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Abstract

The remarkable catalytic and sensing capabilities of metal nanoparticles and 

nanoclusters have garnered much interest. They are perfect for environmental applications 

because of their high surface-to-volume ratio and adjustable surface chemistry. Pollution, 

especially organic pollutants like synthetic colours, causes major ecological and health risks in 

addition to other environmental problems. The most common catalyst among the different 

transition metals is silver in the form of nanoparticles and nanoclusters, with sodium 

borohydride (NaBH4) serving as a co-catalyst. The catalytic behaviour of nanoparticles and 

nanoclusters in the presence of NaBH4 is highlighted in this research. This review paper 

illustrated the function of NaBH4 in dye degradation, covering the removal mechanism, 

reaction ordering, reaction kinetics and influence of co-catalysts under different 

physicochemical conditions. These review articles will hopefully be an asset for the new 

researchers to working in the field of sustainable water management and nano catalyst with 

clarified idea of reductive photocatalyst with sodium borohydride. In order to facilitate quick 

electron transfer to dye molecules and accelerate their degradation, sodium borohydride acts 

as an electron donor and experiences surface oxidation on metal catalysts

Keywords: Nanoparticles; Nanocluster; Sodium Borohydride; Dye Degradation; Water 

Contaminant; Sustainable Water Management.
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1. Motivation

Due to its strong reducing capacity and quick electron-donating characteristics, sodium 

borohydride (NaBH4) has been widely used in dye degradation investigations. It is very 

successful at reducing a variety of organic dye compounds. Several experimental studies have 

shown how effective it is at changing and decolorising resistant dyes, either on its own or in 

conjunction with catalytic systems. The use of NaBH4 in dye degradation processes has been 

documented in a large number of research articles, but there aren't many specialised review 

papers that methodically gather, analyse, and critically assess its mechanistic role, efficiency, 

limitations, and comparative performance in such systems. In contrast, a lot of research has 

been done on the breakdown of dyes using hydrogen peroxide (H2O2), a common oxidising 

agent.1 Because of its use in advanced oxidation processes (AOPs), a number of thorough 

reviews and research publications describing reaction pathways, catalyst systems, operational 

parameters, and environmental consequences have been published. A substantial knowledge 

gap in NaBH4-based reduction techniques for dye degradation is shown by this imbalance in 

the literature. The current review (Scheme 1) is therefore highly motivated to close this gap by 

methodically emphasising the significance of NaBH4 as a powerful reducing agent, critically 

examining its function, mechanisms, benefits, and difficulties in dye degradation, and situating 

it within the larger framework of environmental remediation and wastewater treatment 

technologies.

Scheme 1; Degradation of dye with and without Sodium Borohydride 

2. Introduction

An important natural resource for both life and the development of technology is water. 

However, because numerous enterprises release wastewater for a variety of purposes 

worldwide, growing industrialisation has greatly increased aquatic pollution, as mentioned in 

Table 1.2,3,4 Significant sources of pollution include the electrochemical industries, which 

NaBH4
NPs

Without NaBH4
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include the production of batteries, electroplating, and chlor-alkali. Toxic metals such as lead, 

cadmium, mercury, chromium, and cyanides are released into water bodies by these processes, 

frequently in excess of permissible levels. Metal pollution in aquatic systems is also 

exacerbated by corrosion brought on by carbonates and chlorides in the water, which is an 

electrochemical process in and of itself.4,5,6,7,8 Significant global water and soil pollution has 

resulted from the fast rise in industrial effluent discharge, mostly as a result of the presence of 

persistent organic pollutants, including dyes, pesticides, and phenolic compounds. Even at low 

quantities, synthetic dyes, especially those emitted by the paper, pharmaceutical, food 

processing, textile, and cosmetic sectors, pose serious dangers to human health and the 

environment. Ten percent or more of these dyes are left untreated during industrial processing, 

which has detrimental effects on the environment. Their persistence in aquatic systems disrupts 

aquatic photosynthesis and puts aquatic animals at risk by changing the colour of the water, 

decreasing light penetration, decreasing the amount of dissolved oxygen available, and 

increasing biological oxygen demand. Table 1. Because of their mutagenic and carcinogenic 

qualities, azo dyes are especially concerning among them. This highlights the urgent need for 

sophisticated treatment methods and strict control to lessen their negative effects.9,10, 

11,12,13,14,15,16,17,18,19,20

Table 1: Types of pollutants, their sources and effects

Pollutant Type Examples Sources Effects
Heavy Metals Lead, Cadmium, 

Mercury, Chromium
Batteries, 
tanneries, mining

Bioaccumulation, 
carcinogenic, organ 
damage

Organic Dyes Indigo, Henna, 
Methylene Blue

Textile, paper, 
cosmetic 
industries

Toxicity, mutagenicity, 
reduced light 
penetration

Plastic Pollution One-time use plastic, 
microplastic

Fishing net, 
packing 
dispatches

Consumption of marine 
life, bioaccumulation, 
ecological imbalance, 
and pollution of soil 
and water

Biological Factors 
(example: Bacteria, 
Algae)

Salmonella, E. coli, 
Cyanobacteria

sewage, food, 
water, and animal 
waste that are 
contaminated and 
eutrophication

food poisoning, 
cholera, typhoid, and 
nausea. Aquatic animal 
toxicity, liver damage, 
and skin irritation.

The expanding potential of nanomaterials in water treatment, particularly for poorer 

nations where affordability is essential, such as India and other developing countries. Because 

they use fewer raw materials, use less energy, and are more ecologically friendly, especially 
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when made with green chemistry principles, nanomaterials have benefits over traditional 

technology. However, due to a lack of quantitative evidence about long-term advantages and 

worries about the effects of nanoparticles on the environment and human health, their broad 

adoption is still up for dispute. Notwithstanding these reservations, nanotechnology has the 

potential to provide effective, reasonably priced, and environmentally friendly water 

purification solutions through its use as sorbents, catalysts, and nanofiltration membranes.21 

For the destruction of organic contaminants in water, photocatalysis is a popular and 

sustainable environmental remediation technique. In this process, light energy is absorbed by 

a photocatalyst (usually a semiconductor material like TiO2, ZnO, or g-C3N4), which then 

produces electron-hole pairs when exposed to photons of the right energy.22 These 

photogenerated charge carriers go to the surface of the catalyst, where they take part in redox 

processes and create reactive species that can break down organic pollutants. Co-catalysts are 

frequently added to the system to improve photocatalytic performance. Co-catalysts facilitate 

effective charge separation, inhibit electron-hole recombination, and accelerate surface redox 

processes. They can be chemical agents like NaBH4 and H2O2 or metal nanoparticles like Ag, 

Au, and Fe. Since catalytic activity is maintained by the quick and focused transport of 

electrons from the photocatalyst to the co-catalyst or directly to adsorbed pollutant molecules, 

electron transfer is a crucial mechanistic element controlling photocatalytic efficiency. When 

co-catalysts are added, favourable electron transfer paths are created, which speed up electron 

shuttling, reduce recombination losses, and eventually result in much higher photocatalytic 

degradation efficiency.23

3. Nanocluster V/S Nanoparticles

The difference between nanoparticles (NPs) and metal nanoclusters (NCs). Nanoparticles 

are unique due to their larger surface area (1-100 nm). One such property is surface plasmon 

resonance (SPR), which occurs when light interacts with the electrons on the surface of the 

nanoparticle. By comparison, metal nanoclusters are much smaller (about 2 nm) and only 

contain tens to hundreds of atoms. Because of their tiny size, nanoclusters lack the surface area 

necessary for surface plasmon resonance (SPR) but have properties more like molecules, such 

as luminescence and catalysis. To put it simply, nanoclusters serve as a conduit between the 

activities of individual atoms and larger nanoparticles.24 Nanoparticles (NPs) may endure 

numerous reaction cycles, are structurally stable, and do not aggregate. They are appropriate 

for direct use in wastewater treatment facilities because they may be produced in large 
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quantities at a reasonable cost. Additionally, NPs retain their catalytic activity in the presence 

of high pollutant concentrations, fluctuating pH levels, and extended radiation exposure. They 

are very versatile since their composition and shape (spheres, rods, and cubes) can be changed 

to adjust their photocatalytic activity. Because they strike a compromise between durability, 

cost, and efficiency, NPs are already widely used in the degradation of dyes and pollutants. 

Nanoclusters (NCs), on the other hand, are extremely small (less than 2 nm), frequently 

unstable, and oxidation prone. They need protective ligands or support, like polymers or TiO2 

sheets, to stop degrading. Their synthesis necessitates exact control, which is costly and 

challenging to scale. Additionally, NCs tend to deteriorate or leak in adverse environments, 

which restricts their long-term applicability. NCs are primarily researched as advanced model 

catalysts and are more composition-restricted than NPs. Although they provide extremely high 

catalytic efficiency in well-regulated lab settings, their practical implementation is fraught with 

difficulties.25,26

4. Dye degradation

There are varieties of dye (Fig. 1), and in chemistry, dyes have a variety of uses. They 

are used as colourants, reactants, indicators, and catalysts in organic synthesis, catalysis, 

photocatalysis, and materials science processes. Recent research highlights how they work with 

nano catalysts to clarify reaction kinetics and mechanisms, especially in clock reactions and 

advanced oxidation processes. Many industrial uses, such as textiles, inkjet printing, and 

analytical chemistry, rely on aromatic and heterocyclic dyes, whereas reactive dyes are prized 

for their ability to establish covalent bonds with substrates like cellulose and synthetic fibres, 

allowing for long-lasting colouration. In photochemical and environmental applications, dyes 

also serve as redox agents and photosensitizers. This is particularly true in wastewater 

treatment, where learning how dyes degrade due to radicals is essential to creating long-term 

remediation plans. 27,28,29,30,31 The high specific surface area and plentiful active sites of the 

catalysts used in dye treatment systems enable effective adsorption of dye molecules and 

accelerate the rates of dye breakdown. Catalysts also facilitate sophisticated oxidation 

processes, which allow dyes to be efficiently mineralised into ecologically safe final products. 

By enhancing the separation and conveyance of photogenerated charge carriers, the addition 

of co-catalysts, such as metal nanoparticles or appropriate chemical agents, further improves 

catalytic efficiency. By acting as charge-transfer mediators or electron sinks, these co-catalysts 

greatly boost the overall reaction rate and degradation efficiency by preventing electron-hole 

recombination. 32,33
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Fig. 1 Using a flowchart, the figure classifies various dyes according to their chemical 

components and place of origin.

4.1 Methylene blue 

The strong blue colour and redox adaptability of methylene blue (MB) are caused by 

its planar, cationic aromatic structure, which is a heterocyclic phenothiazine derivative. MB 

was first created as a textile dye, but it has subsequently been used in biology, medicine, and 

environmental science. Its reversible redox cycling with leucomethylene blue supports its 

functions in catalysis, electron transport, and therapy (such as the treatment of 

methemoglobinemia). In studies of adsorption and photocatalytic degradation, the molecule 

serves as a reference dye, a fluorescent probe in imaging, and a photosensitiser in 

photodynamic treatment. Clinical applications for MB include antibacterial, antimalarial, 

diagnostic stain, surgical marker, and new neuroprotective techniques. In terms of the 

environment, it is frequently used as a model contaminant in studies on water purification; 

however, discrepancies in published physicochemical data underscore the necessity of standard 

operating procedures. Although it has a wide range of applications, its toxicity at higher 

concentrations calls for careful use.34, 35,36,37

4.2 Crystal violet

A cationic triphenylmethane dye (C25H30N3Cl), crystal violet (CV) is utilised 

extensively in materials research, biological staining, and microbiological detection because of 

its great visible light absorption, vivid violet colour, and remarkable nonlinear optical 

characteristics. It can improve the dielectric, piezoelectric, and thermal characteristics of host 

crystals like ADP and KDP in addition to its initial usage as a textile dye. It also finds utility 

in optoelectronic and sensing devices. Environmental problems arise from its persistence and 
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resistance to biodegradation, yet its strong affinity for negatively charged surfaces makes it 

useful in adsorption and environmental investigations. The need for cautious handling and 

efficient wastewater cleanup techniques is further highlighted by the fact that CV is known to 

have toxic, genotoxic, and possibly carcinogenic effects. Numerous studies have been 

conducted on the removal of CV from wastewater utilising inexpensive adsorbents such carbon 

nanotubes, grapefruit peels, and industrial wastes. Because of its high optical activity, it is used 

in nonlinear optics, lasers, and sensor technologies.38,39,40,41,42,43 

4.3 Rhodamine B 

Rhodamine B (RhB) is a synthetic cationic dye based on xanthene that is widely used in 

materials science, textiles, food colouring, and biological staining because of its bright pink-

red fluorescence, which allows for a wide range of applications in microscopy, spectroscopy, 

and sensing. Enhancing its functional flexibility are its water solubility and π-π and electrostatic 

interactions with a variety of substrates. Significantly, RhB is a potential element in smart 

materials and sensor technologies due to its stimuli-responsive chromic behaviour, which 

manifests as colour and fluorescence variations under various environmental circumstances. 

Although it is frequently found in textile wastewater, RhB is also known to be a persistent and 

hazardous contaminant that is resistant to biodegradation and may be carcinogenic and 

mutagenic. With growing interest in photo electrocatalysis and nanostructured adsorbents as 

sustainable remediation techniques, a significant amount of research has been devoted to 

creating effective removal strategies, such as adsorption and photocatalytic degradation 

employing nanomaterials, activated carbons, and sophisticated photocatalytic systems.44,45,46,47

4.4 Bromocresol green

A triphenylmethane dye of great analytical significance, bromocresol green (BCG) is 

mostly used as a pH indicator and biochemical reagent because of its characteristic colour shift 

from yellow in acidic (pH < 3.8) to blue-green in alkaline (pH > 5.4) circumstances. Due to its 

ionisable molecular structure, which promotes stable compound formation with proteins, BCG 

has a significant absorbance maximum at 616 nm under alkaline circumstances. It also has low 

solubility in water but increased solubility in alcohols. Its broad use in biochemical tests, such 

as serum albumin measurement, is supported by this property. Its relevance in analytical 

chemistry has expanded because to recent studies of its thermodynamic and aggregation 

behaviours, which have shown that interactions with solvents like alcohols and diols 

significantly alter its spectrum and binding characteristics.48,49,50,51 Beyond its use in 

laboratories, BCG has been integrated into intelligent food packaging systems as a pH-sensitive 

Page 8 of 61Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:5

7:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6NA00073H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00073h


9

indicator for real-time freshness monitoring, particularly in fish products. Studies on its 

removal from wastewater through adsorption using agricultural byproducts like rice husks and 

corn cobs have also highlighted its environmental relevance. Its flexibility in clinical, 

environmental, and industrial domains is further demonstrated by its ability to form ion-pair 

complexes with pharmaceutical molecules, which permits its use in spectrophotometric drug 

testing, namely for quality control of antihypertensives.52

5. Sodium Borohydride (NaBH4)

Different structures of NaBH4 have been reported in the literature. At ambient conditions 

(STP), the cubic R-phase is the most stable phase. The -phase exists at low temperature, while 

the γ-phase is only observed at high pressure. 53,54,55,56,57,58,59,60 The stability of NaBH4 is 

discussed in the paragraph as being crucial for its application in portable hydrogen generators, 

especially in low-temperature fuel cells for transportation. NaBH4 solutions provide a cleaner 

substitute for gasoline since they can hydrolysis hydrogen. NaBH4 hydrolysis, however, 

produces sodium hydroxide (NaOH) during storage, which raises pH and inhibits more 

hydrolysis. Temperature and pH have the biggest effects on the rate of hydrolysis, which is 

slower in alkaline environments. For dependable industrial use, additional information on 

storage parameters particularly temperature and the hydrolysis rate is crucial, even though 

NaBH4 solutions with water and NaOH are more stable over time. Understanding these 

characteristics during periods when hydrogen production is not active is the main goal of this 

work. In the process of creating nanoparticles, NaBH4 fulfils several vital roles. 10, 11,12,13,14,15,16 

It is a powerful reducing agent that, even at room temperature, quickly converts metal salts to 

their elemental metal form. By causing an abrupt burst of nucleation that aids in the creation 

of homogeneous nanoparticles, its quick reduction kinetics are also essential for nucleation 

control. Moreover, particle size regulation is influenced by NaBH4; with greater 

concentrations, smaller, more monodisperse particles tend to form. In some situations, it also 

aids in stabilisation since the borate byproducts produced during the reaction have the ability 

to adhere to the surface of the nanoparticles and stop them from aggregating. Additionally, 

NaBH4 demonstrates the capacity to reduce some metal ions more easily than others61,62,63

The decomposition technique, which frequently makes use of heat, catalysts, or 

chemical processes, entails disassembling a complex into simpler chemicals or components. In 

the context of chemical processing or water treatment, this usually entails dissolving 

contaminants or reactants into forms that are safer or easier to handle.64,65 Along with a nano 

catalyst, H2O2 or NaBH4 is often used for dye degradation as a co-catalyst. H2O2 and NaBH4 
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both are both unstable under reaction conditions. The decomposition of H2O2 was mentioned 

in equations 1 and 2.66

Decomposition of Hydrogen Peroxide

                                                        2𝐻2 𝑂2→2𝐻2𝑂 +  𝑂2                                                    (1)

Hydrolysis of Sodium Borohydride

                                              𝑁𝑎𝐵𝐻4 +  2𝐻2𝑂 →𝑁𝑎𝐵𝑂2 +4𝐻2↑                                      (2)     

The mechanistic features of  NaBH4 hydrolysis on face-centred cubic cobalt (fcc-Co) 

surfaces were investigated using density functional theory (DFT) simulations, with a focus on 

the involvement of surface-adsorbed hydroxyl (·OH) radicals. Because of its ideal surface 

coordination and electronic structure, the Co(III) surface has the best adsorption energetics and 

the lowest activation barriers for NaBH4 breakdown, according to periodic slab models of low-

index cobalt facets. Metal-to-borohydride electron transfer during adsorption on Co(III) 

significantly weakens B-H bonds, allowing progressive hydride abstraction and hydrogen 

development. Surface hydroxyl radicals were found to have a significant impact on the reaction 

energy landscape; while excessive ·OH adsorption causes surface crowding and kinetic 

inhibition, moderate ·OH coverage stabilises transition states through hydrogen bonding and 

electrostatic interactions, thereby lowering activation barriers. In line with a surface-assisted, 

stepwise reaction route, the hydrolysis progresses through thermodynamically stable 

intermediates like NaBH3OH and NaBH3O. Strong hybridisation between Co d-orbitals and 

borohydride species is revealed by electronic density of states analysis, which facilitates 

effective electron transport and explains cobalt's high catalytic activity. In general, the work 

offers an atomic-level understanding of how hydroxyl species and surface structure control 

hydride activation and reaction kinetics during NaBH4 hydrolysis.67     

The pH of the solution has a significant impact on the speeds at which this reaction 

progresses and produces hydrogen gas. Because protonation of the hydride (BH4⁻) promotes 

quicker bond breakage and hydrogen evolution, the hydrolysis rate is greatly enhanced in very 

acidic or neutral circumstances. The BH4⁻ ion, on the other hand, is more stable in alkaline 

solutions, and hydrolysis proceeds much more slowly because basic media have better 

borohydride stability and less proton availability. Therefore, alkaline conditions (e.g., pH > 10) 

extend the half-life of NaBH4 solutions and prevent fast breakdown, making them more 

appropriate for regulated applications like catalytic processes or hydrogen storage. While lower 
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pH settings accelerate hydrogen evolution and increase the protonation of BH4⁻, raising pH 

generally increases the reaction activation energy and decreases the rate constant of NaBH4 

hydrolysis. Additionally, experimental findings demonstrate that the self-hydrolysis of NaBH4 

causes the pH of the solution to rise as the hydrolysis proceeds, ultimately generating a borate 

buffer around pH ~9.4–9.5, which subsequently slows down additional hydrolysis and 

hydrogen generation. Hydrolysis kinetics in acidic environments may be described as pseudo-

first-order concerning NaBH4, and the rate constants are often greater than in alkaline 

systems.68,69                       

5.1 Applications of NaBH4

5.1.1 Organic chemistry and the pharmaceutical industry

In organic chemistry, NaBH4 is a widely used and versatile reducing agent that 

selectively reduces carbonyl functional groups. It most frequently converts aldehydes and 

ketones into their corresponding primary and secondary alcohols under mild conditions 

through hydride ion attack on the electrophilic carbonyl carbon followed by protonation. This 

transformation is fundamentally important in chemical synthesis because it provides an 

effective, controllable, and highly selective route for producing a wide range of alcohols. As a 

result, it is widely used in both laboratory and industrial processes, including the synthesis of 

pharmaceuticals, fine chemicals, and functional materials.70,71 

5.1.2 Industrial applications

Sulphur dioxide (SO2) is converted to sodium dithionite (Na2S2O4) in the pulp and paper 

industry using sodium borohydride (NaBH4) as a reducing agent. Due to its ability to 

selectively remove chromophoric groups in lignin without causing significant breakdown of 

cellulose fibres, sodium dithionite is a commonly used bleaching chemical for wood pulp. The 

mechanical strength of the paper is maintained while pulp brightness and quality are improved. 

As a result, the use of sodium borohydride in the in situ manufacture of sodium dithionite is of 

significant industrial significance, supporting effective, superior, and ecologically sustainable 

paper manufacturing processes.72

5.1.3 Environmental and Energy Applications

The strong reducing capabilities of NaBH4, which allow the transformation and 

detoxification of a wide spectrum of hazardous contaminants, have garnered significant interest 

in wastewater treatment. Toxic organic molecules, dyes, and certain heavy metal ions may all 
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be successfully reduced by it, which lessens their ecological impact and environmental 

persistence. Additionally, by inactivating dangerous bacteria and enhancing overall effluent 

quality, NaBH₄-assisted reduction operations can aid in wastewater disinfection, contributing 

to pollution control and environmental protection.73 

5.1.4 Hydrogen storage

Sodium borohydride has a large gravimetric hydrogen content, it has also been thoroughly 

studied as a potential hydrogen storage material. In the presence of appropriate catalysts, 

NaBH₄ hydrolyses to produce sodium metaborate as a byproduct while releasing hydrogen gas 

in a regulated way. Because of its capacity to produce hydrogen on demand, sodium 

borohydride is a promising option for hydrogen supply in fuel cell technologies and portable 

energy systems, underscoring its potential contribution to clean and sustainable energy 

applications.74

6. Co-Catalyst

A chemical species known as a co-catalyst works in tandem with a primary catalyst to 

enhance a catalytic system's overall performance. It performs an auxiliary function by renewing 

the active catalytic sites, altering the reaction environment, or enabling other mechanistic paths, 

in contrast to the primary catalyst, which starts the process directly. By speeding up the overall 

reaction rate, improving selectivity by guiding the catalyst towards particular reaction 

pathways, stabilising the catalyst by preventing deactivation, and supplying necessary 

intermediates like electrons, protons, or other reactive species needed to maintain the catalytic 

cycle, the addition of a co-catalyst can greatly increase catalytic efficiency.75,76

6.1 Comparison of co-catalysts 

As a well-known strong reducing agent, sodium borohydride (NaBH4) is helpful in a variety 

of chemical processes since it easily transfers electrons to other molecules. It is fairly robust in 

its solid (dry) state and is resistant to degradation at temperatures as high as 400 °C. It is only 

stable in alkaline (basic) solutions when dissolved in water, though, and breaks down gradually 

under these circumstances. Sodium metaborate (NaBO2) and hydrogen gas (H2) are the primary 

byproducts of this breakdown. Because it is corrosive and generates hydrogen gas, which is 

extremely combustible and dangerous for explosions, NaBH4 must be handled cautiously even 

if it is quite successful in chemical reductions. A potent oxidising agent, potassium persulfate 

(K2S2O8) readily takes electrons from other materials and initiates potent chemical reactions. 

At temperatures exceeding 100 °C, it remains stable, but at around 120 °C, it begins to degrade. 
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Sulphate ions (SO4
2⁻) and very reactive free radicals are produced during this breakdown. In 

advanced oxidation processes (AOPs), which are techniques used to break down or eliminate 

contaminants from water and the environment, these radicals are very helpful. K2S2O8 must be 

treated carefully, nevertheless, because of its potent oxidising ability, which can be hazardous 

to people and cause skin and eye irritation. At about 150 °C, hydrogen peroxide (H2O2), a 

frequently used oxidising agent, thermally breaks down to produce oxygen (O2) and water 

(H2O). Under normal circumstances, it decomposes somewhat slowly in aquatic settings, but 

the presence of transition metal catalysts (such as Fe2+ and Cu2+) can significantly speed up 

this process. Its use in Fenton and photo-Fenton procedures, which produce very reactive 

hydroxyl radicals (•OH) for the effective destruction of organic contaminants, is supported by 

this catalytic activation. Although hydrogen peroxide is less intrinsically stable than 

persulfates, its reactivity and capacity to produce radicals make it a flexible oxidant in a variety 

of industrial and environmental settings. It is typically safe to handle at low concentrations, but 

at large concentrations, its tremendous oxidising power and dramatic decomposition potential 

which, if not well controlled, might lead to explosive events, pose serious risks. A comparative 

study is mentioned in Table 2.76,77,78,79,80,81,82,75,83,84

Table 2: Comparison between reagents; NaBH4, K2S2O8 and H2O2

Properties Sodium 
Borohydride

Potassium 
Persulfate

Hydrogen Peroxide

Nature of chemical Reducing Strong oxidizing Oxidizing

Decomposition NaBO2 + H2 SO4
2⁻ + free radicals H2O + O2

Toxicity Releases flammable 
gas, corrosive

Oxidizer: create 
irritation in eyes and 
on skin

Explosive at high 
concentration

6.2 Advantages and disadvantages of NaBH4 as a co-catalyst

Sodium borohydride (NaBH4) is a very efficient reducing agent that is widely employed 

in catalytic reduction and chemical synthesis. In its dry state, it has selective reducing activity 

towards aldehydes, ketones, and certain metal ions and is thermally stable up to about 400 °C. 

It can also break down to produce hydrogen gas, which could have uses in energy systems. 

Unfortunately, NaBH4 decomposes quickly outside of alkaline conditions and is only stable in 

aqueous solutions. Strict handling precautions are necessary due to the corrosive nature of the 

breakdown, which generates flammable hydrogen gas that poses a risk of explosion. Its 
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extensive use is further restricted by its comparatively high cost in comparison to other 

lowering agents.85,86,87,88,89,90,91 Although sodium borohydride (NaBH4) has been thoroughly 

studied as a material for storing hydrogen, a number of restrictions prevent its widespread use. 

Its commercial viability is diminished by the high energy and expense of NaBH4 production 

and regeneration, as well as the lack of effective recycling techniques. While solid NaBH4 is 

rather stable, its hydrolysis requires catalysts and controlled circumstances, as it is extremely 

reactive with water, making safe storage and handling problematic, particularly in humid 

situations. Transition metal catalysts like cobalt, nickel, or platinum are often required for 

efficient hydrogen generation; however, their long-term performance is limited by their high 

cost and susceptibility to deactivation by sintering or poisoning. Moreover, sodium metaborate 

(NaBO2) is a byproduct of hydrolysis that adds obstacles to sustainable use and complicates 

regeneration cycles. In comparison to other hydrogen carriers like ammonia borane and liquid 

organic hydrogen carriers, NaBH4 exhibits inferior energy efficiency when assessed over its 

whole life cycle, which includes manufacturing, storage, and regeneration. Its practical 

implementation is further hampered by the need to transport both the hydride and water for 

maritime and portable energy applications, which raises system complexity and lowers 

gravimetric efficiency.92,93,94,95,96 

Sodium borohydride (NaBH4) is one of the most effective reducing co-catalysts for dye 

degradation because of its high hydride-donating capacity and rapid electron-transfer kinetics. 

NaBH4 facilitates the rapid and often complete reduction of a range of dye molecules under 

moderate reaction conditions when paired with suitable catalysts, such as metal nanoparticles 

or nanoclusters, leading to notable degradation efficiencies in short amounts of time. NaBH4's 

great reactivity makes it an excellent choice for laboratory-scale research and mechanistic 

investigations of catalytic dye degradation. On the other hand, alternative reducing agents like 

formic acid, sodium sulphite, sodium dithionite, and hydrazine hydrate usually exhibit slower 

reaction kinetics or lower reduction potentials, which may lead to lower degradation rates, the 

requirement for harsher operating conditions, and the generation of secondary byproducts.97 

Although these agents are often less expensive and may thus be more suitable for large-scale 

applications, their efficacy is limited by their inefficiency and compatibility with different 

catalytic systems. Economically speaking, NaBH4's somewhat higher cost would prohibit its 

direct use in large-scale wastewater treatment; however, this drawback is largely compensated 

for by its high efficiency, low dosage need, and effectiveness under ambient conditions. As a 

result, while less costly reducing agents are still being researched for economically viable 
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industrial-scale applications, NaBH4 is typically used in high-efficiency catalytic dye 

degradation experiments.98,99

7. Nanoparticles for dye degradation with NaBH4 as co-catalyst

NaBH4 is a best reducing agent that turns metal salts like Ag+, Au3+, and Pd2+ into their 

metallic forms by moving hydride ions from one place to another. This quick drop lets you 

make uniform nanoparticles in a controlled way. NaBH4 is a popular choice for making noble 

metal nanostructures for use in catalysis, sensing, and biomedical applications because it is 

efficient, selective, and works well with a range of solvents.100,101 

In the review article we discussed Ag, Au, Fe, Cu and Ni  nanoparticles as well as Ag 

nanoclusters, which were reported for the removal of dye with the help of NaBH4. We also 

mentioned them in this regard, in a tabular form (Table. 3, Fig 2 and Fig 3) in the following 

section. 

The production of metal nanoparticles utilising various reducing and stabilising systems 

has been described using a variety of green and wet-chemical methods. Ferric chloride 

hexahydrate was used as the iron precursor in the green synthesis of iron nanoparticles (FeNPs), 

with Vernonia amygdalina leaf extract acting as a natural reducing and capping agent. Plant 

extract was added dropwise to the iron salt solution in ambient circumstances, which produced 

fast nanoparticle production. To acquire pure FeNPs, centrifugation, washing, and air drying 

were then performed. Another work used polydopamine (PDA)-mediated surface 

functionalisation to immobilise gold nanoparticles onto polyvinyl alcohol beads. In order to 

create a strong PVA-PDA@Au composite, PDA concurrently functioned as a stabilising and 

reducing agent, transforming Au3+ ions from chloroauric acid into metallic Au nanoparticles 

evenly attached on porous PVA beads. Hydrazine hydrate was used as the reducing agent in a 

modified wet-chemical reduction procedure to create metal nanoparticles of copper, nickel, and 

silver. Polyethene glycol and polyvinylpyrrolidone were used as stabilisers to avoid 

aggregation. The reaction was carried out at a high temperature in an alkaline environment to 

enable controlled reduction and nucleation. It was then purified and stored in an inert 

atmosphere to avoid oxidation. On the other hand, biomolecules from plant extracts such 

Imperata cylindrica leaves and Peltophorum pterocarpum served as both capping and reducing 

agents in green production methods for silver nanoparticles. Efficient AgNP creation was made 

possible by optimising extract volume, pH, temperature, and reaction time. This was 

demonstrated by distinctive colour changes and verified by elemental analysis and post-
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synthesis purification. Together, these investigations show that stable metal nanoparticles may 

be produced using both chemical and green reduction techniques, with synthesis conditions 

being crucial in regulating particle formation, stability, and application.

Table 3: Synthesis of nanoparticles for the dye degradation with NaBH4 as co-catalyst 

Nanoparticles Precursor Condition Size and 
shape 

Application Refer
ences 

FeNPs (FeCl3·6H2O),
Vernonia
amygdalina
leaf extract,
ethanol

Room
temperatur
e

(1-4 μm)
average 
particle
size 2.31 μm

Catalytic
degradation
of Methylene
blue and
Crystal
violet dye

69

AuNPs AuCl3.HCl.4H2O, 
Polyvinyl
alcohol, 
polydopamine,
Sodium alginate,
CaCl2-saturated
boric acid, HCl,
CaCO3, Dopamine

Room
temperatur
e

spherical in
shape and
diameter
ranging 5 to 60
nm.

degradation
of
Rhodamine
B

102

AgNPs imperata cylindrica,
AgNO3

Heat 
(water 
bath) 60°C 
for 10 min.

average 
particle
size was 31 
nm.

Degradation of
methylene
blue dye

103

Ag NPs,
Ni NPs,
Cu NPs

(CuCl2.2H2O),
(NiCl2.6H2O),
(AgNO3),
(N2H4.H2O),
PEG
(biopolymer),
PVP (synthetic
polymer)

wet
chemical
reduction
method

Cu and Ag 
were
spherical to
cubic, uniform, 
and 
homogeneous 
in morphology, 
the
Ni-NPs were
Polycrystalline 
3-25 nm (Cu-
NPs), 7-38 
nm(Ni-NPs), 
4-45 nm (Ag-
NPs)

degradation of 
crystal
violet , 
bromocresol 
green , and 
methylene blue 

98

Ag NPs Peltophorum
pterocarpum
leaves, NaOH 
pallets, AgNO3,
nitric acid

80 °C for
45 min at 
pH 9

spheres and
ellipses with 
sizes in the 
range of 2–50 
nm.

degradation
of
methylene
blue dye

104
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An ecologically safe, economically feasible, and sustainable method of producing iron 

nanoparticles (FeNPs) is green synthesis, which uses plant extracts. This method eliminates the 

need for dangerous chemicals and intricate processing processes by using easily accessible 

plant-derived biomolecules in aqueous media that serve as both stabilising and reducing agents 

at the same time. In order to facilitate scalability and simplify operation, the synthesis is usually 

conducted under mild conditions, such as controlled stirring, light heating, and centrifugation. 

For large-scale applications, these limitations are usually acceptable, even if variations in 

phytochemical content may lead to batch-to-batch variations and restrict precise control over 

particle size and shape in comparison to conventional chemical approaches. Because stringent 

mono dispersity is not a crucial criterion, plant-mediated synthesis is especially well suited for 

the large-scale manufacture of FeNPs for wastewater treatment and environmental 

remediation, as mentioned in the Table. 4. On the other hand, because of their higher cost, 

increased chemical reactivity, and possible ecotoxicity, silver-based materials have substantial 

limits for widespread environmental deployment. Concerns about the usage of silver in large 

freshwater or marine systems are raised by the fact that high quantities of the metal can be 

harmful to aquatic life. Due to their lower reactivity, which minimises uncontrolled ion release 

and lowers the potential of secondary contamination in vast aquatic ecosystems, iron-based 

materials are a more feasible option with greater abundance, affordability, and environmental 

compatibility.105,106

Table 4. Various properties of a metal nanoparticle with NaBH4

Properties Iron nanoparticle Silver nanoparticle Gold nanoparticle

Metal ion reduction Fe3+ / Fe2+ → Fe0 Ag+→ Ag0 Au3+ → Au0

Kinetics’ reduction very sensitive to 
response 
circumstances; 
somewhat sluggish

quick and effective; 
rate rises with 
concentration of 
NaBH₄

due to Au³'s great 
reduction potential, 
it happens quite 
quickly.

Role of NaBH4 in 
dye degradation 

keeping the 
atmosphere reductive 
and providing 
electrons for the 
reduction of dyes.

provides electrons 
by surface-assisted 
oxidation; AgNPs 
effectively transfer 
electrons

serves as a constant 
supply of electrons; 
AuNPs transfer 
electrons to dye 
molecules.

e- transfer 

mechanism 

FeNPs serve as less 
effective electron 
relay hubs.

AgNPs facilitate 
quick electron 
transfer, which is 
amplified by 
plasmonic effects.

AuNPs serve as 
mediators and stable 
electron stores.
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Concentration of 

NaBH4

aids in reducing 
oxidation, but is 
unable to completely 
stop instability

can result in borate 
aggregation or 
surface blockage.

generally steady, 
minimal negative 
impact

The interconnected nucleation, growth, reduction kinetics, and stability mechanisms 

that control nanoparticle formation in NaBH4-assisted systems are extremely sensitive to 

reaction conditions and metal identity. NaBH4 concentration plays a crucial role in regulating 

metal atom supersaturation during the initial nucleation and growth stages of particle growth. 

Lower concentrations encourage slower nucleation and longer growth, resulting in larger and 

frequently aggregated particles, while higher concentrations cause rapid burst nucleation, 

resulting in smaller and more evenly distributed nanoparticles. Temperature controls atomic 

mobility and reduction kinetics, reaction time dictates the degree of Ostwald ripening, and pH 

affects BH4⁻ stability and nanoparticle surface charge, which in turn affects aggregation and 

dispersion. In order to stop uncontrollable aggregation, stabilisers further modify surface 

energy. Concurrently, the rate at which metal ions (such as Ag⁺, Au³⁺, Pd²⁺, and Fe³⁺) are 

transformed into their metallic states is determined by reduction kinetics, with NaBH₄ serving 

as a hydride and electron source. While conductive and plasmonic metals promote more 

effective interfacial electron transport, metals with higher standard reduction potentials, such 

Au and Ag, show quicker reduction rates than Fe-based systems. Time-resolved spectroscopic 

and kinetic investigations show that metal-dependent reduction behaviour is further influenced 

by variations in coordination chemistry, ion hydration, and electronic structure. Particularly 

under aqueous and repetitive catalytic conditions, the resulting nanoparticles' long-term 

stability is determined by their susceptibility to oxidation, aggregation, borate-induced surface 

passivation, and metal leaching. Fe-based systems are more vulnerable to oxidation, while Ag- 

and Pd-based systems are more vulnerable to aggregation or surface blocking at high NaBH4 

concentrations. Crucially, these mechanistic pathways are highly reaction-condition specific; 

variations in NaBH4 concentration, pH, reaction duration, and metal type result in noticeably 

different kinetic and stability outcomes, requiring condition-dependent and metal-specific 

analyses instead of broad interpretations. Therefore, in order to enable rational catalyst design 

rather than descriptive trend reporting, a core-level debate necessitates mechanistic cause-and-

effect correlations connecting synthesis circumstances to nucleation behaviour, reduction rates, 

electronic structure, and surface chemistry. To prevent speculative conclusions, such 

interpretations must be carefully backed by peer-reviewed evidence, such as kinetic constants, 
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spectroscopic analysis, and microscopic characterisation. The review's scientific rigour, 

practical relevance, and wider appeal to researchers interested in catalyst design, scalability, 

and environmental applications are all improved by including this depth of mechanistic insight, 

which turns it from a narrative overview into a predictive framework.97,107,108

Fig. 2 This picture is a schematic diagram that shows how various metal nanoparticles 
contribute to the catalytic degradation of dyes with the help of NaBH4. Each of the coloured 
arrows that emerge from the common source point on the left represents a catalyst for 
nanoparticles: The purple arrow indicates that Fe, Ag, Ni, and Cu nanoparticles are used to 
degrade crystal violet; the blue arrow indicates that Fe, Ag, Ni, and Cu are used to degrade 
methylene blue; the green arrow indicates that bromocresol green is degraded with Ag, Ni, 
and Cu; and the red arrow indicates that Au nanoparticles are used to degrade rhodamine B. 
On the right, each dye is shown as a coloured liquid in a beaker: rhodamine B (red), 
bromocresol green (green), methylene blue (blue), and crystal violet (purple). Arrows marked 
NaBH4 point to nearby beakers, signifying reduction or degradation in the presence of sodium 
borohydride.
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Fig. 3 The systematic diagram of atoms, functional groups, and conjugated systems makes up 
the molecular architecture of dye compounds.

7.1 Evolution of Nanoparticles

Crystal Violet

Methylene Blue

Rhodamine B

Bromocresol green
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Fig. 4 The two primary methods for producing nanomaterials depend on how the material is 
constructed or degraded, adapted/reproduced from ref 110 with permission from [Elsevier] [J. 
Microbiol. Methods], copyright 2019.

Green production of iron nanoparticles (FeNPs) was reported by 69 using a modified 

approach based on a known technique 109,110,111. Iron was derived from ferric chloride 

hexahydrate (FeCl3·6H2O). 75 mL of 0.1 M FeCl3·6H2O solution was continuously stirred with 

a magnetic stirrer at room temperature while an equal volume (75 mL) of Vernonia amygdalina 

leaf extract was added dropwise. A distinctive greyish-black colouring appeared after around 

five minutes, indicating the synthesis of FeNPs. To recover the nanoparticles, they were 

centrifuged for 15 minutes at 5000 rpm to eliminate unreacted precursors and contaminants. 

This was followed by three consecutive washings with ethanol and distilled water. At room 

temperature, the purified FeNPs were then allowed to air dry before being placed in airtight 

containers for use in later processes.69 Polyvinyl alcohol (PVA) beads coated with gold 

nanoparticles (AuNP) are created by a multi-step process. The first step was to dissolve sodium 

alginate (SA), PVA, and calcium carbonate (CaCO3) in deionised water and stir constantly for 

four hours at 95 °C to create a homogenous mixture. Ionic crosslinking enabled the creation of 

beads after the solution was cooled and extruded into a boric acid solution that was saturated 

with calcium chloride (CaCl2). The resultant beads were left for 48 hours to harden. The CaCO3 

template particles were dissolved by hydrochloric acid (HCl), which was applied to the 

hardened beads to provide porosity. The porous beads were then kept in an aqueous solution 

after being carefully cleaned with deionised water. Polydopamine (PDA) was applied to the 

PVA beads for surface functionalisation by dispersing them in Tris-HCl solution (pH 8.5) 

containing dopamine hydrochloride and stirring for six hours. This allowed the dopamine to 

undergo oxidative self-polymerization and generate a consistent layer of PDA on the bead 

surface. The PDA-coated beads were incubated for 12 hours in an aqueous solution of 

chloroauric acid (HAuCl4) in order to load AuNP. PDA's catechol and amine groups served as 

stabilising and reducing agents, turning Au3+ into metallic Au0 nanoparticles that were 

immobilised on the surface of the bead. The composite that was produced was called PVA-

PDA@Au beads. PVA beads, PDA-functionalized PVA beads (PVA-PDA), and colloidal 

AuNPs were all synthesised separately under comparable circumstances for comparative 

analysis. Reported by 102 M-NPs (copper, nickel, and silver metal nanoparticles) are created 

using a modified wet chemical reduction technique.112 Polyethylene glycol (PEG) and 

polyvinylpyrrolidone (PVP) were used as stabilisers to improve nanoparticle stability and 

avoid aggregation, while hydrazine hydrate served as the reducing agent in this procedure. 
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Copper(II) chloride dihydrate (CuCl2·2H2O), nickel(II) chloride hexahydrate (NiCl2·6H2O), 

and silver nitrate (AgNO3) were the metal precursors used. 0.350 g of the selected metal salt 

and 0.250 g of the stabilising polymer were ultrasonically dispersed in a binary solvent solution 

consisting of equal quantities (50 mL each) of anhydrous ethanol and ethylene glycol for the 

synthesis. The precursors and stabilisers interacted effectively and were mixed uniformly 

thanks to ultrasonication. After that, sodium hydroxide (NaOH) was used to bring the solution's 

pH down to 12, which produced an alkaline environment that was ideal for reduction. To 

control the reduction kinetics and nanoparticle nucleation, a reducing solution made of 

hydrazine hydrate (8 mL mixed in 10 mL ethanol) was then introduced progressively in a 

dropwise fashion. For four hours, the reaction mixture was kept at 80 °C while being constantly 

stirred to enable the full reduction of metal ions to their equivalent zero-valent nanoparticles. 

The system was allowed to cool to room temperature when the reaction was completed. 

Following centrifugation, the nanoparticles were extensively cleaned with ethanol to get rid of 

any remaining precursors and stabilisers and then allowed to air dry. In order to safeguard their 

structural integrity and avoid oxidation, the refined nanoparticles were lastly kept in airtight 

containers that had been nitrogen-purged. Reported by 113 The first step in the ecologically 

friendly green synthesis of silver nanoparticles (AgNPs) was optimisation to identify the best 

synthesis conditions. Peltophorum pterocarpum leaf extract  (PPLE) volume, pH, temperature, 

and reaction time were among the variables that had to be changed. Ultimately, the optimised 

synthesis was conducted at 80°C using 200 mL of PPLE and 40 mL of 1 mM AgNO3, while 

keeping the volume ratio at 20:4. With the use of 0.1 M NaOH, the pH was brought to 9. The 

reaction mixture was maintained for forty-five minutes at 80°C. To get rid of any unreacted 

metal precursors, the dark brown product was recovered by centrifugation at 10,000 rpm for 

30 minutes and then washed with distilled water. As necessary, this cleaning process was 

repeated. To guarantee a homogeneous dispersion, the final product volume was set at 200 mL 

and sonicated. Following microwave digestion with 69% nitric acid, the amount of silver in the 

solution was measured using Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES).104 Imperata cylindrica leaves were gathered from a specific location at the 

Technology University MARA in Shah Alam, Selangor, Malaysia. After being carefully 

cleaned with distilled water, the leaves were oven-dried for 48 hours at 60°C. A regular food 

processor was used to grind them into a fine powder once they had dried. 5 g of the powdered 

leaves were combined with 200 millilitres of distilled water, agitated, and boiled for thirty 

minutes at 60°C to create the aqueous leaf extract. The plant residue and extract were separated 

by filtering the resultant combination. 90 mL of a 5 mM aqueous silver nitrate (AgNO3) 
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solution was mixed with 10 mL of the obtained extract to create silver nanoparticles (AgNPs). 

For ten minutes, this mixture was heated to 60°C in a water bath. The solution started to become 

brown, which was a sign that silver nanoparticles were forming (Fig. 4).103 

7.2 Degradation of dye by using synthesised nanoparticles with NaBH4

The use of biosynthesised iron nanoparticles (FeNPs) for the catalytic degradation of 

organic dyes was studied by 69. As a reducing agent, sodium borohydride (NaBH4) was added 

to methylene blue (MB) and crystal violet (CV) aqueous solutions to start the degradation 

process. Following that, the reaction mixture was supplemented with an optimal dose of FeNPs. 

The dye solution, NaBH4, and FeNPs were mixed and continuously stirred magnetically to 

guarantee that the reactants interacted uniformly. Following the specified reaction time, the 

suspension was centrifuged for five minutes at 1500 rpm in order to minimise nanoparticle 

dispersion and help separate FeNPs from the treated dye solution. Using spectrophotometry, 

the absorbance of the solutions at their respective maximum absorption wavelengths, 590 nm 

for CV and 664 nm for MB, before and after treatment, was measured to determine the degree 

of dye degradation. At these wavelengths, a decrease in absorbance intensity verified FeNPs' 

catalytic activity in accelerating dye degradation mediated by NaBH4.69

                                          Degradation percentage =  𝐴0―𝐴𝑡
𝐴0

∗ 100                                        

(3)

Using various materials, 102 conducted a comparative analysis of Rhodamine B (RhB) catalytic 

degradation. After 60 minutes, the removal effectiveness of pure gold nanoparticles (AuNPs) 

was 11.3%, but the adsorption capabilities of polyvinyl alcohol (PVA) and polydopamine-

modified PVA (PVA-PDA) beads alone were only 5.0% and 5.9%, respectively. But the 

degradation efficiency rose dramatically to 98.4% when sodium borohydride (NaBH4) was 

present. Using PVA-PDA@Au beads resulted in a dramatic improvement, with ~99.5% 

degradation seen in just 5 minutes and total removal (>100%) after 60 minutes. The PDA 

coating's stabilisation of AuNPs, which inhibits nanoparticle aggregation, improves dye 

adsorption, and promotes more effective electron transfer during the catalytic process, is 

responsible for the composite beads' better performance. On the other hand, because of 

aggregation brought on by their high surface energy, which decreased the number of available 

active sites, unsupported AuNPs showed poorer catalytic activity. This demonstrates how 

important PVA-PDA support is for enhancing AuNP stability and catalytic performance for 

efficient dye degradation.
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                                             Removal efficiency (%) = 𝐶0― 𝐶𝑡 

𝐶0
 ˟ 100                                       

(4)

Three typical dyes were used to evaluate the synthesised metal nanoparticles' (M-NPs') 

catalytic capability. At a starting dye concentration of 1 mM, almost 80% of the anionic dyes, 

crystal violet (CV) and bromocresol green (BCG), were broken down in 90-120 minutes. By 

contrast, the cationic dye methylene blue (MB) degraded 80% faster, in 30 to 60 minutes.

In its oxidised state, the water-soluble thiazine dye methylene blue has a distinctive absorption 

maximum at 665 nm. It changes into its colourless reduced form, leuco-methylene blue (LMB), 

when exposed to reducing chemicals such as sodium borohydride (NaBH4). Even after 24 hours 

without outside assistance, treating MB solutions with 2% (w/v) NaBH4 alone caused less than 

5% discolouration. On the other hand, the addition of M-NPs to the NaBH4-MB system 

significantly sped up the reaction, resulting in almost total decolourisation in just four hours.

Despite being a potent reducing agent, NaBH4 is not very successful in degrading dyes in 

ambient environments, where light energy is essential for improving reaction kinetics. This 

observation is in line with the results of Ayodhya and Veerabhadram, who showed that CdS 

nanoparticles in the presence of NaBH4 obtained a degradation efficiency of 97% for MB under 

light irradiation, but the efficiency dropped to less than 50% under dark circumstances.114115116 

By monitoring the chemical breakdown of methylene blue (MB) dye using a UV-Vis 

spectrophotometer, the catalytic effectiveness of the biosynthesised AgNPs was evaluated. 

Without a catalyst, the breakdown happened gradually. Nevertheless, the addition of AgNPs 

considerably sped up the reaction and shortened its duration. Over time, there was a noticeable 

drop in absorbance at 665 nm, the main peak linked to MB dye. A high pseudo-first-order rate 

constant of 0.3378 min-1 was observed along with 82% degradation in 6 minutes at the ideal 

pH of 7.5. As the catalyst surface got saturated with the product, further degradation was 

restricted after this. Only 44% degradation was attained after 16 minutes, and the reaction rate 

drastically decreased in acidic conditions (pH 3), with a much lower rate constant of 

0.0383min-1. The high proton concentration, which prevents the cationic dye from interacting 

with the AgNP surface, is the cause of this decrease. Although 81% degradation was seen in 8 

minutes at an alkaline pH of 10, the interaction between BH₄⁻ and the catalyst surface was 

probably hampered by the increased presence of OH⁻. Therefore, the most effective pH was 

neutral. The deterioration process was further accelerated by raising the temperature to 70 °C, 

reaching 90% degradation in just 2.5 minutes. This was probably caused by more molecular 

collisions and energy. With just 16% degradation after 18 minutes, the degradation efficiency 
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drastically decreased when the amount of MB dye was raised fivefold. This suggests that the 

AgNPs have surface saturated, which restricts the reducing agent's ability to reach the dye 

molecules. The development of leucoMB, a less hazardous version of the dye, was indicated 

by a noticeable colour shift from blue to colourless at pH 7.5, pH 10, and higher temperatures. 

AgNPs mediate the electron transfer from NaBH4 to MB dye, which is the degradation process. 

AgNPs offer an electron-rich surface that facilitates the contact. Furthermore, through 

hydrophobic interactions and Van der Waals forces, phytochemicals stabilising the AgNPs may 

improve dye adsorption onto the nanoparticle surface. In general, 104,103 that the AgNPs showed 

catalytic performance similar to other plant-extract-mediated AgNPs. In the presence of sodium 

borohydride (NaBH4), biosynthesised silver nanoparticles (AgNPs) showed promise as 

catalysts in the reduction of methylene blue (MB) to its colourless form, leuco methylene blue 

(LMB). As electron mediators, the AgNPs help the reduction reaction by transferring electrons 

from the BH4
⁻ ions, which act as donors, to the dye molecules, which act as electron acceptors. 

Because the BH4
⁻ ions adhere to the nanoparticles' surface, electrons can go from the donor to 

the dye via the nanoparticles. MB has a significant absorption peak at 664 nm and a secondary 

peak at 615 nm in aqueous solution. At room temperature, the reduction process was monitored 

using UV-visible spectroscopy in the 300-900 nm region. Dye degradation was demonstrated 

by a progressive drop in absorbance at 664 nm over time. The MB solution's bright blue hue 

gradually diminished as the reaction went on, eventually turning colourless. To track the 

development of the reaction, the dye concentration at time t (C) was compared to its initial 

concentration (C₀). With degradation ranging from just 1.02% to 2.61%, the decrease of MB 

in the absence of the biosynthesised AgNPs was negligible. But once the AgNPs were added, 

the process was greatly accelerated, reaching up to 92.06% degradation in just 14 minutes (Fig. 

5).103,117

The comparison of research on dye degradation using nanoparticles reveals distinct 

variations and parallels in the selection of nanomaterials, production methods, reaction 

processes, and functional performance. According to69, iron nanoparticles made using a 

sustainable method using Vernonia amygdalina leaf extract were used. The FeNPs served as a 

catalyst and reductant without the need for sodium borohydride. Catalytic reduction and 

surface-mediated electron transfer were the primary methods of dye removal in this system, 

providing an ecologically safe method with high catalytic efficiency. However, mild stability 

problems associated with oxidation and aggregation were noted.102, on the other hand, created 

a chemically designed catalyst by depositing gold nanoparticles on PVA beads functionalised 
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with polydopamine. In this system, AuNPs served as electron-shuttling centres while NaBH4 

played a critical function as a hydride and electron donor. This led to effective catalytic 

reduction of organic dyes and high stability and recyclability because of the solid bead support. 

NaBH4 was not specifically used in103 synthesis of silver nanoparticles for methylene blue 

degradation using Imperata cylindrica aqueous extract. Adsorption and surface catalytic 

activity of colloidal AgNPs dominated the degrading pathway, allowing for a straightforward 

and inexpensive method with minimal recyclability.98 offered a thorough analysis of green 

photocatalytic nanomaterials for the degradation of various dyes, mostly systems based on 

silver. NaBH4 was only considered in a broad catalytic framework rather than as a fundamental 

reactant in their work, which focused on light-driven photocatalytic pathways involving 

reactive oxygen species, including hydroxyl and superoxide radicals. Ogundare et al.104 

reported green-synthesised AgNPs using Peltophorum pterocarpum leaf extract, where 

biological capping agents improved durability while adding extra antibacterial functionality, 

and dye degradation proceeded through catalytic reduction on the AgNP surface without 

NaBH4.

7.2.1 Mechanism of sodium borohydride-induced dye degradation with nano catalysts

7.2.1.1 General mechanism 

Silver nanoparticles (AgNPs) function as extremely effective electron mediators 

because of their high electrical conductivity and advantageous Fermi level alignment. BH4
- 

ions undergo surface-assisted oxidation to borate species upon adsorption of NaBH4, releasing 

electrons that are quickly moved to nearby dye molecules adsorbed on the AgNP surface. By 

reducing non-radiative energy losses and reducing fluorescence quenching, Ag+ (or Ag2) 

clusters' d1 electronic structure promotes efficient charge transfer. AgNPs therefore encourage 

the quick reduction of chromophoric moieties, especially conjugated aromatic and azo 

groups.98

 NaBH4 acts as an electron donor in catalytic systems based on gold nanoparticles 

(AuNPs), effectively transferring electrons across the highly conductive and chemically 

durable gold surface. AuNPs and BH4
- ions have a strong connection that minimises 

nanoparticle oxidation and aggregation while promoting efficient electron donation. AuNPs 

sustain catalytic activity across several reaction cycles due to their intrinsic surface stability. A 

Langmuir–Hinshelwood process, in which NaBH4 and the substrate molecules are co-adsorbed 
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onto the AuNP surface before the reduction reaction, is primarily responsible for electron 

transport.118

Iron nanoparticles (FeNPs) have dual roles as redox-active catalysts and electron 

mediators. By acting as an electron and hydride donor, sodium borohydride (NaBH4) reduces 

surface Fe3+/Fe2+ species to Fe0, regenerating catalytically active sites. However, electron 

transport may be gradually hampered by partial surface oxidation of FeNPs. NaBH4 is therefore 

essential for preserving the reduced state of the iron surface, avoiding passivation, and ensuring 

a steady flow of electrons to dye molecules that have been adsorbed.69,119

NaBH4 continually reduces surface Cu2+/Cu+ species produced throughout the reaction, 

stabilising Cu2 in copper nanoparticle (CuNP)-based catalytic systems. Although surface 

copper atoms facilitate electron transmission, CuNPs are more vulnerable to surface oxidation 

than noble metal nanoparticles. As a result, NaBH4 serves as a stabilising agent that lessens 

catalyst deactivation as well as an electron donor for substrate reduction.120

NaBH4 does not directly degrade dye molecules in the homogeneous solution phase 

across all metal nanoparticle systems. Instead, the nanoparticles serve as electron-transfer 

mediators that decrease the activation energy and improve reduction kinetics, and it serves as 

a co-catalyst and electron reservoir. The electrical structure, redox stability, and resistance to 

surface passivation of the metal nanoparticle substantially influence the effectiveness of 

NaBH4-assisted electron transfer.

In dye degradation mediated by nanoparticles, NaBH4 is an essential co-catalyst 

because it stabilises the catalytic surface and provides a steady supply of electrons. NaBH4 

dissociates in aqueous environments to produce BH4
- ions. These ions easily adsorb onto the 

surface of metal nanoparticles like Ag, Au, Cu, or Fe, placing the reducing species near 

catalytically active locations. BH4
- undergoes surface-assisted oxidation to borate species upon 

adsorption, releasing electrons that are then injected into the conduction band or surface of the 

nanoparticle. In order to effectively reduce important chromophoric functionalities, such as azo 

(–N=N–), nitro (–NO2), and conjugated aromatic groups, these electrons are then transferred 

through the nanoparticle to dye molecules co-adsorbed on the surface via a Langmuir-

Hinshelwood-type mechanism.121 This ultimately results in dye decolourisation and molecular 

breakdown. By continuously reducing oxidised surface species (Fe3+/Fe2+ or Cu2+/Cu+) back 

to their zero-valent states, NaBH4 further plays a crucial role in sustaining catalytic activity in 

systems using transition metal nanoparticles like Fe and Cu. This prevents surface passivation 
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and loss of conductivity. NaBH4 maintains constant electron flow, maintains the catalyst's 

active metallic state, and permits effective and reproducible dye degradation across several 

catalytic cycles by acting as both an electron donor and a surface stabiliser.69,119

𝐷𝑦𝑒(𝑎𝑞𝑢) +  𝐵𝐻―
4

𝑁𝑃𝑠 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛)
[𝑑𝑦𝑒,𝑐𝑑𝑜𝑡𝑝𝑁𝑃, 𝑐𝑑𝑜𝑡𝑝𝐵𝐻―

4 ]𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

𝐵𝐻―
4

𝑁𝑃 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 𝐵𝐻3 +  𝐻―(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑑𝑜𝑛𝑜𝑟)

𝐷𝑦𝑒+ +  𝑒―→𝐿𝑒𝑢𝑐𝑜 𝑑𝑦𝑒 ( 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑓𝑜𝑟𝑚)

𝑀𝐵(𝑏𝑙𝑢𝑒, 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑) +  𝐵𝐻―
4

𝑁𝑃 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 𝐿𝑒𝑢𝑐𝑜 𝑀𝐵 (𝑐𝑜𝑙𝑜𝑢𝑟𝑙𝑒𝑠𝑠) + 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝐵𝐻3, 𝐻2𝑂)

7.2.1.2 Selective mechanism 

Aroob et al.122 reported green chemically synthesized CuO nanoparticles for the 

degradation of  industrial dyes with NaBH4 as co-catalyst. The main reactive species in charge 

of dye detoxification are identified through an examination of the photocatalytic process under 

solar radiation, which also makes it possible to develop a tenable degradation mechanism. 

Because relatively low photon energy is sufficient to facilitate electronic transitions from the 

valence band to the conduction band, or from the highest occupied molecular orbital (HOMO) 

to the lowest unoccupied molecular orbital (LUMO), nanomaterials with a narrow band gap 

easily absorb incident light. Conduction band electrons (e⁻₍CB₎) and equivalent valence band 

holes (h⁺₍VB₎) are produced when light is absorbed and electrons are excited from the ground 

state to the excited state. At the catalyst surface, these photogenerated charge carriers are 

essential to redox processes. Because of their great oxidising potential, the valence band holes 

can either directly oxidise adsorbed dye molecules or react with surface-adsorbed water or 

hydroxide ions to form highly reactive hydroxyl radicals (•OH), which can break down organic 

pollutants. Superoxide radicals (O₂•⁻) are created when the conduction band electrons 

simultaneously decrease dissolved molecular oxygen. These radicals then take part in 

subsequent oxidation events that break down and mineralise colour molecules.123
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Fig. 5 A schematic representation of photocatalytic dye degradation shows that the main 
reactive species that break down dyes in aqueous solutions are hydroxyl radicals (•OH) and 
voids in the catalyst structure, adapted/reproduced from ref 122 with permission from [MDPI] 
[Catalysts], copyright 2023.

7.3 Effect of Sodium Borohydride’s different concentrations

By providing a higher density of borohydride ions (BH4⁻), which serve as efficient electron 

donors to the electron-deficient dye molecules, an increase in sodium borohydride (NaBH4) 

concentration considerably accelerates the rate of dye breakdown. Increased adsorption of 

BH4⁻ ions onto the nanoparticle surface is also encouraged by elevated NaBH₄ concentrations, 

which enhances the efficiency of electron transfer at the catalyst-dye interface. In other words, 

direct correlation as well Adsorption Effects facilitated the process of dye removal with the 

increase of NaBH4. Even though NaBH4 is essential to the reaction process, an overly high 

dosage can negatively impact system performance by causing the catalytic nanomaterials to 

become structurally unstable, increasing charge-carrier recombination losses, and producing 

light-shielding effects that lower effective photon absorption. 69,97
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In 2024, Jara et al.69 found that the degradation efficiency increased with increasing NaBH4 

concentration from 0.01 M to 0.12 M, with 0.12 M showing the best performance. This figure 

was determined to be the ideal concentration, highlighting how crucial it is to maintain a 

suitable BH4
⁻ ion level for efficient degradation aided by nanoparticles. Furthermore, the higher 

concentration of NaBH4 raised the electron density on the FeNPs' surface, which probably 

accelerated the pace of reaction. Zhang, Z., & Wu, Y. in 2010 perform an experiment in which 

different concentrations of NaBH4 were used to aggregate Gold nanoparticles and found that 

different concentrations can formed different size nanoparticles.124 

7.4 Kinetic Study 

Kinetic analysis is a technique used to examine how quickly a dye decolorises when 

exposed to an oxidant, reductant, or catalyst (such as metal nanoparticles). Under some 

circumstances, it aids in determining the rate constants, the sequence of the reaction, and the 

pace at which it proceeds. When a reaction's rate doesn't change over time and is independent 

of the reactant's concentration, it seems to follow zero-order kinetics. When there is a 

significant excess of one reactant in a reaction involving two, the concentration of that reactant 

essentially remains constant, reducing the kinetics to first order with regard to the limiting 

reactant.(Table 5 and Fig. 6)                                                               

                                                                𝐶0 ―𝐶 =  𝑘0𝑡                                                           (5)

                                                                𝑙𝑛𝐶0

𝐶𝑡
 =  𝑘0𝑡                                                              (6)

                                                                𝟏
𝐶 ― 𝟏

𝐶0
=  𝑘2𝑡                                                           (7)   

Where, C = concentration, k = rate constant, t = time
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Fig. 6 Pseudo zero-order, pseudo first-order, and pseudo second-order kinetic models were 
used to assess the reaction kinetics of iron nanoparticles' (FeNPs) catalytic degradation of 
crystal violet (CV) and methylene blue (MB) dyes in the presence of sodium borohydride 
(NaBH4). These models relate the change in dye concentration over time with the activity of 
the catalyst, which helps clarify the rate and process of dye degradation. The pseudo first-
order model establishes a surface-limited process by linking the reaction rate to the 
concentration of a single reactant, usually the dye, while the pseudo zero-order model assumes 
that the degradation rate is independent of the original dye concentration. However, the pseudo 
second-order model, on the other hand, suggests adsorption-controlled kinetics by considering 
the reaction rate proportional to the square of the dye concentration or the contact between 
two reactants. The best reaction pathway controlling the catalytic activity of FeNPs during 
NaBH4

 assisted dye reduction can be found by comparing the experimental data with these 
kinetic models, adapted/reproduced from ref 69 with permission from [Springer Nature] 
[Scientific Reports], copyright 2024.

Methylene blue
Crystal violate
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Table 5: Order and kinetics of dye degradation with NaBH4 as co-catalyst

Order Catalyst Co-
Catalyst

Dyes Rate 
constant (k)

References

Iron 
nanoparticle

NaBH4 Methylene 
blue

0.088 69Pseudo zero 
order

Iron 
nanoparticle

NaBH4 Crystal violet 0.084 69

Iron 
nanoparticle
Silver 
nanoparticles
Silver 
nanoparticles

NaBH4 Methylene 
blue

0.051

0.0304 s-1

0.3378 min-1

69

125

104

Iron 
nanoparticle

NaBH4 Crystal violet 0.041 69

Silver 
nanoparticles

NaBH4 Bromocresol 
green

113

Silver 
nanoparticles

NaBH4 Rhodamine B 0.0127 s-1 125

Silver 
nanoparticles

NaBH4 Methyl 
Orange

0.0179 s-1 125

Pseudo first 
order

Silver 
nanoparticles

NaBH4 Congo Red 0.0051 s-1 125

Iron 
nanoparticle

NaBH4 Methylene 
blue

0.033 69Pseudo 
second order

Iron 
nanoparticle

NaBH4 Crystal violet 0.021 69

7.4.1 Pseudo zero-order analysis

The degradation of two dyes, crystal violet and methylene blue, by iron nanoparticles 

(FeNPs). To comprehend the response behaviour, they used various kinetic models to analyse 

the degradation. For both dyes, they discovered that the pseudo-zero-order kinetic model 

offered the greatest match. This indicates that, independent of the dye's concentration in 

solution, the rate of dye degradation was consistent throughout time. Very high R2 values 

(around 1) supported this conclusion: For methylene blue, 0.999; for crystal violet, 0.995. 

These strong correlation values (R2) demonstrate how well the experimental data matched the 

zero-order model's predictions.69
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7.4.2 Pseudo first order analysis

Only the catalytic breakdown of methylene blue has a comparatively high correlation 

coefficient, according to pseudo-first-order kinetics. These results imply that the catalytic 

degradation process on the FeNP catalyst surface follows pseudo-first-order kinetics, in which 

the dye concentration and catalytic degradation rate are exactly proportionate. In contrast to 

those of alternative pseudo kinetic models, including pseudo-first-order and pseudo-zero-order 

designs.69 Three widely used dyes were utilised to test the synthesised metal nanoparticles’ (M-

NPs’) catalytic efficacy in dye removal. About 80% of the anionic dyes, crystal violet (CV) 

and bromocresol green (BCG), were decolorised in 90 to 120 minutes at an initial dye 

concentration of 1 mM. The cationic dye methylene blue (MB), on the other hand, deteriorated 

more quickly about 80% of it in just 30 to 60 minutes. In its oxidised condition, MB, a water-

soluble thiazine-based cationic dye, usually shows a prominent absorption peak at 665 nm. It 

transforms into leuco-methylene blue (LMB), a colourless form, when exposed to reducing 

chemicals such sodium borohydride (NaBH4). Even after 24 hours, it was found that treating 

dye solutions with 2% (w/v) NaBH4 alone caused less than 5% decolorisation. On the other 

hand, M-NPs caused almost total decolourisation in just four hours when added to dye solutions 

treated with NaBH4. Under environmental circumstances, light energy is essential for the 

degradation of dye pollutants, even if NaBH4 functions as a reductant. According to 114, 

methylene blue degradation with NaBH4 and CdS nanoparticles under light irradiation reached 

97%, as opposed to less than 50% without light. This finding supports this 

observation.114126127128 The catalytic activity of the biosynthesised silver nanoparticles (AgNPs) 

in breaking down the methylene blue (MB) dye was assessed using NaBH4 as a reducing agent. 

Using UV-Vis spectroscopy, the reaction was observed, namely the absorbance at 665 nm. 

Degradation proceeded according to pseudo-first-order kinetics. Compared to NaBH4 alone, 

the AgNPs greatly accelerated the pace of reaction, attaining 82% degradation in 6 minutes at 

pH 7.5 and a high rate constant of 0.3378 min-1. The pace and amount of degradation were 

decreased by acidic circumstances (pH 3) (44% in 16 minutes), but alkaline conditions (pH 10) 

caused 81% disintegration in 8 minutes. Balanced surface charge interactions led to optimal 

performance at neutral pH. By raising the temperature to 70°C, the process was further 

accelerated, reaching 90% degradation in just 2.5 minutes. The reaction was significantly 

slowed down by a five fold increase in MB concentration, demonstrating AgNP surface 

saturation. The development of leuco-methylene blue was verified by a discernible colour shift 

from blue to colourless. AgNP’s electron-rich surface helped to transport electrons from 
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NaBH4 to MB. Additionally, through hydrophobic and Van der Waals interactions, 

phytochemicals derived from plants stabilised the AgNPs and enhanced dye adsorption. For 

five cycles, the AgNPs were stable and catalytically effective, and HRTEM showed no 

discernible morphological alterations.104

7.4.3 Pseudo second order 

The correlation coefficient of the pseudo-second-order model is lower for both dyes 

than that of other pseudo-kinetic models, including pseudo zero-order and pseudo-first-order 

models. This suggests that the pseudo-second-order model is not supported by the catalytic 

degradation of both dyes. Overall, the strong correlation value indicated that the zero-order 

pseudo kinetic model is a good fit for explaining how FeNPs break down both dyes. This 

discovery is significant because it suggests that FeNPs may be employed as efficient catalysts 

to break down these dyes in wastewater.69

7.5 Recyclability study of catalyst

Reusable catalysts are essential for effective and sustainable water treatment. By increasing 

turnover frequency and decreasing waste, reusable catalysts enhance process scalability and 

are consistent with the principles of green chemistry. Potential problems like metal leaching, 

agglomeration, or deactivation are revealed by evaluating reusability. Effective reuse reduces 

operating costs and promotes long-term environmental and economic viability in large-scale 

remediation for expensive metal nanoparticles (such as AgNPs, AuNPs, and PdNPs).129 The 

reusability of the catalyst was examined during the degradation process under the same 

experimental settings (at the optimal concentration of dye solution, reducing agent, catalyst 

dosage, and duration), according to Jara and their team. Following the reaction's conclusion, 

the catalyst was centrifuged out of the reaction mixture, cleaned with water and ethanol, dried, 

and then used again for the second, third and fourth times in a row.69,102 convey that when 

evaluating PVA-PDA@Au beads' catalytic efficacy for wastewater treatment, two important 

factors were their structural stability and reusability. The beads were put through multiple RhB 

decolourisation procedures using the same catalyst in order to assess their recyclability. 

Following each cycle, the beads were collected using basic filtering, cleaned with water, and 

then put to further use. Throughout six consecutive cycles, the PVA-PDA@Au beads 

continuously demonstrated a high removal efficiency of over 99%, indicating exceptional 

stability and reusability. Furthermore, because the diffraction patterns closely matched those 

of the fresh sample, XRD examination demonstrated significant structural resilience and 
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proved that the reused beads' structural integrity had not been compromised.102. Yang et al. 

(2014) find that Stability and reusability of the catalyst are essential for realistic and expandable 

applications. at order to evaluate these parameters, the catalytic reduction processes were 

conducted again using a catalyst of 0.01 M Cu(NO3)2 at ambient conditions. The catalyst's 

durability and efficiency were proved by its steady performance over five consecutive cycles, 

maintaining a conversion efficiency exceeding 95%. According to UV-visible spectroscopic 

examination, catalytic activity only slightly decreased in the fifth cycle, remaining essentially 

constant over the first four. In the fifth cycle, however, the catalyst managed to convert 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP) completely in just 22 minutes. Significantly, 

following the fifth cycle, the pseudo-first-order rate constant (k = 2.58 ×  10-3s-1) stayed 

comparatively high, hence bolstering the catalyst's structural soundness, reusability, and long-

term catalytic effectiveness.

7.6 Effect of pH 

The impact of pH on dye degradation is primarily controlled by its effects on the 

catalyst's surface charge properties and the ionisation state of dye molecules, which collectively 

determine dye catalyst interactions and reaction efficiency. Changes in pH cause surface 

functional groups on the catalyst to either protonate or deprotonate, changing the surface charge 

density. Protonation makes the catalyst surface positively charged at pH values below the point 

of zero charge (pHpzc), which enhances electrostatic attraction and adsorption of anionic dyes, 

while deprotonation produces a negatively charged surface at pH values above the pHpzc, 

which preferentially adsorbs cationic dyes while repels anionic species. Dye molecules' 

chemical structure, ionisation state, solubility, and molecular conformation are all 

simultaneously altered by pH, which has an impact on the molecules' reactivity. While 

electrostatic repulsion under unfavourable pH conditions restricts adsorption and access to 

active sites, decreasing degradation efficiency, favourable electrostatic interactions between 

oppositely charged dye molecules and catalyst surfaces enhance adsorption, promote efficient 

electron transfer, and accelerate degradation kinetics. Furthermore, especially in redox- and 

photocatalytic systems, pH can affect the stability of catalytic species, the production and 

accessibility of reactive intermediates, and the dominant degradation pathways. All of these 

factors point to pH as a crucial operational parameter that regulates dye catalyst interactions, 

surface charge modulation, and the general efficiency of catalytic dye degradation processes.131 

NaBH4 is comparatively more stable at alkaline conditions. Thus, a stable co-catalyst 

accelerates the photo-catalytic reaction.
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Fig. 7  In order to separate the impact of pH on degradation efficiency, the catalytic 
degradation of methylene blue (MB) and crystal violet (CV) was investigated under controlled 
circumstances. In order to influence dye–catalyst interactions, pH was discovered to be a 
critical element impacting catalyst surface charge, dye ionisation, and redox potential. Insights 
into how acidic or alkaline environments control electron transport during dye reduction were 
gained by determining the ideal pH for optimum catalytic activity by altering pH while holding 
other parameters constant, adapted/reproduced from ref 69 with permission from [Springer 
Nature] [Scientific Reports], copyright 2024.

The pH of the solution determines the surface charge characteristics of the photocatalyst 

and the size of the aggregates it forms, making it a crucial parameter in the photocatalytic 

processes occurring on particulate surfaces.132 Therefore, pH affects dye properties as well as 

the reaction mechanisms hydroxyl radical assault, direct oxidation by the positive hole, and 

direct reduction by the electron in the conducting band that can lead to dye degradation. When 

a photocatalyst is present, it is assumed that the electron-hole pairs created on the 

semiconductor’s surface by UV light irradiation are the likely cause of the photocatalytic 

reactions. The reactive dye is then either directly oxidised by the holes with the high oxidative 

potential or forms a hydroxyl radical through a reaction with the OH-. The following (8) and 

(9) might be used to express the whole interaction between the reactive dye and the 

photocatalyst126132133 . Jara et al., (2024) conclude that the breakdown of organic dyes, while 
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maintaining the other factors constant. The pH was adjusted between 2 and 12, and the ideal 

pH was determined(Fig. 7). 

                                                 h +VB + OH–  →  •OH                                                  (8)

                                                         •OH + dye  →  degradation of the dye                                  (9)

7.7 Initial concentration of dye

Fig. 8 Impact of starting dye concentration on methylene blue (MB) and crystal violet (CV) 

catalytic degradation, adapted/reproduced from ref 69 with permission from [Springer 

Nature] [Scientific Reports], copyright 2024.

The quantity of dye in solution prior to any treatment or degradation process is known 

as the initial concentration of dye, and it is commonly expressed in units such as mg/L, mol/L 

(M), or ppm. Various dye starting concentrations were examined in order to examine the impact 

of dye concentration on catalytic degradation efficiency.69 The decolourisation rate constant 

(k) decreases as the dye concentration increases. There are two primary ways that the initial 

dye concentration might impact the rate of photodegradation. More active sites might have dye 

ions covering them at high dye concentrations. This might also result in less OH radicals being 

produced on the catalyst's surface. In the concentration range of 0.025-0.1 g L−1, Illinous., et 
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Crystal violate
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al. investigated the effects of different starting dye concentrations for reactive yellow 125 dye 

on the photocatalytic discolouration and degradation. They concluded that if the dye 

concentration is increased, the degradation efficiency would decrease, making the procedure 

less effective. When the initial concentration of methyl orange increases, the path length of the 

photons entering the solution reduces. The catalyst absorbed more photons as a result of the 

reversal that took place for the lower concentration (Fig 8). In their investigation of the 

photocatalytic degradation of commercial dyes employing zinc oxide power as a photocatalyst, 
134 discovered the same 135 outcome.136,137,135,138,134

8. Nanoclusters for dye degradation with NaBH4 as co-catalyst

A synthesised glutathione-capped silver nanocluster (GSH@Ag NCs) using L-

glutathione (GSH) and silver nitrate (AgNO3). First, two solutions were made: one was a 20 

mM aqueous solution of GSH, and the other was a 20 mM AgNO₃ solution in deionised water. 

Furthermore, 10 mL of 0.1 M NaOH was used to dissolve 42 mg of freshly made sodium 

borohydride (NaBH4), resulting in a final concentration of 114 mM. 4.4 mL of deionised water 

was mixed with 0.375 mL of the GSH solution and 0.125 mL of the AgNO3 solution for the 

synthesis. At room temperature, this mixture was constantly agitated to promote the 

development of Ag(I) GSH complexes. 50 μL of the freshly made NaBH4 solution was added 

dropwise after the complex had formed. The solution became deep crimson in about five 

minutes, a sign that silver nanoclusters were forming. The deep red Ag nanoclusters were then 

allowed to break down again into colourless Ag(I) GSH complexes by leaving the reaction 

mixture undisturbed at ambient temperature for four hours. A further 50 μL of the NaBH4 

solution was then added after the mixture had been forcefully agitated once more. The solution 

progressively turned dark and light brown after 30 minutes of reaction. GSH@Ag NCs were 

successfully formed by the last stage, which was to incubate the mixture for eight hours at room 

temperature without stirring. After purification, the produced nanoclusters were kept for later 

use at 4 °C. The presence of nanoclusters was verified by UV-Vis spectroscopy, which 

displayed a distinctive absorbance peak at 489 nm. The end result showed up as a brown 

solution with silver nanoclusters stabilised by GSH.139

                  Dye degradation % = 𝐴0 ― 𝐴𝑡/𝐴0˟ 100% = (𝐶0 = 𝐶/𝐶0)˟ 100%                   (5)

Electron transport between the dye molecules and the artificial glutathione-capped 

silver nanoclusters (GSH@Ag NCs) is the main mechanism of degradation. In a recent study, 

we used water-soluble GSH@Ag NCs to report for the first time the photocatalytic degradation 
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of xanthene dyes, specifically erythrosine B (Ery. B) and rhodamine B (Rh. B). Excellent dye 

degradation was demonstrated by the nanoclusters. At the Ag nanoclusters' surface, where the 

dye molecules and sodium borohydride (NaBH4), a potent reducing agent, are adsorbed, the 

electron transfer process takes place. By reducing the activation energy needed for the reaction, 

the adsorption of NaBH4 onto the Ag nanoclusters surface speeds up the catalytic process. The 

dye molecules break down structurally in this state, producing CO2 and H2O as byproducts. 

The oxidation-reduction (redox) process starts the breakdown of the xanthene dyes when they 

acquire electrons. Both GSH@Ag NCs and NaBH4 work in concert to promote 

photodegradation in this system. The process entails photoexcitation of the Ag nanoclusters 

under visible light irradiation, which facilitates electron transport to the dye molecules and 

increases their reduction and breakdown. For each dye, different mechanistic paths are 

suggested under visible light, one of which is a well-known photocatalytic pathway involving 

the creation of electron-hole pairs by light and the ensuing redox 

reactions.140,141,142,143,144,145,139,146,147

Xanthene dyes + ℎ𝑣 + xanthene dyes                                    

GSH@Ag NCs + ℎ𝑣 → (𝑒 ― ) + ℎ+ (𝑒―
𝐶𝐵 + ℎ+

𝑉𝐵)

(𝑂2)ads + (𝑒―
CB) → (𝑂2∙-)ads

The photodegraded holes can be oxidized with water to produce OH*.

Ag + OH + ℎ𝑣+ → Ag + OH*     

Ag + H2O + ℎ+
𝑉𝐵   → Ag + OH* + H+ 

Xanthene dyes + h+  → xanthene dyes or degradation products (oxidation reaction)

9. Nanoparticles V/S nanoclusters for dye degradation
The unique physicochemical characteristics of nanoparticles and nanoclusters have a 

significant impact on how well they function in dye degradation processes. While catalytic 

activity in nanoparticles is primarily restricted to surface atoms, the ultrasmall size of 

nanoclusters offers an extraordinarily high surface-to-volume ratio, leading to a substantial 

fraction of surface-exposed atoms that operate as active catalytic sites. For nanoclusters, this 

inherent structural variation results in improved catalytic effectiveness and quicker dye 

degradation kinetics, especially in electron-transfer-mediated reduction processes. From an 

optical perspective, nanoclusters lack plasmonic behaviour and instead display molecule-like 
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fluorescence because of discrete electronic energy levels, whereas nanoparticles, particularly 

noble metals like gold and silver,80 display specific surface plasmon resonance, which 

improves photocatalytic dye degradation by enhancing light absorption and charge carrier 

generation. Nanoparticles are more frequently used materials in practical dye wastewater 

treatment, while nanoclusters are mainly investigated in high-efficiency and mechanistic dye 

degradation studies, despite their superior catalytic activity and effectiveness at lower catalyst 

loadings. However, the widespread application of nanoclusters is limited by issues related to 

colloidal stability, higher cost, and scalability. Nanoclusters are atomically presided particles. 

They are highly sensitive towards experimental conditions148. During the photocatalytic 

process, nanoclusters (photocatalyst) are often aggregated in the presence of the co-catalyst 

(H2O2, NaBH4) and the pollutant (dyes). Consequently, the report of nanocluster-induced dye 

degradation is compared to nanoparticles-induced dye degradation. Moreover, nanoclusters 

often lose their identity with external energy sources, inevitable for dye degradation. We found 

only a few papers on dye degradation with nanoclusters, unlike nanoparticles. Nanoparticles 

have plentiful reports for dye degradation with NaBH4.91

10. Effects of scavengers 

Fig. 9 Diagrammatic representation of the effects of scavengers in dye degradation.

Radical scavengers are used as diagnostic tools in dye degradation studies, particularly in 

photocatalytic and advanced oxidation processes, to determine which reactive species such as 

hydroxyl radicals (OH), superoxide radical anions (O2
-), photo-generated holes (h+), or 

Dye
Molecule

Degraded
Dye

⸱OH

⸱O⁻2

H⁺

e⁻

Isopropanol

Benzoquinone

EDTA

AgNO3
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electrons (e-) are primarily in charge of degrading dye molecules. Researchers can see how 

much the degrading efficiency is lowered by adding a scavenger that specifically neutralises 

one type of reactive species; a significant decline suggests that the targeted species is important. 

For example, the inclusion of •OH and •O₂⁻ scavengers (such as 2-propanol or p-benzoquinone) 

significantly decreased dye removal (to 0.4–1.6%) in the visible-light photocatalytic 

degradation of rhodamine B using WO₃, indicating that these radicals are the primary 

contributors.149 The breakdown of gentian violet using FeO3/MgO nanocomposites is another 

recent example. The efficiency dramatically decreased when EDTA and methanol were 

employed as scavengers, demonstrating the participation of holes and hydroxyl radicals. Such 

tests allow for optimisation (selecting catalysts or settings that enhance synthesis of the 

effective radicals), assist clarify processes (which radical is dominant under what conditions), 

and prevent misunderstanding (because certain species may appear but have little real impact) 

(Fig 9). Recent research has shown a warning: findings should be carefully interpreted since 

scavengers or interfering species might occasionally complicate them (for example, by 

producing secondary radicals or causing side reactions).150,151

11. NaBH4 for nanoparticle synthesis V/S NaBH4 for dye degradation

The size, morphology, dispersion, and catalytic performance of noble metal nanoparticles 

like Ag, Au, and Pd are significantly influenced by the concentration of NaBH4, which is 

crucial in controlling the reduction kinetics of metal precursors and the nucleation-growth 

dynamics of these particles. Slow and kinetically regulated reduction at low concentrations of 

NaBH4 results in restricted nucleation followed by prolonged growth, resulting in bigger, 

polydisperse, and often aggregated nanoparticles with lower electron-transfer efficiency and 

fewer accessible active sites. Higher NaBH4 concentrations, on the other hand, accelerate 

electron and hydride transfer, causing burst nucleation and producing smaller, more evenly 

distributed nanoparticles with high surface-to-volume ratios. On the other hand, excessively 

high NaBH4 levels can cause aggregation, borate surface passivation, or hydrogen-related 

defects that jeopardise long-term stability. Further modulating these effects is metal-specific 

behaviour: To create well-dispersed nanoparticles with low surface oxidation and high surface 

plasmon resonance (SPR), which facilitates effective electron shuttling during catalytic 

processes, Ag⁺ is quickly reduced at moderate NaBH4 concentrations; Because of Au's high 

work function and chemical inertness, which favour electron accumulation and prolonged 

catalytic activity, Au3+ reduction is particularly sensitive to NaBH4 concentration, where ideal 
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values are needed to avoid incomplete reduction and generate stable, monodisperse particles; 

Higher concentrations of NaBH4 can result in hydrogen absorption, lattice expansion, and 

defect formation; however, Pd compensates through superior surface redox activity and strong 

adsorption of organic substrates. Pd2⁺ reduction is relatively slower and is influenced by Pd's 

strong hydrogen affinity. Overall, the electronic structure, Fermi level alignment, surface 

plasmon effects (for Ag and Au), hydrogen affinity and redox behaviour (for Pd), and density 

of active surface sites of Ag, Au, and Pd nanoparticles determine their catalytic efficiency. 

These factors are all closely regulated by the concentration of NaBH4 used during synthesis 

and catalytic operation.69,98,145,152,153 

Fig. 10 Role of NaBH4 in nanoparticles synthesis and dye degradation.

Strong reducing agents like sodium borohydride (NaBH4) are frequently used in the 

manufacture of metal nanoparticles (MNPs) such Au, Ag, Pt, Pd, and Fe. NaBH4 breaks down 

in aqueous solution to produce hydrogen gas and hydridic species (H⁻) (Fig. 12), which act as 

the main reducing agents in the process, which involves the reduction of metal salt precursors 

(such as AgNO3, HAuCl4, and FeCl3). Through the reduction process, metal ions (Mn+) are 

changed into zero-valent metal atoms (M0). These atoms then nucleate through atomic collision 

and aggregation, grow, and form nanoparticles. In order to control the size and shape of the 

nanoparticles and avoid uncontrolled agglomeration, stabilising or capping agents like citrate, 

polyvinylpyrrolidone (PVP), or biomolecules derived from plants are usually added during 

synthesis.154 sodium borohydride (NaBH4) is a potent reductant; its direct reduction of big, 
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stable dye molecules is kinetically hampered even if it is thermodynamically advantageous. 

Ag, Au, Fe, and Pd metal nanoparticles (NPs) are used as catalysts to promote electron transport 

in order to get over this restriction. This mechanism involves dye molecules adsorbing onto the 

same catalytic sites at the same time as NaBH4 adsorbs onto the NP surface and produces 

hydride ions (H⁻). The reduction reaction is accelerated by the nanoparticles' role as electron 

mediators, which involves moving electrons from BH4⁻ to the dye. As demonstrated by the 

conversion of methylene blue (MB) into its colourless leuco-methylene blue (leuco-MB) by 

the transfer of two electrons and a proton in the presence of NaBH4 and NPs, this causes the 

dye to change into its reduced (Fig. 10), decolorised form.155

12. Conclusions

The given work provides a thorough but rather disjointed summary of the functions of dyes 

and sodium borohydride (NaBH4) in environmental cleanup, catalysis, and nanoparticle 

formation; nevertheless, it has problems with focus, coherence, and clarity. The narrative 

frequently veers into drawn-out experimental procedures and superfluous explanations that 

obfuscate the main point, even though it effectively describes the structural characteristics, 

uses, and environmental concerns of common dyes like methylene blue, crystal violet, 

rhodamine B, and bromocresol green. Likewise, NaBH4 is appropriately emphasised as a strong 

reducing agent that plays important roles in the production of hydrogen, the formation of 

nanoparticles, and the degradation of dyes; however, the discussion jumbles kinetic models, 

synthesis procedures, and mechanistic insights in a manner that seems more descriptive than 

critical. NaBH4 would be positioned as a necessary but insufficient reductant that needs 

nanoparticle mediation to achieve efficient dye degradation in a more thorough critical analysis 

that compares the dyes not only in terms of their utility and hazards but also in terms of their 

differential reactivity in catalytic systems. Furthermore, while kinetic models and scavenger 

studies are cited to enhance the mechanistic context, a more thorough synthesis of how these 

results align to inform workable wastewater treatment methods is not provided. Though it lacks 

a concise, critical viewpoint that links dye chemistry, NaBH4 reactivity, and nanoparticle 

catalysis into a cohesive framework for furthering environmental remediation, the publication 

offers a useful compilation of material overall.

The mechanistic elements of NaBH4-assisted catalytic degradation are still poorly 

understood despite a great deal of research, especially when it comes to hydride transfer routes, 

catalyst-mediated electron relay mechanisms, and the nature of transitory reaction 

intermediates. Additionally, during numerous NaBH4 reaction cycles, many metal and metal-

oxide catalysts experience surface oxidation, particle aggregation, and borate-induced surface 
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passivation, which severely reduces their catalytic stability and reusability. Comprehensive 

understanding of reaction dynamics is hindered by the majority of current research, which 

mostly uses pseudo-first-order kinetic models with little investigation of specific kinetic and 

thermodynamic parameters. Concerns about the long-term environmental sustainability of 

degradation intermediates and borate byproducts produced via NaBH4-assisted processes are 

also raised by the lack of research on their destination, toxicity, and environmental effects. 

Advanced spectroscopic methods like in situ FT-IR, electron paramagnetic resonance 

(EPR), time-resolved UV–visible spectroscopy, and mass spectrometry should be methodically 

used to clarify the formation of chemical intermediates and pinpoint rate-determining steps in 

NaBH4-assisted degradation processes. Additionally, to improve resistance against surface 

oxidation and borate adsorption and to increase catalytic stability and reusability, surface-

engineered catalysts such as core-shell designs, doped systems, and hybrid nanostructures must 

be developed. Comprehensive kinetic modelling, activation energy determination, and reaction 

thermodynamic analysis should be carried out in order to enhance process predictability and 

mechanistic knowledge. To guarantee the long-term environmental safety and sustainability of 

NaBH4- assisted treatment methods, a thorough evaluation of the ecotoxicity, biodegradability, 

and environmental destiny of degradation products and residual borate species is also essential.
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