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ABSTRACT 

______________________________________________________________ 

Activation of peroxo compounds such as persulphate and hydrogen peroxide generate 

stronger oxidants such as sulphate radical (2.43 V) and hydroxyl radical (2.73 V), respectively 

that readily degrade organic contaminants, and inactivate bacteria in water. While activation 

of peroxo compounds using transition metal ion Fe(II) is actively studied, the use of redox or 

photoredox active Ni(II), Ru(II) and Cu(II) metal complexes for the activation of peroxo 

compounds remains understudied.  

In the present thesis, Nickel(II) hexaazamacrocylic complex was identified as a 

potential persulphate activator for the degradation of a variety of non biodegradable organic 

contaminants such as malachite green, ciprofloxacin, methyl orange, methylene blue and 

rhodamine B in a wide pH range (chapter 2). Importantly, the Nickel(II) hexaazamacrocylic 

complex was recovered using adsorbents such as activated carbon and amberlite, and reused 

in the homogeneous or heterogeneous forms for the activation of persulphate to degrade 

organic contaminant (chapter 3). Moreover, Ruthenium(II) trisbipyridyl complex was 

identified as a potential photochemical activator of persulphate. Very low concentration 

(1µM) of Ruthenium(II) trisbipyridyl complex activated persulphate upon visible light 

irradiation using energy efficient LED array as light source and caused the degradation of 

organic and bacterial contaminants in water (chapter 4). Copper based photo-Fenton like 

process under visible light irradiation activated hydrogen peroxide and caused effective 

inactivation of Gram negative and Gram positive bacteria. Importantly, effective disinfection 

of bacteria in water was achieved using very low concentration of Cu(II) ions i.e., ~20 times 

less than the permissible level of Cu(II) ions in drinking water (chapter 5). In addition, a new 

Copper(II) polypyridyl complex caused rapid photoinactivation of bacteria under visible light 

irradiation that is useful in water disinfection, as well as in photoantimicrobial chemotherapy 

(chapter 5). The findings of the present thesis revealed that Nickel(II), Ruthenium(II) and 

Copper(II) complexes are promising for the activation of peroxo compounds for the 

degradation of recalcitrant organic and bacterial contaminants in water.  
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TA with Cu(II) ions and H2O2 (A)in absence of irradiation and (B) 

upon  irradiation. [TA] = [200 µM] [H2O2] = 2 mM, [Cu(II) ions] = 

1 µM, Fluence rate = 0.163 Wcm
-2
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1. Introduction 

1.1 The need to improve water quality: 

Of the total water in earth, only ~ 0.77% is available for human use as fresh water 

resources in the form of lakes, rivers, and underground aquifers.
1, 2

 These accessible fresh 

water resources are severely contaminated by human activities (anthropogenic contamination) 

leading to the depletion of water quality.
3 

Manmade non biodegradable organic chemicals 

such as pharmaceuticals, personal care products, textile dyes and pesticides are entering water 

resources due to human activities, posing a threat to public health and environment.
4
  

In general, domestic or municipal waste water (waste water from homes, laundries, 

hotels etc.,) is treated in wastewater treatment plants (WWTPs) that usually employ microbes 

to degrade organic contaminants.
5-8

 It has been reported that certain non biodegradable 

contaminants such as pharmaceuticals, personal care products and pesticides are not 

eliminated by biological oxidation employed in WWTPs.
6-11

 Consequently, these non-

biodegradable contaminants are released in to fresh water bodies 
9-12

 (Figure 1.1) and termed 

as emerging pollutants.
10

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Contamination of fresh water resources by non-biodegradable contaminants from 

waste water treatment plants and industrial effluent treatment plants. 

The US EPA (United States – Environmental Protection Agency) defines emerging 
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pollutants as new chemicals without regulatory status and which impact on environment and 

human health.
10

 They are also called “micropollutants”, because they are present in the 

aquatic environment in variable concentrations of ng L−1
 to µg L−1

 (eg. Ciprofloxacin, a broad 

spectrum antibiotic)
 
.
11, 13

 

Moreover, the release of untreated or partially treated industrial effluents in to fresh 

water resources due to poor practice and lack of proper treatment methods at the industrial 

sites severely affects the water quality (Figure 1.1).
14

 Thus, there is an urgent need for 

elimination of these persistent organic pollutants to improve the water quality. Chemical 

oxidative degradation methods are recognised as promising to improve the quality of waste 

water.  

1.2 Non-biodegradable pollutants: 

Chemicals with toxic properties, certain pharmaceuticals and dye pollutants are often 

not degraded into environmentally harmless products by natural process (such as microbial 

degradation) and termed as “Non-biodegradable” contaminants.
15

 

For example, malachite green (MG), a biocide that is used to prevent the infection of 

fishes in fisheries is not effectively degraded by microbes (Figure 1.2).
16, 17

 US FDA (United 

States – Food and Drug Association) nominated MG as a priority chemical for 

carcinogenicity and banned its use.
17

 Although MG is not approved by the US FDA or the US 

EPA, it is extensively used as biocide in fish hatcheries; dye in textiles industries and as a 

colorant in food industries as it is relatively inexpensive, readily available, and highly 

efficacious.
16, 17

 Previous research on microbial degradation of MG showed that MG is 

partially oxidised to other forms resulting in the decolourisation but not degradation.
18

 

 

 

 

Figure 1.2 Structure of Malachite green and transformation products of MG on biological 

oxidation by Pandoraea pulmonicola YC32. 
18

  

It is important to note that MG and its partially oxidised products such as triphenyl 

amines that are not eliminated in biological oxidation are potentially harmful because of their 

NN N
H

N
H

H N
H

H2N H

Tri-desmethyl-
leucomalachite green

Di-desmethyl-
leucomalachite green

Malachite green
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carcinogenic properties.
18

  

Moreover, effluents from pharmaceutical companies and hospitals, unethical discharge 

of medical wastes or expired drugs by human beings are main sources of pharmaceutical 

pollution that contaminate fresh water supplies with pharmaceuticals.
6-8

 It is important to note 

that pharmaceuticals such as antibiotics are designed to inhibit microbial cell growth and 

therefore not degraded by conventional biological oxidation.
7, 8, 19-21

 The presence of even low 

concentration of antibiotics leads to the development of antibiotic resistance in  bacteria that 

is dangerous to public health.
20

 

 

 

 

Figure 1.3 Structure of Ciprofloxacin 

For example, Ciprofloxacin (Cpf) a broad spectrum fluoroquinolone antibiotic, is 

widely used in aquaculture and livestock husbandry, and prescribed for humans (Figure 1.3).
22

 

Previous research has revealed that Cpf that inhibit bacterial proliferation is non-

biodegradable.
22, 23

 It has been reported that in common WWTPs, most of the Cpf is not 

degraded but partly adsorbed on to activated sludge and the remaining escape from the 

treatment plants and contaminate water resources.
23, 24

 

In addition, dye effluents from textile industries contain a variety of highly coloured 

dyes that absorb natural sunlight and affect light penetration into water bodies. Consequently, 

dye pollutants in water bodies impede photosynthesis and adversely affect the entire aquatic 

ecosystem.
25

 It has been reported that the coloured dye effluents are also highly alkaline and 

ionic due to processing steps involved in dyeing industries and thus pose difficulty for 

degradation.
14, 25 

Methyl orange (MO, azo dye), methylene blue (MB, phenothiazine dye) and 

rhodamine B (RhB xanthine dye) are some common textile dyes. Importantly, MO, RhB and 

MB absorb visible light in the range of 350-580, 450-600 and 500-710 nm, respectively 

(Figure 1.4). Water contaminated with a mixture of these 3 dyes absorbs majority of the 

visible light radiation (350-710 nm), and could adversely affect the aquatic ecosystem. All 

above facts reveal that quality of water in fresh water sources is severely affected by a wide 

variety of non-biodegradable organic contaminants.  
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Figure 1.4 Structure and the absorption spectrum of dyes methyl orange (MO), rhodamine B 

(RhB) and methylene blue (MB). 

Treatment technologies such as adsorption by activated carbon and other adsorbents 

do not degrade organic contaminants but transfer pollutants from one phase to another. In case 

of reverse osmosis, pollutants are not degraded, but concentrated and discharged as 

concentrated wastes.
26

 There is a great demand for treatment process that effectively degrade 

recalcitrant (non biodegradable) organic pollutants and remove its toxicity. Advanced 

Oxidation Process (AOP) is recognised as a potential method for treatment of non-

biodegradable toxic organic contaminants in to biodegradable products, and completely 

oxidise organic contaminants to CO2, H2O and inorganic ions, a process called mineralisation. 

1.3 Advanced Oxidation Process: 

Advanced oxidation process was first defined by Glaze in 1987 as near ambient 

temperature and pressure water treatment process which involve the generation of hydroxyl 

radicals in sufficient quantity that could effectively degrade organic pollutants.
27

 Due to the 

ability of AOPs to degrade a variety of emerging non-biodegradable organic contaminants,
28, 

29
 AOP is termed as “water treatment process of 21

st
 century”.

30
 Importantly, a recent 

approach is to use AOPs for partial oxidation of non biodegradable toxic organic pollutants to 

non-toxic biodegradable intermediates that could be degraded in the conventional biological 

treatment process employed in common WWTPs.
28,29

 Peroxo compounds such as 

peroxydisulphate (S2O8
2-

), commonly called as persulphate and hydrogen peroxide (H2O2) are 

used widely in AOPs as a source of sulphate and hydroxyl radicals, respectively. Sulphate and 
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hydroxyl radicals can completely degrade and mineralize recalcitrant organic contaminants. 

AOP that rely on hydroxyl radical as primary oxidant is called as hydroxyl radical based AOP 

or conventional AOP.
31

 Recently, sulphate radical based AOP that rely on sulphate radical as 

primary oxidant, has been recognised as one of the powerful AOP.
32

  

1.4 Activated persulphate for degradation of non-biodegradable organic contaminants 

and bacteria: 

Persulphate (S2O8
2-

) is a relatively stable solid white powder. It is a two electron 

oxidizing agent with a redox potential of (2.01V, reaction 1).
33

 Persulphate can oxidise 

organic contaminants in three ways: (i) direct oxidation of organic contaminants by 

persulphate itself (reaction 1) (ii) by generation of sulphate radicals via homolytic or 

heterolytic cleavage of peroxo bond of persulphate, a process called „activation‟ (reactions 2-

3)
36

 (iii) by producing another powerful oxidant, hydroxyl radical (2.8 V) formed by reaction 

of sulphate radicals in aqueous medium at neutral and alkaline pH (reactions 4-5).
33-37 

 

 

 

 

 

 

Importantly, sulphate and hydroxyl radicals react readily with organic or microbial 

pollutants leading to their degradation and even mineralisation.
33, 36, 38

 Persulphate can be 

activated by UV,
39

 heat,
40

 transition metal ions and metal complexes.
34, 41, 42

  Among these 

activation strategies, activation of persulphate by using metal ions or metal complexes is 

widely preferred because it is relatively feasible, economic and effective.
34, 36, 38

 Activation of 

persulphate by metal ion catalysis occurs by an oxidation – reduction reaction in which low 

valent metal ions M
n+ 

act as reducing agents and get oxidised to higher valency (reaction 3).
42

 

Redox active transition metal ions such as Co(II), Fe(II), Cu(II), Ag(I), have been studied for 

activation of persulphate to degrade a variety of organic contaminants. 
34, 41, 42

 

S2O8
2- + 2e-                 2SO4

2-    (2.01 V)                                            ..............(1)

S2O8
2-                             2SO4        (Homolytic Cleavage)                 .............(2)

S2O8
2- + Mn+                       SO4

2-  +   SO4      + M n+1 (Heterolytic Cleavage) ..(3)    

                                             M = Fe2+ or Ag+

SO4     + H2O              HSO4
- + OH                                                   ...............(4)

OH + S2O8
2-               HSO4

- + SO4       + 1/2 O2                                ..............(5)

UV
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1.5 Gap in literature: 

1.5 (a) Metal complex based persulphate activation: 

The redox chemistry of metal azamacrocyclic complexes has been extensively 

studied.
43

A variety of Nickel(II) azamacrocyclic complexes having different redox properties 

have already been reported. 
43,

 
44

 Nickel(II) hexaazamacrocyclic complex (C1), [Ni(II)L]
2+ 

(Figure 1.5A) forms an ion-pair complex with persulphate, followed by nickel ion assisted 

heterolytic cleavage of peroxo bond of persulphate leading to the generation of sulphate 

radical and trivalent nickel species (reactions 7-9).
45

 However, reaction between persulphate 

and nickel(II) azamacrocyclic complex, and its effect on recalcitrant organic pollutants such 

as biocides, antibiotics and dyes has not been studied. Moreover, Ag(I) ion was shown to 

activate persulphate effectively.
42, 46, 47 

The activation of persulphate by silver salts such as 

silver sulphate and silver nitrate, in which the Ag is in +1 oxidation state has been studied for 

the degradation of contaminants such as 2,4 –dichlorophenol and Triclosan using 

stoichiometric concentrations of Ag(I) and persulphate.
46, 47

 

 

 

 

 

Figure 1.5 (A) Structure of 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane nickel (II) 

perchlorate, C1 and (B) 5,5,7,12,12,14-hexamethyltetraazacyotetradecanesilver(II) 

perchlorate, C2. 

 

 

 

 
 
where, [Ni(II)L]

2+
 = 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane nickel  

(II) perchlorate 

Generally, Ag exists in +1 oxidation state.  Divalent oxidation state of Ag is uncommon and 

highly unstable. Interestingly, tetra azamacrocyclic ligands stabilise Ag in +2 and +3 

[Ni(II)L]2+  +  S2O8
2- {Ni(II)L2+,S2O8

2-}

{Ni(II)L2+,S2O8
2-} [Ni(III)L(SO4)]+       +     SO4

ion-pair

[Ni(II)L]2+ +   SO4 [Ni(III)L(SO4)]+

.... (7)

.... (8)

.... (9)

trivalent nickel 290 nm species

L = azamacrocyclic ligand

C1
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oxidation states.
48, 49

 However activation of persulphate using a silver tetra azamacrocyclic 

complex has not been carried out. 

1.5 (b) Recovery and reuse of homogeneous metal complex based persulphate activator: 

 It is important to note that, the transition metal ions and metal complexes used for 

persulphate based AOPs are leftover in water after the degradation of organic pollutants. The 

separation of such useful metal complex based persulphate activators from the treated water 

using common adsorbents employed in water remediation, and recycling these activators is 

imperative. The charge of the metal complex and the nature of the ligand could favour the 

adsorption of metal complex onto ion exchange resins (eg. Amberlite) and carbon based 

adsorbents (eg. activated carbon). Moreover, adsorptive immobilisation of a metal complex 

based persulphate activator could transform a homogeneous activator into heterogeneous form 

that is highly preferred in environmental catalysis. However, immobilisation of a redox active 

metal complex based persulphate activator onto adsorbents and their effect on organic 

contaminant degradation has not been studied. 

1.5 (c) Visible light activation of persulphate using photoactive metal complex: 

Persulphate has been studied as a sacrificial electron acceptor in tris(2,2′-bipyridyl)-

ruthenium(II) bypyridine (Figure 1.6), ([Ru(bpy)3]
2+

) based photolytic water splitting for 

hydrogen production.
50

 

 

 

 

 

Figure 1.6 Structure of Tris(2,2-bipyridyl)ruthenium(II) hexafluorophosphate complex. 

Importantly, the electron transfer from the excited [Ru(bpy)3]
2+

* to [S2O8]
2-

 occurs upon 

irradiation of [Ru(bpy)3]
2+

 in the range of 420-520 nm wavelength. Excited state 

[Ru(bpy)3]
2+

* transfer an electron to [S2O8]
2-

 via MLCT that results in the heterolytic 

cleavage of peroxo bond of persulphate and formation of sulphate radical and 

[Ru(bpy)3]
3+

(reactions 10-12).
51, 52
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[Ru(bpy)3]2+ + h         [Ru(bpy)3]2+*                                   ..............(10)

[Ru(bpy)3]2+*S2O8]2-         [Ru(bpy)3]3+ + SO4
2-+ SO4    ..............(11)

[Ru(bpy)3]2+ + SO4                 [Ru(bpy)3]3+ + SO4
2-                ..............(12)

 

Both sulphate radical and [Ru(bpy)3]
3+

are strong oxidants capable of oxidising organic 

compounds.
53, 54

 However, the effect of photochemical activation of persulphate using 

[Ru(bpy)3]
2+ 

on recalcitrant organic contaminants has not been studied. Activation of 

persulphate by visible light irradiation using a photo redox active metal complex such as 

[Ru(bpy)3]
2+ 

has not been carried out, although activation of persulphate by UV photolysis
39

 

has been studied for the degradation of organic contaminants. Few studies have shown that 

persulphate used in in-situ chemical oxidation (ISCO) process for the degradation of soil 

contaminants could retard the metabolic activity of indigenous soil microorganisms.
55

 

Moreover, it is important to note that oxidants such as sulphate and hydroxyl radicals 

generated by activation of persulphate in aqueous media could degrade organic 

contaminants,
38, 41, 42, 47, 56-59

 as well as damage vital biomolecules such as DNA and cell 

membrane.
53, 54, 60-63

 However, the direct effect of activated persulphate for simultaneous 

degradation of organic and microbial contaminants has also not been studied. 

1.6 Activated hydrogenperoxide for elimination of bacterial pollutants: 

H2O2 is widely used as disinfectant in water treatment, medical and domestic 

sanitation purposes.
64-66

 Importantly, the activation of H2O2 i.e. cleavage of peroxo bond of 

H2O2 generate hydroxyl radical (OH
•
), reaction 13-14.

67
 

 

 

Hydroxyl radical (OH
•
) is the most powerful (2.6 V) of the reactive oxygen species that 

readily react with organic compounds including vital microbial cell components such as 

lipids, proteins, and DNA.
68, 69

  Thus, strategies for activation of hydrogen peroxide to 

generate hydroxyl radical is actively studied for the inactivation of bacteria in water.
62, 70, 71

 

UV irradiation and transition metal catalysis are two common strategies employed for 

H2O2 activation to inactivate bacteria in water.
67, 70

 UV- H2O2 oxidation process is relatively 

costly because of the energy intensive UV lamps used as light source.
72

 Moreover, it is 

generally inefficient for disinfection of turbid waters such as waste water because of the 

impairment of UV light penetration. On the other hand, activation of H2O2 using transition 

H2O2 + 2H+ + 2e-               2H2O (1.78 V)              .......(13)

2 OH + 2H+ + 2e-                2H2O (2.76 V)             .......(14)
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metal ions is less expensive and effective for treatment of even turbid water. As a result, 

transition metal ions/complexes are preferred to activate H2O2 for remediation of waste water 

contaminated with organic and microbial pollutants.
62, 70, 73

 Use of Fe(II) ions and H2O2, 

popularly known as Fenton process generate hydroxyl radicals. The first mechanistic proposal 

for the formation of OH
•
 radicals from H2O2 in the presence of the transition metal Fe(II) was 

formulated by Haber and Weiss.
74

 This mechanism involves the one-electron oxidation of 

Fe(II) to Fe(III) accompanied by the homolytic O−O bond cleavage and generation of reactive 

hydroxyl radical (reaction 15-16).
75  

 

 

The above Fenton reaction at neutral pH generates iron sludge due to low solubility of 

Fe(III) species which is undesirable in Fenton based degradation process. 
71

 

1.6 (a) Gap in literature: Fenton-like process for water disinfection: 

Reaction between Cu(I) species and H2O2 commonly known as copper based Fenton-

like reaction generates hydroxyl radical (reaction 17). The hydroxyl radical formed in Fenton-

like reaction (reaction 17) cause oxidative damage to bacteria, that is useful for water 

disinfection.
73, 78 

Cu(II) species in presence of H2O2 may undergo slow reduction to Cu(I) state 

(reaction 18)  that could generate hydroxyl radical due to Copper based Fenton-like reaction 

(reaction 17), and induce damage to biomolecules and bacteria.
70, 73, 76-78

  

 

 

 It is important to note that Cu(II) complexes of amino acids, peptides and proteins 

photoreduce to Cu(I) state that undergo copper based Fenton-like reaction to produce 

hydroxyl radical (reaction 17).
76,77,81 

Cu(II) ions are known to bind bacterial cell surface.
58,82

 

These facts indicate that irradiation of bacterial cell components such as proteins and peptides 

bound to Cu(II) ions in presence of H2O2 could enhance the inactivation of bacteria by 

activation of H2O2. Nevertheless, the effect of visible light irradiation on copper based 

Fenton-like reaction for inactivation of bacteria is not known. 

 

 

[Fe(II)(H2O)6]2+ + H2O2           [Fe(III)(H2O)5(OH)]2+ + OH +H2O

[Fe(III)(H2O)5(OH)]2+ + H2O2           [Fe(II)(H2O)6]2+ + HOO

......(15)

.....(16)

  Cu(II) + H2O2               Cu(I) +  HO2 + H+   .....(18)

            Cu(I) + H2O2              Cu(II) + OH + OH-      .....(17)
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1.7 Metal complexes in Photo-antimicrobial chemotherapy (PACT): 

 Photo-antimicrobial chemotherapy (PACT) involves the use of light and 

photosensitizer to kill pathogenic microbes.
83, 84, 85

 A photosensitizer (PS) molecule absorbs 

energy in the form of light and gets excited from its ground state. In this excited state, the PS 

can cause a chemical change in the neighbouring molecule via two pathways called Type I 

and Type II photochemical reaction (Figure 1.7).
83, 84, 85

 The type I pathway involves an 

electron transfer step between the triplet PS and a nearby substrate with generation of radical 

species. The type II pathway involves an electronic energy transfer process from the triplet PS 

to molecular oxygen leading to generation of highly reactive singlet oxygen.
 83, 84, 85

 Thus, 

irradiation of a PS at appropriate wavelength leads to the formation of cytotoxic species 

(reactive oxygen species such as singlet oxygen (
1
O2), superoxide ion and free radicals) which 

could oxidize intracellular molecules and thereby destroy cells (Figure 1.7). 
83,84, 85

  

 

 

 

 

Figure 1.7 Illustration of the mechanism of photoantimicrobial chemotherapy (PACT). S0 – 

PS at the ground state, S1 - exited state PS, T1 PS at triplet state, e
-
 - electron. 

Usually, PS is injected into the target area, where it accumulates and is exposed to 

light of a specific wavelength. This reaction induces the production of reactive oxygen species 

(ROS) that causes oxidative damage to the target bacterial cells leading to its death. 
83,84, 85

 

The key advantage of PACT is that the microbes cannot develop resistance against PACT.
83-85

 

Earlier, it has been shown that Ru(II) polypyridyl complexes with membrane binding 

ligands were able to photoinactivate Escherichia coli efficiently, indicating the potential of 

transition metal complexes as effective photoantimicrobial agents.
86

 It is important to note 

that Copper(II) polypyridyl complexes are photoactive in nature and upon irradiation generate 

reactive oxygen species such as superoxide anion and singlet oxygen
79, 80, 87, 88

 that are 

detrimental to bacteria.  Nevertheless, photoantibacterial activities of Copper(II) polypyridyl 

complexes remains unexplored. Study on the effect of photoactive Copper(II) complexes on 

bacteria is important to develop efficient PACT agents, and would also be useful to disinfect 

water contaminated with microbes. 
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1.7 (a) Gap in literature: Visible light emitting diodes as light source for degradation of 

organic and bacterial contaminants in water: 

Light emitting diodes (LEDs) are emerging light sources with attractive properties 

such as low power input, high energy efficiency, and small size. These properties make them 

an effective alternate light source for photocatalytic water purification.
89, 90

 Ultra violet light 

emitting diodes have been used to drive photochemical AOPs for degradation of organic and 

microbial pollutants.
89-91

 Moreover, visible light emitting LEDs with different emission 

spectrum and light intensities are commercially available (Figure 1.8). However, the 

application of LEDs, in particular, visible light LEDs are underexplored for the 

photochemical AOPs.  

 

 

 

 

 

 

Figure 1.8 Emission spectrum of commercially available visible light LEDs 

(http://www.kwalityindia.com). 

Visible light driven AOPs is particularly advantageous as visible light irradiation is 

harmless to human beings unlike UV irradiation. Moreover, visible light of natural sunlight 

could be useful in visible light driven AOPs. Thus in the present work, custom fabricated 

visible light- LED arrays have been used as the light source for driving the photochemical 

AOPs. 

1.8 Objectives of present study: 

Based on all the above facts, the main objectives of the present work are: 

 (a) To study the activation of peroxo compounds such as persulphate and hydrogen peroxide 

using redox active or photoredox active metal complexes. 

(b) To study the effect of metal complex/metal ions activated peroxo compounds on non 

biodegradable organic contaminants in water. 

(c) To study the effect of metal complex/metal ions activated peroxo compounds on bacterial 

contaminants, and vital biomolecules such as cell membrane and DNA. 
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1.9 Thesis Structure: 

 Chapter 1 provides an introduction to the activation of peroxo compounds, current 

literature review and existing gaps on the use of metal complexes or metal ions for 

activation of peroxo compounds. 

 Chapter 2 presents the activation of persulphate using Ni(II) hexa azamacrocyclic 

complex for degradation of a variety of recalcitrant organic contaminants in water. 

 Chapter 3 illustrates the adsorptive recovery and reuse of metal complex based 

persulphate activators using Ni(II) hexa azamacrocyclic complex and adsorbents such 

as activated carbon and amberlite. 

 Chapter 4 reveals the visible light induced photochemical activation of persulphate 

using Ru(II)tris bipyridyl complex  for the degradation of organic as well as bacterial 

contaminants in water. 

 Chapter 5 examines the effect of Copper based photo Fenton-like process on bacterial 

inactivation. 

 Chapter 6 presents the key findings of this thesis and suggests future research. 
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Activation of persulphate by Nickel(II) hexaazamacrocyclic complex: Study 

on degradation of persistent organic pollutants 

2.1 Abstract: 

  Nickel(II) hexaazamacrocyclic complex, (C1) forms an ion-pair complex with 

persulphate, followed by nickel ion assisted heterolytic cleavage of peroxo bond of 

persulphate leading to the generation of sulphate radical and trivalent nickel species (Chapter 

1 Section 1.5a). However, reaction between persulphate and nickel azamacrocyclic complex 

and its effect on recalcitrant organic pollutants such as biocides, antibiotics and dyes has not 

been studied. 

The present chapter is focused on activation of potassium persulphate (KPS) by redox 

active Nickel(II) hexaazamacrocyclic complex (C1) for degradation of certain non-

biodegradable biocidal contaminants such as Malachite green (MG) and Ciprofloaxin (Cpf), 

and highly coloured textile dye pollutants such as Methyl Orange (MO), Rhodamine B (RhB) 

and Methylene blue (MB). The degradation intermediates of biocidal compounds MG and 

Cpf and the toxicity of MG and Cpf before and after the degradation were investigated. The 

performance of C1 activated KPS to degrade dyes MO, RhB and MB was evaluated in 

simulated natural water containing a variety of inorganic ions and organic content. This 

chapter addresses the gap in literature discussed under the section 1.5 (a) of chapter 1. 

Graphical Abstract: 

 

2.2 Experimental procedures and analysis: 

2.2 (a) Reagents: 

Nickel chloride hexahydrate (NiCl2·6H2O), Silver nitrate (AgNO3), Potassium 

persulphate (K2S2O8), Sulphuric acid (H2SO4), Sodium hydroxide (NaOH), Sodium chloride 
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(NaCl), Potassium iodide (KI), Potassium dichromate (K2Cr2O7), Starch, Sodium thiosulphate 

(Na2S2O3), Ethanol, Ammonium acetate (CH3COONH4), Tertiary butyl alcohol, Methyl 

orange (MO), Methylene blue (MB), and Rhodamine B (RhB) used, were of guaranteed 

analytical grade, from SD fine chemicals, India. Malachite green (MG) was obtained from Hi 

media, India and Ciprofloxacin (Cpf) was extracted from Ciptec™ – 250 mg, Cipla and 

purified by RP-HPLC. Complexes, 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane 

nickel(II) perchlorate (C1), and 5,5,7,12,12,14-hexamethyltetraazacyotetradecanesilver(II) 

perchlorate (C2) were prepared as reported earlier.
1, 2

 Care must be taken as large amount of 

perchlorate salts could be explosive. For HPLC analysis, methanol (HPLC grade), acetonitrile 

(HPLC grade), ammonium acetate buffer (pH 4.5) and millipore water were used. 

2.2 (b) Experimental procedure: 

Stock solutions of MG, Cpf, MO, MB and RhB and complexes C1 and C2 were 

prepared using double distilled water. Freshly prepared KPS solution was used for all 

experiments. These stock solutions were diluted to get solutions of desired concentrations. All 

reactions were carried out at 27 ± 2 °C at pH 7 unless specified. pH was adjusted to desired 

value with help of pH meter (EU Tech) by adding 0.1 N H2SO4 or 0.1 N NaOH. 

Degradation of MG, MO, MB and RhB was studied by following the decrease in the 

absorption maximum at 618 nm, 454 nm, 664 nm and 564 nm respectively, after specific time 

intervals using JASCO V-570 UV/VIS/NIR, while the degradation of Cpf was monitored by 

high-performance liquid chromatography (HPLC), using Shimadzu UFLC, equipped with a 

phenomenex C18 HPLC column (250 mm × 4.5 mm, 5 μm) and SPDM 20A Prominence 

diode array detector. Typically, reaction is carried out by addition of stock solutions of 

contaminant and KPS with and without C1 or C2 followed by thorough mixing and 

incubation for specified time intervals. 

2.2 (c) HPLC analysis: 

Degradation of MG, Cpf, MO, MB and RhB were monitored by high pressure liquid 

chromatography using Shimadzu UFLC, equipped with a phenomenex C18 HPLC column 

(250 mm × 4.5 mm, 5 µm) and SPDM 20A Prominence diode array detector. The 

measurements for the organic pollutants are as follows (Table 2.1).  
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100 μL of sample was injected and the measurement was performed in isocratic mode with a 

flow rate of 1 ml/min. 

2.2 (d) TOC analysis: 

TOC was measured using Sievers 900 TOC analyser. An aliquot of 20 mL of sample 

was taken at specific time intervals from reaction mixture (100 mL) and injected in to TOC 

analyser. The results are expressed as TOC/ TOC0 where TOC is Total organic carbon at time 

t, and TOC0 is initial Total organic carbon. % reduction in TOC was obtained using the 

equation [TOC/ TOC0] x 100. 

2.2 (e) LC–ESI–MS analysis: 

LC–ESI–MS analysis was performed using Thermo Finnigan LCQ Deca LC/MS/MS 

Electrospray quadrupole ion trap mass spectrometer. Surveyor LC was equipped with a C-18 

column (150 mm × 2 mm). Nitrogen was used as sheath and auxiliary gas. Ion source 

conditions were: sheath gas flow rate ∼7.5 L/min. Capillary temperature was maintained at 

200 °C and capillary voltage was kept at 15 V. Ion-spray voltage and tube lens offset were 

maintained at +4.5 kV and −7 V respectively. 

2.2 (f) Microbial assays: 

Sterile distilled water and sterile glasswares were used. A reaction mixture (1 mL) 

containing appropriate concentration of MG or Cpf, KPS and C1 was prepared by adding 

appropriate volumes of respective stock solutions. This solution was mixed thoroughly and 

kept undisturbed for 60 min. After 60 min, 1 mL of 2X NB was added to the above solution 

followed by addition of E. coli cells (∼10
6
). The contents were mixed well and incubated in a 

shaking incubator for overnight at 37 °C. Appropriate controls were prepared using only MG 

or Cpf. 0.1 mL of above culture suspensions were spread plated on nutrient agar plates 

followed by overnight incubation at 37 °C. 

All the experiments were performed thrice in duplicates. Origin Pro 8.0 software was 

used for data analysis. 

Table 2.1 HPLC conditions for study of degradation of contaminants  

Contaminants Mobile Phase Wavelength 

MG 80:20 (v/v) ammonium acetate (pH 4.5)/acetonitrile 618 nm 

Cpf 70:30 (v/v) ammonium acetate buffer (pH 4.5)/acetonitrile 275 nm 

MO 70:30 (v/v) ammonium acetate buffer (pH 4.5)/acetonitrile 464 nm 

MB 70:30 (v/v) ammonium acetate buffer (pH 4.5)/acetonitrile 660 nm 

RhB 30:70 (v/v) ammonium acetate buffer (pH 4.5)/acetonitrile 554 nm 
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2.3 Results and Discussion: 

2.3.1 Degradation of Malachite green (MG)  

2.3.1 (a) Degradation of MG by KPS, and C1 activated KPS: 

Absorption spectra of MG showed three main peaks with absorption maxima at 618, 

425 and 315 nm (Figure 2.1A). Absorbance of these bands decreased on addition of KPS to 

MG with a significant decrease in absorbance at 618 nm, until it became almost zero at ~60 

min (Figure 2.1A). These spectral changes revealed ability of KPS to degrade MG. Earlier, 

disappearance of absorption band (500 to 700 nm) with peak at 618 nm was monitored to 

study degradation of MG by various methods.
3-5

  

HPLC chromatogram of MG monitored at 618 nm showed a single sharp peak with 

retention time (RT) 4 min, which corresponds to MG (Figure 2.1B).
4
 Addition of KPS to MG 

decreased the intensity of MG peak, and led to the formation of new peak with  RT 1.8 min. 

MG peak at RT 4 min and peak observed at RT 3.5 min completely disappeared after 60 min 

of reaction, while peak at RT 1.8 min was reduced to negligible level (Figure 2.1B).  

 

 

 

 

 

Figure 2.1 (A) Change in absorption spectrum of MG (10 mg/L) at different time intervals 

after addition of KPS (1 g/L) in water. (B) HPLC chromatogram of MG (10 mg/L) at different 

time intervals after addition of KPS (1 g/L).  Figure 2.1 (B) Inset Magnified image (10X) of 

Figure 2.1B.  

HPLC results clearly showed that KPS has ability to degrade MG to other species and 

peaks at RT 1.8 min and 3.5 min could correspond to the degradation products of MG. 

Absorption spectral changes of MG observed on addition of both KPS and C1 showed a rapid 

decrease in absorption at 618 nm within 20 mins (Figure 2.2A). Moreover, after 60 mins, a 

shoulder around 450 nm and also a peak around 290 nm were observed, which correspond to 

trivalent nickel species formed due to reaction between KPS and C1, as reported earlier.
6 

The 
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corresponding HPLC profiles monitored at 618 nm also revealed that MG as well as the 

degraded products of MG were degraded within 20 mins on addition of KPS with C1 (Figure 

2.2B).  

 

 

 

 

 

 

 

Figure 2.2 (A) Change in absorption spectrum of MG (10 mg/L) at different time intervals 

after addition of KPS (1 g/L) in presence of C1 (200 µM) in water. (B) HPLC chromatogram 

of MG (10 mg/L) at different time intervals after the addition of KPS (1 g/L) in presence of 

C1 (200 µM). Figure 2.2 (B) Inset Magnified image (10X) of Figure 2.2B. 

 

Importantly, rate of degradation of MG by KPS alone was determined to be 

0.11±0.011 min
-1

 where as the rate of rate of degradation of MG by KPS in presence of C1 

was determined to be 0.93±0.05 min
-1 

(Figure 2.3, Table 2.2). These results revealed that C1 

caused marked enhancement in the rate of degradation of MG by KPS (Table 2.2). 

 

2.3.1 (b) Effect of pH:  

Rates of degradation of MG at pH 3 and 9 were found to be almost similar, and slightly 

higher than neutral condition (Figure 2.3A). It is known that decomposition of KPS is 

enhanced by acid catalysis.
7 

Moreover, base such as sodium hydroxide is also known to 

Table 2.2 Rate constants determined for degradation of MG by KPS under various conditions 

Reaction pH Rate Constants (min
-1

) 

MG+KPS 7 0.11 ± 0.01 

MG+KPS+C1 7 0.93 ± 0.05 

MG+KPS 3 0.20 ± 0.01 

MG+KPS 9 0.23 ± 0.02 

MG+KPS+C1 3 0.59 ± 0.02 

MG+KPS+C1 9 0.63 ± 0.03 

MG+KPS+ Ni(II) ions 7 0.12 ± 0.01 

MG+KPS+ Fe(II) ions 3,7,9 Not determined
a
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activate decomposition of persulphate.
8 

Increase in rate of degradation of MG by KPS at pH 3 

and 9 (Table 2.2) in the present study is due to acid catalysis and base activation of KPS, 

respectively. 

 

 

 

 

 

Figure 2.3 (A) Absorption changes with time at 618 nm for solutions having MG (10 mg/L) 

and KPS (1 g/L) at three different pH (pH 3, pH 7, pH 9) along with the corresponding 

exponential decay fit. (B) Absorption changes with time at 618 nm for solutions having MG 

(10 mg/L) and KPS (1 g/L) in presence of C1 (200 µM) at three different pH (pH 3, pH 7, pH 

9) along with the corresponding exponential decay fit. 

 

Rapid redox reaction between KPS and C1 generates highly reactive sulphate radicals 

(2.6 V) and oxidants such as trivalent nickel species.
6, 9 

Thus, the rapid degradation of MG by 

KPS in presence of C1 is due to the activation of KPS by C1. Present results also show that 

degradation of MG by C1 activated KPS was faster and efficient than KPS activated by acid 

catalysis or base. Rates of degradation of MG by KPS in presence of C1 at pH 3, 7 and 9 were 

found to be almost similar (Figure 2.3B, Table 2.2). Earlier, it has been suggested that 

trivalent nickel species act as effective catalyst for oxidation process in aqueous neutral media 

and in alkaline media.
9, 10

 It is known that stability of trivalent species is highest in acidic, 

lowest in alkaline and intermediate in neutral conditions, indicating that trivalent nickel 

species are highly stabilised under acidic conditions and not favourable for oxidation 

reactions.
9, 10

 Although there is a slight variation in rate of degradation of MG by KPS in 

presence of C1 within pH range 3-9, it is important to note that MG is degraded effectively 

over a broad range of pH (Figure 2.3B).  

2.3.1 (c) Effect of Nickel(II) and Iron(II) ions:  

Rate of degradation of MG by KPS in presence of Ni(II) ions (200 µM) at pH 3-9 was similar 

to rate of degradation of MG by KPS alone (Figure 2.4A, Table 2.2). Moreover, degradation 
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of MG by KPS in presence Fe(II) ions (200 µM) at pH 3-9 showed relatively higher 

absorbance at 618 nm indicating that degradation was incomplete (Figure 2.4A). 

 

  

 

 

 

Figure 2.4 (A) Absorption changes with time at 618 nm for solutions having MG (10 mg/L) 

and KPS(1 g/L); MG (10 mg/L) and KPS (1 g/L) in presence of C1(200 µM); MG (10 mg/L) 

and KPS (1 g/L) in presence of Fe (II) (200 µM)  and, MG (10 mg/L) and KPS (1 g/L) in 

presence of Ni(II) (200 µM); along with the corresponding exponential decay fit. (b) HPLC 

chromatogram of MG (10 mg/L) and KPS (1 g/L); MG (10 mg/L) and KPS (1 g/L) in 

presence of C1(200 µM); MG (10 mg/L) and KPS (1 g/L) in presence of Fe (II) (200 µM); 

MG (10 mg/L) and KPS (1 g/L) in presence of Ni(II) (200 µM) at time intervals. 

HPLC chromatogram showed a peak at 4 min corresponding to MG, and peaks at 1.8 

min and 3.5 min corresponding to N- demethylated species produced during degradation 

(Figure 2.4B).
4
 These results clearly showed that in presence of Fe(II) ions or Ni(II) ions, both 

MG and N-demethylated species are not effectively degraded compared to degradation of MG 

by KPS in presence of C1. Based on absorption and HPLC results discussed above (Figure 

2.4), order of degradation of MG under mentioned experimental conditions is as follows: 

KPS: ferrous sulphate < KPS: nickel chloride ~ KPS < KPS: C1 (Table 2.2) 

Effect of various parameters observed for degradation of MG by KPS and by KPS in presence 

of C1 followed a similar trend as observed for degradation of MG by Fenton processes and 

Ozonation.
3, 11

 Importantly, the present results show that degradation of MG by KPS and by 

KPS in presence of C1 is effective over a wide pH range (3-9) while Fenton processes as well 

as Ozonation process are mainly effective under acidic conditions. 

2.3.1 (d) Total organic carbon analysis: 

TOC analysis results showed that treatment of MG (20 mg/L) with KPS (2 g/L) alone 

could remove 7% of TOC (Figure 2.5).  
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Figure 2.5 TOC reduction (%) of MG (20 mg/L) after the treatment with KPS (2 g/L) in 

absence and presence of C1 (400 µM). 

On the other hand, treatment of MG (20 mg/L) with KPS (2 g/L) along with C1 (400 

µM) could remove 11% of TOC within 3 h (Figure 2.5). This shows that treatment of MG 

with KPS alone and KPS with C1 not only results in degradation of MG but also in reduction 

of TOC. 

2.3.1 (e) Antimicrobial activity of MG before and after degradation: 

E. coli cells suspended in NB containing MG (untreated) were incubated overnight, 

and solution was found to be clear (Figure 2.6A).  

Figure 2.6 Photograph showing effect of MG (10 mg/L) on growth of E. coli (∼10
6
 cells) 

before and after treatment by KPS (1 g/L) and C1 (200 M). A, C and E tubes containing E. 

coli with MG, E. coli with MG after treatment by KPS and C1, and E. coli., respectively. B, D 

and F are the plates corresponding to the tubes A, C and E respectively after overnight 

incubation 

This solution when spread plated on NB agar and incubated overnight, did not show 

formation of any bacterial colonies (Figure 2.6B), revealing that MG alone is toxic to bacteria. 

On the other hand, when E. coli cells were suspended in NB, containing degraded MG (after 

treatment with KPS in presence of C1 for 60 min), solution was found to be turbid (Figure 

2.6E). This solution, on agar plates displayed formation of numerous bacterial colonies (matt 
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growth) (Figure 2.6F).Thus, above results indicate that KPS and C1 system has propensity to 

remove antibacterial activity of MG and thereby aid conventional biological oxidation. 

Earlier, it has been shown that degradation of MG by ozonation processes
11

 and 

decolourization of MG by dye-decolorizing bacterium (Shewanella decolorationis NTOU1)
12

 

showed reduction in antibacterial activity. 

2.3.1 (f) Identification of transformation products by ESI – MS: 

MG solution showed a single peak in total ion chromatogram (TIC), and its 

corresponding mass spectrum had a clear peak with 329 m/z (Appendix I Figure S.I 2.1). 

Degraded MG solution showed 3 peaks (A, B, C) in TIC plot, and corresponding mass spectra 

of these peaks revealed the formation of a variety of degraded intermediates (Appendix I 

Figure S.I 2.2). Earlier studies on degradation of MG mediated by hydroxyl radicals reported 

the formation of complex reaction mixture with N-demethylated intermediates of MG, DLBP 

(dimethylaminobenzophenone) and their hydroxyl adducts along with many other possible 

intermediates.
4, 13

 Analysis of present mass spectral results clearly showed ions that could 

correspond to N-demethylated intermediates, hydroxyl adducts of N-demethylated 

intermediates and DLBP (Table 2.3). Interestingly, these results showed that persulphate 

mediated degradation of MG could form hydroxyl adducts. Sulphate radicals react with water 

to produce hydroxyl radicals that could react with aromatic ring to form hydroxyl adducts.
7,8 

 

Moreover, sulphate radicals could directly attack the aromatic ring and form hydroxyl 

adducts. Thus, in the present study, formation of hydroxyl adducts of degradation 

intermediates could be attributed to both the sulphate radicals and secondary hydroxyl 

radicals generated upon activation of KPS by C1. 

Table 2.3 m/z values of degradation intermediates and tentative structures. 

TIC peak
a
 Tentative structure  m/z 

A MG–3CH2 A1  287.16 

A DLBP + OH A2 242.11 

A DLBP–CH2 + OH A3 228.50 

A DLBP + 2OH A4 257.11 

A BPA + HSO4
−
 A5 266.00 

A BPA + CH3 + OH A6 200.10 

A MG–4CH2− NH + 4OH A7 322.11 

B MG–2CH2− NH + 4OH B1 352.15 

B MG–4CH2 + 2OH B2 305.13 

C LMG C1 331.00 

C MG–4CH2− 2NH + 4OH C2 309.10 

C MG–2CH2–NH C3 286.16 

a Peaks and their corresponding RT: A (1.48–1.53 min), B (2.38–2.41 min) and C (3.61–3.65 min). 
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ESI-MS/MS analysis of MG showed following ions, 329.17 (MG); 285.12 (MG–

2CH2–NH2); 251.20 (MG–C6H6); 237.11 (MG–C6H6–CH2) and 208.28 (MG–C6H6–CH2) 

(Figure 2.7), similar to earlier report.
4
 Importantly, ESI-MS/MS of degradation intermediate 

A3 (DLBP–CH2 + OH) with 228.5 m/z value showed a fragment ion with 149.10 m/z (A3–

C6H6) (Figure 2.7). 

Figure 2.7 MS-MS analysis of MG and degradation intermediates: A3, A5 and A6. 

Similar fragmentation has been reported for bezenophenone type molecule.
14

 Thus, this result 

further supports the presence of degradation intermediate with hydroxyl adduct. Hydroxyl 

radicals could cause deamination of aromatic amines.
4, 13, 15, 16

 Earlier, report on the oxidation 

of MG by persulphate suggested the formation of biphenyl amine (BPA) intermediates.
17

 In 

addition, persulphate is known to react with aromatic amines to form aromatic amine sulphate 

adducts.
18, 19

 A peak with 266m/z identified in the mass spectra could correspond to BPA 

sulphate adduct (A5) (Figure 2.7). ESI-MS/MS of this intermediate A5 (BPA +HSO4), 

showed a fragment ion with 169.2m/z (A5–H2SO4) (Figure 2.7). In addition, intermediate A6 

(BPA +CH3 + OH) with 200.19 m/z showed following fragment ions;  
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Figure 2.8 Possible reactions in degradation of MG by KPS in presence of C1. 

122.5 (A6–C6H6), 144.25 (A6–CH2–C–NH–CH3) (Figure 2.7).   

Earlier similar fragmentations were observed for aromatic amino derivatives.
20, 21

 As 

mentioned above, reactive sulphate and hydroxyl radicals could generate a variety of 

intermediates, however, identification of all intermediates by mass spectrometry was not 

possible. It is important to note that, several factors such as concentration of intermediates 

present in analysis solution and the amount obtained after separation in the solid phase 

column, HPLC separation protocols, type of molecules and stability of charged ions, mass 

spectrometer used, presence of a variety of compounds and alkali metal ions in sample, 

complexity due to fragmentations in ESI source, and others could affect the analysis by mass 

spectrometer.
4, 13

 Based on above discussion and available literature, important possible 

reactions for degradation of MG by KPS and C1 are proposed (Figure 2.8). Proposed 

degradation mechanism includes major reactions such as N-demethylation, hydroxyl adduct 

formation and removal of benzene ring, as reported earlier. 
4, 13, 22
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2.3.2 Degradation of Ciprofloxacin (Cpf)  

2.3.2 (a) Degradation of Cpf by KPS and activated KPS:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 HPLC chromatogram of Cpf (A) Cpf degraded by KPS (B) Cpf degraded by KPS 

in presence of Ni(II) ions (C) Cpf degraded by KPS in presence of Fe(II) ions (D) Cpf 

degraded by KPS in presence of C1(E). [Cpf] = 15 mg/L; [C1] = [Fe(II)] = [Ni(II)]= 100 µM; 

[KPS]= 1 g/L. Treatment time = 180 min 

HPLC chromatogram of undegraded Cpf solution monitored at 275 nm showed a 

distinct peak at RT ~18 min (Figure 2.9 A). HPLC chromatogram of Cpf solution treated with 

KPS alone showed a slight decrease in the Cpf peak and formation of a new peak at RT 13 

min (Figure 2.9 B). On the other hand, Cpf treated with KPS in presence of C1 showed no 

Cpf peak and only one weak peak at RT 3 min (Figure 2.9 E). It should be noted that Ni(II) 

ions had no significant effect of the degradation of Cpf by KPS (Figure 2.10 C) whereas 

Fe(II) ions showed a marked decrease in the Cpf peak. However, Fe(II) ions activated Cpf 

caused incomplete degradation of Cpf with formation of several degradation products at RT 

2,3,7,8,13 and 15 min (Figure 2.9 D). 

Moreover, about 50% Cpf was degraded by KPS alone at pH 3, 7 and 9 (Figure 2.11 

A). On the other hand, C1 activated KPS caused almost complete degradation of Cpf (> 98 %) 
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in pH 7 & 9, while at pH 3 degradation of Cpf was about 90% (Figure 2.10 A). It should be 

noted that Fe(II)ions activated KPS caused about 87%, 95%, and 65 % Cpf degradation at pH 

3,7 and 9, respectively (Figure 2.10 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 (A) Effect of pH of degradation of Cpf by KPS and KPS activated by C1. (B) 

Effect of pH of degradation of Cpf by KPS activated C1 and Fe(II) ions. Treatment time = 

180 min. 

Importantly, degradation of Cpf by C1 activated KPS is not significantly influenced 

by the initial pH of the reaction medium unlike degradation of Cpf by Fe(II) ions activated 

KPS (Figure 2.10). These results clearly revealed that degradation of Cpf by KPS in the 

presence C1 is much effective than by KPS alone, and by KPS in the presence Ni(II) or Fe(II) 

ions. 

2.3.2 (b) Identification of degradation products: 

 The mass spectrum of Cpf showed a peak at m/z 332.1 that corresponds to Cpf (Figure 

2.11A). Interestingly, this Cpf peak is completely absent after the degradation of Cpf by C1 

activated KPS (Figure 2.11B). The presence of hydroxylated degradation intermediate m/z 
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366.7 indicated the generation of hydroxyl radicals upon activation of KPS by C1 in aqueous 

medium. Other low molecular weight degradation intermediates with m/z 230.8 and m/z 

192.9 were also detected (Figure 2.11B). 

These degradation intermediates were similar to those observed for the degradation of 

Cpf by peroxone and ozonation processes.
23, 24,25,26

 

Figure 2.11 Mass Spectrum of Cpf (A) and (B) degraded Cpf solution. 

Presence of low molecular weight compounds in the degraded Cpf solution indicate 

that degradation of Cpf by C1 activated KPS could reduce the total organic carbon content. 

TOC analysis revealed that, C1 activated KPS caused ~55% reduction in TOC whereas KPS 

alone caused ~20% reduction in TOC. 

It is important to note that Cpf is a broad spectrum antibiotic and its antibacterial 

activity is due to the inhibition of bacterial DNA gyrase enzyme (topoisomerase II and 

topoisomerase IV) that are essential for bacterial replication.
27

 Mass spectral results of Cpf 

degraded by C1 activated KPS revealed the complete loss of Cpf structure and the formation 

of structurally different degradation intermediates. The loss of structure of Cpf could affect its 

enzyme inhibition activity, thereby losing its toxicity towards bacteria that is favourable for 

conventional biological treatment. These results indicate that degradation of Cpf by C1 

activated KPS could affect the antibacterial activity of Cpf.  
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A B C

2.3.2 (c) Antimicrobial activity of Cpf before and after degradation: 

Incubation of E. coli cells for 60 min overnight in undegraded Cpf solution caused 

complete loss of E. coli cell viability (100%)  (Figure 2.12, Plate A).  Incubation of E. coli 

cells in Cpf solution treated with KPS caused about 50 % reduction in E. coli cell viability 

(Figure 2.12, Plate B). Interestingly, Cpf degraded by C1 activated KPS caused only 

negligible (about 2 %) reduction in cell viability revealing almost complete removal of 

antibacterial activity of Cpf after treatment (Figure 2.12, Plate C). It is known that the 

continuous exposure of bacteria to even small concentrations of antibiotic such as Cpf could 

lead to the emergence or persistence of antibacterial resistance.
28

 Moreover, the presence of 

antibiotics in waste water can disrupt the wastewater treatment process and the microbial 

ecology in surface waters.
29

 The significant removal of antibiotic activity of Cpf by C1 

activated KPS imply that C1 activated KPS is an effective AOP for degradation of non-

biodegradable compounds such as Cpf. Oxidative degradation leading to the removal of 

toxicity of compounds such as Cpf towards microbes has potential biotechnological 

significance in biological waste water treatment. 

 

  

  

 

 

 

Figure 2.12 Cell viability of E. coli in Cpf solution (Plate A ) and Cpf solution degraded by 

KPS (Plate B ) and C1 activated KPS (Plate C).   

2.3.3 Degradation of Methyl Orange (MO), Methylene Blue (MB) and Rhodamine B 

(RhB)  

2.3.3 (a) Degradation of MO, MB and RhB by KPS and C1 activated KPS: 

Treatment of different dye solutions MB, MO and RhB (Figure 2.13 A, B and C) with 

KPS (1g/L) for 1 hour resulted in ~25%, ~35% and ~65% degradation of MB, MO and RhB 

respectively (Figure 2.13 D).  
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Figure 2.13 Change in absorption spectrum of (A) MO, (B) MB and (C) RhB at different 

time intervals after addition of KPS (1 g/L) in water. (D) C/C0 Vs time plot showing the 

degradation of MO, MB and RhB by KPS. 

The above results indicate that KPS alone has the ability to degrade dyes, and the 

degradation efficiency depends on the structure of the dyes. Interestingly, addition of 

micromolar amount of C1 to KPS (1 g/L), caused significant enhancement in the degradation 

of the dyes (Figure 2.14). MO, MB and RhB were found to be completely degraded within 10 

min, 60 min and 20 min, respectively by activation of KPS using C1(Figure 2.14 A-

D).Moreover, KPS caused ~15%, ~13% & ~12% TOC reduction of MO, MB and RhB, 

respectively whereas C1 activated PS caused ~74%, ~68% & ~72% TOC reduction of MO, 

MB and RhB, respectively (Figure 2.15). These results revealed the ability of C1 activated 

KPS to bring about effective degradation leading to the mineralisation of these dye pollutants. 
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Figure 2.14 Change in absorption spectrum of (A) MO, (B) MB and (C) RhB at different 

time intervals after addition of KPS (1 g/L) in presence of C1 in water. (D) C/C0 Vs time plot 

showing the degradation of MO, MB and RhB by KPS in presence of C1. 

The dyes MO and RhB were completely degraded by C1 activated PS at three different pH 3, 

7 and 9. In case of MB, complete degradation was observed at pH 3 & 7 whereas ~70% 

degradation was observed at pH 9 (Figure 2.16). It is important to note dye effluents highly 

vary in their pH.
30, 31

 

 

 

 

 

 

Figure 2.15 TOC reduction of MO, MB and RhB after the treatment with KPS (1 g/L) and C1 

activated KPS. 
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Figure 2.16 Effect of pH on degradation of MO, MB and RhB by C1 activated KPS.  

The degradation of MO, RhB and MB were performed in simulated natural water 

containing a variety of inorganic ions and organic compound. The C/C0 Vs time plot showed 

that the dyes MO, MB and RhB were almost completely degraded in simulated natural water 

containing a variety of inorganic ions and organic compounds (Figure 2.17A). These results 

revealed that the presence of common inorganic ions and organic compound had negligible 

effect on the degradation of these dyes by C1 activated KPS. Furthermore, C1 activated KPS 

effectively degraded a synthetic mixture of dyes (as model effluent) prepared by mixing MO, 

MB and RhB dyes in simulated natural water (Figure 2.17B). Notably, this synthetic dye 

effluent has wide absorption in the visible light region (350-710 nm) and almost black in 

colour. The effective degradation of this synthetic dye effluent further support the ability of 

C1 activated KPS based AOP for the treatment of textile dye effluents containing highly 

coloured dyes such as MO, RhB and MB. Water contaminated with such coloured effluents 

severely impede photosynthesis and thereby adversely affect the entire aquatic ecosystem.
30
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 Figure 2.17 (A) C1 activated KPS degradation of MO, MB and RhB in simulated 

groundwater. (B) Degradation of synthetic dye effluent by C1 activated KPS.  

Earlier, it has been shown that the inorganic ions such as carbonates and chlorides 

influence the degradation of organic contaminants by activated persulphate.
32, 33, 34

 For 

example, Liang et al., showed that the degradation of trichloroethylene by activated 

persulphate reduced on increasing the concentration of bicarbonate ions from 0 mM to 9.2 

mM in the reaction medium.
 34

 In case of chloride ions, it was shown that the concentration of 

chloride ions up to 200 mM had no effect on the degradation of trichloroethylene by activated 

persulphate.
32,34

 Though C1 activated KPS degraded MO, RhB and MB in simulated natural 

water containing trace amounts of inorganic ions such as chlorides and bicarbonates, it is 

important to study the effect of these ions at higher concentration. Experiments were 

performed to examine the effect of chlorides and bicarbonates at relatively high concentration. 

In case of degradation of MO and MB by C1 activated KPS, NaCl had negligible effect 

whereas NaHCO3 reduced the degradation (~65%) (Figure 2.18). In case of degradation of 

RhB by C1 activated KPS, both NaCl and NaHCO3 reduced the degradation to ~65% and 

~25%, respectively. Sulphate radicals generate hydroxyl radicals in aqueous solutions.
7,8

 It is 

known that bicarbonate ions are scavengers of hydroxyl radicals and therefore, the 

concentration of hydroxyl radicals required for the effective degradation of MO was reduced 

in presence of HCO3
- 
ions, resulting in the incomplete degradation.

32, 33, 34 

The observed results are consistent with earlier studies on degradation of 

trichloroethylene and p-nitrosodimethylaniline and further confirm the negative influence of 

HCO3
-
 on activated persulphate based degradation (Figure 2.18). 

32, 33, 34
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Figure 2.18 Degradation of MO, MB and RhB by C1 activated KPS in presence of high 

concentration of NaCl and NaHCO3. 

2.3.3 (b) Degradation of dye pollutants by silver tetra azamacrocyclic complex: 

MO, MB and RhB were used as model dyes to study the effect of silver tetra 

azamacrocyclic complex (C2, Figure 1.5B) and KPS on the degradation of these dyes. 

Micromolar amount of C2 and KPS (1 g/L), caused significant enhancement in the 

degradation of the dyes. MO was found to be rapidly degraded within 10 min, where as the 

degradation of MB and RhB was incomplete after even after 60 min by activation of KPS 

using C2 (Figure 2.19). Earlier, it has been shown that Ag(I) activated persulphate and 

degraded contaminants such as 2,4 –DCP and Triclosan.
35, 36

 The electrochemical oxidation of 

silver(II)tetra azamacrocyclic complex to silver(III)tetra azamacrocyclic complex has been 

reported.
37

 However activation of persulphate using a silver(II)tetra azamacrocyclic complex 

has not been carried out. Importantly, the estimation of KPS by iodometric titration shows 

that C2 activated 8% and 11% of KPS after 2 min and 60 min, respectively. On the other 

hand, C1 activated about 19 % of KPS within 2 min (Appendix I S.I Figure 2.3). It should be 

noted that C1 activated KPS caused complete degradation of all the three dyes. These results 

indicate that activation of KPS depends on the structure of the complexes, and C1 is better for 

the activation of KPS when compared with C2. 
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Figure 2.19 C/C0 Vs time plot showing the degradation of MO, MB and RhB by KPS in 

presence of C2. 

2.4 Conclusions: 

MG and Cpf were completely degraded by C1 activated KPS. Interestingly, 

degradation of these contaminants by C1 activated KPS was found to occur in wide pH range 

(3–9) with enhanced rate as compared to KPS alone. Degradation of MG and Cpf by Fe(II) 

ions activated KPS was incomplete while Ni(II) ions had no significant effect on degradation 

of MG and Cpf by KPS. Hydroxyl adducts and other low molecular weight compounds were 

identified as the degradation intermediates of MG and Cpf after their degradation by C1 

activated KPS. Importantly, microbial assays revealed the complete removal of antibacterial 

activity of biocidal compounds MG and Cpf after treatment of these contaminants with C1 

activated KPS. These results indicate that C1 activated KPS based AOP could aid the widely 

used biological oxidation for the treatment of recalcitrant organic contaminants. 

 Moreover, C1 activated KPS effectively degraded three highly coloured visible light 

absorbing dyes in a wide pH range. Importantly, C1 activated KPS had the ability to 

efficiently degrade a model dye effluent in a simulated natural water that contained a variety 

of ions. These results indicated the applicability of C1 activated KPS as a suitable AOP for 

treatment of dye pollutants in textile and related industries. 

All the above results highlight C1 as potential persulphate activator for the 

degradation of non-biodegradable organic contaminants. Earlier studies on the redox 

reactivity of Ni(II) azamacrocyclic complexes in solid immobilised form imply that C1 could 

be immobilised onto solid supports.
38, 39

 Immobilised C1 could be used as a heterogeneous 

persulphate activator that is easy to recover and reuse. 
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Nickel(II) hexaazamacrocyclic complex activated persulphate based AOP 

with adsorptive recovery and reuse of complex 

3.1 Abstract: 

Homogeneous metal ions/complexes are promising for activation of persulphate in 

advanced oxidation process (AOP) for oxidative degradation/mineralization of toxic organic 

pollutants in water. Nevertheless, these transition metal ions/metal complexes are leftover in 

the water after the degradation of organic pollutants. Adsorption of an effective persulphate 

activator such as nickel(II) azamacrocyclic complex, C1, onto adsorbents activated carbon 

(AC) and amberlite (Am) (that are used in water remediation) may allow easy separation and 

recyclability of the activator, thereby enhancing the overall efficiency of persulphate based 

AOP. Using Methyl Orange (MO), as model pollutant, the present chapter is focused on the 

investigation on the mechanism of MO degradation by C1 activated KPS, adsorption of C1 on 

to adsorbents AC & Am, the ability of C1 adsorbed onto AC and Am for activated 

persulphate based AOP. This chapter addresses the gap in literature discussed under the 

section 1.5 (b) of chapter 1. 

Graphical Abstract: 

3.2 Experimental procedures and analysis: 

3.2. (a) Materials and reagents: 

 Nickel chloride hexahydrate (NiCl2.6H2O), Potassium persulphate (KPS, K2S2O8), 

Sulphuric acid (H2SO4), Sodium hydroxide (NaOH), Methyl orange, Potassium iodide (KI), 

Starch, Sodium chloride (NaCl), Acetic acid (CH3COOH), Formic acid (HCOOH), 

Hydrochloric acid (HCl), Sodium thiosulphate (Na2S2O3), Potassium dichromate (K2Cr2O7), 
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Amberlite
R
 IR-120, Activated Carbon, Ethyl acetate, Tertiary butyl alcohol and Ethanol used 

were of guaranteed analytical grade, from SD fine chemicals, India. C1 was prepared as 

reported earlier.
1
 Briefly, to a methanolic solution (50 mL) of NiCI2.6H2O (1.5 g), 

Ethylenediamine 99% (6.8 mL), Formaldehyde 36% (20 mL) and Methylamine (8.6 mL) 

were added and stirred at reflux conditions for 24 hour. The resulting orange solution was 

cooled and filtered. The desired complex was precipitated after adding excess perchloric acid 

to the filtrate.
1
 

For HPLC analysis, acetonitrile (HPLC grade) and Millipore water were used. Stock 

solutions of MO, complex C1, and KPS were prepared using double distilled water. Simulated 

ground or natural water was prepared by addition of following components to distilled water 

as reported earlier: FeNO3 (0.24 µm), NaHCO3 (1.2 mM), Na2SO4 (0.34 mM), Na2HPO4 (0.28 

mM), NaCl (0.86 mM) and resorcinol (1 ppm). Freshly prepared KPS solution was used for 

all experiments. 

3.2 (b) Degradation of MO by KPS using C1: 

 For degradation of Methyl orange (MO), appropriate amount of aqueous MO (20-30 

ppm) solution was taken with and without C1 (C1 in the range 12-49 ppm), and the reaction 

was initiated by addition of required amount of KPS (5 g/L -0.5 g/L). Reaction volume was 

maintained at 5 ml, unless otherwise mentioned. The reaction was carried out at room 

temperature. Initial pH of the solution was ~7. Degradation of MO was studied by following 

the decrease in absorption maximum at 464 nm of MO, with respect to time, using JASCO V-

570 UV/VIS/NIR spectrophotometer.  Degradation of MO by (i) KPS alone (ii) KPS and 

NiCl2.6H2O were performed as control experiments. Pseudo-first order rate constant (k) for 

the degradation of MO was determined from the C/C0 Vs. time plot. Initial concentrations of 

C1, KPS and MO were varied and k values for the degradation of MO were determined. The 

optimised condition for MO degradation was determined to be [MO] = 20 ppm, [C1] = 48.3 

ppm, and [KPS] = 1 g/L, based on rate constant (k) analysis. 

 Shimadzu UFLC prominence system with SPDM 20A Prominence diode array 

detector, equipped with phenomenex C18 HPLC column (250 mm × 4.5 mm, 5 µm) was used 

for high pressure liquid chromatography (HPLC) analysis. A 70:30 (v/v) mixture of 

ammonium acetate buffer (pH 4.5)/acetonitrile was used as the mobile phase, in isocratic 

mode with flow rate of 1 mL/min.  For each analysis, 100 µL of sample taken from 

appropriate reaction mixture was injected and degradation of MO was monitored at 464 nm. 

 Shimadzu IR-Affinity-1 FT-IR spectrophotometer was used for Fourier transform 
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infrared (FT-IR) analysis of MO degradation. After treatment of MO with KPS and C1, the 

reaction mixture was completely evaporated using a rotary evaporator. Degraded 

intermediates present in this dry residue were extracted with ethanol and ethyl acetate and 

then evaporated to solid residues for FTIR analysis. In the liquid chromatography mass 

spectrometry (LCMS) analysis, Vantage TSQ triple stage quadrupole mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA) equipped with heated electro spray ionization 

(HESI) was used. The mass spectrometer is coupled with an Agilent 1290 infinity UHPLC 

system (Agilent Technologies India Pvt. Ltd., India). The UHPLC was provided with column 

oven (set at 40 ºC), auto-sampler and a thermo-controller (set at 4 °C). A flow through 

injection mode equipped with a needle wash system was used (with acetonitrile, 0.1% formic 

acid) before injection to ensure zero percent carry over problems. UHPLC system was 

equipped with Luna C-18(2) column (4.6 mm × 150 mm, 5 μm, Phenomenex, Inc). Mobile 

phase: Solvent A was 10 mM ammonium acetate containing 0.1% formic acid; and Solvent B 

was acetonitrile containing 0.1% formic acid. Binary gradient was optimized to get maximum 

separation (Gradient: 5% B at 0 min, 5% B at 3 min, 90% B at 15 min, 0% B at 15-17 min) at 

flow rate of 300 L/min. Operating conditions were as follows: spray voltage -4000V; ion 

transfer capillary temperature-270 °C; source temperature- 300 °C; sheath gas-20, auxiliary 

gas-10  (arbitrary units) and ion polarity negative, full scan analysis- 50 to 400 m/z with the 

scan time of 500 millisecond. 10 L of sample from appropriate reaction mixture of MO, KPS 

and C1 was injected after specific time interval. 

 Sievers 900 TOC analyser was used for Total Organic Carbon (TOC) analysis during 

degradation. An aliquot of 20 mL reaction solution was taken at specific time intervals from 

reaction mixture (100 mL) containing MO (20 mg/L), KPS (1 g/L) and C1 (100 M) and 

injected into TOC analyser.  

 Redox reaction between C1 (100 M) and KPS (1 g/L) leading to formation of 

trivalent nickel 290 nm species was monitored at its absorption maximum at 290 nm, similar 

to the reaction of tetraazamacrocyclic nickel complex with ammonium persulphate as reported 

by Haines et al.,
2, 3

 C1 existing predominantly as trivalent nickel 290 nm species was prepared 

by incubating the reaction mixture containing KPS and C1.
2, 3

 Reactivity of trivalent nickel 

290 nm species with MO was also monitored by following the absorption changes of MO at 

464 nm. Concentration of KPS during MO degradation in presence and absence of C1 was 

determined by iodometric titration as reported earlier.
4, 5

 Tertiary butyl alcohol and Ethanol 

were used as scavengers for sulphate and hydroxyl radicals as reported earlier.
6, 7
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3.2 (c) Adsorption of C1 onto activated carbon (AC) and amberlite (Am): 

Langmuir and Freundlich adsorption equations were used to determine the 

adsorptivity (KF and qm values) of C1 onto AC and Am.
8, 9

 

Langmuir isotherm: qe =
qm KaCe

1 + KaCe
 

Freundlich Isotherm: qe = KFCe
1/n

 

qe = amount of adsorbate adsorbed on to adsorbent (mg/g) at equlibrium; Ce = equilibrium 

concentration of adsorbate in the solution (mg/L); qm(L) = Langmuir maximum adsorption 

capacity (mg/g); Ka = Langmuir constant (L/mg); KF = Freundlich constant indicative of 

relative adsorption capacity of the adsorbent  ([mg
1-(1/n)

.L
1/n

]/g); 1/n = Freundlich constant 

indicative of intensity of adsorption. Freundlich maximum adsorption capacity was 

determined from the equation KF = qm/ C0
1/n

 where, qm is Freundlich maximum adsorption 

capacity (mg/g), and C0 is the initial concentration of adsorbate in the bulk solution (mg/L).
8, 9 

 The equilibrium concentration of C1 during adsorption was determined by following 

the absorption of C1. In the absence of KPS, the concentration of C1 in the divalent state was 

followed by monitoring the d-d absorption maximum at 446 nm. In the presence of KPS, the 

concentration of C1 in the trivalent state was followed by monitoring the absorption band 

maximum around 290 nm.
2,3

 

 C1-AC was prepared by adding AC (1 g) to 100 ml of C1 (4.25 mM). This suspension 

was stirred overnight. Supernatant obtained after removing AC was filtered using 0.45 μM 

Polytetrafluoroethylene (PTFE) membrane filter and the absorption spectrum of the filtrate 

was recorded to determine the adsorption. Then the C1 immobilized onto AC (C1-AC) was 

removed by filtration and washed thrice with distilled water, and finally dried in a desiccator. 

The loading of C1 in C1-AC was determined to be 160.6 mg of C1 per gram of AC (16.0 %). 

Similarly for preparation of C1-Am, Am (1 g) was added to 50 ml of C1 (4.25 mM). The 

loading of C1 in C1-Am was determined to be 96.4 mg of C1 per gram of Am (9.64 %). X-

ray photoelectron spectroscopy (XPS) measurements were carried out using a Thermo Fisher 

Scientific (East Grinstead, UK) θ probe spectrometer and monochromatic Al-Kα radiation 

(photon energy 1486.6 eV). The adsorption of MO onto AC was studied by following the 

absorbance of MO at 464 nm. 

3.2 (d) Degradation of MO by KPS using C1 adsorbed onto AC (C1-AC) and Am (C1-Am): 

 Degradation of MO (30 ppm) by KPS (1 g/L) using C1-AC (0.3 g/L, 16.0 % C1 

loading)/C1-Am (0.5 g/L, 9.64 % C1 loading) was studied spectrophotometrically, as 

mentioned above for homogeneous degradation of MO. Suspension of 0.3 g/L of C1-AC with 
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16.0 % C1 loading, or 0.5 g/L of C1-Am with 9.64 % C1 loading in reaction mixture (5 ml) 

corresponds to an effective concentration of 48.3 ppm of C1, similar to the amount of C1 used 

in homogeneous condition. Control experiments (i) bare AC/Am (without C1) and MO in 

presence of KPS (ii) C1-AC/C1-Am and MO in absence of KPS were performed. Reuse of 

C1-AC for MO degradation was studied by performing cyclic degradation experiment in 

presence and absence of KPS.  After each cycle, C1-AC was removed by centrifugation and 

reused for the subsequent cycle. Degraded MO solution obtained from each cycle was 

analysed for the presence of C1 (as nickel) by AAS. Similarly, the reuse of C1-AC for MO 

degradation in simulated natural water was also performed. The concentration of C1 in the 

MO degraded solution was monitored by determination of the nickel content using atomic 

absorption spectrometer (AAS) (Perkin Elmer, AAS 400), as well as by following the change 

in the absorption of C1. Ion exchange (extraction) of C1 that was adsorbed onto Am was 

performed by eluting with 0.17 M NaCl solution. Degradation of MO by using the C1 that 

was extracted from C1-Am was performed similar to the protocol mentioned above. 

3.3. Results and Discussion: 

3.3 (a) Mechanism of MO degradation by C1 activated KPS: 

 Rate of degradation of MO by KPS and C1 with radical scavengers such as tertiary 

butyl alcohol and ethanol was found to be retarded (Figure 3.1, Table 3.1), indicating that 

both sulphate and hydroxyl radicals are involved in the degradation of MO by C1 activated 

KPS (Reactions 1-6). Similar results were reported for activation of persulphate using metal 

ions (Fe
2+

, Fe
3+

, Ag
+
) for degradation of halocarbon.

6
 Redox reaction between C1 (100 M) 

and KPS (1 g/L) leads to formation of trivalent nickel 290 nm species with absorption 

maximum at 290 nm, similar to the reaction of tetraazamacrocyclic nickel complex with 

ammonium persulphate as reported by Haines et al., (Figure 3.2A).
2, 3

 

 

 

 

 

 

 

 

Figure 3.1 Effect of radical scavengers on the rate of degradation of MO by KPS and C1. 

[C1] = 48.3 mg/L; [KPS] = 1 g/L; [MO] = 50 mg/L; [TBA] = 0.5 M; [Ethanol] = 0.5 M. 
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Table 3.1 Pseudo-first order rate constants determined for degradation of MO by KPS in 

presence of radical scavengers 

 

Scavenger  Pseudo-first order rate constant, k (s
-1

) 

TBA (0.5 M) 0.38 ± 0.02 

Ethanol (0.5M) 0.47 ± 0.01 

None 1.96 ± 0.07 

[C1] = 48.3 mg/L; [KPS] = 1g/L; [MO] = 50 mg/L. 

 Importantly, this trivalent nickel 290 nm species also caused rapid degradation of MO 

in presence of KPS. Moreover, it was determined by iodometric titration that about 21 % 

(0.21 g/L) of KPS was consumed for degradation of MO (20 ppm) by KPS (1 g/L) in presence 

of C1 (48.3 ppm) (with in 10 min), whereas only 4% (0.04 g/L) of KPS was consumed for the 

reaction between MO (20 ppm) and KPS (1 g/L) without C1 (after 60 min of reaction). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 (A) Absorption spectral changes showing formation of 290 nm trivalent 

nickel species on addition of KPS (1 g/L) to C1 (300 µM); Inset shows saturation of 

Ni(III) species monitored at 290 nm. (B) Absorption spectral changes showing the 

degradation of MO by trivalent nickel 290 nm species [C1] = 100 µM; [KPS] = 1 g/L; 

[MO] = 20 ppm; [C1 in trivalent Nickel form (290 nm Ni(III) species)] = 100 µM. 

 

 Earlier it has been shown that trivalent nickel complexes could oxidise organic 

substrates (reaction 7).
10, 11

These results indicate that the trivalent nickel 290 nm species 

oxidise MO (reaction 7) and reduce to the divalent state. The resulting divalent C1 could be 

oxidised by KPS (reaction 1-3), leading to higher consumption of KPS (more than the 

stoichiometric amount of C1), as revealed by titration experiments. Based on these results the 

mechanism of degradation of MO by C1 activated KPS is proposed (Figure 3.3). 
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[Ni(II)L]2+  +  S2O8
2- {Ni(II)L2+,S2O8

2-}

ion-pair

[Ni(III)L(SO4)]+ +   SO4
2-

1

24

H2O

SO4
2- + H+ +

 SO4

+

OH

MO

Degraded
    MO

MO

Degraded
    MO

Degraded
    MO

MO

3 5

 Ni II L 2+  + S2O8
2−  ↔  Ni II L2++, S2O8

2−              (1) 
ion − pair 

 

 Ni II L2++, S2O8
2− →  Ni III L SO4  

+ + SO4
•−           (2) 

 

 Ni II  2+ + SO4
•− →  Ni III L SO4  

+           (3) 

SO4
•− +  Organic Pollutant → Oxidative degradation          (4) 

SO4
•− + H2O ↔ OH• + H+ + SO4

2−                       (5) 

OH• +  Organic Pollutant → Oxidative degradation           (6) 

 
 Ni III L SO4  

+ +  Organic Pollutant  
→     Ni II L 2+ + SO4

2− + Oxidative degradation    (7)   

Where, L = 1,8 − dimethyl − 1,3,6,8,10,13 hexaazacyclotetradecane 

 Ni III L SO4  
+ = C1 in trivalent form with absorption maximum at 290 nm 

 

 

 

 

 

 

 

 

Figure 3.3 Proposed mechanism for the degradation of MO by C1 activated KPS. 

3.3 (b) Identification of degradation intermediates: 

The N=N- stretching peak at 1608 cm
-1 

of azo group was absent in FT-IR spectra of 

ethanol and ethyl acetate extract residues of MO degraded by KPS in presence of C1(Figure 

3.4). Moreover, IR spectra of degraded MO showed peaks at 3000 cm
-1

 and 2785 cm
-1

 due to 

C-H stretching; 1223 cm
-1 

because of  C-N-stretching; 858 cm
-1

 and 1051 cm
-1

 corresponding 

to aromatic ring vibrations, and 587 cm
-1

 and 692 cm
-1

 due to –C-S- and S=O stretching, 

respectively (Figure 3.4).
12-14

 These IR results indicated the loss of characteristic azo group of 

MO, and transformation to aromatic amine and sulphonated intermediates during degradation.   
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Figure 3.4 FT-IR spectra of (A) undegraded MO, (B) Ethanol and (C) Ethyl acetate extract 

residue of MO degraded by KPS in presence of C1. [MO] = 100 ppm; [KPS] = 1 g/L; [C1] = 

100µM. 

Total ion chromatogram (TIC) of MO showed a single peak at RT 14.4 min (Figure 

3.5A) corresponding to 304 m/z of MO (Appendix I Figure 3.1).This MO peak was 

completely absent in TIC of MO degraded by KPS in presence of C1 (Figure 3.5D), whereas 

a prominent MO peak was observed in TIC of MO degraded by KPS alone (Figure 3.5B). 

Some of the degradation intermediates (Appendix I Figure 3.1, Figure 3.6) of MO observed 

during the reaction are similar to those reported earlier.
15-19

  Degradation intermediates 200 

m/z (RT 12.5 min) and 290 m/z (RT 13.7 min) disappeared in TIC of MO degraded by KPS 

in presence of C1, within 30 min (Figure Appendix I Figure 3.1), whereas these peaks were 

clearly observed in TIC of MO degraded by KPS alone even after 60 min (Figure Appendix I 

Figure 3.1). Although homogeneous C1 activated KPS and degraded MO, it is important to 

recover the C1 from the solution and reuse. The results on the adsorptive recovery and reuse 

of C1 using adsorbents for water remediation such as AC and Am
20, 21

 are presented below. 
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O3S N N N

O3S

O3S NH N CH2

O3S N N N CH2

OH

O3S N N N
H

m/Z 157; RT11.6 min m/Z 240; RT13.6 min

m/Z 200; RT 12.5 minm/Z 290; RT 13.7 min

m/Z 304; RT 14.4 minDemethylation

HydroxylationAzo group 
cleavage

Demethylation & 
Deamination

Figure 3.5 Total ion chromatogram (TIC) of (A) MO, (B) MO degraded for 30 min by 

KPS, (C) MO degraded by KPS in presence of C1 for 1 min, and (D) 30 min. [MO] = 

100 mg/L; [KPS] = 1 g/L; [C1] = 100 µM. 

 

 

 

 

 

 

 

                       

  Figure 3.6 Proposed degradation intermediates of MO. 
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3.3 (c) Recovery and reuse of C1 using adsorbents: 

 Adsorption of C1 onto AC and Am adsorbents was determined to follow Freundlich 

adsorption isotherm model (Figure 3.7 and 3.8), and their adsorptivity parameters are 

tabulated (Table 2 & Appendix I Table 3.1). AAS results revealed the absence of C1 in 

water (not detectable, and less than 1 ppm) after the recovery of C1 using adsorbents. 

Thus, AC and Am are useful for adsorptive recovery of C1 in presence of persulphate, 

where C1 existed as trivalent nickel 290 nm species (Figure 3.1A), as well as for the 

recovery of C1 with nickel in divalent state in the absence of persulphate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Adsorption of C1 onto activated carbon without KPS (A) and with KPS (B). Inset 

shows the non-linear fitting for Freundlich adsorption isotherm. 
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Figure 3.8 Adsorption of C1 on to amberlite without KPS (A), and with KPS (B), Inset shows 

the non-linear fitting for Freundlich adsorption isotherm, [C1] = 300 μM 

Table 3.2 Freundlich adsorption isotherm parameters for adsorption of C1 onto 

Amberlite and Activated carbon in presence and absence of KPS. 

 

 

 

 

 

 

 

 

 

a = C1 in presence of KPS, b = C1, in absence of KPS; [C1]0 = 2.06 g/L for Am and 

AC. KF = Freundlich constant indicative of equilibrium adsorption capacity of the 

adsorbent ([mg
1-(1/n)

.L
1/n

]/g); 1/n = Freundlich constant indicative of intensity of 

adsorption; qm = Freundlich maximum adsorption capacity (mg/g). R
2
 = Correlation 

coefficient. 

Freundlich Adsorption Isotherm 

Adsorbent Adsorbate KF 1/n qm R
2
 

Am C1
a
 2.27 0.20 6.1 0.989 

AC C1
a
 30.37 0.20 75.8 0.981 

Am C1
b
 8.61 0.33 106.9 0.979 

AC C1
b
 24.06 0.36 375.6 0.964 
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X-ray photoelectron spectrum of C1 adsorbed onto AC (C1-AC) showed peaks at 

400.3 eV and 855.9 eV that correspond to binding energy of nitrogen, (N1s), and divalent 

nickel of C1 (Ni2p3/2,), respectively (Figure 3.9).
22-29

 C1 adsorbed onto Am (C1-Am) also 

showed similar peaks (Appendix I Figure 3.2). 

 

 

Figure 3.9 XPS of C1-AC showing (A) N1s and (B) Ni2p3/2 peaks.[ A.U – Arbitrary Unit] 

The ability of solid C1-AC and C1-Am to activate persulphate and degrade MO was 

investigated, and the results are presented below. MO (30 ppm) was rapidly degraded by KPS 

(1 g/L) in presence of C1-AC (0.3 g/L, 16 % loaded C1) within 10 min, (Figure 3.10A). On 

the other hand, degradation of MO (30 ppm) by KPS (1 g/L) in presence of AC (0.3 g/L of 

bare AC without C1) was incomplete even after 60 min of treatment, (Figure 3.10A). Further, 

the adsorption of MO (30 ppm) onto C1-AC, and AC were determined to be ~ 9 ppm and 12 

ppm, respectively (Figure 3.10A, Appendix I Table 3.2), revealing that the adsorptive removal 

of MO by C1-AC and AC was incomplete. It was observed that XPS of C1-AC treated with 

persulphate showed additional peaks at 401.6 eV and 854.8 eV that correspond to nitrogen 

(N1s), and trivalent nickel of C1 (Ni2p3/2,) (Figure 3.11), respectively.
22-29

 

Moreover, the iodometric titration results, as discussed earlier, also revealed higher 

consumption of persulphate (than the stochiometric amount of C1) during the degradation of 

MO. All the above results i.e. both the XPS and iodometric titration results reveal the redox 

reaction between C1 in solid form and KPS. C1-AC was reused for five times to activate 

persulphate and degrade MO, in which almost complete degradation of MO was observed for 

the first three reuse runs without significant loss of C1 from C1-AC (less than ~1 ppm in each 

reuse run, Figure 3.10B). At fourth and fifth reuse runs, MO degradation was determined to 

be ~80% and 60%, respectively. Moreover, AAS analysis revealed that there was about 10% 
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(5.52 ppm), and 20% (9.7 ppm) of leaching of nickel from C1-AC into water at the fourth and 

fifth reuse runs, respectively (Figure 3.10B, Appendix I Figure 3.3). 

 

 

 

Figure 3.10 (A) Plot showing MO degradation by KPS in the presence of AC and C1-AC. 

[AC] = 0.3 g/L; [C1-AC] = 0.3 g/L (16% loading; effective concentration of C1 is 48.3 ppm); 

[KPS] = 1 g/L. The dotted lines represent the adsorptive removal of MO by AC and C1-AC in 

absence of KPS. (B) Reuse of C1-AC. Reuse runs (cycles) for degradation of MO by C1-AC 

in the presence of KPS, and the corresponding concentration of C1 (in ppm) at the end of each 

cycle in the treated solution. Initial concentration of MO at each cycle is 20 ppm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 XPS of C1-AC (A & B), and C1-AC treated with KPS (C & D) with respect to 

the N1s and Ni2p3/2 peaks  
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The reusability of C1-AC was also observed for the degradation of MO carried in simulated 

natural water (Appendix I Figure 3.4). All the above results reveal that AC is useful to recover 

C1 and reuse C1 as solid C1-AC. 

 Although, C1 was effectively adsorbed onto Am, the solid C1-Am was not effective to 

activate persulphate and degrade MO, unlike the solid C1-AC discussed above. It is proposed 

that the electrostatic repulsion between the negatively charged Am and persulphate anion is 

not favourable for their interaction to activate the persulphate anion by the C1 adsorbed onto 

Am. However, the adsorption of C1 onto Am was useful to completely recover the 

homogeneous C1 from the degraded MO solution, as revealed by absorption and AAS results 

(Figure 3.12, Black and Magenta). 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Reusability of C1 using amberlite. [MO] = 20 mg/L; [KPS] = 1g/L; [C1] = 48.3 

ppm; [Am] = 15mg/L. 

 Further, the recovered C1-Am was ion exchanged using sodium chloride to obtain C1 

( 85% (extracted) as determined from AAS) that was reused for MO degradation. (Figure 

3.12, Red dotted line). Almost similar results were also observed for the degradation of MO 

carried in simulated natural water (Appendix I Figure 3.5).  Thus, Am was useful in a metal 

complex activated persulphate based AOP for adsorptive recovery of the complex, and for the 

reuse of complex in homogeneous form after ion exchange process. 

3.4 Conclusions: 

 Nickel complex based persulphate activator C1 caused effective degradation of MO in 

presence of KPS.  The propensity of C1 to adsorb on to Am and AC was beneficial in the 

recovery and reuse of C1 in the homogeneous and heterogeneous form, respectively. Thus, 

the study highlights the potential of C1 as a recoverable and a reusable persulphate activator, 
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in the homogeneous and heterogeneous form, for the degradation of MO in presence of KPS.  

 Recoverable and reusable metal based persulphate activators are profitable, and 

environment friendly as they prevent or control the entry of persulphate activator into 

water bodies.  The study exemplifies for the first time, that a redox active metal 

complex based homogenous persulphate activator that could be recovered using an 

adsorbent, could be reused either in homogenous form after extraction from the 

adsorbent, or in the hetergeonous form, where the persulphate activator is bound to an 

adsorbent The study draws attention to the application of adsorbents in metal 

complexes activated persulphate based AOP for the removal of metal based 

persulphate activators from water after the treatment that would prevent the entry of 

metal ions into water bodies. Moreover, the study highlights the recyclability of an 

effective metal complex based persulphate activator using versatile adsorbents. 
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Photochemical activation of persulphate using tris(2,2-bipyridyl) 

ruthenium(II) complex for photodegradation of methyl orange and 

photoinactivation of bacteria in visible light 

4.1 Abstract: 

Visible light photolysis of persulphate in presence of [Ru(bpy)3]
2+

 complex in aqueous 

solutions results in cleavage of peroxo bond of persulphate, and generates oxidants such as 

sulphate radical, hydroxyl radical and [Ru(bpy)3]
3+

 that could degrade organic and bacterial 

pollutants (chapter 1, reactions 10-12). However, the effect of photochemical activation of 

persulphate using [Ru(bpy)3]
2+ 

on recalcitrant pollutants and bacteria in aqueous media has 

not been studied. The present study is focused on the photochemical activation of persulphate 

using tris(2,2-bipyridyl)ruthenium(II) bypyridine, (denoted as Complex1) under visible light 

irradiation (400-700 nm) and its effect on a model azo dye (Methyl orange, MO), and Gram 

negative and Gram positive bacteria. This chapter addresses the gap in literature discussed 

under the section 1.5 (c) and 1.7 (a) of chapter 1. 

Graphical Abstract: 

 

 

 

 

 

 

 

 

 

 

4. 2 Experimental procedures and analysis: 

4.2 (a) Materials: 

Ruthenium(III) chloride hydrate (RuCl3.H2O), 2,2‟- Bipyridine, Potassium persulphate 

(K2S2O8), Resorcinol, Methyl orange (MO), Sodium nitrite (NaNO2), Disodium hydrogen 

phosphate (Na2HPO4), Sodium hydrogen phosphate (NaH2PO4), Sodium sulphate (Na2SO4), 
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and Sodium hydrogen carbonate (NaHCO3) used, were of guaranteed analytical grade, 

purchased from SD fine chemicals, India. [Ru(bpy)3]
 

(PF6)2 (Complex1)
 

was prepared 

according to earlier report. 
1
 For HPLC analysis, methanol (HPLC grade) and millipore water 

were used. 

4.2 (b) Photolytic experimental setup: 

Visible light LED array containing warm white LED bulbs (400 - 700 nm, with peak 

maxima around 450 and 600 nm) manufactured by Kwality Photonics Pvt. Ltd, India was 

used as light source. Details of LED array and photograph of photolysis experimental setup 

are provided in supporting information (Appendix Figure 4.1). Fluence rate was measured by 

Ophir PD100 Nova II power meter. 

4.2 (c) Photo-degradation of MO: 

2 mL of aqueous solution (double distilled water) of MO (12 mg L
-1

) with appropriate 

concentration of Complex1 and persulphate was taken in a quartz cuvette and photolysed at 

the fluence rate of 0.095 Wcm
-2

 (Appendix I Figure 4.1). Photo-degradation of MO was 

spectrophotometrically followed (JASCO V-570 UV/VIS/NIR) by monitoring decrease in 

absorbance at 464 nm. Quartz cuvettes containing reaction mixture were wrapped completely 

with aluminium foil and used for dark controls.  All experiments were carried at neutral pH 

and at 37 ºC. Radical scavenging experiments were performed by addition of sulphate and 

hydroxyl radical scavengers such as methanol (0.1 M) and sodium nitrite (0.02 M) to  reaction 

mixture containing MO (12 mg L
-1

), Complex1 (1 µM) and persulphate (2 mM) followed by 

irradiation.
2
  Similarly, effect of inorganic ions on photo-degradation was investigated by 

addition of salts such as 0.1 M of Na2HPO4, Na2SO4 and NaHCO3 to reaction mixture. 

Addition of Na2SO4 (0.1 M) to double distilled water (neutral pH) did not change the pH of 

the solution. The change in pH after addition of 0.1 M of NaH2PO4 or NaHCO3 to double 

distilled water was adjusted to neutral pH by adding few drops of 0.05 N HCl. Total organic 

carbon (TOC) measurements were performed using Sievers 900 TOC analyser by injection of 

appropriate volume of sample at different time intervals during irradiation. The results are 

expressed as TOC/ TOC0 where TOC is Total organic carbon at time t, and TOC0 is the initial 

Total organic carbon of MO (12 mg L
-1

). 

4.2 (d) Photo-inactivation of bacteria: 

Bacterial strains Escherichia coli (NCIM 2345), Pseudomonas aeruginosa (NCIM 

2581), Staphylococcus aureus (NCIM 2127) and Bacillus subtilis (NCIM 2545) were cultured 
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in nutrient broth (NB) medium using orbital shaker set at 100 rpm, 37 °C for 12 h. Cells (at 

log phase) were harvested by centrifugation at 1000 g for 15 min and washed twice with 10 

mM phosphate buffer saline (PBS). Composition of 10 mM PBS (pH 7.2): Na2HPO4 (6.1 

mM), NaH2PO4 (2 .05 mM), NaCl (154 mM). Bacterial stock solution was prepared by 

suspending cell pellet in appropriate volume of PBS, and concentration was found to be ~10
9
 

colony forming units (CFU) mL
-1

. Cell concentration was determined by counting colonies 

after serial dilution and spread plating 0.1 mL of sample on NB agar plates, followed by 

overnight incubation. 

It has been shown that irradiation of bacteria in visible light region caused reduction in 

its cell viability.
3
 Considering this fact, in the present study, control experiments were 

performed to optimize the light intensities such that only irradiation of light (400-700 nm) had 

no effect on the viability of bacterial strains. Irradiation of B. subtilis at light intensity of 

0.048 Wcm
-2

, irradiation of S. aureus at light intensity of 0.060 Wcm
-2

, and irradiation of 
 
E. 

coli and P. aeruginosa at light intensity 0.095 Wcm
-2

 had no effect on their cell viability at 

least for three hours of irradiation period, at the specified conditions. Irradiation of the 

bacterial strains more than specified light intensity caused slight reduction in the cell viability. 

Therefore, photo-inactivation experiments of the respective bacterial strains were carried out 

at above mentioned light intensities. Light dosage in Jcm
-2

 was determined by multiplying 

irradiance in Wcm
-2  

with time in seconds (Table 1).
4
 Photolysis reactions were performed in 

sterilized quartz cuvettes (Appendix I Figure. 4.1) and reaction mixture (2 ml) contained ~10
7 

CFU mL
-1

 of bacterial cells with appropriate concentration of Complex1 and persulphate in 

PBS (10 mM). Quartz cuvettes containing reaction mixture were wrapped completely with 

aluminium foil and used for dark controls. All experiments were carried at pH 7.2 and at 37 

ºC. Cell viability after irradiation was examined by spread plate technique as mentioned 

above. Two independent experiments in triplicates were performed for each bacterial species. 

One-way ANOVA was used to assess the significance of difference in photo-inactivation 

among the bacterial strains, and also for significance of difference in photo-inactivation of E. 

coli at different Complex1: persulphate ratios. Data was assessed for normal distribution and 

homogeneity of variances using Kolmogorov-Smirnov test and Levene test respectively. A 

value of p < 0.05 was considered as statistically significant.
5
 All the statistical analysis was 

performed using OriginPro 8.0. 

Radical scavenging experiments were performed by addition of sulphate and hydroxyl 

radical scavengers such as methanol (0.1 M) and sodium nitrite (0.02 M)
2
 to reaction mixture 

containing E. coli cells (~10
7 

CFU mL
-1

), Complex1 (1µM) and persulphate (2 mM) in PBS 
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(10 mM) followed by irradiation. 

4.2 (e) Cell membrane integrity assay: 

Integrity of E. coli cell membrane was examined using Invitrogen Molecular Probes
®
 

LIVE/DEAD
®
 BacLight™ Bacterial Viability Kit (L7012).

6
 This assay is based on 

competitive binding of two different fluorescent nucleic acid stains SYTO
®

 9 and Propidium 

Iodide (PI). SYTO
®
 9 can easily diffuse in to cell membrane and gives a green fluorescence 

(500 nm) on binding to DNA whereas, PI can enter only cells with damaged membrane and 

gives a red fluorescence (635 nm) on binding to DNA.
6
 E. coli cells treated with Complex1 

and persulphate in absence and presence of light for 90 min were harvested by centrifugation, 

and cell pellet resuspended in 50 µL saline were stained with 1:1 mixture of two dyes, 

SYTO
®
 9 and PI according to manufacturer‟s instructions. These stained samples were fixed 

on glass slide and examined at magnification of 150 X using a Nikon Eclipse Ti-U 

microscope (Nikon, Japan) with excitation wavelength of 480 nm (SYTO
®
 9) and 490 nm 

(PI). 

4.2 (f) Scanning electron microscopy: 

Structural change in bacterial cell wall caused by photodamage was examined using 

Scanning Electron Microscopy (SEM).
7-9

 E. coli cells treated with Complex1 and persulphate 

in absence and presence of light for 90 min were harvested by centrifugation.  Obtained cell 

pellet was resuspended in 100 µL of PBS and fixed with 2% glutaraldehyde solution for 1 h. 

Cells were then washed thrice with PBS, gradually dehydrated using graded ethanol/H2O 

mixture of 10, 25, 50, 75, 90 (v/v %) and finally with 100% ethanol followed by air drying.
7
 

Dried cells were then coated with platinum by JEOL JFC-1600 Autobine sputter and images 

were taken with a JEOL JSM-6360 LV Scanning Electron Microscope at a voltage of around 

10 kV. 

4.2 (g) Chromosomal DNA extraction: 

E. coli chromosomal DNA was extracted using SRL BioLit
TM

 Bacterial Genomic 

DNA extraction kit (BTK007). E. coli cells treated with Complex1 and persulphate in absence 

and presence of light for 90 min were harvested by centrifugation and genomic DNA was 

extracted immediately from cell pellet according to manufacturer‟s instruction. Extracted 

chromosomal DNA was mixed with 3 µL of 6X gel loading buffer (SRL BioLit
TM

 BTK007).  

DNA samples were loaded to 1% agarose gel and electrophoresis was carried out for 3 hour at 

60 V. After electrophoresis, DNA was stained by immersing gel in Ethidium bromide solution 
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(1 mg mL
-1

) for 15 min and was photographed using Biorad Gel Doc
TM

 XR. 

4.2 (h) Photo-inactivation of bacteria in presence of organic compound: 

Simultaneous degradation of resorcinol and photo-inactivation of E. coli were 

investigated by High pressure liquid chromatography (HPLC) analysis and antimicrobial 

assays, respectively.
10

 Typically, reaction mixture containing 5/10 mg L
-1

 of resorcinol, E. 

coli cells (~10
7 

CFU mL
-1

), Complex1 (1 µM) and persulphate (2 mM) were photolysed for 

120 min. For HPLC analysis, 1 mL of sample from this reaction mix was withdrawn, filtered 

using 0.45 µM Polytetrafluoroethylene (PTFE) filter to remove bacteria. 0.1 mL of this 

filtered solution was injected in to Shimadzu UFLC, equipped with a phenomenex C18 HPLC 

column (250 mm × 4.5 mm, 5 µm) and SPDM 20A Prominence diode array detector. HPLC 

was performed with 30/70 (v/v) methanol-water as mobile phase in isocratic mode with flow 

rate of 1 mL min
-1

 and chromatogram was monitored at 280 nm.
10

 For microbial assays, 0.1 

mL of sample from reaction mix was withdrawn at appropriate time intervals during 

irradiation and viable cells were determined by spread plate technique, as mentioned above. 

4.2 (i) Effect of inorganic ions: 

Effect of inorganic ions on photo-inactivation was investigated by addition of salts 

such as 0.1 M of Na2HPO4, Na2SO4 and NaHCO3 
11, 12

 to reaction mixture containing E. coli 

cells (~10
7 

CFU mL
-1

), Complex1 (1 µM) and persulphate (2 mM) in PBS (10 mM) followed 

by irradiation. Addition of Na2SO4 (0.1 M) to 10 mM PBS (pH 7.2) did not change the pH of 

the solution. The change in pH after addition of 0.1 M of NaH2PO4 or NaHCO3 to 10 mM 

PBS was adjusted to pH 7.2 by adding few drops of 0.05 N HCl. Control experiments with 

only 0.1 M of methanol, sodium nitrite (0.02 M), Na2HPO4, Na2SO4, and NaHCO3 either in 

dark or light had no effect on cell viability.
11

 

4.2 (j) Effect in simulated ground water: 

Photo-degradation of azodye (MO 12 mg L
-1

) and photo-inactivation of bacteria (E. 

coli and S. aureus) by activation of persulphate (2 mM) using Complex1 (1 µM) was studied 

in simulated ground water that contained a defined composition of inorganic and organic 

matter. Simulated ground water was prepared by addition of following components to 

distilled water: Fe(NO3)3.9H2O (0.24 µm), NaHCO3 (1.2 mM), Na2SO4 (0.34 mM), Na2HPO4 

(0.28 mM), NaCl (0.86 mM) and resorcinol (9.0 µm).
13 
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4.3. Results and Discussion: 

4.3 (a) Photo-degradation of MO: 

Irradiation (420-700 nm) of MO in presence of Complex1 and persulphate caused 

almost complete degradation (~ 98%) rapidly within 12 min (Figure.4.1A).  

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4.1 Photo-degradation of MO by activation of persulphate (KPS) using Complex1 in 

neat and simulated ground water. [MO] = 12 mg L
-1

, [KPS] = 2 mM, [Complex1] =1 µM and 

Fluence rate = 0.095 Wcm
-2

. (A) Photo-degradation of MO at different time intervals. C = 

concentration of MO at time t, C0 = initial concentration of MO (B) Effect of radical 

scavengers and inorganic ions, Control – Concentration of MO after 15 min irradiation, Light 

dosage = 85.5 J cm
-2

. (C) Photo-degradation of MO at different [Complex1]: [persulphate] 

ratio after 15 min irradiation, Light dosage = 85.5 J cm
-2

 (D) Reduction in Total organic 

carbon before (control) and after different time intervals during irradiation. Control – Total 

organic carbon of MO (12 mg L
-1

). 

 

It is known that photolysis  of [Ru(bpy)3]
2+

 (Complex1) and persulphate results in 

formation of [Ru(bpy)3]
3+

, sulphate radicals and sulphate ions
 
[reactions 1 and 2].
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0 6 12 18 24 30
0.0

0.2

0.4

0.6

0.8

1.0

 

 

C
/C

0

Time (min)

 MO/Complex1/h

 MO/KPS/Complex1/Dark

 MO/KPS/h

 MO/KPS/Complex1/h

A

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

 Control

 (0.02M) NaNO2

 (0.1M) MeOH

 (0.1M) Na2SO4

 (0.1M) NaHCO3

 (0.1M) NaH2PO4

 D. H2O

B

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

 MO Control

 1M Complex1/0.5 mM KPS

 1M Complex1/1 mM KPS

 1M Complex1/1.5 mM KPS

 0.25M Complex1/2mM KPS

 0.50M Complex1/2mM KPS

 0.75M Complex1/2mM KPS

 1M Complex1/2 mM KPS

C

0.0

0.2

0.4

0.6

0.8

1.0

T
O

C
/T

O
C

0

 Control

 15 min

 30 min

 60 min

D



Chapter 4 Photochemical activation of persulphate  

___________________________________________________________________________ 

66 

 

In aqueous solutions, sulphate radicals react with water to produce hydroxyl radicals                 

[reaction 3].
15

 

 

 

 

 

The reactive species such as sulphate and hydroxyl radicals are very strong oxidants, 

capable of degrading organic compounds effectively. Activation of persulphate in aqueous 

medium effectively generates sulphate radicals and secondary hydroxyl radicals, and 

enhances the efficiency of degradation.
16-18

 Thus, rapid and efficient degradation of MO 

observed on irradiation of MO in presence of Complex1 and persulphate is attributed to the 

photochemical activation of persulphate by Complex1 (reactions 1-3). Importantly, irradiation 

of MO in presence of persulphate for 30 min caused only about 20% degradation of MO 

(Figure 4.1 A). Similar result was also observed for treatment of MO with Complex1 and 

persulphate without irradiation (dark control) (Figure 4.1A). Moreover, irradiation of MO in 

presence of Complex1 and persulphate in simulated ground water also resulted in significant 

degradation of MO (~80%) (Figure 4.1A). The slight decrease in percentage of photo-

degradation of MO when compared with double distilled water could be accounted to the 

presence of a variety of inorganic salts and organic matter in simulated ground water. 

Persulphate is an oxidant (Eº = 2.01 V) and has the ability to degrade organic compounds due 

to slow decomposition and generation of sulphate radicals.
17

 The slight degradation (~20%) of 

MO observed on irradiation in presence of persulphate, and in dark control is due to slow 

decomposition of persulphate (Figure 4.1A). 

Irradiation of MO in presence of Complex1 and persulphate containing sodium nitrite 

(20 mM) and methanol (0.1 M) for 15 min caused only ~25% and ~15% degradation of MO, 

respectively (Figure 4.1B). This significant inhibition in photo-degradation is due to the 

effective scavenging of hydroxyl and sulphate radicals by methanol and sodium nitrite.
2, 16

 

The above result indicates that sulphate and secondary hydroxyl radicals produced during 

photoactivation of persulphate by Complex1 play a major role in photo-degradation of MO. 

Percentage of degradation of MO decreased on decreasing the concentration of either 

Complex1 or persulphate (Figure 4.1C). Decreasing the concentration of Complex1 may not 

be favourable to produce sufficient amount of excited state Complex1 to cause effective 

photochemical activation of persulphate for degradation. At lower concentration of 

                       SO4 + H2O                    HO    + H+  + SO4
2-          .....(3)

[Ru(bpy)3]2+ + h + [S2O8]2-         [Ru(bpy)3]3+ + SO4
2- + SO4  ....(1)

         [Ru(bpy)3]2+ + SO4                   [Ru(bpy)3]3+ + SO4
2-        .....(2)
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persulphate, relatively lower amount of radicals are generated on activation, which may not be 

sufficient for efficient degradation. Earlier studies on degradation of dyes by persulphate 

reported that increasing the concentration of persulphate increased the percentage of 

degradation of dyes.
20

 These results reveal that photo-degradation of MO is dependent on 

concentration of both persulphate and Complex1, and an optimal concentration of persulphate 

(2 mM) and Complex1 (1 M) was required to cause complete degradation of MO (12 mgL
-1

) 

(Figure 4.1C). 

4.3 (b) Reduction of total organic carbon: 

Irradiation of MO in presence of Complex1 and persulphate caused about 65 %, 71% 

and 76 % reduction of TOC in 15, 30 and 60 min respectively (Figure 4.1D). TOC reduction 

obtained in the present study is comparable with TOC reduction obtained on degradation of 

phenol (0.5 mM) by activation of persulphate (84 mM) by UV photolysis.
17

 Thus, the above 

results indicate that visible light activation of persulphate by Complex1 caused not only rapid 

degradation of MO, but also its significant reduction of TOC indicating mineralization. 

4.3 (c) Effect of inorganic ions: 

Irradiation of MO in presence of Complex1 and persulphate containing salts (0.1 M) 

such as NaH2PO4, NaHCO3 and Na2SO4 retarded the photo-degradation of MO (Figure 4.1B). 

Earlier, it has been shown that the presence of inorganic ions such as sodium bicarbonate and 

sodium chloride retarded the degradation of organic contaminants such as acetic acid and 

chlorinated ethenes by persulphate.
15,16

 In addition, it is known that at higher ionic strength, 

ion pair Complexation between Complex1 and persulphate is reduced, which is not favourable 

for photoinduced electron transfer between Complex1 and persulphate.
14

 Therefore, photo-

degradation of MO was retarded at relatively higher ionic strength of the medium. The above 

facts indicate that degradation of MO by photochemical activation of persulphate using 

Complex1 is dependent on the composition of ions and ionic strength of medium. 

4.3 (d) Photo-inactivation of bacteria: 

Visible light irradiation of  Gram negative bacteria (E. coli and P. aeruginosa) in 

presence of Complex1 and persulphate caused complete photo-inactivation, within 90 and 120 

min, respectively (Table 4.1, Figure 4.2A). Gram positive bacteria (S. aureus and B. subtilis) 

were also photo-inactivated within 60 min, with relatively lower light dosage than required 

for Gram negative bacteria (Table 4.1, Figure 4.2B). 

The pattern of decrease in cell viability during the irradiation period varied within 
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Gram negative strains (E. coli and P. aeruginosa) (Figure 4.2A) (ANOVA, p < 0.05). In case 

of Gram positive strains (S. aureus and B. subtilis), the pattern of decrease in cell viability 

during irradiation period was similar (Figure 4.2B), (ANOVA, p > 0.05). The results show 

that the differences in photo-inactivation of Gram positive and Gram negative strains were 

statistically significant (ANOVA, p < 0.05).  Among the bacterial strains examined P. 

aeruginosa was found to be the most resistant to photo-inactivation. Control experiments, (i) 

5 µm of Complex1 alone in absence and presence of light (ii) 2 mM of persulphate alone in 

absence and presence of light (iii) mixture of 1 µm of Complex1 and 2 mM of persulphate 

without irradiation, had no effect on cell viability (Figure 4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Cell viability Vs Time plot for photo-inactivation of (A) Gram negative bacteria 

(B) Gram positive bacteria. Cell concentration = ~10
7
 CFU mL

-1
, [KPS] = 2 mM, [Complex1] 

= 1 µM, Fluence rate = 0.095 Wcm
-2

 for E. coli and P. aeruginosa, 0.060 Wcm
-2 

for S. aureus 

and 0.048 Wcm
-2 

for B. subtilis. 
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Earlier, D.D. Dionysiou et al., had shown degradation (~ 50%) of microcystin by 

thermal activation of persulphate at 30 
◦
C.

21
 However, in the present study, degradation of 

MO by persulphate alone at 37 
◦
C was not significant (Figure 4.1), and also the cell viability 

of the bacteria was not affected by persulphate alone at 37 
◦
C (Figure 4.2). As discussed 

above, photolysis of Complex1 in presence of persulphate activates persulphate and generates 

reactive species such as, sulphate radicals, secondary hydroxyl radicals and [Ru(bpy)3]
3+

 

[reactions 1-3].
14, 15

 

Table 4.1 Conditions for complete inactivation of bacteria 

 

Bacterial Strains Irradiation Time 

(min) 

Fluence Rate 

(Wcm
-2

) 

Light Dosage 

(Jcm
-2

) 

E. coli 
† 

90 0.095 513 

P.aeruginosa
†
 120 0.095 684 

S. aureus
‡
 60 0.060 216 

B. subtilis
‡
 60 0.048 173 

†
Gram negative bacteria                                     [Complex1] = 1 µM 

‡
Gram positive bacteria                                   [persulphate] = 2 mM 

 

Importantly, sulphate and hydroxyl radicals are strong oxidants and cause damage to 

biomolecules such as protein, DNA and membrane.
22, 23

 Earlier, it has been shown that 

photolysis of [Ru(bpy)3]
2+

 and persulphate induced in vitro DNA damage.
24

 However, no 

study has been carried out to investigate the effect of [Ru(bpy)3]
2+

 activated persulphate on 

bacteria in aqueous media. Present results show that photochemical activation of persulphate 

by Complex1 caused complete inactivation of both Gram positive and Gram negative bacteria 

(Figure 4.2, Table 4.1). In addition, irradiation of bacteria (E. coli and S. aureus) in presence 

of Complex1 and persulphate in simulated ground water also caused complete inactivation of 

bacteria. The relatively less ionic strength of simulated ground water than PBS medium (10 

mM) favored complete inactivation (Figure 4.3). 

Moreover, irradiation of E. coli with persulphate and Complex1 in presence of either 

methanol (0.1 M) or sodium nitrite (20 mM) for 120 min caused only ~1 log reduction of E. 

coli (Appendix I Figure 4.2). This significant inhibition in photo-inactivation of E. coli is due 

to the effective scavenging of hydroxyl and sulphate radicals by methanol and sodium 

nitrite.
10,29

 It is important to note that photo-degradation of MO was also inhibited in presence 

of sulphate and hydroxyl radical scavengers (Figure 4.1B). The above results emphasise that 

sulphate and hydroxyl radicals produced during photoactivation of persulphate by Complex1 

play a major role in inactivation of E. coli. 
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Figure 4.3 Cell viability Vs Time plot for photo-inactivation of E. coli and S. aureus (~10
7
 

CFU mL
-1

) in simulated ground water, Fluence rate = 0.095 Wcm
-2

 for E. coli and 0.060 

Wcm
-2

 for S. aureus inactivation. [KPS] = 2 mM, [Complex1] =1 µM. 

 

Photo-inactivation of Gram positive strains was faster than Gram negative strains 

(Table 1, Figure 4.2). Cell wall of Gram positive bacteria is relatively simple with two layers 

namely cytoplasmic membrane and peptidoglycan layer, whereas cell wall of Gram negative 

bacteria is complex and has an outer lipopolysaccharide membrane in addition to cytoplasmic 

membrane and peptidoglycan layer.
4, 25-27

 This additional layer offers resistance against 

reactive species generated during irradiation and therefore Gram negative bacteria are less 

susceptible to photo-inactivation than Gram positive bacteria. Earlier reports on photo-

inactivation of bacteria have also shown that Gram negative bacteria are relatively less 

susceptible.
4, 5, 25-29

 

The change in cell viability on changing concentration of Complex1: persulphate ratio 

was studied using E. coli as model organism. Decreasing either concentration of Complex1 or 

persulphate was not favorable for complete photo-inactivation of E. coli (Figure 4.4). It was 

found that the difference in the photo-inactivation of E. coli at different Complex1: 

persulphate ratios were statistically significant (ANOVA, p < 0.05). As discussed above, 

relatively lower amount of Complex1 was not sufficient for effective photochemical 

activation of persulphate to cause inactivation. Activation of lower concentration of 

persulphate could generate relatively lower amount of radicals, which may not be sufficient 

for complete inactivation. 
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Figure 4.4 Photo-inactivation of E. coli at different [Complex1]: [persulphate] ratio. Cell 

concentration = ~10
7
 CFU mL

-1
, [KPS] = 2 mM, [Complex1] = 1 µM, Light dosage = 513 

Jcm
-2

. 

Thus, these results indicate that complete photo-inactivation of E. coli depends on 

concentration of both Complex1 and persulphate (Figure 4.4). The optimised concentrations 

of persulphate and Complex1 for the complete photo inactivation of bacteria under present 

experimental conditions are [KPS] = 2 mM, and [Complex1] = 1 µM. 

Persulphate is a promising oxidant in advanced oxidation processes, and has been 

shown to degrade organic contaminants effectively on activation in aqueous medium.
15-19, 30, 31

 

However, the effect of activated persulphate on bacteria in aqueous media is not known. The 

present study shows the ability of activated persulphate to cause complete inactivation of 

bacteria in aqueous medium besides the degradation of azo dye MO. Importantly, both photo-

degradation of MO and photo-inactivation of bacteria were achieved using LED as the visible 

light source. 

4.3 (e) Effect of photo-inactivation on cell membrane integrity: 

In order to study the effect of photolysis of Complex1 and persulphate on cell 

membrane integrity, Baclight Live/Dead assay was performed using E. coli.
6
 Fluorescent 

microscopic image of  E. coli cells treated with Complex1 and persulphate without irradiation, 

showed only green fluorescence (Figure 4.5A) indicating that cells had intact membrane and 

allowed only  diffusion of green fluorescent SYTO
®

 9.
6
 On irradiation of E. coli cells in 

presence of Complex1 and persulphate, red fluorescence was observed indicating the cell 

membrane damage (Figure 4.5B). The loss of cell membrane integrity facilitated entry of PI 

and competitive binding of red fluorescent PI to DNA than SYTO
®
 9. 
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SEM images of E. coli cells treated with Complex1 and persulphate without 

irradiation showed that cells were intact (Figure 4.5C). However, irradiation of E. coli cells 

with Complex1 and persulphate resulted in severe deformation of cells with ruptured surfaces 

and craters (Figure 4.5D). Strong oxidizing agents such as hydroxyl and sulphate radicals are 

known to cause biomolecular damage.
22, 23, 32

  

 

 

 

 

Figure 4.5 Fluorescence microscopic image of E. coli treated with Complex1 and persulphate 

(A) in absence of light (control) (B) in presence of light. SEM images of E. coli treated with 

Complex1 and persulphate (C) in absence of light (control) (D) in presence of light. E. coli 

concentration = ~10
7
 CFU mL

-1
, [KPS] = 2 mM, [Complex1] = 1 µM, Light dosage = 513 

Jcm
-2

. (E) Photograph of agarose gel showing the extracted chromosomal DNA of E. coli 

treated with Complex1 and persulphate in dark (control, Lane1), and in presence of light 

(Lane 2). E. coli concentration = ~10
7
 CFU mL

-1
, [Complex1] = 1 µM, [persulphate] = 2 mM, 

Light dosage = 513 Jcm
-2

. 

Thus, both Baclight Live/Dead assay, as well as SEM image results clearly revealed 

cell membrane damage, which indicates oxidative stress caused to E. coli. Previous studies on 

photocatalytic disinfection involving reactive oxidizing species had also shown such 

membrane damage leading to cell death.
8, 33

 In addition, agarose gel electrophoresis showed a 

clear chromosomal DNA band for cells treated with Complex1 and persulphate in absence of 

light (Figure 4.5E). On the other hand, chromosomal DNA band was not clear for cells treated 

with Complex1 and persulphate in presence of light. This result indicates that there is 
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significant reduction of chromosomal DNA from photolysed cells. Similar reduction in 

chromosomal DNA has been observed in case of photodynamic inactivation of E. coli by 

5,10,15,20-tetrakis(1-methylpyridinium-4-yl)porphyrin, due to damage of cell membrane 

leading to discharge of cell constituents including DNA.
8
 The above results further emphasize 

loss of cell membrane integrity. To the best of our knowledge, present study is the first report 

showing complete inactivation of bacteria due to bacterial membrane damage and loss of 

chromosomal DNA on photochemical activation of persulphate in aqueous medium. 

4.3 (f) Simultaneous degradation of organic and bacterial contaminants:  

Treatment of E. coli in presence of resorcinol 10 mg L
-1

 with or without irradiation,
10

 

and treatment of E. coli with Complex1 (1 µM) and KPS (2 mM) in presence of resorcinol 10 

mg L
-1

 without irradiation did not affect the cell viability. HPLC chromatogram of resorcinol 

showed a clear peak at retention time (RT) 6 min (Figure 4.6A). HPLC profile of resorcinol 

after irradiation in presence of Complex1 and persulphate showed significant decrease in 

resorcinol peak and formation of new peak at RT 3 min revealing the degradation of 

resorcinol (Figure 4.6A). Irradiation of resorcinol (5 mg L
-1

) in presence of Complex1 and 

persulphate in PBS (10 mM) caused ~95 % degradation of resorcinol (Figure 4.6A, Inset-A). 

Under same conditions, in presence of E. coli (10
7 

CFU/ml), ~90 % degradation of resorcinol 

(Figure 4.6A, Inset-B) and ~5 log reduction in cell viability was observed (Figure.4.6B). This 

result reveals that photoactivation of persulphate by Complex1 has the ability to cause 

simultaneous degradation of resorcinol and inactivation of E. coli. On increasing the 

concentration of resorcinol to 10 mg L
-1

, simultaneous photo-degradation of resorcinol and 

photo-inactivation of E. coli was retarded (Figure 4.6 A, Inset-D and Figure 4.6B). Reactive 

species such as sulphate and hydroxyl radicals are diffusible and have non specific reactivity. 

10, 15, 34
 These radicals can degrade organic compound, and can also oxidize biomolecule such 

as membrane leading to cell death, involving a competitive reaction between organic 

compounds and microbes.
10, 35

 Thus, at higher concentration of organic matter (resorcinol), 

simultaneous photo-degradation of resorcinol and photo-inactivation of E. coli was retarded. 

It has been shown that photo-inactivation of bacteria by advanced oxidation processes such as 

TiO2 photocatalysis and photo-Fenton process was affected by the presence of organic 

matter.
10, 35
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Figure 4.6 (A) HPLC chromatogram showing degradation of resorcinol (10 mg L
-1

) in 

absence and presence of E. coli. R- Resorcinol, DP- Degraded products and IC- Intracellular 

components. Inset – A and B, degradation percentage of resorcinol (5 mg L
-1

) in absence and 

presence of E. coli, respectively. C and D, degradation percentage of resorcinol (10 mg L
-1

) in 

absence and presence of E. coli, respectively. (B) Cell viability Vs Time plot for photo-

inactivation of E. coli in absence, and presence of resorcinol (5 & 10 mg L
-1

). E. coli 

concentration = ~10
7
 CFU mL

-1
, [Complex1] = 1 µM, [persulphate] = 2 mM 

Interestingly, HPLC profile of resorcinol after irradiation in presence of Complex1 

and persulphate containing E. coli, showed a wide peak at RT 7-8 min, in addition to 

resorcinol peak (RT 6 min), and its degradation product peak (RT 3 min) (Figure 4.6B). The 

absorption spectrum of this new peak had a maximum around 260-280 nm, characteristic of 

DNA and proteins (Appendix I Figure 4.3). Earlier, it has been shown that loss of membrane 
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integrity results in leakage of cellular components such as proteins and DNA that have 

absorption in 260-280 nm range.
36, 37

 These facts indicate that wide peak at RT 7-8 min 

corresponds to intracellular components leaching out of cell due to photodamage of cell 

membrane. The above observation further emphasizes loss of cell membrane integrity. 

4.3 (g) Photo-inactivation of bacteria in presence of inorganic salts: 

Photo-inactivation of E. coli was retarded in presence of salts such as 0.1M of 

NaH2PO4, NaHCO3 and Na2SO4 (Appendix I Figure 4.2). As discussed above, ion pair 

complexation between Complex1 and persulphate is reduced at higher ionic strength which is 

not favorable for photoinduced electron transfer between Complex1 and persulphate.
14

 Thus, 

these results indicate that the complete photo-inactivation of E. coli depends on composition 

of ions and ionic strength of the medium, as observed in photo-degradation of MO. 

Importantly, the above results reveal that photoactivation of persulphate by Complexl 

has the propensity to degrade MO and completely inactivate bacteria in simulated ground 

water that contained a variety of inorganic ions, and organic matter. As discussed above, both 

the photo-degradation of MO and photo-inactivation of E. coli were affected in a medium 

with relatively higher ionic strength and organic content. Therefore, both the photo-

degradation of MO and photo-inactivation of bacteria could be affected in a more complex 

media than the simulated ground water used in the present study.  Inorganic and organic 

composition of the medium has been shown to affect photolytic water treatment processes 

such as UV-TiO2, and photo-Fenton process.
10, 38

 

4.4 Conclusions: 

Photolytic process that has potential to degrade organic contaminants as well as 

inactivate bacteria in aqueous media has great environmental significance. Activation of 

persulphate is a promising strategy in advanced oxidation process for degradation of organic 

contaminants. Oxidation using persulphate is effective, easy to handle and no toxic 

byproducts are produced. The present study shows that visible light activation of persulphate 

using tris(2,2‟-bipyridyl)ruthenium(II) caused rapid degradation (98%) of model azo dye 

methyl orange with significant mineralization, and also complete inactivation of both Gram 

negative and Gram positive bacteria. BacLight LIVE/DEAD assay, scanning electron 

microscopy and genomic DNA analysis revealed cell membrane damage and loss of 

chromosomal DNA, indicating oxidative stress caused to E. coli during photo-inactivation. 

Significant degradation of MO and complete inactivation of bacteria were observed in 

simulated ground water containing a variety of common ions and organic compound. The 
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present study is the first to reveal that activation of persulphate using a visible light absorbing 

metal complex in aqueous media has the ability for simultaneous degradation of organic 

contaminants and bacteria in water. 
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Activation of hydrogen peroxide by Copper based photo Fenton-like 

process for disinfection of bacteria in water 

5.1 Abstract: 

Natural sunlight or monochromatic near UV light irradiation of Cu(II) complexes of 

amino acids are known to cause photoreduction of Cu(II) to Cu(I) state.
1, 2 

On the other hand, 

Cu(I) complexes could rapidly react with H2O2 to generate hydroxyl radical that is commonly 

known as Copper based Fenton-like process, implying the activation of hydrogen peroxide.
1-6

 

Moreover, it is important to note that Cu(II) ions are known to bind to bacteria via 

complexation with bacterial cell components such as proteins and other biomolecules.
7-9

 

Herein, for the first time. a Copper based photo-Fenton like process to inactivate bacteria in 

water using concentration of Cu(II)ions less than the permissible limit in water is presented. 

In addition, the ability of a new Cu(II) polypyridyl complex to act as a photosensitiser for 

inactivation of bacteria in water is also presented.This chapter addresses the gaps in literature 

discussed under the section 1.6 (a), 1.7 and 1.7 (a) of chapter 1. 

 

Graphical Abstract: 

 

 

 

 

 

 

 

 

 

5. 2. Experimental procedures and analysis: 

5.2 (a) Materials: 

Copper (II) chloride pentahydrate (CuCl2.5H2O), 1, 10 phenanthroline (phen), 5-amino 

1,10 phenanthroline (5-NH2-Phen), Hydrogen peroxide (30%), Tertiary butyl alcohol (t-
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BuOH), Humic acid, Sodium teraphthalate (C8H4Na2O4), Calcium carbonate (CaCO3), 

Sodium nitrate (NaNO3), Disodium hydrogen phosphate (Na2HPO4), Sodium hydrogen 

phosphate (NaH2PO4), Sodium sulphate (Na2SO4), and Sodium hydrogen carbonate 

(NaHCO3) used, were of guaranteed analytical grade, purchased from SD fine chemicals, 

India. Bovine serum albumin (BSA) was purchased from Molychem. The complexes 

[Cu(Phen)2]Cl and [Cu(5-NH2-Phen)2]Cl (where Phen = 1,10 phenenthroline and 5-NH2-Phen 

= 1,10-Phenanthrolin-5-amine) were prepared according to a general synthetic method in 

which an aqueous solution of CuCl2.5H2O (1.0 mmol) was reacted with a methanolic solution 

of Phen or 5-NH2-Phen (2.0 mmol) stirred at 35-38 °C for 2 h and filtered. The solid was 

isolated, washed with cold aqueous methanol (1:1 v/v), and dried in dessicator.
4
 For HPLC 

analysis, Acetonitrile (HPLC grade) and millipore water were used. The aqueous solution of 

these complexes showed a huge absorption at 200-300 nm that corresponds to charge π-π* 

transitions and a broad peak at around 650-720 nm corresponding to d-d transitions
10, 11

 

(Appendix I Figure 5.1). ESI-MS of C1 showed two major peaks at m/z 459 and 489 

corresponding to the mass of [Cu(Phen)2]Cl and [Cu(5-NH2-Phen)2]Cl, respectively 

(Appendix I Figure 5.2). 

5.2 (b) Photolytic experimental setup: 

Visible light LED array containing warm white LED bulbs (400 - 700 nm, with peak 

maxima around 450 and 600 nm) manufactured by Kwality Photonics Pvt. Ltd, India was 

used as light source. Details of LED array and photograph of photolysis experimental setup 

are provided in supporting information (Appendix I Figure 4.1). Fluence rate was measured 

by Ophir PD100 Nova II power meter. 

5.2 (c) Photo-inactivation of bacteria: 

Photoantimicrobial assays were performed as described in Chapter 4, Section 4.2.4, 

except that the reaction mixture (0.2 ml) contained ~10
7 

CFU mL
-1

 of bacterial cells with 

appropriate concentration of Cu(II)ions or [Cu(Phen)2]
2+

 or [Cu(5-NH2-Phen)2]
2+ 

in PBS (10 

mM) was irradiated in 96 well plates. For experiments in dark, the LED array was switched 

off. Radical scavenging experiments were performed by addition of t-butyl alcohol (0.1 M) to 

reaction mixture. Photo-inactivation of bacteria (E. coli) was studied in simulated tap water 

that contained a defined composition of inorganic and organic matter. For scavenging 

hydroxyl radicals, t-BuOH was used as reported earlier.
12

 Composition of simulated tap 

water: [CO3
2-

] = 300 mgL
-1

, [Cl
-
] = 250 mgL

-1
, [SO4

2-
] = 200 mgL

-1
, [NO3

-
] = 45 mgL

-1
; 

Natural organic matter (Humic acid) = 1 mgL
-1

. Two independent experiments in triplicates 
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were performed for each bacterial species. All the statistical analysis was performed using 

OriginPro 8.0. 

Integrity of E. coli cell membrane and structural change in bacterial cell wall of E. coli 

cells treated with Cu(II)ions and H2O2 in absence and presence of light for 20 min were 

examined by Invitrogen Molecular Probes
®
 LIVE/DEAD

®
 BacLight™ assay and Scanning 

Electron Microscopy (SEM) analysis, respectively as described in Chapter 4, Section 4.2.(e) 

and 4.2.(f).  

The membrane binding ability of [Cu(Phen)2]Cl or [Cu(5-NH2-Phen)2]Cl to E. coli 

cell membrane was investigated by the following the absorption spectral changes before and 

after incubation of E. coli cells with these complexes as reported earlier.
18

 In brief, 

suspensions of E. coli in phosphate-buffered saline (PBS, 10 mM, pH 7.0) were incubated 

with 100 µM Cu(II) complexes at 37 ◦C for 30 min in dark. Then the cultures were 

ultrafiltered through a 0.22 µm Millipore membrane to remove E. coli cells and the Cu(II) 

complexes bound on them. The absorption spectra of the filtrates were recorded to determine 

the free Cu(II) complexes. 

5.2 (d) Detection of hydroxyl radical: 

Sodium teraphthalate was used as a hydroxyl radical detection probe as described 

earlier.
13, 14

 Reaction mixture (2 ml) containing sodium teraphthalate (200 µM), Cu(II)ions (1 

µM) with and without  H2O2 (2 mM) in PBS (10 mM) was irradiated in 24 well plates. For 

experiments in dark, the LED array was switched off. The fluorescence emission spectrum of 

these solutions was measured using Jasco Fluorescence spectrophotometer.  

5.3 Results and Discussion: 

5.3 (a) Photo-inactivation of bacteria: 

Irradiation (above 400 nm) of E. coli in presence of Cu(II) ions and H2O2 caused rapid 

and complete loss of cell viability within 20 min (Figure 5.1). On the other hand, in the 

absence of irradiation, exposure of E. coli to Cu(II) ions in presence of H2O2 caused no 

significant reduction (< 1 log decrease in CFU/ml)  of  E. coli cell viability (Figure 5.1). 

Moreover, exposure of E. coli to Cu(II) ions or H2O2 with and without irradiation, caused 

negligible E. coli inactivation (Figure 5.1). Similar results were also observed for S. aureus  

(Figure 5.1B), and P. aureginosa (Figure 5.1C). Moreover, a model fungus C. albicans, was 

also inactivated upon irradiation in presence of Cu(II) and H2O2 (Figure 5.2). 
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Figure 5.1 Cell viability Vs Time plot for photo-inactivation of (A) E. coli, (B) S. aureus and 

(C) P. aeruginosa. Cell concentration = ~10
7
 CFU mL

-1
, [H2O2] = 2 mM, [Cu(II) ions] = 1 

µM, Fluence rate = 0.163 Wcm
-2

.  
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Figure 5.2 Cell viability Vs Time plot for photo-inactivation of C .albicans. Cell 

concentration = ~10
7
 CFU mL

-1
, [H2O2] = 2 mM, [Cu(II) ions] = 1 µM, Fluence rate = 0.163 

Wcm
-2

.  

Both Gram negative and Gram positive bacteria are inactivated (Table 5.1) revealing a 

broad spectrum of bactericidal activity. It is important to note that the permissible level of 

copper in drinking water as per regulatory bodies are US – EPA - 1.3 mg/L or 20.45 µM, 

WHO - 1 mg/L or 15.73 µM, CPCB (India) – 1.5 mg/L or 23.6 µM.
15 

Favourably, in the 

present study, the complete photoinactivation of bacteria was achieved at very low 

concentration of Cu(II)ions, 0.06 mg/L or 1 µM i.e., ~20 times less than the permissible level 

of copper in in drinking water. Furthermore, complete photo-inactivation of E. coli by Cu(II) 

ions and H2O2 was unaffected in the presence of a variety of common ions and natural organic 

matter (Appendix I Figure 5.3) indicating the potential of the proposed process for water 

disinfection. 

Table 5.1 Conditions for complete inactivation of microbes 

 

Microbe Irradiation Time 

(min) 

Light Dosage 

(Jcm
-2

) 

E. coli 
† 

20 195.6 

P. aeruginosa
†
 15 146.7 

S. aureus
‡
 20 195.6 

C. albicans* 25 244.5 
†
Gram negative bacteria        *Fungus       [Cu(II)] = 1 µM 

‡
Gram positive bacteria                               [H2O2] = 2 mM 

Decreasing the concentration of Cu(II) ions
 
(from 1 µM to 0.25 µM) or H2O2 (from 2 

mM to 0.5 mM) under visible light irradiation decreased the reduction in the cell viability of 

E. coli (Figure 5.3) revealing that photoinactivation of E. coli by Cu(II) ions
 
in presence of 
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H2O2 is dependent on the dosage of Cu(II) ions and H2O2. The optimised concentrations of 

Cu(II)ions and H2O2 required for the complete photo-inactivation of bacteria under the present 

experimental conditions are 1 µM and 2 mM, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Effect of Cu(II) ions and H2O2 concentration on photoinactivation of E. coli. cell 

concentration = ~ 10
7
 CFU mL

-1
, [H2O2] = 2 mM, [Cu(II) ions] = 1 µM, Light dosage = 195.6 

J/cm
2
. 

Moreover, in BacLight Live/Dead assay, green fluorescence was observed for the 

control E. coli cells (Figure 5.4A), as well as for E. coli cells exposed to Cu(II) ions
 
in 

presence of H2O2 under dark condition (Figure 5.4B). These results reveal that E. coli cells 

subjected to Cu(II) ions
 
and H2O2 under dark condition had intact cell membranes and live 

cells. On the other hand, E. coli cells irradiated under visible light in presence of Cu(II) ions
 

and H2O2 showed red fluorescence (Figure 5.4C). Furthermore, SEM images showed that the 

membrane surfaces of control E. coli cells (Figure 5.4D) and E. coli exposed to Cu(II)ions
 
in 

presence of H2O2 under dark condition were smooth and rod shaped (Figure 5.4E), whereas 

membrane surfaces of E. coli cells irradiated under visible light with Cu(II)ions
 
in presence of 

H2O2 were deformed and showed craters indicating severe cell membrane damage (Figure 

5.4F). 
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A B C

D E F

 

Figure 5.4 Fluorescence microscopic image of E. coli (A), E. coli treated with Cu(II) ions and 

H2O2 in absence of light (control) (B) in presence of light (C). SEM images of E. coli (D), E. 

coli treated with Cu(II) ions and H2O2 in absence of light (control) (E) in presence of light (F). 

Red arrows point damaged cell membranes. E. coli concentration = ~10
7
 CFU mL

-1
, [H2O2] = 

2 mM, [Cu(II) ions] = 1 µM, Light dosage = 195.6 J/cm
2
. 

The bacterial cell membrane damage indicated the severe oxidative stress probably 

caused due to hydroxyl radicals generated by activation of hydrogen peroxide.  

5.3 (b) Effect of visible light irradiation on hydroxyl radical generation: 

Terephthalic acid (TA) has been recognised as an excellent probe for the detection of 

hydroxyl radicals generated due to activation of hydrogen peroxide by Fenton reaction in 

aqueous solutions.
13, 14

 TA reacts with hydroxyl radical to from a fluorescent compound, 

hydroxy terephthalic acid (HTA) according to the reaction 1.
13, 14

 Importantly, the reaction 

between TA and hydroxyl radical is highly specific and not affected by the presence of other 

reactive oxygen species such as HO2
•
, O2

-
, H2O2.

13
 

 

 

 

OHO

HO O

Non Flourescent

OHO

HO O
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425 nm

OH

OH
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It was determined that photolysis of TA in presence of Cu(II) ions and H2O2 showed 

fluorescence. This result revealed that visible light irradiation of Cu(II) ions in presence of 

H2O2 generated hydroxyl radicals that could cause oxidative stress to bacteria. The generation 

of hydroxyl radical is proposed to occur by photo Fenton-like reaction that involves the 

photoreduction of Cu(II) to Cu(I) state and activation of  H2O2 by Cu(I) to generate hydroxyl 

radical (reaction 2).  

 

 Moreover, reaction of TA with Cu(II) ions and H2O2, under dark condition showed 

slight flouresence i.e., ~5 times lower than that produced by Cu(II) ions and H2O2 under 

visible light irradiation (Figure 5.5A and B, Appendix I Figure 5.4). The effective 

microbicidal activity (Figure 5.1 and 5.2) is attributed to the hydroxyl radicals generated by 

the proposed Copper based photo Fenton like process. It should be noted that photolysis of 

TA in presence of Cu(II) ions alone or H2O2 alone (control experiments) showed no 

fluorescence (Figure 5.5A).  

 

 

Figure 5.5 (A) Fluorescence spectra showing the formation of HTA on reaction of TA with 

Cu(II) ions and H2O2 under different experimental conditions. Light dosage = 293.4 J/cm
2
 (B) 

Comparison of formation of HTA on reaction of TA with Cu(II) ions and H2O2 in presence 

and absence of irradiation. [TA] = 200 µM, [H2O2] = 2 mM, [Cu(II) ions] = 1 µM, Fluence 

rate = 0.163 Wcm
-2

.
 

Earlier, it was reported that bovine serum albumin (BSA) was oxidatively degraded in 

presence of Cu(II) ions and H2O2. A mechanism involving a slow reduction of Cu(II) to Cu(I) 

in presence H2O2 and reaction of Cu(I) with H2O2 (copper based Fenton like reaction, reaction 

3) was proposed for the degradation of BSA.
3
 Importantly, in the present study, irradiation of 

BSA bound to Cu(II) ions in presence of H2O2 resulted in  significant degradation of BSA 
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(Figure 5.6), revealing that Copper species bound BSA activates H2O2 upon irradiation. On 

the other hand, no significant degradation of BSA bound to Cu(II) ions in presence of H2O2 

was observed under dark condition (Figure 5.6).  

 

 

 

 

 

 

 

 

Figure 5.6 Degradation of BSA by Cu(II) ions and H2O2 in presence and absence of 

irradiation. [H2O2] = 200 mM, [Cu(II) ions] = 100 µM, [BSA] = 25 µM; Light dosage = 

1,760.4 J/cm
2
. 

 

Irradiation (above 400 nm) of BSA in presence Cu(II) ion and H2O2 along with 

hydroxyl radical scavenger terephthalic acid (TA), showed formation of fluorescent 

hydroxylated terephathalic acid (HTA) (Figure. 5.7). Moreover, it should be noted that the 

HTA formed on irradiation of TA, Cu(II) ion and H2O2, in presence of BSA is relatively less 

(Figure. 5.7) than in the absence of  BSA (Figure. 5.7). This decrease in the formation of HTA 

is attributed to the competitive scavenging of hydroxyl radicals by BSA and TA. Moreover, in 

absence of irradiation, under the same experimental conditions, the reaction of BSA in 

presence Cu(II) ion and H2O2 along with hydroxyl radical scavenger terephthalic acid (TA) 

showed minimum flouresence. These results revealed the in-situ generation of hydroxyl 

radicals by irradiation of Cu(II) ions bound to BSA in presence of H2O2 via Copper based 

photo Fenton-like mechanism as discussed above. Similar results were observed for the 

reaction of E.coli in presence Cu(II) ion and H2O2 along with hydroxyl radical scavenger TA 

(Figure. 5.7). 

These results reveal the effective generation of hydroxyl radical by the activation of 

H2O2 under visible light irradiation mediated by Cu(II) ions bound to BSA or bacteria in 

presence of H2O2. 

 

0 5 10 15 20

0.0

0.3

0.6

0.9

1.2

11 12 13 14 15

 

 

m
A

U
x

1
0

6

RT (min)

 BSA

 BSA + Cu(II) + Dark  BSA + Cu(II) + Light 



Chapter 5. Copper based photo Fenton-like process  for water disinfection 

___________________________________________________________________________ 

89 

 

 

 

 

 

 

Figure 5.7 Normalized Fluorescence intensity showing the formation of HTA on reaction of 

TA with Cu(II) ions and H2O2 in absence and presence of BSA and  E.coli. Light dosage = 

195.6 J/cm
2
;  [TA] = 200 µM, [H2O2] = 2 mM, [Cu(II) ions] = 1 µM, E. coli concentration = 

~10
7
 CFU mL

-1
; [BSA] = 25 µM; Fluence rate = 0.163 Wcm

-2
.
 

   

Thus, the present findings highlight that the proposed Copper based photo Fenton-like 

process is promising for photo-inactivation of bacteria in water.  

5.4 Photoinactivation of E. coli using Copper(II) complexes: 

Metal complexes having the ability to photo-inactivate bacteria in the visible light region 

has potential applications in the Photoantimicrobial Chemotherapy (PACT).
18 

It is important 

to note that Cu(II) polypyridyl complexes are known to generate reactive oxygen species such 

as singlet oxygen, hydroxyl radical and superoxide anion etc upon irradiation of visible 

light.
10, 11 

Earlier studies have shown that copper polypyridyl complexes induce DNA damage 

upon visible light irradiation,
10, 11 

however, to the best of our knowledge no report is available 

on the investigation of copper polypyridyl complexes for bacterial photo-inactivation in water 

under visible light irradiation. Herein, visible light photobactericidal activity of a new Cu(II) 

polypyridyl complex Cu(5-NH2 -Phen)2]
2+ 

is investigated. The absorption spectral features 

and the mass spectral data of Cu(5-NH2 -Phen)2]
2+ 

is provided in (Appendix 1, Figure 5.1 and 

5.2) 

Absorption of Cu(5-NH2 -Phen)2]
2+

 (around 250-500 nm) was  decreased on treatment 

with E.coli cells indicating the binding capacity of [Cu(5-NH2 -Phen)2]
2+

 to E. coli cells 

(Figure. 5.8). Earlier, it was reported that the decrease in the absorption spectrum of the 

Ruthenium photosensitizer after the incubation with E. coli in dark indicate the membrane 

binding capacity of photosensitizer. On the other hand, [Cu(Phen)2]
2+

 had no membrane 

binding capacity as revealed by absorption spectroscopic results (Figure. 5.8). These results 

revealed that Cu(5-NH2 -Phen)2]
2+

 has the ability to bind with bacterial membrane unlike 

[Cu(Phen)2]
2+

. Earlier, it was shown that the membrane biniding capacity of photosensitizers 
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such as such as Ru(II) polypyridyl complexes and cationic porphyrins was dependent on the 

nature of the ligands and the compounds with membrane binding capacity caused effective 

photoinactivation of bacteria.
18,19

  

 

 

 

 

 

Figure 5.8 Absorption spectra of (A) [Cu(Phen)2]
2+

 and (B) [Cu(5-NH2 -Phen)2]
2+ 

before and 

after treatment with E. coli. [Cu(Phen)2]
2+

 = [Cu(5-NH2 -Phen)2]
2+ 

= 100 µM; [E. coli] = ~10
7
 

CFU mL
-1

.  

Exposure of E. coli to [Cu(Phen)2]
2+ 

or Cu(II) ions with and without irradiation, and 

exposure of E. coli to [Cu(5-NH2 -Phen)2]
2+

 without irradiation caused no significant 

reduction of E. coli cell viability (~1.5 log decrease in CFU/ml) (Figure. 5.9). On the other 

hand, irradiation of E. coli with [Cu(5-NH2 -Phen)2]
2+

 caused rapid and complete loss of cell 

viability within 20 min (Figure. 5.9). These results reveal that [Cu(5-NH2 -Phen)2]
2+

 is a 

potential photo-antibacterial agent that could effectively inactivate bacteria upon irradiation in 

the concentration range of 10µM upon visible light irradiation. 

 

 

 

 

 

 

Figure 5.9 (A)Photo-inactivation of E. coli by [Cu(Phen)2]
2+

 and [Cu(5-NH2 -Phen)2]
2+

 

[Cu(Phen)2]
2+

 =[Cu(5-NH2 -Phen)2]
2+

 = 10µM; [E. coli] = 10
7
 CFU/mL; Fluence rate 0.163 

W/cm
2
; pH 7.2 (PBS 10 mM);Room temperature 25-30 °C. 
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Earlier, it was shown that the binding of photosensitizers such as Ru(II) polypyridyl 

complexes and cationic porphyrins to the bacterial membrane was favourable for 

photoinactivation of bacteria.
18,19

 The present results demonstrated the potential of a novel 

Cu(II)  polypyridyl complex that has the ability to bacterial cell membrane and cause effective 

photo-inactivation of bacteria upon visible light irradiation. 

Earlier, photosensitizers such as Rose Bengal, and PACT agents such as Ru(II) 

polypyridyl complexes were used for water disinfection.
20 

Moreover, it has been demonstrated 

that PACT agents are an effective alternate for water disinfection in fisheries.
21

 It is important 

to note that [Cu(5-NH2 -Phen)2]
2+

 caused complete photo-inactivation of bacteria without the 

requirement of oxidant such as H2O2, implying the applicability of  [Cu(5-NH2 -Phen)2]
2+ 

as a 

photobactericidal agent in PACT as well as in water disinfection. 

5.5 Conclusions: 

The present study demonstrates the inactivation of bacteria upon visible light 

irradiation using low concentration of Cu(II)ions in presence of hydrogen peroxide. 

Importantly, the photo-inactivation of bacteria by Cu(II)ions and hydrogen peroxide was 

unaffected by the presence of common ions and natural organic matter. These results implied 

that the combination of visible light, Cu(II)ions and hydrogen peroxide has potential for water 

disinfection.  

The present findings also demonstrate photo-inactivation of E. coli by new Cu(II) 

polypyridyl complex [Cu(5-NH2 -Phen)2]
2+

. [Cu(5-NH2 -Phen)2]
2+

 had cell membrane binding 

ability and caused effective photoinactivation. The present findings demonstrate for the first 

time the potential of photoactive Cu(II) polypyridyl complexes as promising PACT agents. 

The availability of a variety of polypyridyl ligands with different functional groups provide 

opportunity to tune the photophysical properties of Cu(II) polypyridyl complexes to bring 

about desired effects in PACT.  
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Conclusions 

Activation of peroxo compounds such as persulphate and hydrogen peroxide to 

generate reactive sulphate and hydroxyl radicals for the degradation of recalcitrant organic 

and bacterial contaminants is a subject of great environmental importance. In the present 

work, the ability of a redox active Ni(II) hexaazamacrocyclic complex and a photoredox 

active Ru(II) polypyridyl complex to activate persulphate and its effect on recalcitrant organic 

and bacterial contaminants in water are presented. Moreover, the results revealed the potential 

of Cu(II) species in presence of hydrogen peroxide to inactivate bacteria under visible light 

irradiation. 

An introduction on the current research and existing gaps on the metal ion and metal 

complex based activation of peroxo compounds is presented (chapter 1). Ni(II) hexaaza 

macrocyclic complex activated persulphate and degraded a variety of recalcitrant organic 

compounds such as malachite green (MG), ciprofloxacin (Cpf), methyl orange (MO), 

rhodamine B (RhB) and methylene blue (MB) (chapter 2). It is important to note that the 

widely used Fe(II) ions activated persulphate is effective only at acidic pH whereas, Ni(II) 

hexaaza macrocyclic complex activated persulphate caused the degradation of organic 

contaminants in a wide pH (3-9) that is advantageous. Moreover, toxicity of MG and Cpf 

towards model bacteria E. coli was removed on treatment with persulphate in presence of 

Ni(II) hexaaza macrocyclic complex, indicating that Ni(II) hexaaza macrocyclic complex 

activated persulphate, could aid conventional microbiological oxidation in treatment of non 

biodegradable pollutants such as MG and Cpf. In addition, Ni(II) hexaaza macrocyclic 

complex adsorbed effectively on to activated carbon and amberlite and provided the 

possibility for recovery and reuse of the complex (chapter 3). The use of adsorbents to recover 

and reuse a metal complex based persulphate activator is demonstrated for the first time. 

Importantly, Ni(II) hexaaza macrocyclic complex adsorbed on to activated carbon acted as a 

reusable heterogeneous persulphate activator and degraded MO for five cyclic runs without 

significant loss of activity. 

In an effort to activate persulphate under visible light irradiation, a photo-redox active 

Ru(II) trisbipyridyl complex was used (chapter 4). Very low concentration (1µM) Ru(II)            

trisbipyridyl complex effectively activated persulphate upon irradiation in visible light region 

(400-700 nm) with the use of LED array as light source. Ru(II) trisbipyridyl complex 

activated persulphate not only degraded organic contaminant methyl orange but also caused 

the complete photoinactivation of four different bacterial species in water. Sulphate radical, 
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hydroxyl radical and Ru(III) trisbipyridyl complex produced upon activation of persulphate 

by Ru(II) trisbipyridyl complex caused severe oxidative stress leading to the damage of vital 

biomolecules such as membrane and DNA. Importantly, the potential of activated persulphate 

to simultaneously degrade organic and bacterial contaminants in water was revealed for the 

first time.  

The combination of visible light irradiation, very low concentration of Cu(II) ions and 

hydrogen peroxide had propensity to rapidly photoinactivate bacteria in water (chapter 5). The 

enhancement of inactivation of bacteria and generation of hydroxyl radical upon visible light 

irradiation by copper based photo Fenton-like reaction was demonstrated for the first time. 

The photoinactivation of bacteria was also observed in simulated tap water that contained a 

variety of common ions and natural organic matter. The permissible level of copper in 

drinking water as per regulatory bodies are US–EPA - 1.3 mg/L or 20.45 µM, WHO - 1 mg/L 

or 15.73 µM, CPCB – 1.5 mg/L or 23.6 µM. It is important to note that in the present study, 

complete photoinactivation of bacteria was achieved using concentration of Cu(II) ions as low 

as 0.06 mg/L or 1 µM, indicating the potential of the proposed system for water disinfection. 

The main findings of the present thesis are (i) identification of Ni(II) hexaaza 

macrocyclic complex as a promising persulphate activator for the degradation of a variety of 

recalcitrant organic chemicals (ii) transformation of homogeneous metal complex based 

persulphate activators into heterogeneous form by simple adsorption (iii) identification of 

Ru(II) trisbipyridyl complex as the potential photochemical activator of persulphate for 

simultaneous degradation of organic and microbial contaminants and (iv) photoenhanced  

hydroxyl radical generation and rapid photoinactivation of bacteria upon visible light 

irradiation of Cu(II) ions in presence of hydrogen peroxide in water.  

The potential of unexplored transition metal complexes (Ni, Cu and Ru) to activate 

peroxo compounds for degradation recalcitrant organic and bacterial contaminants in water is 

demonstrated. 
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Future Scope 

The results presented in this thesis have revealed the potential of metal complexes to 

activate peroxo compounds for the degradation of recalcitrant organic and microbial 

contaminants in water. One major finding of the present work is that Ni(II) 

hexaazamacrocyclic complex activated persulphate based degradation occurred at a wide pH 

range that is particularly advantageous over the widely used Fe(II) ions activated persulphate. 

The versatility of the reaction between Ni(II) hexaaza macrocyclic complex and persulphate 

to degrade other contaminants such as pesticides, halogenated solvents and natural toxins 

shall be carried out in future. It is important to note that apart from Ni(II) hexaazamacrocyclic 

complex, other structurally related redox active azamacrocyclic complexes of transition metal 

ions are available that could activate persulphate to degrade  organic contaminants. The study 

draws attention to explore other redox active metal complexes for activation of persulphate. 

Additionally, chapter 3 revealed the beneficial role of adsorbents in metal complex 

activated persulphate based degradation. The availability of versatile adsorbents provide a 

scope for transforming the effective homogeneous metal complex based persulphate 

activators into heterogeneous activators that are easy to separate from the treated waters and 

reuse. However, the variable factors such as nature of water matrix, adsorptivity of 

adsorbents, type of pollutants, and others need to be optimised for obtaining desired results. 

Ruthenium complexes have received interest as potential visible light photosensitizers 

in environmental studies. Photochemical activation of persulphate in the visible light region 

has a huge potential in solar based degradation of organic and microbial contaminants in 

water. Chapter 4 revealed Ru(II) trisbipyridyl complex as a promising photochemical 

activator of persulphate. Favourably, the transition metal ions and their complexes including 

[Ru(bpy)3]
2+

 that are cationic in nature are known to be adsorbed on common adsorbents such 

as silica and activated charcoal. Thus, these complexes and degraded products could be 

removed from aqueous media. Future studies on immobilization of Ru(II) trisbipyridyl 

complex onto solid supports is beneficial for easy separation and reuse of the activator. 

Chapter 5 revealed the significant role of visible light irradiation on enhanced 

hydroxyl radical generation and microbial inactivation by Cu(II) ions in presence of hydrogen 

peroxide. Additional research shall be carried out by preparing redox active Cu(II) complexes 

with different ligands in order to futher enhance the photobactericidal efficiency. Chapters 4 

and 5 implied the use of LED arrays as light source for photodegradation of organic 

contaminants and photoinactivation of microbes. These results highlight the potential for 
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future research on the design and development of LED based photo reactors with desired 

compactness (surface to volume ratio) that may have applications in small scale point-of-use 

water purifiers, and PACT. 
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Appendix I: Supplementary Information 

 

Supplementary Figure 2.1 TIC plot and LC-ESI-MS of MG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2.2 TIC plot and LC-ESI-MS of MG after 1hr treatment with KPS in 

presence of C1 and the mass spectra of the peaks A, B and C, respectively in the TIC plot. 
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Supplementary Figure 2.3 Persulphate consumed (%) on reaction with C1 and C2. 

 

Supplementary Figure 3.1  Mass spectra of some stable intermediates presented in Figure 

3.6. A, B, C & D correspond to the TIC of Figure 3.5. 
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Supplementary Table 3.1 Langmuir adsorption isotherm parameters for adsorption of 

C1 onto Amberlite and Activated carbon in presence and absence of KPS. 

 

 

 

 

 

Adsorption Capacity (qm) = mg/g dry adsorbent; Langmuir constant = 1/n; Correlation 

coefficient = R
2
.  

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3.2 XPS of C1-Am showing (A) N1s and (B) Ni2p3/2 peaks. 

 

Supplementary Table 3.2 Freundlich isotherm parameters for adsorption of MO on to 

AC and C1-AC. 

 

 

 

 

KF = Freundlich constant indicative of equilibrium adsorption capacity of the adsorbent ([mg
1-

(1/n)
.L

1/n
]/g); n = Freundlich constant indicative of intensity of adsorption; R

2
 = Correlation 

coefficient. 

 

 

 

 

 

 

 

Langmuir Adsorption Isotherm 

Adsorbent  Adsorbate qm Ka R
2
 

Am C1 + KPS 6.642 0.062 0.976 

Am C1  123.82 0.002 0.908 

AC C1  380.99 0.003 0.892 

AC C1 + KPS 65.54 0.0363 0.8174 

Freundlich Adsorption Isotherm 

Adsorbent Adsorbate KF n R
2
 

Activated Carbon MO 777.07 2.95 0.985 

C1-AC MO 296.89 3.43 0.986 
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Supplementary Figure 3.3 Absorption spectral changes for the experiment on the cyclic 

degradation of MO using C1-AC with KPS (A) and without KPS (B). 

 

 

 

 

 

 

 

Supplementary Figure 3.4 Cyclic degradation of MO using C1-AC with KPS in simulated 

natural water. All the other experimental conditions are similar to that of Figure 3.10 B. 

 

 

 

 

 

 

Supplementary Figure 3.5 Recovery and reuse of C1 using Amberlite in SNW (simulated 

natural water). [MO] = 20 mg/L; [KPS] = 1 g/L; [C1] = 48.3 mg/L; [Amberlite] = 15mg/L. 
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Supplementary Figure 4.1 Photograph of experimental set up of photolysis. Quartz cuvettes 

containing the reaction mixture are placed at appropriate distance from the array. For dark 

controls, the reaction vessels are covered with aluminium foil. (A) LED bulbs are switched 

off (B) LED bulbs are switched on. 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4.2 Cell viability of E. coli in the presence of radical scavengers and 

inorganic salts. Methanol (0.1 M), Sodium nitrite (0.02 M), Na2HPO4 (0.1 M), Na2SO4 (0.1 

M) and NaHCO3 (0.1 M); E. coli concentration = ~10
7
 CFU mL

-1
, [persulphate] = 2 mM, 

[complex1] = 1 µM, Light dosage = 513 Jcm
-2

. 
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Supplementary Figure 4.3 Absorption spectrum of the peak at RT 7-8 min corresponding to 

the chromatogram of E. coli cells photolysed with complex1 and persulphate in the presence 

of resorcinol. Inset shows the HPLC profile. E. coli concentration = ~10
7
 CFU mL

-1
, 

[complex1] = 1 µM, [persulphate] = 2 mM, Resorcinol = 10 mgL
-1 

.Light dosage = 684 Jcm
-2

. 

 

 

 

 

 

 

 

 

Supplementary Figure 5.1 Absorption spectra of [Cu(Phen)2]
2+

 and [Cu(5-NH2 -Phen)2]
2+ 

in 

water. Inset shows the absorption spectra of [Cu(Phen)2]
2+

 and [Cu(5-NH2 -Phen)2]
2+

 due to d-

d trasitions. 
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Supplementary Figure 5.2 Mass spectra of [Cu(Phen)2]
2+

 and [Cu(5-NH2 -Phen)2]
2+

. 

 

 

 

 

 

 

 

 

Supplementary Figure 5.3 Cell viability Vs Time plot for photo-inactivation of E. coli in 

simulated tap water. Cell concentration = ~10
7
 CFU mL

-1
, [H2O2] = 2 mM, [Cu(II) ions] = 1 

µM, Fluence rate = 0.163 Wcm
-2

. Composition of simulated tap water [CO3
2-

]= 300 mgL
-1

, 

[Cl
-
]= 250 mgL

-1
, [SO4

2-
]= 200 mgL

-1
, [NO3

-
]= 45 mgL

-1
, Natural organic matter, Humic acid 

= 1 mgL
-1

. 
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Supplementary Figure 5.4 Fluorescence spectra showing the formation of HTA on reaction 

of TA with Cu(II) ions and H2O2 (A)in absence of irradiation and (B) upon  irradiation. [TA] 

= [200 µM] [H2O2] = 2 mM, [Cu(II) ions] = 1 µM, Fluence rate = 0.163 Wcm
-2 
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a  b  s t  r a c t

In  this  study,  degradation  of Malachite  green  (MG)  (10  mg/L) by  Potassium  persulphate  (KPS) (1  g/L), and
KPS  in  presence of (1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane)  nickel(II) perchlorate (com-
plex1),  (200  �M),  was  investigated  by spectrophotometric  and HPLC methods.  KPS alone  had  ability to
degrade  MG. Interestingly,  rate  of degradation  of MG  was  enhanced upon  addition  of complex1. Degra-
dation  was effective  at  pH range  of  3–9  and was found  to  be  dependent on initial  concentration  of KPS,
complex1,  MG,  and  pH. Degradation  of MG  by  KPS  was not significantly  affected  in presence of Ni(II) ions
whereas  in presence of Fe(II)  ions degradation  was incomplete.  Ability  of KPS  to reduce  TOC  increased in
presence of complex1.  Transformation  products  were analysed  by  LC–ESI–MS.  Finally, treatment  of MG
with  complex1  and KPS  resulted  in  removal of antibacterial activity  of MG  under  in vitro  conditions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Malachite green (MG) is extensively used as a  biocide in aqua-
culture, as colouring agent and additive in food industry, as
disinfectant and antihelminthic in medical field, and also as dye
in textile, paper and acrylic industries [1].  Despite its wide appli-
cations, use of MG has been banned in several countries and it is
not approved by the US Food and Drug Administration [2] due to  its
harmful effects on immune system, reproductive system as well as
its genotoxic and carcinogenic properties [3,4].  However, it is still
being used in  many parts of the world due to  its low cost, ready
availability and efficacy.

Moreover, MG  is also environmentally persistent and poses
potential environmental problems. MG has a  strong absorption
band in visible light region and when released in  to water bodies
could reduce transmission of solar light thereby affecting aquatic
biota of the habitat. Thus, effective removal of MG from water bod-
ies is environmentally very significant.

Conventional biological treatment processes [5,6], as well as
biological decolourization of MG and related dyes using a  batch and

∗ Corresponding author. Tel.: +91 832 2580344; fax: +91 832 2557033.
E-mail addresses: halanprakash@bits-goa.ac.in, halanprakash@gmail.com
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continuous system have been reported [7]. Microorganisms such as
Kocuria rosea,  Cyathus bulleri have been shown to degrade MG  with
efficiency more than 90%. However, these strategies were found
to be time consuming, and require proper care for maintenance of
microorganisms.

On  the other hand, advanced oxidation processes (AOP’s) are
promising in  development of treatment of  wastewater, which
are based on use of reactive oxidizing radicals that could rapidly
degrade a variety of organic contaminants [8–12]. AOP’s are not
only less time consuming for effective degradation, they have added
advantages like cost effectiveness, easy to treat, and usually do
not produce toxic compounds during oxidation. Common oxidants
used for AOP’s include Permanganate, H2O2 (Fenton-like reactions),
and Ozone [8].

Persulphate oxidation chemistry is an emerging technology in
the field of AOP’s to  degrade organic contaminants [8,13,14]. Per-
sulphate is relatively stable like  permanganate. Moreover, it could
be activated to  generate reactive sulphate radicals and secondary
radicals like OH•, similar to activation of H2O2 to produce radicals
for degradation of a  wide range of contaminants [13].  Thus, per-
sulphate remains impressive because it offers advantages of both
permanganate and H2O2 [13].

Thermal activation [14,15], UV-irradiation [14,15],  base acti-
vation [16] and activation by transition metal catalysis [17] have
been used to  activate persulphate to  generate reactive SO4

•− radi-
cals. Activation of persulphate by metal ion catalysis occurs by  an
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doi:10.1016/j.jhazmat.2012.01.031

dx.doi.org/10.1016/j.jhazmat.2012.01.031
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:halanprakash@bits-goa.ac.in
mailto:halanprakash@gmail.com
dx.doi.org/10.1016/j.jhazmat.2012.01.031


20 S. Gokulakrishnan et al. / Journal of  Hazardous Materials 213– 214 (2012) 19– 27

oxidation – reduction reaction in which low valent metal ions Mn+

act as electron donors (Reaction (1))  [14,15].

S2O8
2− + Mn+ → SO4

•− +  SO4
2− + Mn+1 (1)

Sulphate radicals produced during activation of persulphate ini-
tiates a cascade of reactions leading to formation of intermediate
oxidants (H2O2, HSO5

−)  and reactive hydroxyl radicals, as shown
in reactions (2)–(4),  [18] which could effectively degrade a  variety
of organic contaminants.

SO4
•− + H2O  � HO• H+ +  SO4

2− (2)

SO4
•− + HO• → HSO5

− (3)

2HO• → H2O2 (4)

Moreover, macrocyclic polyamine ligands such as tetra-, penta-,
hexa-, azamacrocycles are  extensively studied, and they generate
continuous interest because of their biological properties and rich
metal co-ordination chemistry [19,20]. A variety of azamacrocyclic
complexes with nickel as metal ion are  reported to exhibit different
redox properties [21–24].  Earlier, Haines et al., has reported that
persulphate could oxidize nickel tetra and penta azamacrocyclic
complexes and this oxidation reaction occurs through an ion-pair
mechanism leading to  generation of reactive sulphate radicals and
stable trivalent nickel species (reactions (5) and (6))  [25]. Moreover,
trivalent nickel species are also known to act as strong oxidants
[26].

[Ni(II)L]2+ + S2O8
2−{Ni(II)L2+, S2O8

2−}
ion-pair

(5)

{Ni(II)L2+, S2O8
2−}  → [Ni(II)L]3+ +  SO4

•− +  SO4
2− (6)

L, Azamacrocyclic ligand.
Based on above facts, we  envisaged that persulphate, and

persulphate in presence of nickel azamacrocyclic complex could
be useful for degradation of MG.  AOP’s such as Ozonation [27],
Photocatalyst assisted degradation [28,29] Fenton processes [30],
Photodegradation by  UV/H2O2 [31] and Microwave assisted pho-
tocatalytic degradation [32] have been explored for degradation of
MG,  emphasizing the need of alternative methods for degradation
of MG.  However, activation of persulphate by  nickel azamacrocyclic
complex and its effect on MG has not been studied.

Present report is focused on study of effect of (i) Potassium
persulphate (KPS) oxidation, (ii) (1,8-dimethyl-1,3,6,8,10,13-
hexaazacyclotetradecane) nickel(II) perchlorate (complex1),
(Fig. 1) and KPS oxidation system and (iii) Transition metal ions
[Ni(II)/Fe(II)] and KPS oxidation system on degradation of MG
by spectrophotometric as well as high pressure liquid chro-
matographic (HPLC) methods. The effect of various parameters
such as initial oxidant concentration, catalyst concentration, dye
concentration and pH was studied. We also examined antibacterial
activity of MG  after its degradation by KPS and complex1 oxidation
system. Change in total organic carbon (TOC) was analysed. Degra-
dation intermediates were identified by liquid chromatography
electrospray ionization mass spectrometry (LC–ESI–MS), and
possible degradation pathway was proposed.

2. Materials and methods

2.1. Reagents

NiCl2·6H2O, FeSO4·7H2O, K2S2O8,  H2SO4, NaOH of guaranteed
analytical grade from SD fine chemicals, India were used. Malachite
green (MG) was obtained from Hi  media, India. Complex1 was pre-
pared and purified according to  earlier report [33].  Care must be
taken as large amount of perchlorate salts could be  explosive [33].
For HPLC analysis, acetonitrile (HPLC grade) and Millipore water

Fig. 1. Complex1 (1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane), nickel(II)
perchlorate.

were used. Ammonium acetate buffer (pH 4.5) was  prepared as
reported earlier [32].

2.2. Experimental procedure

Stock solutions of MG (0.97 g/L) and complex1 (8.3 mM)  were
prepared using double distilled water. Freshly prepared KPS solu-
tion was used for all experiments. These stock solutions were
diluted to get solutions of desired concentrations. For all exper-
iments, MG  (10 mg/L), KPS (1 g/L) and complex1 (200 �M)  were
used unless otherwise specified. All reactions were carried out at
27 ± 2 ◦C at pH 7 unless specified. pH was adjusted to desired value
with help of pH meter (EU Tech) by adding 0.1N H2SO4 or NaOH.

Decolourization of MG was  monitored spectrophotometrically
using JASCO V-570 UV/VIS/NIR. A reaction mixture of 2 mL was
prepared by adding appropriate volumes of  stock solutions of
MG  and KPS. KPS  stock solution was added to  MG and mixed
thoroughly using a  micropipette for 25 s, and then change in
absorption spectrum was recorded at different time intervals. Simi-
larly, for measuring change in absorbance in presence of complex1,
reaction mixture (2 mL)  contained complex1 in  addition to MG
and KPS.

Kinetics of degradation of MG was studied by monitoring
decrease in absorbance at 618 nm every 10 s,  after an initial
delay of 25 s (time taken to mix  the reactants thoroughly) [34].
This initial delay was  maintained uniformly in all experiments.
Change in absorbance at 618 nm was  fitted to  first order equation
(mono-exponential decay) to  obtain rate constants of decolour-
ization of MG.  Origin lab 6.1 software was used for all kinetic
analysis.

Kinetic experiments were carried out with different concen-
trations of KPS and complex1, to  investigate effect of initial
concentration of KPS and complex1, respectively. Effect of pH on
degradation of MG by KPS and KPS in  presence of  complex1 was
studied at different pH (3, 7 and 9). Effect of Ni(II) and Fe(II) metal
ions on degradation of MG by KPS was also studied at pH (3, 7 and
9). Effect of initial concentration of MG (10 mg/L and 30 mg/L) by
KPS and KPS in presence of complex1 was studied using HPLC. In
all spectrophotometric measurements, concentration of MG was
maintained at 10 mg/L because concentration more than 10 mg/L
caused saturation of absorbance.

2.3. HPLC analysis

Degradation of MG was  studied by high-performance liquid
chromatography (HPLC), using Shimadzu UFLC, equipped with
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a phenomenex C18 HPLC column (250 mm  × 4.5 mm,  5 �m)  and
SPDM 20A Prominence diode array detector. The measurement
was performed with 20:80 (v/v) ammonium acetate buffer (pH
4.5)/acetonitrile as mobile phase in isocratic mode with flow rate
of 1 mL/min. For each analysis, 100 �L of sample was  injected and
chromatogram was monitored at 618 nm.

2.4. Microbial assays

Microbial assays were performed according to standard litera-
ture procedures [35,36].  Sterile distilled water was  used. Reaction
mixture (1 mL)  containing MG (20 mg/L), KPS  (2 g/L) and complex1
(400 �M)  was prepared by adding appropriate volumes of respec-
tive stock solutions. This solution was mixed thoroughly and kept
undisturbed for 60 min. After 60 min, 1 mL  of 2X NB was  added to
the above solution followed by  addition of E. coli cells (∼106). The
contents were mixed well and incubated in a shaking incubator
for overnight at 37 ◦C. Similar procedure was followed for control
experiment except that reaction mixture contained only 1 mL  MG
(20 mg/L). 0.1 mL  of above culture suspensions were spread plated
on nutrient agar plates followed by  overnight incubation at 37 ◦C.
Above microbial assay consisted of two replicates.

2.5. TOC analysis

TOC was measured using Shimadzu TOC-VCSH analyser with a
nondispersive infrared (NDIR) detector. For TOC analysis, an aliquot
of 20 mL  was taken at specific time intervals from reaction mix-
ture (100 mL)  containing appropriate concentration of MG,  KPS and
complex1 [27].

2.6. LC–ESI–MS analysis

LC–ESI–MS analysis was performed using Thermo Finnigan
LCQ Deca LC/MS/MS Electrospray quadrupole ion trap mass
spectrometer. Surveyor LC was equipped with a  C-18 column
(150 mm  ×  2 mm).  The measurement was performed in  ace-
tonitrile/water = 60:40 (v/v) as mobile phase with flow rate of
0.3 mL/min and injection volume of 5 �L. MG  solution and MG
solution treated with KPS and complex1 for 1 h was injected for
analysis. Nitrogen was used as sheath and auxiliary gas. Ion source
conditions were; sheath gas flow rate ∼7.5 L/min. Capillary tem-
perature was maintained at 200 ◦C and capillary voltage was kept
at 15 V. Ion-spray voltage and tube lens offset were maintained
at +4.5 kV and −7 V respectively. Normalized collusion energy was
varied from 30% to  60% for fragmentation profile, and other param-
eters were similar to earlier report [37].

3. Results and discussion

Absorption spectra of MG showed three main peaks with
absorption maxima at 618, 425 and 315 nm (Fig. 2a). Absorbance
of these bands decreased upon addition of KPS to MG with a  sig-
nificant decrease in absorbance at 618 nm,  and became almost
zero at ∼60 min  (Fig. 2a). At  60 min, a  new weak peak with
absorption maximum around 365 nm was observed. These spectral
changes revealed the ability of KPS to degrade MG.  Earlier, disap-
pearance of absorption band (500–700 nm)  with peak at 618 nm
was monitored to study degradation of MG by various methods
[30–32].

HPLC chromatogram of MG monitored at 618 nm showed a
single sharp peak with retention time (RT) at 4 min, which corre-
sponds to MG (Fig. 2b) [32].  A very weak peak was  also detected
at RT 3.5 min, which could be due to trace impurities. Addition
of KPS to MG resulted in  decrease of intensity of these peaks,
and formation of new peak with RT at 1.8 min  (Fig. 2b). MG

Fig. 2. (A) Absorption spectrum of MG (10 mg/L) after addition of KPS (1 g/L) at
different time intervals. (B) HPLC chromatogram (618 nm)  of MG  (10 mg/L) after
addition of KPS (1 g/L) at different time intervals. Colours: Violet – only MG,  Red –
5  min, Blue – 20 min, Black – 60 min. (For interpretation of the references to  colour
in this figure legend, the reader is referred to  the web version of this article.)

peak at 4 min  completely disappeared after 60 min, while peak
at RT 1.8 min  was  reduced to  negligible level (Fig. 2b, inset).
HPLC results clearly showed that KPS has ability to decompose
MG to other species, leading to degradation. Earlier, it has been
reported that peak at 1.8 min  correspond to N-demethylated MG
species, which are known to have absorbance around 594, 608 and
618 nm [32].

Absorption spectral changes of MG observed after addition of
both KPS and complex1 showed a  rapid decrease in  absorption at
618 nm within 20 min  (Fig. 3a). Moreover, after 60 min, a  shoul-
der around 450 nm and also a peak around 290 nm were observed
(Fig. 3b), which corresponds to trivalent nickel species formed
due to reaction between KPS and complex1, as reported earlier
[25]. The corresponding HPLC profiles monitored at 618 nm also
revealed that MG,  as well as, N-demethylated species with absorp-
tion around 618 nm were degraded within 20 min  on addition of
KPS with complex1 (Fig. 3b). Interestingly, rate of degradation of
MG by KPS increased nine times higher in presence of complex1
than rate of degradation of MG  by KPS alone (Table 1  and Fig. 4).
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Table  1
Rate constants determined for degradation of MG  by KPS under various conditions.

Reaction KPS (g/L) Complex1 (�M) pH Rate constants (min−1)

MG  + KPS 1 – 7 0.11 ± 0.01
MG  + KPS 1 – 3 0.20 ± 0.01
MG  + KPS 1 – 9 0.23 ± 0.02
MG  + KPS 1.5 – 7 0.14 ± 0.01
MG  + KPS 2 – 7 0.19 ± 0.02
MG  + KPS +  complex1 1 200 7 0.93 ± 0.05
MG  + KPS +  complex1 1 200 3 0.59 ± 0.02
MG  + KPS +  complex1 1 200 9 0.63 ± 0.03
MG  + KPS +  complex1 1 50 7 0.71 ± 0.03
MG  + KPS +  complex1 1 10 7 0.25 ± 0.01
MG  + KPS +  Ni(II)a 1 – 7 0.12 ± 0.01
MG  + KPS +  Ni(II)a 1 – 3 0.14 ± 0.01
MG  + KPS +  Ni(II)a 1 – 9 0.11 ± 0.01
MG  + KPS +  Fe(II)a 1 – 3, 7, 9 Not determinedb

Initial MG concentration for the above reactions is 10 mg/L.
a 200 �M.
b Reaction incomplete.

Fig. 3. (A) Absorption spectrum of MG  (10  mg/L) after addition of KPS in presence
of complex1 at different time intervals. (B) HPLC chromatogram (618 nm)  of MG
(10  mg/L) after addition of KPS in presence of complex1 (200 �M) at different time
intervals. Colours: Violet –  only MG,  Red – 5 min, Blue – 20 min, Black – 60 min. (For
interpretation of the references to  colour in this figure legend, the reader is referred
to the web version of this article.)

3.1. Effect of initial concentration of KPS and complex1

Rate of degradation of MG was found to increase on increas-
ing concentration of KPS (Table 1 and Fig. 5a). On  increasing the

Fig. 4. Degradation of MG  (10 mg/L) by KPS (1 g/L) in presence and absence of com-
plex1 (200 �M) ExpDec1 fit (mono exponential decay).

concentration of KPS, more reactive radicals could be generated
and rate of MG degradation could become faster. Similar trend was
observed for photochemical oxidation of Arsenic using persulphate
[38].

Rate of degradation of MG by KPS in  presence of  complex1
(50–200 �M)  was  not significantly changed (Table 1 and Fig. 5b).
However, on decreasing concentration of complex1 to  as low as
10 �M,  rate constant was decreased approximately four times.
These results indicated that an optimum concentration of  complex1
was required for effective decomposition of KPS and generation of
reactive radicals for degradation of MG.

3.2. Effect of pH

Rates of degradation of MG  at pH 3 and 9 were found to be almost
similar, and slightly higher than at pH 7 (Table 1 and Fig.  6a). It is
known that decomposition of KPS  is  enhanced by acid catalysis [39].
Moreover, base such as sodium hydroxide is also known to activate
decomposition of persulphate [16]. Increase in  rate of degradation
of MG  by KPS at pH 3 and 9 in present study was  due to acid catalysis
and base activation of KPS, respectively.

Rapid redox reaction between KPS and complex1 generates
reactive sulphate radicals as well as trivalent nickel species, which
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Fig. 5. (A) Degradation of MG  (10 mg/L) with different concentrations of KPS. (B)
Degradation of MG (10 mg/L) by KPS  (1 g/L) in presence of different concentrations
of  complex1.

were reported to be strong oxidizing agents [25,26].  Therefore,
degradation of MG by KPS became rapid in presence of complex1.
Present results also show that degradation of MG by complex1-
activated KPS was faster and more efficient than KPS activated by
acid catalysis or  base.

Rates of degradation of MG by KPS in  presence of complex1 at
pH 3  and 9 were found to be almost similar, and slightly lower at
pH 7  (Table 1 and Fig. 6b). Earlier, it has been suggested that triva-
lent nickel species act as effective catalyst for oxidation process
in aqueous neutral media and slightly alkaline media than under
acidic condition, and the present results are in  accordance with
these reports [26]. Moreover, stability of trivalent nickel species is
dependent on pH,  nature of ligands and type of axial coordinat-
ing ions [26,39,40]. It is known that stability of trivalent species is
highest in acidic, lowest in  alkaline and intermediate in  neutral con-
ditions [26,40,41],  indicating that trivalent nickel species are  highly
stabilized under acidic conditions and not  favourable for oxidation
reactions. It is important to note that, although there was a varia-
tion in rate of degradation of MG  by KPS in presence of complex1 at
pH range 3–9, advantage of KPS – complex1 mediated degradation
of MG  is  that, MG is  degraded effectively over a broad range of pH.

Fig. 6. (A) Degradation of MG  (10 mg/L) by KPS (1 g/L) at  various pH values. (B)
Degradation of MG  (10 mg/L) by KPS (1 g/L) in presence of complex1 (200 �M) at
various pH  values.

3.3. Effect of initial concentration of MG

HPLC chromatogram obtained for degradation of  MG (30 mg/L)
by KPS after 60 min  of treatment showed peaks with RT at 1.8
and 4 min, which corresponds to  N-demethylated species and MG,
respectively (Fig. 7). However, HPLC chromatogram obtained for
degradation of MG  (10 mg/L) by KPS  after 60 min of  treatment
showed that peak at RT 1.8  min  was  very weak and peak at RT 4 min
almost disappeared. Thus, the results showed that as initial con-
centration of dye was increased, efficiency of  degradation of MG,
as well as N-demethylated species by KPS (1 g/L) was  reduced. Sim-
ilar trend was also observed for degradation of  MG  on increasing
initial concentration of MG  from 10 mg/L to 30 mg/L, by  KPS in pres-
ence of complex1 (Fig. 7). Degradation of MG  by KPS is  associated
with concentration of reactive radicals in solution. On increasing
the initial dye concentration, degradation became incomplete due
to less availability of reactive radicals in solution [38].  However,
overall degradation of MG (10 mg/L and 30 mg/L) by  KPS is more
effective in  presence of complex1 than by  KPS alone.
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Fig. 7. HPLC chromatogram (618 nm)  of MG  (10  mg/L and 30 mg/L) after addition of
KPS (1 g/L) in absence and presence of complex1 (200 �M).

3.4. Effect of nickel(II) and iron(II) ions

Rate of degradation of MG by  KPS  in presence of Ni(II) (200 �M)
at pH 3–9 was similar to rate of degradation of MG by KPS alone
(Table 1). On the other hand, degradation of MG  by KPS in  pres-
ence Fe(II) (200 �M)  at pH 3–9 showed relatively higher absorbance
at 618 nm (Fig. 8a), indicating that degradation was not efficient.
Moreover, HPLC chromatogram showed a  peak at 4 min  corre-
sponding to MG,  and peaks at 1.8 min  and 3.5 corresponding to
N-demethylated species produced during degradation (Fig. 8b)
[32]. These results clearly showed that, in  presence of Fe(II), both
MG and N-demethylated species are not effectively degraded com-
pared to degradation of MG by KPS in presence of complex1.

On the basis of decrease in absorption at 618 nm and disappear-
ance of MG peak with RT at 4 min  in  LC chromatogram, order of
degradation of MG under mentioned experimental conditions is as
follows:

KPS: ferrous sulphate <  KPS: nickel chloride <  KPS < KPS: com-
plex1

Effect of various parameters observed for degradation of MG by
KPS and by KPS in  presence of complex1 followed a  similar trend
as observed for degradation of MG  by  Fenton processes [30] and
Ozonation [27]. However, it is important to note that present results
showed that degradation of MG by KPS and by  KPS  in presence of
complex1 was effective over a  wide pH range (3–9) while Fenton
processes as well as Ozonation process were mainly effective under
acidic conditions.

3.5. Total organic carbon analysis

TOC analysis results showed that treatment of MG (20 mg/L)
with KPS (2 g/L) alone could reduce 7% of TOC whereas treatment of
MG (20 mg/L) with KPS (2 g/L) along with complex1 (400 �M)  could
remove 11% of TOC within 3 h (Fig. 9). This shows that treatment
of MG  with KPS alone and KPS with complex1 not only results in
degradation of MG but also in reduction of TOC.

3.6. Antimicrobial activity of MG before and after degradation

E. coli cells suspended in NB containing MG  (untreated) were
incubated overnight, and solution was found to be clear (Fig. 10a).
This solution when spread plated on NB agar and incubated

Fig. 8. (A) Degradation of MG  (10 mg/L) by KPS (1 g/L) in absence and presence of
complex1 (200 �M);  Fe  (II) (200 �M) and Ni(II) (200 �M).  (B) HPLC chromatogram of
MG  (10 mg/L) after addition of KPS in absence and presence of complex1 (200 �M);
Fe  (II) (200 �M) and Ni(II) (200 �M) after 60 min.

overnight, did not show formation of any bacterial colonies
(Fig. 10b), which clearly revealed that MG  alone is toxic to bacteria.
On the other hand, when E. coli cells were suspended in NB, contain-
ing degraded MG (after treatment with KPS in presence of complex1
for 60 min), solution was found to be turbid (Fig. 10c). This solu-
tion when spread plated and observed after overnight incubation,
displayed formation of numerous bacterial colonies (matt growth)
(Fig. 10d).  Similarly, control experiments which were carried out
in absence of MG also showed matt growth (Fig. 10e  and f). Thus,
above results indicated that KPS and complex1 system has propen-
sity to reduce antibacterial activity of MG drastically under in
vitro conditions. Earlier, it has been shown that degradation of  MG
by ozonation processes [27] and decolourization of MG by dye-
decolourizing bacterium (Shewanella decolorationis NTOU1) [42]
showed reduction in antibacterial activity.

3.7. Mass spectral analysis of MG and its degradation
intermediates

MG solution showed a single peak in  TIC plot, and its corre-
sponding mass spectrum had a  clear peak with 329 m/z (S.I. Fig. 1).
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Fig. 9. TOC reduction (%) of MG  (20 mg/L) after the treatment with KPS (2 g/L) in
absence and presence of complex1 (400 �M).

Fig. 10. Photograph showing effect of MG  (10  mg/L) on  growth of E. coli (∼106 cells)
before and after treatment by KPS (1 g/L) and complex1 (200 �M).  A, C and E tubes
containing E. coli with MG,  E. coli with MG  after treatment by KPS and complex1,
and E. coli., respectively. B, D and F  are the plates corresponding to  the tubes A, C
and E  respectively after overnight incubation.

Table 2
m/z values of degradation intermediates and tentative structures.

TIC peaka Tentative structure m/z

A MG–3CH2 A1 287.16
A DLBP +  OH A2 242.11
A DLBP–CH2 +  OH A3 228.50
A DLBP +  2OH A4 257.11
A BPA  + HSO4

− A5 266.00
A BPA + CH3 +  OH A6 200.10
A MG–4CH2

−NH  +  4OH A7 322.11
B  MG–2CH2

−NH  +  4OH B1 352.15
B MG–4CH2 +  2OH B2 305.13
C  LMG C1 331.00
C MG–4CH2

−2NH + 4OH C2 309.10
C  MG–2CH2–NH C3 286.16

a Peaks and their corresponding RT: A (1.48–1.53 min), B (2.38–2.41 min) and C
(3.61–3.65 min).

Degraded MG solution showed 3 peaks (A,  B, C) in  TIC plot (S.I. Fig.
2), and corresponding mass spectra of these peaks revealed the for-
mation of a  variety of degraded intermediates, and complexity of
degradation.

Earlier studies on degradation of MG  mediated by hydroxyl
radicals reported the formation of complex reaction mixture
with N-demethylated intermediates of MG,  DLBP (dimethy-
laminobenzophenone) and their hydroxyl adducts along with many
other possible intermediates [32,43,44].  Analysis of  present mass
spectral results clearly showed ions that could correspond to N-
demethylated intermediates, hydroxyl adducts of  N-demethylated
intermediates and DLBP (Table 2). Interestingly, these results
showed that persulphate mediated degradation of  MG  could form
hydroxyl adducts.

It  is  known that in aqueous solution sulphate radicals react with
water to produce hydroxyl radicals that could react with aromatic
ring to form hydroxyl adducts [45,46].  Moreover, sulphate radicals
could directly attack the aromatic ring and form hydroxyl adducts
[46,47].  Thus, in  the present study, formation of hydroxyl adducts of
degradation intermediates could be attributed to  both the sulphate
radicals and secondary hydroxyl radicals generated upon activation
of KPS by complex1.

ESI-MS/MS analysis of MG showed following ions, 329.17
(MG); 285.12 (MG–2CH2–NH2);  251.20 (MG–C6H6);  237.11
(MG–C6H6–CH2) and 208.28 (MG–C6H6–CH2), which was similar
to earlier report (S.I. Fig. 3) [32]. Importantly, ESI-MS/MS of degra-
dation intermediate A3 (DLBP–CH2 + OH) with 228.5 m/z value
showed a fragment ion with 149.10 m/z (A3–C6H6); (S.I. Fig. 3).
Similar fragmentation has been reported for bezenophenone type
molecule [48].  Thus, this result further supports the presence of
degradation intermediate with hydroxyl adduct.

Hydroxyl radicals could cause deamination of  aromatic amines
[43,44,52,53].  Earlier, report on the oxidation of MG by persulphate
suggested the formation of biphenyl amine (BPA) intermediates
[34]. In  addition, persulphate is  known to react with aromatic
amines to form aromatic amine sulphate adducts [49–51].  A peak
with 266 m/z identified in  the mass spectra could correspond to BPA
sulphate adduct (A5) (S.I. Fig. 2). ESI-MS/MS of  this intermediate A5
(BPA +  HSO4

−), showed a  fragment ion with 169.2 m/z (A5–H2SO4).
(S.I. Fig. 3). In  addition, intermediate A6 (BPA +  CH3 +  OH) with
200.19 m/z showed following fragment ions; 122.5 (A6–C6H6),
144.25 (A6–CH2–C–NH–CH3). Earlier similar fragmentations were
observed for aromatic amino derivatives [54–56] (S.I. Fig. 3).

As mentioned above, reactive sulphate and hydroxyl radicals
could generate a  variety of intermediates, however, identifica-
tion of all intermediates by mass spectrometry was not  possible.
It  is  important to note that, several factors such as concen-
tration of intermediates present in  analysis solution and the
amount obtained after separation in  the solid phase column, HPLC
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Scheme 1.  Possible reactions in degradation of MG  by KPS in presence of complex1.

separation protocols, type of molecules and stability of charged
ions, mass spectrometer used, presence of a  variety of compounds
and alkali metal ions in sample, complexity due to fragmentations
in ESI source, and others could affect the analysis by mass spec-
trometer [32,37,43,44].

Based on above discussion and available literature, important
possible reactions for degradation of MG by  KPS and complex1 are
proposed (Scheme 1). Proposed degradation mechanism includes
major reactions such as N-demethylation, hydroxyl adduct forma-
tion and removal of benzene ring, as reported earlier [32,43,44].

4. Conclusions

MG and its structurally related N-demethylated species were
almost completely degraded by KPS alone. Interestingly, degrada-
tion of MG by  KPS and complex1 oxidation system was found to
occur in wide pH range (3–9) with enhanced rate as compared to
KPS alone. Degradation of MG by  KPS in trace amount of Fe(II) ions
was incomplete whereas addition of trace amount of Ni(II) ions had
no significant effect on degradation of MG by KPS. Degradation of
MG by KPS was dependent on initial concentration of KPS, com-
plex1, and MG.  Microbial assay revealed removal of antibacterial
activity of MG after treatment of MG by  KPS in  presence of com-
plex1, indicating that this oxidation system has ability to decrease
toxicity of MG significantly towards bacteria. Moreover, TOC analy-
sis indicated the ability of KPS, and KPS in presence of complex1 to
reduce TOC. Hydroxyl adducts of MG,  DLBP and BPA intermediates
were identified in degraded solution by LC–ESI–MS analysis. Thus,
this study demonstrates that KPS and complex1 oxidation system
could be a  better choice for degradation of environmentally per-
sistent and hazardous MG  and possibly other related dyes that are
released in to  water bodies.
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Photodegradation of methyl orange and
photoinactivation of bacteria by visible light activation
of persulphate using a tris(2,2’-bipyridyl)ruthenium(II)
complex†

Gokulakrishnan Subramanian, Priyadarshini Parakh and Halan Prakash*

Persulphate is an emerging oxidant in the field of advanced oxidation processes for the degradation of

environmentally persistent organic compounds. The present study shows that visible light activation of

persulphate (2 mM) using tris(2,2’-bipyridyl)ruthenium(II) (complex 1) (1 μM) caused rapid degradation

(98%) of model azo dye methyl orange (MO) (12 mg L−1) with significant mineralization (76%), and also

complete inactivation of both Gram negative and positive bacteria (∼107 CFU mL−1). BacLight LIVE/DEAD

assay, scanning electron microscopy and genomic DNA analysis revealed cell membrane damage and loss

of chromosomal DNA, indicating oxidative stress caused to E. coli during photoinactivation. The effect of

concentration of complex 1 : persulphate ratio and presence of inorganic ions (0.1 M), such as sodium

hydrogen phosphate, sodium sulphate, and sodium hydrogen carbonate, on the photodegradation of

MO and photoinactivation of E. coli were studied. In addition, the effect of the presence of the organic

contaminant resorcinol on the photoinactivation of E. coli was also studied. Significant degradation of

MO and complete inactivation of bacteria were observed in simulated ground water. The present study is

the first to reveal that activation of persulphate using a visible light absorbing metal complex in aqueous

media has the ability to cause degradation of organic contaminants as well as complete inactivation of

bacteria.

1. Introduction

Depletion of water quality due to contamination of water
bodies by recalcitrant compounds and microbial pathogens is
a serious global problem. In efforts to improve water quality,
active research is being pursued for degradation of organic
contaminants and inactivation of microorganisms in aqueous
media.1–3 Advanced oxidation processes, such as Fenton,
Photo-Fenton, UV-TiO2 photocatalysis and ozonation, have
been reported to be effective for the degradation of pollutants
and inactivation of bacteria.4–9 Persulphate is an emerging
oxidant used in advanced oxidation processes for generating
sulphate radicals that are very strong oxidants (E° = 2.6 V)

capable of degrading a variety of organic contaminants. More-
over, studies on activation of persulphate are gaining attention
because activation of persulphate effectively generates sulphate
radicals and enhances the efficiency of degradation of organic
contaminants.10–18

Additionally, persulphate has been studied as a sacrificial
electron acceptor for the photo oxidation of tris(2,2′-bipyridyl)-
ruthenium(II) bypyridine, ([Ru(bpy)3]

2+) in the photolytic
water splitting for hydrogen production.19–22 In this context, it
has been shown that visible light photolysis of persulphate in
presence of the [Ru(bpy)3]

2+ complex results in cleavage of the
peroxo bond of persulphate, and generates sulphate radicals,
sulphate ions and [Ru(bpy)3]

3+ (reactions 1 and 2).21

½RuðbpyÞ3�2þ þ hνþ ½S2O8�2� ! ½RuðbpyÞ3�3þ þ SO4
2� þ SO4˙

�

ð1Þ

½RuðbpyÞ3�2þ þ SO4˙
� ! ½RuðbpyÞ3�3þ þ SO4

2� ð2Þ

In aqueous solutions, at neutral and alkaline pH, sulphate
radicals react with water to produce hydroxyl radicals.16,23

SO4˙
� þH2O Ð HO˙þHþ þ SO4

2� ð3Þ
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Thus, these facts imply that visible light photolysis of per-
sulphate in the presence of [Ru(bpy)3]

2+ activates persulphate
and produce reactive species, such as sulphate radicals,
hydroxyl radicals and [Ru(bpy)3]

3+. However, the effect of
photochemical activation of persulphate using [Ru(bpy)3]

2+ on
recalcitrant pollutants has not been studied.

Persulphate is also used in in situ chemical oxidation pro-
cesses (ISCO) for treatment of soil contaminated with organic
compounds.24,25 A few studies have shown that persulphate
used in ISCO processes for the degradation of soil contami-
nants could retard the metabolic activity of indigenous soil
microorganisms.26,27 However, the direct effect of activated
persulphate on bacteria in aqueous media has not been
studied. It is important to note that the reactive radicals gener-
ated by activation of persulphate in aqueous media could have
a detrimental effect on bacteria, in addition to their detrimen-
tal effect on organic contaminants. Based on the above facts,
we envisaged that visible light activation of persulphate using
a ruthenium complex could cause degradation of organic
pollutants, as well as, inactivation of bacteria in aqueous
medium.

In this study, we used tris(2,2′-bipyridyl)ruthenium(II)
bypyridine, (complex 1) for visible light activation of persul-
phate and studied its effect on a model azo dye (methyl
orange, MO), Gram negative and positive bacteria. Azo dyes
constitute one of the largest organic contaminants (70%)
among textile dye pollutants.17 Methyl orange is an azo dye,
non biodegradable and toxic to living organisms and has been
used as a model for studying the degradation of azo dyes.17

Total organic carbon measurements were performed to deter-
mine the extent of mineralization of MO. Inactivation of bac-
teria was studied using Escherichia coli and Pseudomonas
aeruginosa to represent Gram negative bacteria, and Staphylo-
coccus aureus and Bacillus subtilis to represent Gram positive
bacteria. BacLight LIVE/DEAD assay; scanning electron
microscopy and genomic DNA analysis were performed to
investigate the cell membrane integrity of E. coli. The effect of
radical scavengers and inorganic salts on the photodegrada-
tion of MO and inactivation of E. coli were studied. The photo-
inactivation of E. coli in the presence of the organic compound
resorcinol was also investigated. Additionally, the photodegra-
dation of MO and photoinactivation of bacteria in simulated
ground water was examined. A light emitting diode (LED) array
was used as the visible light source for photolysis experiments.

2. Experimental
2.1. Materials

Ruthenium(III) chloride hydrate, 2,2′-bipyridine, potassium
persulphate (K2S2O8), resorcinol, methyl orange, sodium
nitrite (NaNO2), disodium hydrogen phosphate (Na2HPO4),
sodium hydrogen phosphate (NaH2PO4), sodium sulphate
(Na2SO4), and sodium hydrogen carbonate (NaHCO3) used,
were of guaranteed analytical grade, purchased from SD fine
chemicals, India. [Ru(bpy)3] (PF6)2 (complex 1) was prepared

according to an earlier report.28 For HPLC analysis, methanol
(HPLC grade) and millipore water were used.

2.2. Photolytic experimental setup

A visible light LED array containing warm white LED bulbs
(400–700 nm, with peak maxima around 450 and 600 nm)
manufactured by Kwality photonics pvt Ltd, India was used as
light source. Details of the LED array and a photograph of the
photolysis experimental setup are provided in the ESI (Fig. SI 1
and 2†). Fluence rate was measured by an Ophir PD100 Nova II
power meter.

2.3. Photodegradation of MO

2 mL of aqueous solution (double distilled water) of MO
(12 mg L−1) with an appropriate concentration of complex 1
and persulphate was taken in a quartz cuvette and photolysed
at the fluence rate of 0.095 W cm−2 (Fig. SI 2†). The photo-
degradation of MO was spectrophotometrically followed (JASCO
V-570 UV/VIS/NIR) by monitoring decrease in absorbance at
464 nm. Quartz cuvettes containing the reaction mixture were
wrapped completely with aluminium foil and used for dark
controls. All experiments were carried out at neutral pH and at
37 °C. Radical scavenging experiments were performed by
addition of sulphate and hydroxyl radical scavengers, such as
methanol (0.1 M) and sodium nitrite (0.02 M), to the reaction
mixture containing MO (12 mg L−1), complex 1 (1 μM) and per-
sulphate (2 mM) followed by irradiation.29 Similarly, the effect
of inorganic ions on photodegradation was investigated by the
addition of salts, such as 0.1 M of Na2HPO4, Na2SO4 and
NaHCO3, to the reaction mixture. The addition of Na2SO4

(0.1 M) to double distilled water (neutral pH) did not change
the pH of the solution. The change in pH after addition of
0.1 M of NaH2PO4 or NaHCO3 to double distilled water was
adjusted to neutral pH by adding a few drops of 0.05 N
HCl.30,31 Total organic carbon (TOC) measurements were
performed using a Sievers 900 TOC analyser by injection of
appropriate volume of sample at different time intervals
during irradiation. The results are expressed as TOC/TOC0

where TOC is total organic carbon at time t, and TOC0 = initial
total organic carbon of MO (12 mg L−1).

2.4. Photoinactivation of bacteria

Bacterial strains Escherichia coli (NCIM 2345), Pseudomonas
aeruginosa (NCIM 2581), Staphylococcus aureus (NCIM 2127)
and Bacillus subtilis (NCIM 2545) were cultured in nutrient
broth (NB) medium using an orbital shaker set at 100 rpm,
37 °C for 12 h. Cells (at log phase) were harvested by centrifu-
gation at 1000g for 15 min and washed twice with 10 mM
phosphate buffer saline (PBS). Composition of 10 mM PBS
(pH 7.2): Na2HPO4 (6.1 mM), NaH2PO4 (2.05 mM), NaCl
(154 mM). A bacterial stock solution was prepared by suspend-
ing cell pellet in an appropriate volume of PBS, and the con-
centration was found to be ∼109 colony forming units (CFU)
mL−1. Cell concentration was determined by counting colonies
after serial dilution and spread plating 0.1 mL of sample on
NB agar plates, followed by overnight incubation.
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It has been shown that irradiation of bacteria in the visible
light region caused reduction in its cell viability.32,33 Consider-
ing this fact, in the present study, control experiments were
performed to optimize the fluence rate such that irradiation of
light (400–700 nm) had no effect on the viability of bacterial
strains. Fluence rates were optimized by adjusting the distance
between the light source and the quartz cuvette containing the
bacterial suspension (∼107 CFU mL−1). Irradiation of B. subtilis
at a fluence rate of 0.048 W cm−2, irradiation of S. aureus at a
fluence rate of 0.060 W cm−2, and irradiation of E. coli and
P. aeruginosa at a fluence rate 0.095 W cm−2 had no effect on
their cell viability. Irradiation of the bacterial strains at more
than the specified fluence rate caused a slight reduction in the
cell viability. Therefore, photoinactivation experiments of
the respective bacterial strains were carried out at the above
mentioned fluence rate. Light dosage in J cm−2 was deter-
mined by multiplying irradiance in W cm−2 with time in
seconds (Table 1).34 Photolysis reactions were performed in
sterilized quartz cuvettes (Fig. SI 2†) and the reaction mixture
(2 mL) contained ∼107 CFU mL−1 of bacterial cells with an
appropriate concentration of complex 1 and persulphate in
PBS (10 mM). Quartz cuvettes containing the reaction mixture
were wrapped completely with aluminium foil and used for
dark controls. All experiments were carried out at pH 7.2 and
at 37 °C. Cell viability after irradiation was examined by a
spread plate technique, as mentioned above. Two independent
experiments in triplicate were performed for each bacterial
species. One-way analysis of variance (ANOVA) was performed
to assess the significance of difference in photoinactivation
among the bacterial strains, and also to assess the significance
of difference in the photoinactivation of E. coli at different
complex 1 : persulphate ratios. Data was assessed for normal
distribution and homogeneity of variances using the
Kolmogorov–Smirnov test and Levene test, respectively. A value
of p < 0.05 was considered as statistically significant.35 All the
statistical analysis was performed using OriginPro 8.0.

Radical scavenging experiments were performed by addition
of sulphate and hydroxyl radical scavengers, such as methanol
(0.1 M) and sodium nitrite (0.02 M),29,30 to a reaction mixture
containing E. coli cells (∼107 CFU mL−1), complex 1 (1 μM) and
persulphate (2 mM) in PBS (10 mM) followed by irradiation.

2.5. Cell membrane integrity assay

The integrity of the E. coli cell membrane was examined
using Invitrogen Molecular Probes® LIVE/DEAD® BacLight™

Bacterial Viability Kit (L7012).36 This assay is based on com-
petitive binding of two different fluorescent nucleic acid stains
SYTO® 9 and propidium iodide (PI). SYTO® 9 can easily
diffuse through a cell membrane and gives a green fluor-
escence (500 nm) on binding to DNA whereas, PI can only
enter cells with a damaged membrane and gives a red fluor-
escence (635 nm) on binding to DNA.36 E. coli cells treated
with complex 1 and persulphate in the absence and presence
of light for 90 min were harvested by centrifugation, and cell
pellet resuspended in 50 μL saline was stained with a
1 : 1 mixture of the two dyes, SYTO® 9 and PI according to the
manufacturer’s instructions. These stained samples were
fixed in glass slide and examined at a magnification of 150×
using a Nikon Eclipse Ti-U microscope (Nikon, Japan) with an
excitation wavelength of 480 nm (SYTO® 9) and 490 nm (PI).

2.6. Scanning electron microscopy

Structural changes in the bacterial cell wall caused by photo-
damage were examined using Scanning Electron Microscopy
(SEM).37–39 E. coli cells treated with complex 1 and persulphate
in the absence and presence of light for 90 min were harvested
by centrifugation. The obtained cell pellet was resuspended in
100 μL of PBS and fixed with 2% glutaraldehyde solution for
1 h. Cells were then washed thrice with PBS, gradually dehy-
drated using a graded ethanol–H2O mixture of 10, 25, 50, 75,
90 (v/v %) and finally with 100% ethanol followed by air
drying.37–39 Dried cells were then coated with platinum by
JEOL JFC-1600 Autobine sputter and images were taken with a
JEOL JSM-6360 LV Scanning Electron Microscope at a voltage
of around 10 kV.

2.7. Chromosomal DNA extraction

E. coli chromosomal DNA was extracted using a SRL BioLitTM

Bacterial Genomic DNA extraction kit (BTK007). E. coli cells
treated with complex 1 and persulphate in the absence and
presence of light for 90 min were harvested by centrifugation
and genomic DNA was extracted immediately from the cell
pellet according to the manufacturer’s instruction. Extracted
chromosomal DNA was mixed with 3 μL of 6X gel loading
buffer (SRL BioLitTM BTK007). DNA samples were loaded onto
a 1% agarose gel and electrophoresis was carried out for
3 hour at 60 V. After electrophoresis, DNA was stained by
immersing the gel in an ethidium bromide solution (1 mg
mL−1) for 15 min and was photographed using a Biorad Gel
DocTM XR.

2.8. Photoinactivation of bacteria in presence of organic
compound

Simultaneous degradation of resorcinol and photoinactivation
of E. coli were investigated by high pressure liquid chromato-
graphy (HPLC) analysis and antimicrobial assays, respectively.6

Typically, reaction mixtures containing 5/10 mg L−1 of resorci-
nol, E. coli cells (∼107 CFU mL−1), complex 1 (1 μM) and per-
sulphate (2 mM) were photolysed for 120 min. For HPLC
analysis, 1 mL of sample from this reaction mix was with-
drawn, filtered using a 0.45 μm polytetrafluoroethylene (PTFE)

Table 1 Conditions for complete inactivation of bacteriaa

Bacterial strains
Irradiation
time (min)

Fluence rate
(W cm−2)

Light dosage
(J cm−2)

E. colib 90 0.095 513
P. aeruginosab 120 0.095 684
S. aureusc 60 0.060 216
B. subtilisc 60 0.048 173

a [complex 1] = 1 μM, [persulphate] = 2 mM. bGram negative bacteria.
cGram positive bacteria.
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filter to remove bacteria. 0.1 mL of this filtered solution was
injected into a Shimadzu UFLC, equipped with a Phenomenex
C18 HPLC column (250 mm × 4.6 mm, 5 μm) and a SPDM 20A
Prominence diode array detector. HPLC was performed with
30 : 70 (v/v) methanol–water as the mobile phase in isocratic
mode with a flow rate of 1 mL min−1 and the chromatogram
was monitored at 280 nm.6 For microbial assays, 0.1 mL of
sample from the reaction mix was withdrawn at appropriate
time intervals during irradiation and viable cells were deter-
mined by a spread plate technique, as mentioned above.

2.9. Effect of inorganic ions

The effect of inorganic ions on photoinactivation was investi-
gated by addition of salts, such as 0.1 M of Na2HPO4, Na2SO4

and NaHCO3,
30,31 to a reaction mixture containing E. coli cells

(∼107 CFU mL−1), complex 1 (1 μM) and persulphate (2 mM)
in PBS (10 mM), followed by irradiation. Addition of Na2SO4

(0.1 M) to 10 mM PBS (pH 7.2) did not change the pH of the
solution. The change in pH after addition of 0.1 M of NaH2PO4

or NaHCO3 to 10 mM PBS was adjusted to pH 7.2 by adding
a few drops of 0.05 N HCl.30,31 Control experiments with only
0.1 M of methanol, sodium nitrite (0.02 M), Na2HPO4, Na2SO4,
and NaHCO3 either in the dark or light had no effect on cell
viability.30

2.10. Effect in simulated ground water

The photodegradation of an azo dye (MO 12 mg L−1) and
photoinactivation of bacteria (E. coli and S. aureus) by acti-
vation of persulphate (2 mM) using complex 1 (1 μM) were
studied in simulated ground water that contained a defined
composition of inorganic and organic matter. Simulated
ground water was prepared by addition of the following com-
ponents to distilled water: Fe(NO3)3·9H2O (0.24 μM), NaHCO3

(1.2 mM), Na2SO4 (0.34 mM), Na2HPO4 (0.28 mM), NaCl
(0.86 mM) and resorcinol (9.0 μM).40,41

3. Results and discussion
3.1. Photodegradation of MO

The irradiation (420–700 nm) of MO in the presence of
complex 1 and persulphate caused almost complete degra-
dation (∼98%) rapidly within 12 min (Fig. 1A). Photolysis
of [Ru(bpy)3]

2+ (complex 1) and persulphate results in the for-
mation of [Ru(bpy)3]

3+, sulphate radicals and sulphate ions
(reactions 1 and 2), indicating the activation of persulphate.21

In aqueous solutions, sulphate radicals react with water to
produce hydroxyl radicals (reaction 3).16 The reactive species,
such as sulphate and hydroxyl radicals, are very strong oxi-
dants, capable of degrading organic compounds effectively.
The activation of persulphate in an aqueous medium effec-
tively generates sulphate radicals and secondary hydroxyl radi-
cals, and enhances the efficiency of degradation.10–16 Thus,
rapid and efficient degradation of MO observed on irradiation
of MO in the presence of complex 1 and persulphate is attribu-
ted to the photochemical activation of persulphate by complex

1. Importantly, irradiation of MO in the presence of persul-
phate for 30 min caused only about 20% degradation of MO
(Fig. 1A). A similar result was also observed for treatment of
MO with complex 1 and persulphate without irradiation (dark
control) (Fig. 1A). Persulphate is an oxidant (E° = 2.01 V) and
has the ability to degrade organic compounds due to slow
decomposition and generation of sulphate radicals.11,13 The
slight degradation (∼20%) of MO observed on irradiation in
the presence of persulphate, and in the dark control is due to
the slow decomposition of persulphate.

Irradiation of MO in the presence of complex 1 and
persulphate containing sodium nitrite (20 mM) and methanol
(0.1 M) for 15 min caused only ∼25% and ∼15% degradation
of MO, respectively (Fig. 1B). This significant inhibition in
photodegradation is due to the effective scavenging of hydroxyl
and sulphate radicals by methanol and sodium nitrite.10,29,30

The above result indicates that sulphate and secondary
hydroxyl radicals produced during photoactivation of persul-
phate by complex 1 play a major role in photodegradation
of MO.

Percentage of degradation of MO decreased on decreasing
the concentration of either complex 1 or persulphate (Fig. 1C).
Decreasing the concentration of complex 1 may not be favour-
able to produce sufficient amount of excited state complex 1 to
cause effective photochemical activation of persulphate for
degradation. At lower concentrations of persulphate, relatively
lower amounts of radicals are generated on activation, which
may not be sufficient for efficient degradation. Earlier studies

Fig. 1 Photodegradation of MO by the activation of persulphate (KPS) using
complex 1. [MO] = 12 mg L−1, [KPS] = 2 mM, [complex 1] = 1 μM and fluence
rate = 0.095 W cm−2. (A) Photodegradation of MO at different time intervals,
C = concentration of MO at time t, C0 = initial concentration of MO. (B) Effect of
radical scavengers and inorganic ions, Control – concentration of MO after
15 min irradiation, light dosage = 85.5 J cm−2. (C) Photodegradation of MO at
different [complex 1] : [persulphate] ratio after 15 min irradiation, Light dosage
= 85.5 J cm−2. (D) Reduction in total organic carbon before (control) and after
different time intervals during irradiation. Control – total organic carbon of MO
(12 mg L−1).
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on the degradation of dyes by persulphate reported that
increasing the concentration of persulphate increased the per-
centage of degradation of dyes.11,17 These results reveal that
photodegradation of MO is dependent on concentration of
both persulphate and complex 1, and an optimal con-
centration of persulphate (2 mM) and complex 1 (1 μM) was
required to cause complete degradation of MO (12 mg L−1)
(Fig. 1C).

It has been shown that activation of persulphate by UV
photolysis enhanced the degradation of sulphamethazine12

and 2,4-dichlorophenol.18 Recently, we have shown that chemi-
cal activation of persulphate by Ni(II)azamacrocyclic complex
enhanced the degradation of Malachite green (carcinogenic
dye) by about ten fold.11 Here, we show for the first time that
visible light activation of persulphate using complex 1 has the
ability to cause rapid and efficient degradation of MO.

3.2. Reduction of total organic carbon

Irradiation of MO in presence of complex 1 and persulphate
caused about 65%, 71% and 76% reduction of TOC in 15, 30
and 60 min, respectively (Fig. 1D). TOC reduction obtained in
the present study is comparable with TOC reduction obtained
on degradation of phenol (0.5 mM) by activation of persul-
phate (84 mM) on UV photolysis.13 Thus, the above results
indicate that visible light activation of persulphate by complex
1 caused not only rapid degradation of MO, but also its signifi-
cant reduction of TOC, indicating mineralization.

3.3. Effect of inorganic ions

Irradiation of MO in the presence of complex 1 and persul-
phate, containing salts (0.1 M) such as NaH2PO4, NaHCO3 and
Na2SO4 retarded the photodegradation of MO (Fig. 1B).
Earlier, it has been shown that the presence of inorganic ions,
such as sodium bicarbonate and sodium chloride, retarded
the degradation of organic contaminants, such as acetic acid
and chlorinated ethenes, by persulphate.15,16 In addition, it is

known that at higher ionic strength, ion pair complexation
between complex 1 and persulphate is reduced, which is not
favourable for photoinduced electron transfer between
complex 1 and persulphate.21 Therefore, photodegradation of
MO was retarded at relatively higher ionic strength of the
medium. The above facts indicate that degradation of MO by
photochemical activation of persulphate using complex 1 is
dependent on the composition of ions and ionic strength of
the medium.

3.4. Photoinactivation of bacteria

Visible light irradiation of Gram negative bacteria (E. coli and
P. aeruginosa) in the presence of complex 1 and persulphate
caused complete photoinactivation, within 90 and 120 min,
respectively (Table 1, Fig. 2A). Gram positive bacteria (S. aureus
and B. subtilis) were also photoinactivated within 60 min, with
relatively lower light dosage than that required for Gram
negative bacteria (Table 1, Fig. 2B). The difference in photo-
inactivation of Gram positive and negative strains was found
to be statistically significant (ANOVA, p < 0.05). The results also
showed that the pattern of decrease in cell viability during the
irradiation period varied within Gram negative strains (E. coli
and P. aeruginosa) (Fig. 2A) (ANOVA, p < 0.05). In the case of
Gram positive strains (S. aureus and B. subtilis), the pattern
of decrease in cell viability during the irradiation period
was similar (Fig. 2B), (ANOVA, p > 0.05). Among the bacterial
strains examined, P. aeruginosa required the highest light
dosage for complete inactivation (Table 1). Control experi-
ments, (i) 5 μM of complex 1 alone in the absence and pres-
ence of light (ii) 2 mM of persulphate alone in the absence
and presence of light (iii) a mixture of 1 μM of complex 1 and
2 mM of persulphate without irradiation, had no effect on
cell viability (Fig. 2). Earlier, Antoniou et al., had shown degra-
dation (∼50%) of microcystin-LR by thermal activation of per-
sulphate at 30 °C.42 However, in the present study, degradation
of MO by persulphate alone at 37 °C was not significant

Fig. 2 Cell viability vs. time plot for the photoinactivation of (A) Gram negative bacteria (B) Gram positive bacteria. Cell concentration = ∼107 CFU mL−1, [KPS] =
2 mM, [complex 1] = 1 μM, fluence rate = 0.095 W cm−2 for E. coli and P. aeruginosa, 0.060 W cm−2 for S. aureus and 0.048 W cm−2 for B. subtilis.
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(Fig. 1A), and also the cell viability of the bacteria was not
affected by persulphate alone at 37 °C (Fig. 2).

As discussed above, the photolysis of complex 1 in the
presence of persulphate activates persulphate and generates
reactive species, such as sulphate radicals, hydroxyl radicals
(formed by reaction of sulphate radicals with water) and
[Ru(bpy)3]

3+ (reactions 1–3).16,21 Importantly, sulphate and
hydroxyl radicals are strong oxidants and cause damage to bio-
molecules, such as protein, DNA and membrane.5,43–45 Earlier,
it has been shown that photolysis of [Ru(bpy)3]

2+ and persul-
phate induced in vitro DNA damage.46 However, no study has
been carried out to investigate the effect of activated persul-
phate on bacteria in aqueous media. The present results show
that photochemical activation of persulphate by complex 1
caused complete inactivation of both Gram positive and nega-
tive bacteria (Fig. 2, Table 1).

Irradiation of E. coli with persulphate and complex 1 in the
presence of either methanol (0.1 M) or sodium nitrite (20 mM)
for 120 min caused only ∼1 log reduction of E. coli (Fig. SI 3†).
This significant inhibition in photoinactivation of E. coli is
due to the effective scavenging of hydroxyl and sulphate
radicals by methanol and sodium nitrite.10,29 It is important to
note that photodegradation of MO was also inhibited in the
presence of sulphate and hydroxyl radical scavengers (Fig. 1B).
The above results emphasise that sulphate and hydroxyl
radicals produced during photoactivation of persulphate by
complex 1 play a major role in the inactivation of E. coli.

Photoinactivation of Gram positive strains were faster than
Gram negative strains (Table 1, Fig. 2). The cell wall of Gram
positive bacteria is relatively simple with two layers, namely
the cytoplasmic membrane and peptidoglycan layer, whereas
the cell wall of Gram negative bacteria is complex and has
an outer lipopolysaccharide membrane in addition to the
cytoplasmic membrane and peptidoglycan layer.34,47–49 This
additional layer offers resistance against reactive species gener-
ated during irradiation and therefore Gram negative bacteria
are less susceptible to photoinactivation than Gram positive
bacteria. Earlier reports on photoinactivation of bacteria have
also shown that Gram negative bacteria are relatively less
susceptible.34,35,47–51

The change in cell viability on changing the complex
1 : persulphate ratio was studied using E. coli as a model
organism. Decreasing either the concentration of complex 1
or persulphate was not favorable for complete photoinacti-
vation of E. coli (Fig. 3). It was found that the difference in
the photoinactivation of E. coli at different complex 1 :
persulphate ratios were statistically significant (ANOVA,
p < 0.05). As discussed above, a relatively lower amount
of complex 1 was not sufficient for effective photochemical
activation of persulphate to cause inactivation. Activation
of a lower concentration of persulphate could generate a
relatively lower amount of radicals, which may not be
sufficient for complete inactivation. Thus, these results
indicate that complete photoinactivation of E. coli depends
on the concentrations of both complex 1 and persulphate
(Fig. 3).

Persulphate is a promising oxidant in advanced oxidation
processes, and has been shown to degrade organic con-
taminants effectively on activation in aqueous medium.10–17

However, the effect of activated persulphate on bacteria in
aqueous media is not known. The present study shows the
ability of activated persulphate to cause complete inactivation
of bacteria in aqueous medium besides the degradation of
azo dye MO. Importantly, both photodegradation of MO and
photoinactivation of bacteria were achieved using energy
efficient LEDs as the visible light source (Fig. SI 2†).52,53

3.5. Effect of photoinactivation on cell membrane integrity

In order to study the effect of photolysis of complex 1 and per-
sulphate on cell membrane integrity, BacLight LIVE/DEAD
assay was performed using E. coli.36 The fluorescent micro-
scopic image of E. coli cells treated with complex 1 and persul-
phate without irradiation showed only green fluorescence
(Fig. 4A), indicating that the cells had intact membranes and
allowed only diffusion of green fluorescent SYTO® 9.36 On
irradiation of E. coli cells in the presence of complex 1 and per-
sulphate, red fluorescence was observed, indicating the cell
membrane damage (Fig. 4B). The loss of cell membrane inte-
grity facilitated entry of PI and competitive binding of red
fluorescent PI to DNA with SYTO® 9.

SEM images of E. coli cells treated with complex 1 and per-
sulphate without irradiation showed that cells were intact
(Fig. 4C). However, irradiation of E. coli cells with complex 1
and persulphate resulted in severe deformation of cells with
ruptured surfaces and craters (Fig. 4D). Strong oxidizing
agents, such as hydroxyl and sulphate radicals, are known to
cause biomolecular damage.43–45 Previous studies on photo-
catalytic disinfection involving reactive oxidizing species had
also shown such membrane damage, leading to cell death.38,54

Thus, both BacLight LIVE/DEAD assay, as well as SEM image
results, clearly revealed cell membrane damage, which indi-
cates oxidative stress caused to E. coli.

In addition, agarose gel electrophoresis showed a clear
chromosomal DNA band for cells treated with complex 1 and

Fig. 3 Photoinactivation of E. coli at different [complex 1] : [persulphate] ratio.
Cell concentration = ∼107 CFU mL−1, [KPS] = 2 mM, [complex 1] = 1 μM, Light
dosage = 513 J cm−2.
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persulphate in the absence of light. On the other hand, the
chromosomal DNA band was not clear for cells treated with
complex 1 and persulphate in presence of light. This result
indicates that there is significant reduction of chromosomal
DNA from photolysed cells (Fig. SI 4†). Similar reduction
in chromosomal DNA has been observed in the case of photo-
dynamic inactivation of E. coli by 5,10,15,20-tetrakis(1-methyl-
pyridinium-4-yl)porphyrin, due to damage of cell membranes,
leading to discharge of cell constituents including DNA.38 The
above results further emphasize loss of cell membrane inte-
grity. To the best of our knowledge, the present study is the
first report showing complete inactivation of bacteria due to

bacterial membrane damage and loss of chromosomal DNA
on the photochemical activation of persulphate in aqueous
medium.

3.6. Photoinactivation of bacteria in presence of organic
compound

Methyl orange is toxic to living organisms17 whereas resorcinol
is a model phenolic pollutant and has been shown to be non
toxic to microorganisms (at least up to 10 mg L−1) hence,
resorcinol was used to study the effect of organic compounds
on the photoinactivation of E. coli.6 Treatment of E. coli in the
presence of resorcinol 10 mg L−1 with or without irradiation,
and treatment of E. coli with complex 1 (1 μM) and KPS
(2 mM) in the presence of resorcinol 10 mg L−1 without
irradiation did not affect the cell viability (Fig. SI 5†).

The HPLC chromatogram of resorcinol showed a clear peak
at retention time (RT) 6 min (Fig. 5A). The HPLC profile of
resorcinol after irradiation in the presence of complex 1 and
persulphate showed a significant decrease in the resorcinol
peak and formation of a new peak at RT 3 min, revealing the
degradation of resorcinol (Fig. 5A). Irradiation of resorcinol
(5 mg L−1) in the presence of complex 1 and persulphate in
PBS (10 mM) caused ∼95% degradation of resorcinol (Fig. 5A,
Inset-A). Under the same conditions, in the presence of E. coli
(∼107 CFU mL−1), ∼90% degradation of resorcinol (Fig. 5A,
Inset-B) and ∼5 log reduction in cell viability were observed
(Fig. 5B). This result reveals that photoactivation of persul-
phate by complex 1 has the ability to cause simultaneous
degradation of resorcinol and inactivation of E. coli. On
increasing the concentration of resorcinol to 10 mg L−1, simul-
taneous photodegradation of resorcinol and photoinactivation
of E. coli was retarded (Fig. 5A, Inset-D and 5B). Reactive
species, such as sulphate and hydroxyl radicals, are diffusible
and have non specific reactivity.5,6,11,16 These radicals can

Fig. 5 (A) A HPLC chromatogram showing degradation of resorcinol (10 mg L−1) in the absence and presence of E. coli. R – resorcinol, DP – degraded products and
IC – intracellular components. Inset – A and B, degradation percentage of resorcinol (5 mg L−1) in the absence and presence of E. coli, respectively. C and D, degra-
dation percentage of resorcinol (10 mg L−1) in the absence and presence of E. coli, respectively. (B) Cell viability vs. time plot for photoinactivation of E. coli in the
absence and presence of resorcinol (5 and 10 mg L−1). E. coli concentration = ∼107 CFU mL−1, [complex 1] = 1 μM, [persulphate] = 2 mM, light dosage = 684 J cm−2.

Fig. 4 Fluorescence microscopic images of E. coli treated with complex 1 and
persulphate (A) in the absence of light (control) (B) in the presence of light. SEM
images of E. coli treated with complex 1 and persulphate (C) in the absence
of light (control) (D) in the presence of light. E. coli concentration = ∼107

CFU mL−1, [KPS] = 2 mM, [complex 1] = 1 μM, light dosage = 513 J cm−2.
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degrade organic compounds, and can also oxidize biomole-
cules, such as membranes, leading to cell death, thus there is
a competitive reaction between organic compounds and
microbes.6,55,56 Thus, at a higher concentration of organic
matter (rescorcinol), simultaneous photodegradation of resor-
cinol and photoinactivation of E. coli was retarded. It has been
shown that photoinactivation of bacteria by advanced oxi-
dation processes, such as TiO2 photocatalysis and photo-
Fenton process, was affected by the presence of organic
matter.6,55

Interestingly, the HPLC profile of resorcinol after
irradiation in the presence of complex 1 and persulphate con-
taining E. coli, showed a wide peak at RT 7–8 min, in addition
to the resorcinol peak (RT 6 min), and its degradation product
peak (RT 3 min) (Fig. 5B). The absorption spectrum of this
new peak had a maximum around 260–280 nm, characteristic
of DNA and proteins (Fig. SI 6†). Earlier, it has been shown
that loss of membrane integrity results in leakage of cellular
components, such as proteins and DNA, that have absorptions
in the 260–280 nm range.57,58 These facts indicate that the
wide peak at RT 7–8 min corresponds to intracellular com-
ponents leaching out of cells due to photodamage of the cell
membrane. The above observation further emphasizes the loss
of cell membrane integrity.

3.7. Photoinactivation of bacteria in presence of inorganic
salts

The photoinactivation of E. coli was retarded in the presence
of salts, such as 0.1 M of NaH2PO4, NaHCO3 and Na2SO4

(Fig. SI 3†). As discussed above, ion pair complexation between
complex 1 and persulphate is reduced at higher ionic strength,
which is not favourable for photoinduced electron transfer
between complex 1 and persulphate.21 Thus, these results indi-
cate that the complete photoinactivation of E. coli depends on

the composition of ions and ionic strength of the medium, as
observed in the photodegradation of MO.

3.8. Effect in simulated ground water

The irradiation of MO in the presence of complex 1 and persul-
phate in simulated ground water resulted in significant degra-
dation of MO (∼80%) (Fig. 6A). In addition, irradiation of
bacteria (E. coli and S. aureus) in the presence of complex 1
and persulphate in simulated ground water also caused com-
plete inactivation of bacteria (Fig. 6B). The slight decrease in
percentage of photodegradation of MO when compared with
double distilled water could be accounted for by the presence
of a variety of inorganic salts and organic matter in simulated
ground water. In the case of photoinactivation of bacteria, the
relatively less ionic strength of simulated ground water than
PBS medium (10 mM) favored complete inactivation. Impor-
tantly, the above results reveal that photoactivation of persul-
phate by complex 1 has the propensity to degrade MO and
completely inactivate bacteria in simulated ground water that
contained a variety of inorganic ions, and organic matter. As
discussed above, both the photodegradation of MO and photo-
inactivation of E. coli were affected in a medium with relatively
higher ionic strength and organic content. Therefore, both the
photodegradation of MO and photoinactivation of bacteria
could be affected in a more complex media than the simulated
ground water used in the present study. The inorganic and
organic composition of the medium has been shown to affect
photolytic water treatment processes such as UV-TiO2, and the
Photo-Fenton process.6,41

4. Conclusion

A photolytic process that has the potential to degrade organic
contaminants as well as inactivate bacteria in aqueous media
has great environmental significance. The present findings

Fig. 6 (A) Photodegradation of MO (12 mg L−1) in simulated ground water, fluence rate = 0.095 W cm−2. (B) Cell viability vs. time plot for photo inactivation of
E. coli and S. aureus (∼107 CFU mL−1) in simulated ground water, fluence rate = 0.095 W cm−2 for E. coli and 0.060 W cm−2 for S. aureus. [KPS] = 2 mM, [complex 1]
= 1 μM.
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reveal that photochemical activation of persulphate by
complex 1 has the potential to degrade azo dyes (methyl
orange) as well as inactivate bacteria in aqueous media.

Ruthenium complexes have received interest as potential
visible light photosensitizers in environmental studies. These
complexes have been used as sensitizers of TiO2 for the degra-
dation of organic contaminants, and as singlet oxygen sensi-
tizers supported on a solid matrix for solar water dis-
infection.59,60 Additionally, ruthenium(II) polypyridyl
complexes also have suitable biocompatibility and are studied
as photoactive anticancer and antimicrobial agents.61–63

Although ruthenium complexes are biocompatible, and are
required in micromolar amounts for effective photochemical
activation of persulphate in the present study, removal of
complex from the treated aqueous media would make this
system more practicable for actual application to the environ-
ment. Moreover, high oxidative conditions could affect the
stability of the complex. It is reported that the removal of
photosensitiser and its degraded products is important in the
photosensitized disinfection of water.64 Favourably, transition
metal ions and their complexes, including [Ru(bpy)3]

2+, that
are cationic in nature are known to be adsorbed on common
adsorbents, such as silica and activated charcoal. Thus these
complexes and degraded products could be removed from
aqueous media.65,66 Apart from the use of adsorbents for the
removal of photoactive complexes, immobilisation of these
molecules on a solid surface is also another possibility of pre-
venting the release of these complexes in water bodies. Devel-
opment of strategies to immobilise potential photoactive
transition metal complexes on solid supports for degradation
of bacteria and organic contaminants is currently under
progress.

Activation of persulphate is a promising strategy in
advanced oxidation process for degradation of organic con-
taminants.10–17 Oxidation using persulphate is effective, easy
to handle and no toxic byproducts are produced.10,11,16 The
present study enlightens that activation of persulphate by
visible light using a photoactive metal complex has the ability
to cause degradation of organic contaminants as well as inacti-
vation of bacteria.
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Nickel azamacrocyclic complex activated
persulphate based oxidative degradation of methyl
orange: recovery and reuse of complex using
adsorbents†

Gokulakrishnan Subramanian,a Pranav Nalawade,a Steven J. Hinder,b Suresh C. Pillaicd

and Halan Prakash*a

Adsorbents are useful for the removal of metal complex based catalysts from the reaction medium.

Moreover, effective catalysts may be recycled with the use of adsorbents. These facts inspired us to

investigate the use of adsorbents for the recovery and reuse of a metal complex that could activate

persulphate to effectively degrade an organic pollutant in water. Herein, we report the nickel complex

(C1) activated persulphate based degradation of methyl orange (MO) in water and the removal of C1

using activated carbon (AC) and Amberlite (Am) as adsorbents. C1 adsorbed onto AC (C1–AC) was

reused in the solid form to activate persulphate and degrade MO without leaching C1 into water.

Additionally, solid C1–Am recovered from the degraded MO solution was ion exchanged using sodium

chloride to obtain C1, which was reused for MO degradation. The study demonstrates the application of

adsorbents such as AC and Am for the adsorptive recovery and reuse of a metal complex based

persulphate activator.

Introduction

Adsorption of homogeneous catalysts onto solid supports is
useful for the recovery and reuse of catalysts.1–4 Remarkably,
metal complexes adsorbed onto solid supports via non-covalent
bonding, such as p–p5,6 and ionic interactions,2,7 have been
shown as reusable solid catalysts for the reduction7 and oxida-
tion of organic compounds2,6,8 in the presence or absence of
peroxides.

In addition, homogeneous metal ions and complexes are
excellent for the activation of peroxo compounds, such as
peroxides (hydrogen peroxide and alkyl peroxides)9,10 and per-
sulphates (peroxydisulphate and peroxymonosulphate),11–15 to
generate highly reactive radical oxidants that cause rapid
oxidative degradation and mineralization of organic pollutants
in wastewater.12–21 Particularly, persulphate activation by

homogeneous transition metal ions and complexes have gained
attention as an advanced oxidation process (AOP) for the
degradation of organic pollutants such as dyes,13,14,16 antibi-
otics,17 pesticides,18 and cyanobacterial toxins12,20 in water.21

Earlier, we reported that complexes, such as a redox active
nickel(II) azamacrocyclic complex (C1, Chart 1; L¼ 1,8-dimethyl-
1,3,6,8,10,13-hexaazacyclotetradecane) and a photoredox active
[Ru(II)(bpy)3]

2+ complex (where bpy¼ bipyridine), were useful for
the activation of persulphate (KPS, potassium persulphate,
K2S2O8), which effectively degraded persistent, carcinogenic
organic dye pollutants in water.13,14 Homogeneous redox active
nickel complex C1 activated the persulphate anion via an ion-
pair mechanism with the generation of a reactive sulphate
radical, a hydroxyl radical and a trivalent nickel 290 nm species
that oxidize organic pollutants (reaction (1)–(7)).13,22,23 It should
be noted that transition metal ions and metal complexes are le
over in water aer the degradation of organic pollutants by the
activation of persulphate.

Recovery and reuse of heterogeneous persulphate activators,
with minimal release of metal ions during the persulphate
activation and degradation of organic pollutants, have been
studied. Mainly, these heterogeneous activators were prepared
by methods involving wet impregnation, doping, co-
precipitation, and calcinations and covalentmodications.16,24–28

½NiðIIÞL�2þ þ S2O8
2�4

�
NiðIIÞL2þ þ S2O8

2��

ion-pair
(1)
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{Ni(II)L2+ + S2O8
2�} / [Ni(III)L(SO4)]

+ + SO4c
� (2)

[Ni(II)L]2+ + SO4c
� / [Ni(III)L(SO4)]

+ (3)

SO4c
� + organic pollutant / oxidative degradation (4)

SO4c
� + H2O 4 OHc + H+ + SO4

2� (5)

OHc + organic pollutant / oxidative degradation (6)

[Ni(III)L(SO4)]
+ + organic pollutant /

[Ni(II)L]2+ + SO4
2� + oxidative degradation (7)

where [Ni(II)L]2+ ¼ C1 with nickel in divalent state with
absorption maximum at 446 nm; [Ni(III)L(SO4)]

+ ¼ C1 in triva-
lent form with absorption maximum at 290 nm.

Notably, adsorbents are useful for the removal of metal ions
from wastewater and for the easy separation of effective metal
based catalysts.29–31 Moreover, adsorbents may be useful to
recycle the effective catalysts,32–34 as mentioned above. These
facts inspired us to employ adsorbents in a metal complex
activated persulphate based AOP for the recovery and reuse of
the complex.

Earlier, it has been reported that nickel azamacrocylic
complexes adsorbed onto solids showed redox reactivity.35,36

These reports indicated that a nickel azamacrocyclic complex
adsorbed onto supports would react with persulphate and act as
a reusable solid persulphate activator. Importantly, adsorbents
such as activated carbon (AC)29–31 and Amberlite (Am)32–34 have
been used to recover metal ions from wastewater, and also to
recover and reuse metal complex catalysts. Hence, herein, we
have investigated a C1 activated persulphate (KPS) based
advanced oxidation process (AOP) to degrade a persistent dye
pollutant, methyl orange (MO), and the adsorptive recovery and
reuse of C1 using the adsorbents AC and Am.

Experimental section
Materials and reagents

Nickel chloride hexahydrate (NiCl2$6H2O), potassium persul-
phate (KPS, K2S2O8), sulphuric acid (H2SO4), sodium hydroxide
(NaOH), methyl orange, potassium iodide (KI), starch, sodium
chloride (NaCl), acetic acid (CH3COOH), formic acid (HCOOH),
hydrochloric acid (HCl), sodium thiosulphate (Na2S2O3),

potassium dichromate (K2Cr2O7), ethyl acetate, tertiary butyl
alcohol and ethanol were of guaranteed analytical grade, from
SD Fine Chemicals, India. AmberliteR IR-120 and activated
carbon were purchased from SD Fine Chemicals, India.
Nitrogen adsorption–desorption based surface area and pore
size values of activated carbon were found to be 248.8 m2 g�1

and 3.5 nm, respectively, while the surface area and pore size
values of Amberlite were 42.1 m2 g�1 and 23.5 nm, respectively.
C1 was prepared as reported earlier.37 Briey, to a methanolic
solution (50 mL) of NiCl2$6H2O (11.5 g), ethylenediamine 99%
(6.8 mL), formaldehyde 36% (20 mL), and methylamine (8.6
mL) were added and stirred at reux conditions for 24 hours.
The resulting orange solution was cooled and ltered. The
desired complex was precipitated aer adding excess perchloric
acid to the ltrate.

For HPLC analysis, acetonitrile (HPLC grade) and Millipore
water were used. The stock solutions of MO, complex C1, and
KPS were prepared using double distilled water. Simulated
ground or natural water was prepared by the addition of
following components to distilled water, as reported earlier:
FeNO3 (0.24 mm), NaHCO3 (1.2 mM), Na2SO4 (0.34 mM),
Na2HPO4 (0.28 mM), NaCl (0.86 mM) and resorcinol (1 ppm).14

Freshly prepared KPS solution was used for all the experiments.

Degradation of MO by KPS using C1

For the degradation of methyl orange (MO), an appropriate
amount of aqueous MO (20–30 mg L�1) solution was taken with
and without C1 (C1 in the range of 12–49 mg L�1), and the
reaction was initiated by the addition of the required amount of
KPS (5 g L�1 to 0.5 g L�1). Reaction volume was maintained at
5 mL, unless otherwise mentioned. The reaction was carried out
at room temperature. Initially, the pH of the solution was �7.
The degradation of MO was studied by following the decrease in
absorption maximum at 464 nm of MO with respect to time,
using a JASCO V-570 UV/VIS/NIR spectrophotometer. The
degradation of MO by (i) KPS alone, (ii) KPS and Ni(II)Cl2$6H2O
was performed as a control experiment. Pseudo-rst order rate
constant (k) for the degradation of MO was determined from the
C/C0 vs. time plot. Initial concentrations of C1, KPS and MO
were varied and (k) values for the degradation of MO were
determined. The optimised condition for MO degradation was
determined to be MO (20 mg L�1), C1 (48.3 mg L�1), KPS
(1 g L�1), based on the rate constant (k) analysis.

A Shimadzu UFLC Prominence system with SPDM 20A
Prominence diode array detector, equipped with Phenomenex
C18 HPLC column (250 mm� 4.5 mm, 5 mm), was used for high
pressure liquid chromatography (HPLC) analysis. A 70 : 30 (v/v)
mixture of ammonium acetate buffer (pH 4.5)/acetonitrile was
used as the mobile phase, in isocratic mode, with a ow rate of
1 mL min�1. For each analysis, 100 mL of the sample taken from
the appropriate reaction mixture was injected and the degra-
dation of MO was monitored at 464 nm.

A Shimadzu IR-Affinity-1 FTIR spectrophotometer was used
for Fourier transform infrared (FTIR) analysis of MO degrada-
tion. Aer the treatment of MO with KPS and C1, the reaction
mixture was completely evaporated using a rotary evaporator.

Chart 1 Structure of C1, 1,8-dimethyl-1,3,6,8,10,13-hexaazacy-
clotetradecane.
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Degraded intermediates present in this dry residue were
extracted with ethanol and ethyl acetate, and then evaporated to
solid residues for FTIR analysis. In the liquid chromatography
mass spectrometry (LCMS) analysis, a Vantage TSQ triple stage
quadrupole mass spectrometer (Thermo Fisher Scientic, San
Jose, CA, USA) equipped with heated electro spray ionization
(HESI) was used. The mass spectrometer is coupled with an
Agilent 1290 Innity UHPLC system (Agilent Technologies India
Pvt. Ltd., India). The UHPLC was provided with a column oven
(set at 40 �C), an auto-sampler and a thermo-controller (set at
4 �C). A ow-through injection mode equipped with a needle
wash system was used (with acetonitrile, 0.1% formic acid)
before injection to ensure zero percent carry over problems.
The UHPLC system was equipped with a Luna C-18(2) column
(4.6� 150 mm, 5 mm, Phenomenex, Inc.). Mobile phase: Solvent
A was 10 mM ammonium acetate containing 0.1% formic acid;
and Solvent B was acetonitrile containing 0.1% formic acid. The
binary gradient was optimized to get maximum separation
(gradient: 5% B at 0 min, 5% B at 3 min, 90% B at 15 min, 0% B
at 15–17 min) at a ow rate of 300 mL min�1. Operating condi-
tions were as follows: spray voltage 4000 V; ion transfer capillary
temperature 270 �C; source temperature 300 �C; sheath gas 20,
auxiliary gas 10 (arbitrary units) and ion polarity negative; full
scan analysis 50 to 400 m/z with the scan time of 500 millisec-
onds. 10 mL of the sample from appropriate reaction mixture of
MO, KPS and C1 was injected aer specic time intervals.

A Sievers 900 TOC analyser was used for total organic carbon
(TOC) analysis during degradation. An aliquot of 20mL reaction
solution was taken at specic time intervals from the reaction
mixture (100 mL) containing MO (20 mg L�1), KPS (1 g L�1) and
C1 (48.3 mg L�1) and injected into the TOC analyser.

Redox reaction between C1 (48.3 mg L�1) and KPS (1 g L�1),
leading to formation of trivalent nickel 290 nm species, was
monitored at its absorption maximum at 290 nm, similar to the
reaction of tetraazamacrocyclic nickel complex with ammo-
nium persulphate, as reported by Haines et al. (Fig. S1†).22,23 C1
existing predominantly as trivalent nickel 290 nm species was
prepared by incubating the reaction mixture containing KPS
and C1 (Fig. S1†).22,23 Reactivity of trivalent nickel 290 nm
species with MO was monitored by following the absorption
spectral changes of MO. The concentration of KPS during MO
degradation in the presence and absence of C1 was determined
by iodometric titration, as reported earlier.38,39 Tertiary butyl
alcohol and ethanol were used as scavengers for sulphate and
hydroxyl radicals, as reported earlier.11,40

Adsorption of C1 onto activated carbon (AC) and amberlite
(Am)

Langmuir and Freundlich adsorption equations were used to
determine the adsorptivity (KF and qm values) of C1 onto AC and
Am.41,42

Langmuir isotherm: qe ¼ qmKaCe

1þ KaCe

Freundlich Isotherm: qe ¼ KFC
1/n
e

qe ¼ amount of adsorbate adsorbed on to the adsorbent (mg
g�1) at equilibrium; Ce ¼ equilibrium concentration of adsor-
bate in the solution (mg L�1); qm(L) ¼ Langmuir maximum
adsorption capacity (mg g�1); Ka ¼ Langmuir constant (L mg�1);
KF ¼ Freundlich constant indicative of relative adsorption
capacity of the adsorbent ([mg1�(1/n) L1/n] g�1); 1/n ¼ Freundlich
constant, which is indicative of the intensity of adsorption.
Freundlich maximum adsorption capacity was determined
from the equation KF ¼ qm/C0

1/n, where qm is Freundlich
maximum adsorption capacity (mg g�1), KF is the Freundlich
constant indicative of relative adsorption capacity of the
adsorbent ([mg1�(1/n) L1/n] g�1), and C0 is the initial concentra-
tion of adsorbate in the bulk solution (mg L�1).41,42

The equilibrium concentration of C1 during adsorption was
determined by following the absorption of C1. In the absence of
KPS, the concentration of C1 in the divalent state was followed
by monitoring the d–d absorption maximum at 446 nm. In the
presence of KPS, the concentration of C1 in the trivalent state
was followed by monitoring the absorption band maximum
around 290 nm.22,23

C1–AC was prepared by adding AC (1 g) to 100 mL of C1
(4.25 mM). This suspension was stirred overnight. Supernatant
obtained aer removing AC was ltered using a 0.45 mM poly-
tetrauoroethylene (PFTE) membrane lter, and the absorption
spectrum of the ltrate was recorded to determine the adsorp-
tion. Then, the C1 immobilized onto AC (C1–AC) was removed
by ltration and washed thrice with distilled water, and nally
dried in a desiccator. The loading of C1 in C1–AC was deter-
mined to be 160.6 mg of C1 per gram of AC (16.0%). Similarly,
for the preparation of C1–Am, Am (1 g) was added to 50 mL of
C1 (4.25 mM). The loading of C1 in C1–Am was determined to
be 96.4 mg of C1 per gram of Am (9.64%). X-ray photoelectron
spectroscopy (XPS) measurements were carried out using a
Thermo Fisher Scientic (East Grinstead, UK) q probe spec-
trometer and monochromatic Al-Ka radiation (photon energy
1486.6 eV). The adsorption of MO onto AC was studied by
following the absorbance of MO at 464 nm.

Degradation of MO by KPS using C1 adsorbed onto AC (C1–
AC) and Am (C1–Am)

The degradation of MO (30 mg L�1) by KPS (1 g L�1) using
C1–AC (0.3 g L�1, 16.0% C1 loading)/C1–Am (0.5 g L�1, 9.64%
C1 loading) was studied spectrophotometrically, as mentioned
above for the homogeneous degradation of MO. The suspension
of 0.3 g L�1 of C1–AC with 16.0% C1 loading or 0.5 g L�1 of
C1–Am with 9.64% C1 loading in reaction mixture (5 mL)
corresponds to an effective concentration of 48.3 mg L�1 of C1,
similar to the amount of C1 used in the homogeneous condi-
tion. Control experiments (i) bare AC/Am (without C1) and MO
in the presence of KPS and (ii) C1–AC/C1–Am and MO in the
absence of KPS were performed. Reuse of C1–AC for MO
degradation was studied by performing a cyclic degradation
experiment in the presence and absence of KPS. Aer each
cycle, C1–AC was removed by centrifugation and reused for the
subsequent cycle. Degraded MO solution obtained from each
cycle was analysed for the presence of C1 (as nickel) by AAS.
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Similarly, the reuse of C1–AC for MO degradation in simulated
natural water was also performed. The concentration of C1 in
the MO degraded solution was monitored by the determination
of nickel content using an atomic absorption spectrometer
(AAS) (Perkin Elmer, AAS 400), as well as by following the change
in the absorption of C1. Ion exchange (extraction) of C1 that was
adsorbed onto Am was performed by eluting with 0.17 M NaCl
solution. Degradation of MO using the C1 that was extracted
from C1–Am was performed similar to the protocol mentioned
above.

Results and discussion
Homogeneous C1 activated persulphate and degradation of
MO

Absorption spectral results revealed that the degradation of MO
(20 mg L�1) by KPS (1 g L�1 to 5 g L�1) was slow and incomplete
aer 60 min of reaction (Fig. 1A and B). On the other hand, MO
(20 mg L�1) was rapidly degraded by KPS (1 g L�1) in the pres-
ence of persulphate activator C1 (48.3 mg L�1) within 10 min,
with a pseudo-rst order rate constant value (k) of 3.9� 0.07 s�1

(Fig. 2A and 1B). The effects of initial concentrations of MO, KPS
and C1 on k value for the degradation of MO were determined
(Table 1). k value increased with increase in the initial concen-
tration of C1 and KPS; however, k value decreased with increase
in the initial concentration of MO. It was observed that
NiCl2$6H2O (without azamacrocyclic ligand) had no effect on
the degradation of MO by KPS, unlike redox active C1 (Fig. 1B).
Thus, these results revealed that the persulphate activator C1 is

required for the rapid and complete degradation of MO by KPS
(1 g L�1) (Fig. 1B and Table 1).

Further, the MO peak at retention time 11 min, observed in
the HPLC chromatogram, rapidly disappeared in the presence
of KPS and C1 (Fig. 2B). However, a prominent MO peak was
observed in the presence of KPS alone (Fig. 2B). Thus, the HPLC
results also revealed that the degradation of MO by KPS in the
presence of C1 was rapid and complete, whereas degradation of
MO was slow and incomplete by KPS alone.

The N]N-stretching peak at 1608 cm�1 of the azo group was
absent from the FTIR spectra of ethanol and ethyl acetate
extract residues of MO degraded by KPS in the presence of C1
(Fig. S2†). Moreover, the IR spectra of degraded MO showed

Fig. 1 (A) Absorption spectra showing the degradation of MO by KPS.
(B) C/C0 plot showing the degradation of MO in the presence of KPS,
KPS + C1, and NiCl2$6H2O + KPS. [MO] ¼ 20 mg L�1; [C1] ¼ 48.3 mg
L�1; [NiCl2$6H2O] ¼ 23.7 mg L�1.

Fig. 2 (A) Absorption spectra showing the degradation of MO by KPS
in the presence of C1. (B) HPLC chromatogram of MO (red), MO
degraded by KPS (blue), and MO degraded by KPS in the presence of
C1 (black). [MO] ¼ 20 mg L�1; [KPS] ¼ 1 g L�1; [C1] ¼ 48.3 mg L�1.
Treatment time ¼ 10 min.

Table 1 Pseudo-first order rate constants determined for the degra-
dation of MO by KPS under different concentrations of MO, C1 and
KPSa

C1 ppm (mg L�1) KPS (g L�1) MO (mg L�1) Rate constant k (s�1)

12.07 1 20 0.55 � 0.01
24.15 1 20 1.16 � 0.03
48.3 1 20 3.90 � 0.07
48.3 0.5 20 1.06 � 0.03
48.3 2 20 3.82 � 0.11
48.3 1 50 1.96 � 0.07
48.3 1 100 0.66 � 0.02

a Room temperature; initial pH � 7.
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peaks at 3000 cm�1 and 2785 cm�1 due to –C–H-stretching;
1223 cm�1 because of C–N-stretching; 858 cm�1 and
1051 cm�1 corresponding to aromatic ring vibrations, and
587 cm�1 and 692 cm�1 due to –C–S- and S]O-stretching,
respectively (Fig. S2†).43–45 These IR results indicated the loss
of the characteristic azo group of MO, and transformation to
aromatic amine and sulphonated intermediates during
degradation.

The total ion chromatogram (TIC) of MO showed a single
peak at RT 14.4 min (Fig. S3A†) corresponding to 304m/z of MO
(Fig. S4†). This MO peak was completely absent in the TIC of
MO degraded by KPS in the presence of C1 (Fig. S3D†), whereas
a prominent MO peak was observed in the TIC of MO degraded
by KPS alone (Fig. S3B†). Some of the degradation intermediates
(Fig. S3B–D and S4,† Table 2) of MO observed during the reac-
tion are similar to those reported earlier.46–48 Degradation
intermediates 200 m/z (RT 12.5 min) and 290 m/z (RT 13.7 min)
disappeared from the TIC of MO degraded by KPS in the pres-
ence of C1, within 30 min (Fig. S3C and D†), whereas these
peaks were clearly observed in the TIC of MO degraded by KPS
alone, even aer 60 min (Fig. S3B†).

The loss of MO and the signicant reduction in the degraded
intermediates by KPS in the presence of C1 indicated that the
combination of KPS and C1 could lead to the mineralization of
MO. One hour of treatment of MO (20mg L�1) with KPS (1 g L�1)
in the presence of C1 (48.3 mg L�1) caused about 75% reduction
of TOC, whereas only 10% TOC reduction was observed aer
one hour of treatment of MO by KPS alone (1 g L�1). Thus, the
signicant reduction in the TOC revealed the ability of KPS and
C1 to effectively degrade and mineralize MO.

Earlier, Haines et al. reported that the reaction between
nickel(II) azamacrocyclic complex and ammonium persulphate
rapidly generated sulphate radicals and a trivalent nickel
290 nm species via an ion-pair mechanism (reaction (1)–(3)).22,23

The sulphate radical is non-selective and a highly reactive
oxidant. It has been shown that the sulphate radical can oxidise
a wide variety of organic pollutants (reaction (4)) such as
dyes,13,14,16 antibiotics,17 pesticides,18 cyanobacterial toxins,19,20,49

as well as microbial pollutants14,15 and toxic metal ions.50

Additionally, sulphate radical also reacts with water in acidic
and neutral conditions to produce hydroxyl radical, which has
the potential to oxidise organic substrates (reaction (5)).11,13,21

The rate of degradation of MO by KPS and C1 was retarded in
the presence of radical scavengers such as tertiary butyl alcohol
and ethanol (Fig. 3 and Table 3), indicating that both sulphate
and hydroxyl radicals are involved in the degradation of MO.
Similar results were reported for the activation of persulphate
using metal ions (Fe2+, Fe3+ and Ag+) for the degradation of
halocarbon.11

Degradation of MO was also observed for the solution that
has C1 predominantly as trivalent nickel 290 nm species in the
presence of KPS (Fig. S5†). Moreover, it was determined by
iodometric titration that about 21% (0.21 g L�1) of KPS was
consumed for the degradation of MO (20 mg L�1) by KPS
(1 g L�1) in the presence of C1 (48.3 mg L�1) (within 10 min),
whereas only 4% (0.04 g L�1) of KPS was consumed for the
reaction between MO (20 mg L�1) and KPS (1 g L�1) without C1
(aer 60 min of reaction). These results indicate that the triva-
lent nickel 290 nm species oxidised MO (reaction (7)) and
reduced to the divalent state. The resulting divalent C1 could be
oxidised by KPS (reaction (1)–(3)), leading to higher consump-
tion of KPS (more than the stoichiometric amount of C1), as
revealed by titration experiments.

Earlier it was shown that trivalent nickel complexes could
oxidise organic substrates (reaction (7)).13,51,52 All the above
results highlight that C1 has the ability to activate persulphate
and cause the degradation of MO, as proposed in the reactions
(1)–(7).

Although homogeneous C1 activated KPS and degraded MO,
it is important to recover C1 from the solution and reuse. The
results on the adsorptive recovery and reuse of C1 using
adsorbents for water remediation,29–34 such as AC and Am, are
presented below.

Recovery and reuse of C1 using adsorbents

Adsorption of C1 onto AC and Am adsorbents were determined
to follow the Freundlich adsorption isotherm model (Fig. 4 and

Table 2 Proposed degradation intermediates of MO

Min (RT) Mol. Wt Proposed structure

11.6 157

12.5 200

13.66 240

13.7 290
Fig. 3 Effect of radical scavengers on the rate of degradation of MO by
KPS and C1. [C1] ¼ 100 mM; [KPS] ¼ 1 g L�1; [MO] ¼ 50 mg L�1; [TBA] ¼
0.5 M; [ethanol] ¼ 0.5 M.
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S6†), and their adsorptivity parameters are tabulated (Table 4
and S1†). AAS results revealed the absence of C1 in water (not
detectable, and less than 1 mg L�1) aer the recovery of C1
using adsorbents. Thus, AC and Am are useful for adsorptive
recovery of C1 in the presence of persulphate, in which C1
existed as trivalent nickel 290 nm species (Fig. 2A and S5†), as
well as for the recovery of C1 with nickel in divalent state in the
absence of persulphate.

The X-ray photoelectron spectrum of C1 adsorbed onto AC
(C1–AC) showed peaks at 400.3 eV and 855.9 eV that correspond
to the binding energy of nitrogen (N1s) atom and divalent nickel
atom of C1 (Ni2p3/2), respectively (Fig. 5).53–59 C1 adsorbed onto
Am (C1–Am) also showed similar peaks (Fig. S7†). The ability of
solid C1–AC and C1–Am to activate persulphate and degrade
MO was investigated, and the results are presented below.

MO (30 mg L�1) was rapidly degraded by KPS (1 g L�1) in the
presence of C1–AC (0.3 g L�1, 16% loaded C1) within 10 min
(Fig. 6 A). On the other hand, the degradation of MO (30mg L�1)
by KPS (1 g L�1) in the presence of AC (0.3 g L�1 of bare AC
without C1) was incomplete even aer 60 min of treatment
(Fig. 6A).

Further, the adsorption of MO (30 mg L�1) onto C1–AC and
AC was determined to be�9 mg L�1 and 12 mg L�1, respectively
(Fig. 6A, Table S2†), revealing that the adsorptive removal of MO
by C1–AC and AC was incomplete.

It was observed that XPS of C1–AC treated with persulphate
showed additional peaks at 401.6 eV and 854.8 eV that corre-
spond to nitrogen (N1s) and trivalent nickel of C1 (Ni2p3/2)
(Fig. S8†), respectively.53–59 Moreover, the iodometric titration

Table 3 Degradation of MO by C1 activated KPS in the presence of
radical scavengersa

Scavenger
Pseudo-rst order
rate constant k (s�1)

TBA (0.5 M) 0.38 � 0.02
Ethanol (0.5 M) 0.47 � 0.01
None 1.96 � 0.07

a [C1] ¼ 100 (mg L�1); [KPS] ¼ 1 g L�1; [MO] ¼ 50 (mg L�1).

Fig. 4 Adsorption of C1 onto activated carbon without KPS (A) and
with KPS (B). Inset shows the non-linear fitting for the Freundlich
adsorption isotherm.

Table 4 Freundlich adsorption isotherm parameters for the adsorp-
tion of C1 onto Amberlite and activated carbon in the presence and
absence of KPS

Freundlich adsorption isotherm

Adsorbent Adsorbate KF 1/n qm R2

Am C1a 2.27 0.20 6.1 0.989
AC C1a 30.37 0.20 75.8 0.981
Am C1b 8.61 0.33 106.9 0.979
AC C1b 24.06 0.36 375.6 0.964

a C1 in presence of KPS. b C1 in absence of KPS; [C1]0 ¼ 2.06 g L�1 for
Am and AC. KF ¼ Freundlich constant indicative of equilibrium
adsorption capacity of the adsorbent ([mg1�(1/n) L1/n] g�1); 1/n ¼
Freundlich constant indicative of intensity of adsorption; qm ¼
Freundlich maximum adsorption capacity (mg g�1). R2 ¼ correlation
coefficient.

Fig. 5 XPS of C1–AC showing (A) N1s and (B) Ni2p3/2 peaks.
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results, as discussed earlier, also revealed a higher consump-
tion of persulphate (than the stoichiometric amount of C1)
during the degradation of MO. All the above results, i.e. both the
XPS and the iodometric titration results, reveal the redox reac-
tion between C1 in solid form and KPS. C1–AC was reused ve
times to activate persulphate and degrade MO, in which almost
the complete degradation of MO was observed for the rst three
reuse runs without signicant loss of C1 from C1–AC (less than
�1 mg L�1 in each reuse run) (Fig. 6B). At fourth and h reuse
runs, MO degradation was determined to be �80% and 60%,
respectively. Moreover, AAS analysis revealed that there was
about 10% (5.52 mg L�1) and 20% (9.7 mg L�1) leaching of
nickel from C1–AC into water at the fourth and h reuse runs,
respectively (Fig. 6B and S9†). The reusability of C1–AC was also
observed for the degradation of MO carried out in simulated
natural water (Fig. S10†). All the above results reveal that AC is
useful to recover C1 and reuse C1 as solid C1–AC.

Although C1 was effectively adsorbed onto Am, the solid
C1–Amwas not effective in activating persulphate and degrading
MO, unlike the solid C1–AC discussed above. It is proposed that
the electrostatic repulsion between the negatively charged Am
and persulphate anion is not favourable for their interaction to
activate the persulphate anion by the C1 adsorbed onto Am.

However, the adsorption of C1 onto Am was useful in
completely recovering the homogeneous C1 from the degraded
MO solution, as revealed by absorption and AAS results (Fig. 7,
black and magenta). Further, the recovered C1–Am was ion
exchanged using sodium chloride to obtain C1 (>85% (extrac-
ted) as determined from AAS), which was reused for MO
degradation (Fig. 7, red dotted line).

Almost similar results were also observed for the degrada-
tion of MO carried out in simulated natural water (Fig. S11†).
Thus, Am was useful in a metal complex activated persulphate
based AOP for adsorptive recovery of the complex, and for the
reuse of the complex in homogeneous form aer the ion
exchange process.

Conclusions

In summary, a homogeneous metal complex based persulphate
activator, C1, was recovered by adsorption onto AC and Am. C1
adsorbed onto AC (C1–AC) showed the ability to activate persul-
phate and degrade MO. Moreover, solid C1–AC was reused to
activate persulphate and degradeMOwithout signicant leaching
of nickel into the solution. Additionally, the recovered C1–Amwas
ion exchanged to obtain C1, which was reused for MO degrada-
tion. These results demonstrate the application of adsorbents to
recover and reuse a metal complex based persulphate activator.

Recovery and reuse of a metal complex based persulphate
activator is advantageous in persulphate based AOP for the
treatment of natural or ground water contaminated with recal-
citrant pollutants from industries and other sources. The study
draws attention to the application of adsorbents in metal
complexes that can activate persulphate based AOP for the
removal of metal based persulphate activators from water aer
the treatment, preventing the entry of metal ions into water
bodies. Moreover, the study highlights the recyclability of an
effective metal complex based persulphate activator using
versatile adsorbents.
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