourisation of methyl 

orange and congo red were 129.13 s-1 g-1 and 68.25 s-1 g-1 respectively. The mono azo 

dye methyl orange and bis-azo dye congo red exhibited rate constant for decolourisation 

using TNC catalysts as 1.00x10-1 s-1 and 1.02x10-2 s-1 respectively (see Figure 6.7. C 

and D). The activity factors exhibited by TNC catalysed decolourisation of methyl 

orange and congo red were 1255.00 s-1 g-1 and 128.00 s-1 g-1, respectively. Mono azo 

dye methyl orange, for which decolourisation rate constant is found as higher than that 
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of congo red, since it was required to reduce two azo groups per molecule in congo red 

than one azo group in methyl orange using the same amount of reducing agent. TNC 

exhibited higher rate constant and activity factor than BNC for methyl orange and 

congo red reductive decolourisation. TNC is a heterogeneous nanocomposite catalyst 

which was easily dispersed in aqueous medium than BNC. Higher dispersibility of TNC 

nanocomposites system is due to the conducting polymer incorporated coreshell 

morphology of the particular nanocomposites framework. The improved aqueous 

solubility of the TNC catalyst may be responsible for the higher activity factor of 

ternary nanocatalysts by providing a more active site to the reduction reaction.  

 

Figure 6.7. UV-vis absorption spectra of catalytic reduction of methyl orange (A) and 

congo red (B) using TNC-0.04 catalyst in different time intervals. Linear relationship 

plot of ln (A/A0) against time for reduction of methyl orange (C) and congo red (D) 

using catalyst TNC-0.04. 

6.3.4. Optimization of the amount of catalyst for reductive decolourisation of 

water-insoluble/partially soluble organic azo dyes 

Methyl red and Sudan III are two azo dyes exhibiting poor solubility in 

water.34,35 Thus the decolourisation study of the respective azodyes were carried out in 
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suitable proportion of the ethanol-water mixture. The composition of ethanol in the 

reaction medium was obtained by checking the minimum volume of ethanol added with 

water giving maximum solubility to the azo dye. Methyl red is a mono azo dye and 

sudan III is a bis azo dye. Optimization of nanocatalyst concentration in the reaction 

mixture was attained by comparing the time for decolourisation of partially aqueous 

soluble methyl red and almost water insoluble sudan III in different concentrations of 

catalyst BNC (see Figure 6.8.). Different concentrations of BNC nanocatalyst taken for 

both the azo dyes were 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL, and 0.08 mg/mL. A 

graph was plotted to represent the time required for decolourisation against different 

concentrations of catalyst BNC. The optimum catalyst concentration was selected as 

0.04 mg/mL for methyl red and sudan III, which is the minimum concentration for 

exhibiting a moderately good and observable reaction rate.  

 

Figure 6.8. Photographs of reductive decolourisation of water-insoluble or partially 

soluble azo dyes methyl red (initial stage (A), middle stage (B) and final stage (C), and 

Sudan III (initial stage (D), middle stage (E) and final stage (F). Plots of 

decolourisation time against the catalyst concentration used for methyl red (G) and 

sudan III (H). 
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6.3.5. Kinetics of reductive decolourisation of water-insoluble/partially soluble 

organic azo dyes 

 

Figure 6.9. UV-vis absorption spectra of catalytic reduction of methyl red (A) and 

sudan III (B) using BNC-0.04 catalyst in different time intervals. Linear relationship 

plot of ln (A/A0) against time for reduction of methyl red (C) and sudan III (D) using 

catalyst BNC-0.04. 

Catalytic reduction and kinetics of azo dyes such as methyl red (partially soluble 

in water) and sudan III (almost insoluble in water) were carried out successfully in 

ethanol-water mixture. Methyl red and Sudan III exhibited good solubility in ethanol. 

An aqueous mixture of ethanol was selected as the reaction medium instead ethanol 

alone, as the reductant sodium borohydride exhibited poor solubility in ethanol. The 

proportion of ethanol and water in the reaction medium was chosen by checking the 

minimum volume of ethanol to prepare each azo dye solution in the ethanol-water  

mixture. Solution of methyl red and Sudan III has been respectively prepared using 

33% ethanol and 77% ethanol in water. Reductive decolourisation of methyl red and 

Sudan III was carried out using the same procedure as discussed for water soluble azo 
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dyes, but in a different reaction medium of ethanol-water mixture. UV-vis absorption 

spectra of the reaction mixture were recorded after adding sodium borohydride in  

 

Figure 6.10. UV-vis absorption spectra of catalytic reduction of methyl red (A) and 

sudan III (B) using TNC-0.04 catalyst in different time intervals. Linear relationship 

plot of ln (A/A0) against time for reduction of methyl red (C) and sudan III (D) using 

catalyst TNC-0.04. 

consecutive time intervals (see Figure 6.9. A and B). UV-vis spectra of methyl red 

exhibited peak corresponding to azo group(s) at absorption maximum 420 nm. The 

intensity of peak corresponding to azo group decreases with time. As reaction 

progresses intensity of peak at 244 nm increased in the UV-vis spectra, and intensity 

became stable after completion of reaction. Time dependent UV-vis spectra of sudan 

III exhibited gradual disappearance of a broad peak from 511 nm with a successive blue 

shift to the absorption maximum in each interval. The completion of reaction for methyl 

red and sudan III using BNC catalyst was observed at 8 min (480 s) and 7 min (420 s), 

respectively (see Figure 6.9. A and B). The corresponding rate constants for BNC 

catalysed reduction of methyl red and Sudan III were 9.23 x10-3 s-1 and 5.47x10-3 s-1 

respectively (see Figure 6.9. C and D). The activity factor obtained for BNC-0.04 for 

catalytic reduction for methyl red was 115.38 s-1 g-1 and that of Sudan III was 68.37 s-1 
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g-1. TNC catalyst was also used for the reductive decolourisation of methyl red and 

sudan III azo dyes in ethanol-water mixture, repeated using the same procedure 

conducted for BNC catalysed reduction of corresponding dyes. The completion of the 

reaction was observed for methyl red reduction was 36 min (2160 s) and that for sudan 

III reduction was 7 min (420 s) (see Figure 6.10. A and B). Corresponding rate 

constants obtained for reductive decolourisation of methyl red and sudan III were 2.50 

x10-4 s-1 and 8.39 x10-3 s-1 respectively (see Figure 6.10. C and D). Activity factors 

were also calculated for TNC catalyst as 3.13 s-1 g-1 and 104.88 s-1 g-1 respectively for 

methyl red and sudan III reduction. 

Table 6.3. Comparison of present study with literature reported for catalytic 

decolourisation methyl orange, congo red, methyl red and Sudan III using NaBH4 as 

reducing agent, in terms of the amount of azo dye used, amount of NaBH4 used, the 

concentration of catalyst, type of catalyst (homogeneous or heterogeneous) and 

obtained rate constant.   

Sl. 

no. 

Dye 

system 

Dye NaBH4  Concentratio

n of catalyst 

used 

Catalyst  Rate 

constant 

Re

f. Concent

ration 

volume concentr

ation 

volume 

1 Methyl 
orange 

1x10-5 

mg/L 
1 mL 1x10-2 M 1 mL 9 mg - 0.1326 min-1 39 

2 Methyl 

orange 

1x10-4 M 2 mL 1x10-1 M 50 µL 0.14 mg/mL Au@NiAg 0.0266 s-1 2 

3 Methyl 
orange 

2x10-4 M 500 µL 5x10-2 M  0.14 mg/mL 
(100 µL) 

MPCTP-Ag 0.5787 min-1 40 

4 Methyl 

orange 

161 µM  68.20 

mM 

 0.60 µM Ag-γ-

Fe2O3-CS 

2.7x104 dm3 

mol-1 s-1 

41 

5 Methyl 

orange, 
Congo 

red 

20 µL 0.01 M 250 µL 0.1 M 5 mg/mL (10 

µL) 

Cu-

NMOF/Ce-
doped-Mg-

Al-LDH 

3.1x10-2 s-1 42 

6 Methyl 

orange, 
Congo 

red 

0.04 mM 3 mL 0.5 mL 0.5 M 10 mg Ni/TP 43x 10-1 s-1 43 

7 Congo 
red  

50 mg/L 500 mL 50 mL 0.1 M 250 mg/L SMt/g-
C3N4/Au 

NPs 

5.91 min-1 18 

8 Congo 
red 

10 mg/L 5 mL 0.1 mol/L 4 mL 5x10-3 mol/L 
(1 mL) 

Ag NPs - 3 

9 Congo 

red 

  100 µL 100mM 20 µL Si@p-

RuNP 

- 1 

10 Methyl 

red 

50 mM 10 mL 1 mM 3 mL 0.31 mg Ag NPs 9.68x10-3 s-1 44 

11 Methyl 

red, 
Congo 

red 

1 mM 3 mL 0.5 M 0.5 mM 10 mg Ag/Gp 

catalyst 

Congo red: 

1.84x10-3 s-1 

45 
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Sl. 

no. 
Dye 

system 
Dye NaBH4  Concentration 

of catalyst used 
Catalyst  Rate 

constant 
Ref. 

concentrati

on 

volume concentrati

on 

volume concentratio

n 

12 Methyl 

red 

1 mM 2 mL 10 Mm 1 mL 8 mg Ag NPs 

doped 
carbon 

dots 

0.0233 s-1 46 

13 Methyl 
red, 

Congo 

red, 
Methyl 

orange 

1x10-4 M 1 mL 3 mg  4 mg Pd 
NPs@ch

itosan-

MWCN
T 

- 19 

14 Methyl 

orange 

1x10-5 M 1 mL 5x10-2 M 0.1 mL 5 mg  Pd-CS-

g-C3N4 

0.03 s-1 20 

15 Methyl 

orange 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

1.03x10-2 

s-1 

Pres

ent 

stud

y 
TNC-

0.04 

1.00x10-1 

s-1 

Congo 

red 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

5.46x10-3 

s-1 

TNC-

0.04 

1.02x10-2 

s-1 

Methyl 

red 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

9.23 x10-3 

s-1 

TNC-
0.04 

2.50 x10-4 

s-1 

Sudan 

III 

1x10-4 M 2 mL 1x10-1 M 2 mL 0.04 mg/mL BNC-

0.04 

5.47x10-3 

s-1 

TNC-
0.04 

8.39 x10-3 

s-1 

 

Comparing the rate constants and activity factor of BNC and TNC catalysed 

decolourisation reduction reactions of water-soluble azo dyes (methyl orange and 

congo red) with less soluble azo dyes (methyl red and Sudan III) revealed that water 

soluble azo dyes exhibited a higher rate of reaction. Relative reductive decolourisation 

of water-soluble azo dyes indicated that bis-azo dye congo red exhibited a rate constant 

almost half of methyl orange decolourisation since it was required to reduce two azo 

groups per molecule in congo red using the same amount of reducing agent. On the 

contrary, less aqueous soluble bis azo dyes Sudan III exhibited a higher rate of reductive 

decolourisation reaction than mono azo dye methyl red. Methyl red consists of 

intramolecular hydrogen bonding between the azo group’s nitrogen and carboxylic acid 

group present in its ortho position. Therefore, a decrease in rate of reaction for methyl 

red reduction may be due to the intramolecular hydrogen bond, which could restrain 

the reactive site of the azo bond from participating in the reaction.36,37 Comparison 

study was conducted for reductive decolourisation of azo dyes such as methyl orange, 

congo red, methyl red and Sudan III with previous literature reports on catalytic 

reduction/decolourisation of corresponding dyes using NaBH4 reductant (see Table 

6.3.).38-45 Comparing concentration and volume of azo dyes and reductant used, with 

other works in literature, the present study was noted to utilize a very minimum amount 
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of catalyst concentration (0.04 mg/mL in 2 mL initial azo dye solution taken). The rate 

constants and activity factor measured on the reduction of each azo dye were found as 

very competent with other literature reports. Among the rate constants obtained in the 

present study, the reduction of water-soluble mono azo dye methyl orange using TNC 

catalyst was found to have the highest value. The aqueous insoluble azo dyes were 

reduced in the ethanol-water mixture, which is also a remarkable green solvent mixture 

for the sodium borohydride reduction.  

6.3.6. Kinetics of catalytic reduction of azobenzene, recyclability studies and 

mechanism 

Catalytic reduction of azobenzene was conducted using nanocatalysts concentration 

BNC-0.04 and TNC-0.04 with the reducing agent NaBH4 in ethanol-water mixture. The 

visible colour change was not observable for azobenzene reduction in the low 

concentration (1x10-4
 M) under study. UV-vis absorption spectroscopy was used to 

analyse the rate of reduction of azobenzene using the BNC and TNC catalyst system 

(see Figure 6.11. A and C). Azobenzene solution (1x10-4
 M, 50 mL) was prepared in 

33% ethanol solution in water. The reduction reaction was completed in ⁓ 240 s and ⁓ 

120 s using BNC-0.04 catalyst and TNC-0.04 catalyst, respectively, by treating with 

the same volume of 1x10-1 M NaBH4. Kinetic analysis was further carried out using 

linear regression fit of the graph plotted for ln (A/A0) against the progress of the reaction 

(see Figure 6.11 B and D). The reaction rate constant and corresponding activity factor 

using BNC-0.04 nanocatalyst was 1.025 x10-2 s-1 and 128.13 s-1 g-1, and for TNC-0.04 

nanocatalyst, it was 2.586×10-1 s-1 and 3232.50 s-1g-1, respectively. Therefore, the 

ternary nanocomposite exhibited a higher rate constant than the binary nanocatalyst for 

azobenzene reduction. Large-scale reduction of azobenzene was achieved as a model 

reaction to azo compounds, by taking azobenzene (0.10 g, 0.027 M, 25 mL) and on 

treatment with NaBH4 solution (2.027 M, 25 mL) in the presence of BNC-0.18 (see 

Figure 6.11. C). The progress of the reaction was monitored as a gradual change of the 

reddish orange colour of azobenzene solution to the colourless product. The completion 

of the reaction was monitored as the time at which reaction mixture get decolourised. 

The completion of the reaction for the large-scale reduction was accomplished within 

a short reaction time of 15 minutes, which promises the future utilisation of a catalyst 

for industrial-scale running of reductive decolourisation of azo compounds.   
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Figure 6.11. UV-vis absorption spectra of catalytic reduction of azobenzene using 

BNC-0.04 (A) catalyst and TNC-0.04 (C) in different time intervals. Linear relationship 

plot of ln (A/A0) against time for reduction of azobenzene using catalyst BNC-0.04 (B) 

catalyst and TNC-0.04 (D). Large scale reduction of azobenzene (E) 

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 6.12.). Conversion percentage of azobenzene reduction product was 

calculated using UV-vis spectra. BNC was recycled and analysed for five consecutive 

cycles and TNC 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. BNC has shown catalytic conversion of 70.78 

% in the 5th catalytic cycle, whereas TNC has shown 83.63 % conversion in the 6th cycle 
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in identical conditions. Catalytic conversion (%) for successive cycles indicated better 

TNC efficiency than BNC for higher catalytical cycles. The conversion (%) obtained 

from the UV-vis absorbance spectroscopy have revealed that nanocatalyst TNC 

activates the reaction comparably greater than BNC in multiple cycles. Nanocatalysts 

were recovered from the reaction mixture via centrifugation and washing before 

subsequent uses. 

 

Figure 6.12. Catalytic conversion percentage of BNC-0.04 (A) and TNC-0.04 (B) in 

successive catalytic cycles of azobenzene reduction.   

The reaction product(s) obtained after large-scale catalytic reduction of 

azobenzene was isolated by ether extraction. The product obtained was a colourless 

solid that turned pale yellow with time. Mechanistic investigation of isolated product 

was carried out using 1H NMR spectroscopy and high-resolution mass spectroscopy. 

Expected products of azobenzene reduction are hydrazobenzene, aniline, or both. 

Hydrazobenzene is formed due to the chemoselective hydrogenation of azobenzene, 

whereas aniline is the product of uncontrollable hydrogenation of azobenzene. Both 

these products individually contribute to different applications having synthetic 

importance in organic chemistry. The preparation of selectively formed 

hydrazobenzene is synthetically more prominent because of one step economically 

viable preparation strategy. The purity of the product and the obtained yield are also 

important for consideration. While analysing the isolated product of catalytic reduction 
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Figure 6.13. NMR spectra of azobenzene (A) and catalytic reduction product of 

azobenzene (B). Photographs of purchased azobenzene (C) and isolated product of 

azobenzene after catalytic reduction with BNC-0.18 (D) 

of azobenzene, the melting point of the isolated product was determined as 125°C (the 

solid started to melt at 122°C and melted completely at 125°C), which is comparable 

to the melting point of hydrazobenzene. Product  determination was carried out with H1 

NMR spectroscopy in dueteriated chloroform. 1H NMR spectra of azobenzene (AB) 

and reduction product (AB-P) were recorded separately (see Figure 6.13.). 1H NMR 

spectra (400 MHz, CHCl3, δ ppm) of AB was 7.5 (m, 6H) and 7.95 (d, 4H). 1H NMR 

spectra (400 MHz, CHCl3, δ ppm) of AB-P were 5.57 (s,2H), 6.85 (d, 6H) and 7.2 (t, 

4H). The peak shifts in 1H NMR spectra and the corresponding number of hydrogens 

for peak intensities of azobenzene reduction product AB-P was observed as that of 

hydrazobenzene.46 High-resolution mass spectra of AB-P were recorded to confirm the 

formation of hydrazobenzene product.47,48 AB-P exhibited mass spectra peaks having 

m/z values 168.06 (highest abundant peak), 185.11 (second highest abundance) and 

108.07. The peak at 185.11 can be attributed to protonated hydrazobenzene and further  

degradations occur to obtain other peaks at lower m/z values 168.06 and 108.07. 

Positions of HR-MS peaks are the same in position as observed for hydrazobenzene in 

literature, and this confirmed the formation of 100 % of hydrazobenzene product as a 



Chapter 6                   
 

170 
 

result of catalytic reduction of azobenzene. Solvents active hydrogen combined with 

sodium borohydride liberate hydrogen molecules and reduce the azobenzene reactant 

with the help of relay of electrons from NaBH4 to reactant moiety through conducting 

nanocatalyst. The plausible mechanism of azobenzene reduction using NaBH4 as a 

reducing agent with TNC or BNC as a catalyst, is illustrated in Figure 6.14. (with 

reference to the mechanism proposed for the reduction of nitrophenol discussed in 

chapter 5). 

  

Figure 6.14. Illustration of plausible mechanism for catalytic chemoselective 

hydrogenation of azobenzene    

   Large-scale reduction of azobenzene can be taken as a model reaction for 

azocompounds decolourisation study using sodium borohydride reductant and 

heterogeneous silver nanocatalysts. Selective hydrogenation of azobenzene to 

hydrozobenzene by the utilisation of BNC and similar activity using TNC nanocatalysts 

assures the future industrial-scale treatment. The utilisation of a green solvent ethanol-

water mixture to reduce less polar organic azo compounds is attractive factor for 

reduction. Kinetic analyses revealed that higher performance using ternary nanocatalyst 

TNC than binary nanocatalyst BNC for reductive treatment of azo dyes such as methyl 

orange, congo red and the less water-soluble azo dye sudan III. Binary nanocatalyst 

BNC is more suitable for the reductive treatment of methyl red azo dye (see Figure 

6.15) 
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Figure 6.15. Outline of reductive treatment of azo compounds carried out in present 

study and their advantages.                

6.4. Conclusion 

 Decolourisation of azo dyes by catalytic reduction was carried out with NaBH4 

as a reducing agent and in the presence of a dispersed form of the binary nanocatalyst 

BNC or the ternary nanocatalyst TNC. Decolourisation of water-soluble azo dyes 

methyl orange and congo red was conducted in an aqueous medium and that of less 

water soluble azo dyes methyl red and Sudan III was achieved in a suitable proportion 

of ethanol-water green solvent mixture. The rate constants of decolourisation was 

obtained for methyl orange, congo red, methyl red and sudan III were 1.03 x10-2 s-1
, 

5.46 x10-3 s-1
, 9.23 x10-3 s-1 and 5.47x10-3 s-1 respectively by using nanocatalyst BNC-

0.04. At the same time, the rate of decolourisation using nanocatalyst TNC-0.04 were 

1.00x10-1 s-1, 1.02x10-2 s-1, 2.50 x10-4 s-1 and 8.39 x10-3 s-1 for methyl orange, congo 

red, methyl red and Sudan III respectively. Chemoselective catalytic reduction of azo 

benzene was conducted in 33% ethanol-water mixture with the reducing agent NaBH4 

and BNC-0.04 as catalyst. The reduction rate was obtained as 1.025 x10-2 s-1 and the 

corresponding activity factor as 128.13 s-1 g-1. The investigation of isolated product was 
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conducted with 1H NMR spectroscopy and high-resolution mass spectroscopy which 

revealed formation of 100% pure and selective product hydrazobenzene. High 

concentration reduction of azobenzene was also attained in a very short time of 10 

minutes. HRMS fragmentation spectrum of AB-P has observed with the molecular ion 

values 168, 185 and 180 as m/z values confirming the formation of hydrazobenzene as 

the product in azobenzene reduction.  
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