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ABSTRACT
Photocatalysis mediated by metal nanoparticles is emerging as an effective method for the removal of 
hazardous dye pollutants in natural aquatic bodies. Nanoparticles of Cu, Ni, and Ag were synthesized 
by chemical methods using PEG and PVP polymers as capping agents. Experimental photocatalysis was 
carried out in a single pot batch reactor using metal nanoparticle catalysts for the degradation of crystal 
violet (CV), bromocresol green (BCG), and methylene blue (MB) in an aqueous solution in the presence 
of NaBH4 reductant independently under solar and UV irradiations at 25oC. Metal nanoparticles caused 
the removal of BCG and CV in 90-120 min and MB in 30-60 min. A linear relationship between the 
irradiation time and the absorbance was recorded and the kinetic plots exhibited pseudo-first-order 
kinetic. The trend of dye degradation among the nanoparticles based on the catalytic efficiency (ϕc) 
and rate coefficient (k) values was  Cu>Ag>Ni. Mineralization experiments indicated 94, 91, and 90% 
of the TOC removal ratio (R) respectively for CV, MB, and BCG dyes. Nanoparticles stabilized using 
PEG demonstrated better catalytic efficiency than those with PVP. Solar irradiation showed a superior 
augmenting effect on the nanoparticle catalysts than the UV irradiation. The electron-hole pair mediated 
reduction mechanism was proposed as a basis for dyes photocatalytic degradation. 
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INTRODUCTION
Rapid population increase, industrialization 

growth, and indiscriminate urbanization are the 
main causes of grave irrevocable environmental 
damages. Industries which manufacture textiles, 
refineries, paper pulp, pesticides, batteries, etc. 
discharge several millions of gallons of wastewater 
daily. The effluent-borne organic pollutants 
jeopardize the terrestrial and aquatic bodies of the 
natural environment such as rivers, ponds, lakes, 
and so on. Organic dyes, that are employed in 
industries such as paints, textiles, plastics, tannery, 
and printing industries are complex molecules. 
Currently, more than 10 million different dyes 

amounting to 7x105 tones are produced globally 
every year [1]. Approximately 12-15% of the 
dyes applied in the manufacturing activities are 
discharged through the effluent as they are not 
entirely fixed [2]. 

In recent years, there is a growing concern about 
the environmental pollution caused by inadequately 
treated dye bearing industrial effluents. Most of these 
dyes are resistant to biodegradation and endanger 
the living organisms particularly when released in 
water bodies [3]. Accumulation of intensely colored 
dyes in water bodies restrict the penetration of 
sunlight, hinder the circulation of oxygen, promote 
eutrophication, and eventually compromise the 
natural trend of aquatic life [4]. Many studies have 
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reported the carcinogenic and lethal effects of 
these dye pollutants to all forms of life due to their 
infusion into both surface and groundwater bodies 
[3-6]. When imbibed into the food chain, the dyes 
comprised of azo and triphenyl methylene groups 
could cause serious health hazards and multi-organ 
damages in the human body [7,8].

The presence of dyes poses two critical 
challenges in treating the contaminated water: One 
is their chemical complexity which resists faster 
microbial biodegradation and the other constraint 
is detecting dyes at low concentrations [3]. 
Conventional methods of wastewater treatment 
like adsorption, electrochemical methods, and 
ultrafiltration, activated carbon and oxidation are 
rather less effective in complete removal of the 
dyes, or expensive and more time consuming [9]. 

More recently, heterogeneous photocatalysis 
has emerged as an effective method of choice for the 
remediation of dye polluted water. This eco-friendly 
method offers complete degradation of organic 
contaminants with the least energy consumption. 
Advantages of this method are the conversion of 
pollutants into non-toxic chemicals and gases, use of 
natural (solar) energy sources, quick oxidation, no 
formation of polycyclic products, and no obligation 
for sludge removal [10-12]. Photocatalytic 
degradation of pollutants is carried out with the 
help of semiconductor materials (catalysts) and 
light energy [13]. Being an oxidative process, 
heterogeneous photocatalysis employs common 
energy sources such as UV irradiation (300-
400 nm), solar radiation, and visible light for the 
degradation of pollutants [14]. During the process, 
valence band holes and conduction band electrons 
are produced upon the excitation of photocatalyst, 
caused by high energy radiation. While the ·OH is 
formed due to the reaction of valence band holes 
with H2O and hydroxide ion, the electrons cause 
the generation of peroxide radicals by reacting with 
molecular oxygen adsorbed on the catalyst [15,16]. 
The . OH free-radicals thus formed react with the 
organic contaminants and either convert them into 
nonhazardous substances or degrade completely 
into CO2 and H2O [17].

Studies have demonstrated that catalysts play 
a substantial role in the photodecomposition 
of organic pollutants in terms of facilitating the 
reactions and minimizing the wastes. Therefore, 
careful selection of catalysts is critical in 
photocatalytic remediation. The nanoparticles of 
transition metals, by virtue of their shape, size, 

specificity, large surface area to volume ratio, 
and thermodynamic stability, have attracted the 
attention of researchers in late years for application 
as potential catalysts. The metal nanoparticles 
(M-NPs), after activation by sunlight in aqueous 
solutions, act as sensitizers to enhance the 
photocatalysis of degradation of pollutants through 
a light-induced redox mechanism [18]. Transition 
M-NPs synthesized with synthetic stabilizers such 
as poly N-vinyl pyrrolidone (PVP) can be tuned 
through optimizing the experimental conditions 
for treatment of effluents of chemical and bio-
medical industries [19]. 

Bromocresol Green (BCG), Crystal Violet (CV), 
and Methylene Blue (MB) are the organic dyes 
possessing triphenyl methylene functional group. 
These dyes have found extensive applications in 
various industries and the health hazards caused by 
the effluents from these industries are increasingly 
reported in recent years. Hence, there is an immense 
need for the complete removal of these dyes 
from the contaminated water bodies using some 
effective techniques. The photocatalysis augmented 
by nanoparticle catalysts could be considered as a 
suitable method to meet such a need [10].  

In the natural environment, degradation of 
dyes takes place spontaneously with the help of 
solar energy which is a composite of UV and IR 
irradiations. By way of utilizing these natural 
radiations and optimizing the experimental 
conditions, complete removal of dye pollutants 
could be achieved through M-NPs mediated 
photocatalytic degradation. Most of the earlier 
studies in the research area of remediation of organic 
dye pollution have explored the catalytic ability 
of nanocomposites or metal oxide nanoparticles 
on the degradation of selected dyes. Studies 
comparing the augmenting potentials of transition 
metal nanoparticles in the photocatalysis of organic 
dyes are scanty. Therefore, this study was carried 
out to explore the nanoparticles of Cu, Ni, and Ag 
for application as heterogeneous catalysts and to 
compare their efficacy in the photodegradation of 
three dyes in an aqueous medium at 25°C using 
NaBH4 as the reductant. 

EXPERIMENTAL
Synthesis and characterization of metal nanoparticles

To synthesize M-NPs, the wet chemical 
reduction method [20] was adopted with some 
modifications.  Nanoparticles of copper, nickel, 
and silver metals were chemically synthesized by 



296

S. Kanchana and R. Vijayalakshmi / Photocatalytic dye degradation by metal nanoparticles

J. Water Environ. Nanotechnol., 5(4): 294-306 Autumn 2020

reducing copper chloride (CuCl2.2H2O) / nickel 
chloride (NiCl2.6H2O) / silver nitrate (AgNO3) 
with hydrazine hydrate (N2H4.H2O) in the presence 
of stabilizing agents such as PEG (biopolymer) 
and PVP (synthetic polymer) individually. Ideally, 
Copper chloride/ nickle chloride / silver nitrate 
(0.350 g) and the polymeric stabilizer (0.25 g) 
were dissolved in a mixture of anhydrous ethanol 
(50 mL) and EG (50 mL) by ultrasonic dispersion 
for 30 – 40 min. Further, the mixture was heated 
to 70oC, during which the pH of the reaction 
solution was adjusted to 12.0 by dropwise addition 
of NaOH (0.1 M). Then, to the reaction solution 
hydrazine hydrate (N2H4.H2O) ethanol solution 
(8 mL in 10 mL anhydrous ethanol) was added 
dropwise and heated up to 80oC for 4 hours along 
with constant stirring. The resultant M-NPs were 
cooled to room temperature and maintained in 
an anhydrous ethanol solution. Subsequently, the 
M-NPs were subjected to centrifugation, washed 
with anhydrous ethanol, and air-dried. The M-NPs 
thus prepared were stored in an airtight container 
purged with nitrogen (N2) gas. 

Characterization of M-NPs was performed 
using UV–visible spectrophotometry, FTIR, X-ray 
diffraction analysis, and electron microscopy 
coupled with EDX spectroscopy. UV–visible 
spectra analysis was performed for all samples 
and the absorption maxima were analyzed at 
a wavelength of 200–700 nm using UV–visible 
spectrophotometer. The synthesized M-NPs were 
subjected to FTIR examination to detect the 
biomolecules which could contribute towards 
efficient capping or stabilization. The crystalline 
nature of particles was evaluated by using the X-ray 
diffraction method (XRD) and the high-resolution 
transmission electron microscopy (HR-TEM) 
followed by dynamic light scattering (DLS) analysis 
to study the particle size, shape, and distribution 
of M-NPs. A detailed study on the morphology 
of M-NPs was carried out at room temperature 
(25+1°C) using scanning electron microscopy with 
a built-in field-emission (FE-SEM) gun operated at 
200 kV. The elemental composition of M-NPs was 
analyzed with an energy-dispersive X-ray (EDX) 
spectroscopy equipment.

Batch experiment: Catalytic degradation of organic 
dyes

A One-pot decolorization reaction was chosen 
for carrying out dye degradation using a batch 

reactor. Stock solutions of different dyes (1mM; 
pH 7.0) viz., MB, BCG, and CV were prepared in 
deionized and double-distilled water. The typical 
experiment included a double-walled three-necked 
100 mL glass round-bottomed flask fitted with a 
magnetic stirrer as a reactor. For each experiment, 
0.5 mg of nanocatalyst was added to 20 mL of dye 
solution. Subsequently, the solution was mixed 
with freshly prepared aqueous 5% NaBH4 (wt/v) 
solution. A Mercury lamp (120 W) was mounted on 
the top to serve as an artificial light source for UV 
light irradiation of the reaction mixture. A constant 
temperature of 25°C was maintained by circulation 
of water into the double-walled assembly. The 
reduction reaction was carried out for three days 
under vigorous stirring, and the progress was 
monitored using a UV-vis spectrophotometer. The 
absorbance at 664 nm for MB, 520 nm for BCG 
and 462 nm for CV were used to calculate the 
equilibrium adsorption of the dyes. 

Aliquots of dye solution (0.5 mL) were drawn 
out at various time intervals for determining the 
parameters controlling the trend of decolorization 
for each dye system. Separate kinetic parameters 
were determined for solar and UV irradiations. A 
control experiment without the catalyst was also 
carried out.

A kinetic study of the decolorization was 
performed by measuring the wavelengths at 
maximum and decreased absorbance values for 
each of the dyes. The rate constants of the dye 
degradations were determined through recording 
absorbance variations with time i.e., 50% dye 
decomposition. Pseudo-first-order conditions were 
maintained by using ten times higher the value of 
reductant (NaBH4) concentration than that of the 
dye. These values were calculated by multiplying 
constant 2.303 with the slopes of the linear 
kinetic plots generated. The pseudo-first-order 
rate coefficient values for the dye decolorization 
were determined from the kinetic plots which are 
obtained by plotting log(OD0/ODt) versus time. 
Catalytic efficiency (φc) of M-NPs were determined 
as follows: φc =kc/k0, where kc and k0 are the rates 
constant in the presence and absence of catalysts.

The effects of the bio stabilizer (PEG) and the 
synthetic polymeric stabilizer (PVP) on the nature 
of Cu, Ni, and Ag NPs catalyst systems were studied 
by determining the rate coefficient values of the 
decolorization of each of the dye system at constant 
pH.
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Assessment of mineralization of dyes
The mineralization processes of the dyes 

were ascertained by analyzing the treated dye 
solution for CO2 generation and TOC removal. 
Production of CO2 was determined by trapping 
the gaseous product of the reaction in a Ba(OH)2 
aqueous solution and gravimetrically estimating 
the resultant BaCO3 precipitate. The TOC removal 
ratio (R) is defined as R= (1- TOCf/TOC0) x100, 
where TOC0 and TOCf are the TOC values at the 
initial and at any time t respectively.

RESULTS AND DISCUSSION
Characterization of M-NPs 

Fig. 1A shows the UV–Vis spectra of 
nanoparticles of Cu, Ag, and Ni respectively. 
The maximum absorbance of Cu, Ni, and Ag 
nanoparticles was recorded at 380, 470, and 410nm 
respectively. The appearance of respective peaks 
corresponding to the surface plasmon resonance 
(SPR) bands is a formation index of M-NPs during 
the reaction [21]. The formation of SPR is due 
to the particle shape, size, interaction with the 
medium, and the degree of charge transfer between 

the particle and the medium [22]. 
The FTIR spectra (Fig. 1B) indicated intense 

bands corresponding to H-bonded O-H stretch 
at 1583, 3247, and 2832 cm-1 respectively for Cu, 
Ni, and Ag-NPs. Bands corresponding to C-O 
stretch were recorded at 1892, 3558, and 2941 cm-1 

for respective M-NPs. Peak bands of C=C stretch 
for respective M-NPs were observed at 997, 1075, 
and 1836 cm-1. Occurrences of C-F strong stretch 
in each of the M-NPs were indicated by the bands 
formed at 1275, 1573, and 1244 cm-1. These values 
are similar to those recorded in the studies carried 
out by Muthukrishnan et al. [22]. The IR spectrum 
analysis also provided an idea about biomolecules 
bearing different functionalities which are present 
in the basic system [23]. The broad SPR bands 
indicating nucleation of M-NPs and growth on 
capping agents appeared with minimum exposure 
times of 130, 180, and 145 minutes respectively for 
Cu, Ni, and Ag-NPs.

The X-ray diffraction analysis of M-NPs 
confirmed that the particles were of pure phase 
and crystalline in nature (Fig. 1C). Distinct Bragg 
reflections corresponding to lattice planes of 
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Fig. 1. Results of A) UV, B) FTIR and C) XRD analysis of Cu, Ag, and Ni nanoparticles
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specific shapes of each M-NPs were observed. 
The 2θ values of 33.4., 45.5, 58.3, 67.1, and 77.3 
correspondings to the (125), (228), (105), (126) 
and (303) planes were observed for Cu-NPs. For 
Ni- NPs the 2θ values were 32, 34.5, 46, 52.4, 
55.8 and 61.7° corresponding to the (218), (313), 
(405), (429), (521) and (438) planes. Diffraction 
peaks allocated at 38.2°, 44.7°, 57.6°, and 65.2° for 
appropriate lattice planes (109), (207), (225), and 
(315) were corresponding to the Ag- NPs. Besides, 
unassigned peaks occurred due to changes on the 
nanoparticle surface leading to crystallization of 
the organic phase [24]. 

The TEM micrographs showed that while the 
particles of Cu and Ag were spherical to cubic, 
uniform, and homogeneous in morphology, the 
Ni-NPs were polycrystalline (Fig. 2). Furthermore, 
it was also noted that the particles were discrete and 
non-agglomerated. In agreement with our study, 
Mntungwa et al. [25] and Basu et al. [26] from 
their independent studies reported that the M-NPs 
were spherically shaped with no agglomeration. 
Dynamic light scattering (DLS) analysis to record 
the size distribution of M- NPs was carried out using 
Analysette 22 NeXT automatic particle size analyzer 
(Germany). DLS pattern was in correlation with 
TEM values and indicated the occurrence of cubic 
particles with a narrow size distribution in ranges 
of 3-25 nm (Cu-NPs) ,  7-38 nm (Ni-NPs), and 4-45 
nm (Ag-NPs). The polydispersity index (PI) values 
determined for Cu, Ni, and Ag- NPs respectively 

were 0.6, 0.8, and 0.9. The average size of the M- 
NPs were calculated based on the size equal to 
that of nanoparticles of >75% of occurrence. The 
average particle sizes calculated for Cu, Ni, and Ag-
NPs synthesized using PEG respectively were 12±1 
nm, 18±1 nm, and 15±1 nm, while the sizes of the 
same synthesized using PVP respectively were 
15±1 nm, 22±1 nm, and 20±1 nm. The presence 
of stabilizers could be attributed to the inhibition 
of agglomeration of M-NPs. Distinct shapes of M- 
NPs were further confirmed using FESEM (Fig. 2). 
The EDX profile showed characteristic peaks for 
elements C, H, O, and Ni, etc. present in the M- 
NPs. The EDX spectrum depicted the energy bands 
centered at 3.7, 8.2, and 7.3 keV respectively of Cu, 
Ni, and Ag-NPs. Fayaz et al. [27] have reported that 
occurrences of these peaks are an index of proper 
synthesis of M-NPs. 

Photocatalytic degradation experiment
The feasibility of the synthesized M-NPs as 

potential catalysts for removal of dyes was studied 
using three commonly used dyes. When dyes were 
used with an initial concentration of 1mM, almost 
80% of anionic dyes (BCG and CV) were removed 
in 90-120 minutes, whereas 80% of the cationic dye 
(MB) was removed favorably in 30-60 minutes. In 
particular, MB - a water-soluble thiazine cationic 
dye assumes an absorption maximum at 665 
nm when it is in an oxidized form. The action of 
reducing agents such as NaBH4 causes its fading 
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Fig. 2. Micrographs of A) TEM and B) SEM of Cu (a), Ag (b), and Ni (c) nanoparticles
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into a colorless form called, leuco-methylene blue 
(LMB) [28,29].

It was found that, when the dye solutions were 
mixed with NaBH4 (2% wt/v) and kept for more 
than 24 hours, only <5% decolorization occurred 
from the initial color intensity. When M- NPs were 
added to NaBH4 mixed dye solutions, nearly in four 
hours, complete fading of the color was achieved. 
Although NaBH4 could serve as a reductant [28,29], 
photo energy is decisive for of degradation of dye 
contaminated effluents in the natural environment 

[30]. In line with our findings, Ayodhya and 
Veerabhadram [30] have demonstrated a superior 
rate of NaBH4 – CdS- NPs mediated degradation 
of MB dye under light (97%) than that carried out 
without any irradiation (<50%).

The UV vis spectra of the treated dyes (Fig. 3) 
indicated that the absorbance maxima (λmax) of 
the dye solutions diminished after the treatment 
process. The relative absorbance bands (λmax) for 
MB, BCG, and CV in samples were observed at 625, 
590, and 610 nm respectively. There was a gradual 
reduction in these absorbance values after 30 min 
of the addition of Cu, Ni, and Ag-NPs to the dye. In 
parallel, a proportionate increase of SPR of M-NPs 
was also observed. The ability of M-NPs to degrade 
the dyes was indicated by a decrease in absorbance 

values. Concomitant with our observation, Bhakya 
et al. [8], in their study on photocatalytic reduction 
of methyl violet (MV) using Ag- NPs, found that 
there was a marked decrease of absorbance and 
increase of SPR peaks at the end of 30 min of 
treatment.

Ramalingam et al. [31] suggested that at lower 
pH ranges, due to electrostatic interactions, the 
adsorption property of M-NPs increases. In contrast 
to this view, Saeed et al. [32] have reported that 
the alkaline conditions are more favorable for dye 
degradation as the preponderance of OH∙ radicals 
occurs especially in higher pH values. Studies 
have suggested that the low and high pH ranges 
of the medium have an augmenting effect on the 
adsorption property of M-NPs [31,32]. However, 
the present study did not observe any changes in 
the rate of reactions proportionate with the pH of 
the medium. The entire process was carried out 
at a constant pH of 7.0. In our study, a constant 
temperature of 25oC was maintained throughout 
the degradation process. and interestingly, any 
temperature change did not have a significant 
influence on the reaction.  Gupta et al. [33] believe 
that photocatalytic reactions are less temperature-
dependent. 

Our study identified certain parameters such as 
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Fig. 3. UV VIS spectra of a) Typical curves and Stacked curves of variation with time for reduced b) CV, c) BCG and d) MB dyes
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shape, size, and quantity of M-np catalysts, initial 
concentration of dye, and contact time of catalysts 
with dye solutions as significant factors influencing 
the photocatalytic degradation of dyes. 

The M-NPs of cubic shape happened to possess 
sharp corners and edges and encompass a higher 
fraction of atoms. As these atoms would be 
chemically active and likely to dissolve easily, these 
regions serve for profuse catalytic activities of the 
M-NPs [29]. Our study found that this concept is 
agreeable as the Cu- and Ag-NPs, which are cubic, 
demonstrated better degradative ability (95%) than 
the Ni-NPs (85%).  

The rate of photocatalytic reactions would be 
directly proportional to the quantity of M-NPs 
catalysts [34]. This is evident from our study that 
the Cu-PEG-NPs at a concentration of 0.5mg 
caused instant fading of color with the removal of 
80% of dye within 10 min unlike the same in lower 
concentrations.  

The size of the M-NPs has a direct impact and 
would be indirectly proportional to the catalytic 
activity in the degradation of organic dyes [35]. 
Particles with smaller sizes tend to favor higher 
proliferation and coordination of atoms on their 
surfaces which in turn facilitates better adsorption 
and degradation of dyes [35]. In conform to this 
theory, our study observed that smaller particles 
such as Cu-NPs (12-15±1 nm) and Ag-NPs (15-
20±1 nm) possess more catalytic efficiency than the 
larger particles i.e., Ni-NPs (18-22±1 nm).

The initial concentration of dye in the 
experiment is also a critical parameter in the 
photocatalytic degradation. In our study, an initial 
concentration of 1mM of each dye was used for 
degradation experiments which warranted about 4h 
for complete degradation. Higher concentrations of 
dyes usually hinder the penetration of radiations to 
the surface of catalysts and hence reduce the rate of 
reaction [32]. This has been evident from the studies 
of Saeed et al. [32], who demonstrated that the rate 
of photocatalytic degradation of Rhodamine B and 
MB dyes by Ag-Co3O4 nanocomposites decreased 
from 97% to 60% when the concentration of dyes 
was increased from 100 mg/mL to 300 mg/mL.

The contact time of catalysts (solid phase) with 
the dye solution (liquid phase) is a critical factor for 
the successful application of photocatalysis in the 
real treatment of wastewater. Indeed, the contact 
time promotes the exposure of reactive sites and 
adsorption of dyes onto the nanocatalysts [34]. 
In the present study, although the decolorization 

of dyes began within 5-15 min, acceleration of 
degradation was observed proportionate with the 
length of time. However, the rate of catalysis became 
stabilized after 4h of treatment. Concomitant with 
our findings Meva et al. [36], who investigated 
the application of Cu-NPs for degradation of MB, 
methyl orange, and eosin Y in aqueous solution, 
have reported the initial increasing trend of dye 
degradation and attainment of equilibrium with 
the extension of contact time. 

Degradation kinetic studies
Typical UV-Vis spectra of the three dyes 

are shown in Fig.  3. The present study explains 
the absorbance versus time kinetics about 
photocatalytic degradation of three dyes with 
reference to  the reaction catalyzed by Cu-NPs for 
convenience. This is mainly because the pattern of 
reactions catalyzed by all the M-NPs was more or 
less similar. Figs. 4 and 5 depict absorbance versus 
time variance plots for the degradation of three dye 
systems catalyzed respectively by PEG and PVP 
stabilized Cu, Ag, and Ni-NPs. As the reaction 
proceeded, the absorbance maxima (λmax) of each 
of the dyes diminished with time. A recent work by 
Saeed et al. [37] on the photocatalytic degradation 
of methyl orange using Ag-TiO2 reported a similar 
observation.

The reaction parameters such as the rate 
coefficient values (k), the half-life periods (t50%), 
and catalytic efficiency (φc) that are determined for 
the degradation of dyes carried out in presence of 
PEG capped Cu-NPs catalysts independently under 
solar and UV irradiations are presented in Table 1. 

Solar irradiation is composite and contains 
a larger portion of UV irradiation and a smaller 
portion of IR irradiation. While the IR irradiation 
causes heating effects, the UV radiation is 
responsible for augmenting the catalytic property 
of M-NPs in aqueous solutions. However, the rate 
coefficient for catalysis was comparatively inferior 
when UV light was used separately as a source of 
irradiation. The derived k values, as recorded in 
our study (Table 1), inferred that Cu-PEG-NPs 
catalyzed the reaction better under solar irradiation 
than the UV irradiation. Comparative study of φc 
values deciphered the trend of catalytic efficiency 
regarding the irradiations as solar > UV irradiation. 
The superior performance of solar radiations could 
be because of the presence of higher intensity of UV 
in solar photolysis than that of sole UV irradiations. 
The yellow light in the solar radiation contributes 
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Fig. 4. Absorbance vs Time plots for the reductive degradation of three dyes catalyzed by a) Cu-PEG-NPs b) Ag-PEG-NPs c) Ni-PEG-
NPs under solar irradiation and d) Cu-PEG-NPs under UV irradiation.  
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Fig. 5. Absorbance vs Time plots for the reductive degradation of three dyes catalyzed by e) Cu-PVP-NPs under solar irradiation f) 
Cu-PVP-NPs g) Ag-PVP-NPs h) Ni-PVP-NPs under UV irradiation.
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to the catalysis of the reductive degradations of dye 
by M-NPs.

Figs. 6 and 7 show the kinetic plots of M-NPs 
for the catalytic degradation of three dye systems 
under solar and UV irradiations respectively by 
PEG and PVP stabilized M-NPs.  The kinetic plots 
(Figs. 6 & 7) exhibit pseudo-first-order kinetic 
concerning the irradiation time and absorbance 
and demonstrated their linear relationship in the 
degradation of dyes. It may be noted that a gradual 
exponential decrease in the absorbance values with 
the time occurred during the reaction. A similar 
study conducted on the degradation of organic 
dyes using Ag-NPs by Bhakya et al. [8] explained 
that the linear correlation between the absorbance 
values (A/A0) with the reaction time is an index of 
pseudo-first-order for the reduction of dyes. 

The rate coefficient values for the degradation 
of the three dyes catalyzed by both PEG and 
PVP stabilized M-NPs independently under UV 
and solar photo irradiations are given in Table 2. 
Comparison of k-values indicated that the trend 
of catalytic efficiency of M-NPs in the degradation 
of three dyes systems was Cu>Ag>Ni-nps (Table 
2). It is a well-known fact that under constant 
compositions, smaller sized particles produce 
larger surface area encompassing higher active 
sites. Our study documented that the catalytic 
efficiency is inversely proportional to the size of 
M-NPs through recording the superior and inferior 
rate coefficient values produced by small-sized Cu-
NPs and large-sized Ni-NPs. Besides, in terms of 
causing the synthesis of smaller sized particles, the 
PEG was observed to a better stabilizer than PVP. 
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Entry Dyes 

Solar irradiation UV irradiation 
k 

(x10-4) 
s-1 

t50% 
min 

ϕc 
k 

(x10-4) 
s-1 

t50% 
min 

ϕc 

1 CV 5.30 21 8.70 4.86 24 7.89 
2 MB 4.17 27 7.71 3.71 31 5.81 
3 BCG 3.75 30 6.03 3.22 35 3.84 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Table 1. Rate coefficient (k) values, times of 50% reduction, and catalytic efficiency(ϕc) under pseudo-first-order conditions determined 
for the reduction of dyes using NaBH4 and Cu-PEG-NPs
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Fig. 6. Kinetic plots for the reductive degradation of three dyes catalyzed by a) Cu-PEG- NPs b) Ag-PEG-NPs c) Ni-PEG-NPs under 
solar irradiation and d) Cu-PEG-NPs under UV irradiation.
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Comparing the nanoparticle sizes and keeping all 
conditions constant, the trend in catalytic reactions 
regarding the stabilizers was PVP<PEG.

Mineralization of dyes
The ultimate result of the decolorization of dyes 

is mineralization [10]. In some cases, the partial 
transformation of the dyes to CO2 have been 
reported [23]. Treatment of dyes using NaBH4 as 
the reductant without a catalyst, although complete 
bleaching of the color takes place, may cause the 
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release of some incompletely degraded organic 
products. Under constant conditions at 25oC, a 20 
mL of 1mM solution of the dye produced 0.2g of 
BaCO3 corresponding to 92% of carbon released as 
CO2 after two hours.

Preliminary studies on the effect of concen-
tration of NaBH4 on the catalyst incorporated dye 
solutions indicated that, although a 5% (w/v) of 
reductant caused instant decolorization, no change 
in the reaction was observed with further increase 
in concentration.  Pal et al. [38] suggested that the 

Fig. 7. Kinetic plots for the reductive degradation of three dyes catalyzed by e) Cu-PVP-NPs under solar irradiation f) Cu-PVP-NPs g) 
Ag-PVP-NPs h) Ni-PVP-NPs under UV irradiation.
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Dyes 

SOLAR IRRADIATION UV IRRADIATION 

PEG PVP PEG PVP 

Cu-NPs Ag-NPs Ni-NPs Cu-NPs Ag-NPs Ni-NPs Cu-NPs Ag-NPs Ni-NPs Cu-NPs Ag-NPs Ni-NPs 

CV 5.30 4.08 3.82 4.91 3.74 3.02 4.86 3.68 3.23 3.75 3.22 2.95 

MB 4.17 3.68 3.05 3.61 3.21 2.82 3.71 3.00 2.65 2.90 2.65 1.95 

BCG 3.75 3.02 2.66 3.23 2.76 2.11 3.22 2.82 1.95 2.62 2.12 1.78 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Table 2. Rate coefficient k (x10-4 s-1) values under pseudo-first-order conditions determined for the reduction of dyes using NaBH4 and 
Cu, Ni and Ag-NPs with PEG, and PVP stabilizing agents
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reduction of dyes is solely dependent on catalysts 
despite the excessive presence of a reductant.

Mineralization of dyes to CO2 and H2O 
depends not only on the reaction time allowed but 
also on the nature of the M-NPs used [38]. In table 
3, the TOC values of degradation reactions carried 
out by Cu-NPs catalysts with two different initial 
concentrations of the dye are summarized. Keeping 
the concentrations of reductants constant, for 30 
min of reaction conditions higher R values were 
obtained with the catalysts stabilized with PEG than 
those with PVP. For 85% of TOC removal ratio, 
the least time of reaction was recorded for PEG 
stabilized Cu-NPs catalyst system. Under constant 
experimental conditions, for any one of the three 
dye systems, the catalytic efficiency of M-NPs 
based on the nature of the stabilizer was observed 
to be PEG>PVP. This trend observed could be 
rationalized as PEG facilitates the production of 
smaller sized nanoparticles with a larger surface 
area than PVP stabilizers. Structural implications 
such as the presence of more of –OH groups in 
PEG than in PVP stabilizers can be invoked for 
such a trend.

Considering the R values for 85% of TOC 
removal at a constant time of reaction, the trend of 
catalysis by Cu-NPs for the dye systems was CV > 
MB > BCG. Owing to the possession of three para 
alkyl amino substitutions, the CV showed rapid 
decolorization. On the other hand, the BCG dye, 
due to the presence of Bromo ring substitution 
along with the sulphonate group, consumed a 
longer time for decolorization. 

Reaction pathway
Generally, the reduction reaction is the basis for 

the degradation of dye molecules. The degradation 
of dyes catalyzed by M-NPs, in the presence of 
NaBH4, could be explained by Eley–Rideal (E-
R) adsorption mechanism. The photocatalytic 
degradation of dyes is based on the formation of 
electrons and holes on the nanoparticle catalyst 
under the influence of irradiation [39]. The 
M-NPs usually act as a substrate for adsorption of 

reductants on their surface and catalyze the e-relay 
reactions between the donor and the acceptor [40].

The presence of NaBH4 in aqueous solutions 
causes the release of borohydride (BH4

-) ions. 
Using electrostatic attraction the BH4

- ions are 
adsorbed onto the M-NPs, which makes their 
surface negatively charged. 
{BH4

- + 3H2O → BO3
3- + 8 e- + 10 H+}

The photo-assisted reaction causes electron-
hole pairs on the surface of nanoparticles between 
conduction and valence band [41]. This prompts 
the M-NPs to transfer the electrons to the dye 
molecules, thus initiating the reduction reaction. As 
the negative layered M-NPs attract more extents of 
dye molecules, a facile breakdown of the dye occurs 
over the surface of M-NPs due to the facilitation 
of intramolecular H-bonding in the dye. Besides, 
the nascent hydrogen species generated from BH4

- 
ions attack the dye that has been concentrated at 
the electron-rich sites of the molecule. Thus, the 
presence of heteroatoms and electron transfer 
from the negatively charged particles enhances the 
overall rate of the reaction. All these mechanisms 
together enhance the mineralization of the dye 
molecules. Veerakumar et al. [34], from their 
studies on the degradation of organic dyes using 
Ni-NPs -decorated porous carbon, have proposed 
that the two-electron transfer processes taking 
place on the surface of M-NPs play a significant 
role in the photocatalytic reduction of dyes.

Our study recorded higher rate coefficient values 
of M-NPs concerning the degradation of dyes when 
carried out under UV irradiation than that of solar 
irradiation. This implies that UV radiation plays a 
crucial role in facilitating the formation of electron-
hole pairs. Concomitant with our finding, recently 
Mohan and Devan [24] have demonstrated that the 
safranin O dye contaminated textile effluent was 
best treated using Ag-Ni bimetallic nanoparticles 
under UV light irradiations. 

 
CONCLUSIONS

Metal nanoparticles serve as potential catalysts 
for photocatalytic degradation of dyes and augment 

Table 3. TOC removal ratio (R) on the mineralization of MB, CV, and BCG with Cu-PEG NPs at 25oC under solar irradiation
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Entry Nanoparticles 
CV MB BCG 

Ra(%) Rb(%) Ra(%) Rb(%) Ra(%) Rb(%) 
1 PEG-Cu-NPs 94 93 91 90 90 88 
2 PVP-Cu-NPs 92 90 89 87 87 86 

                       a [dye]= 1mM; b [dye] = 0.7mM 
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the action of NaBH4 for the reduction reaction. 
Degradation is primarily dependent on catalysts 
and an increase in the concentration of reductant 
has no bearing on the reaction. The M-NPs are 
more efficient in causing the degradation (>80%) 
of cationic dye MB than with anionic dyes MB and 
BCG.  There is a linear relationship between the 
irradiation time and absorbance and the reactions 
abide by pseudo-first-order kinetic photocatalytic 
degradation of dyes. Mineralization of dyes 
depends not only on the reaction time allowed but 
also on the nature of the M-NPs used. M-NPs of 
cubic shape, smaller size, and of higher quantity 
has a positive effect on photocatalysis. The initial 
concentration of the dye and contact time of M-NPs 
are the critical factors for the photodegradation of 
dyes.  Significant catalysis by M-NPs takes place at 
a pH and temperature of 7.0 and 25oC respectively 
of the medium, and the changes in these values do 
not affect the reaction. 

The trend of reactions concerning catalytic 
efficiency (jc) values of M-NPs in the degradation 
of three dyes systems is Cu>Ag>Ni-nps and 
is inversely proportional to the size of M-NPs 
(Cu<Ag<Ni NPs). The PEG serves as a better 
stabilizer than PVP in terms of causing the 
production of smaller M-NPs and more –OH 
groups. Comparing the nanoparticle sizes and 
keeping all conditions constant, the trend in 
catalytic reactions concerning the stabilizers was 
PVP<PEG. In terms of rate coefficient (k) values 
of M-NPs and the impact of source of photo 
energy, the trend of dye degradation is solar > UV 
irradiation. Formation of electron-hole pair on the 
surface of catalyst facilitated by radiation is the key 
process in the reductive degradation of dyes. 
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