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Abstract 

The safe removal of hexavalent chromium (Cr6+) from waste streams is in 

increasing demand because of environmental, economic and health considerations. The 

integrated adsorption and bio-reduction method can eliminate the carcinogenic Cr6+ and 

detoxify Cr6+ to the less toxic trivalent state (Cr3+). This work describes a synthetic 

protocol for achieving the best chemical composition of spherical and flower-like 

manganese ferrite (MnxFe3-xO4) nanostructures (NS) for Cr6+ adsorption. NS, with the 

highest adsorption performance, was selected to study its efficiency in the extracellular 

reduction of Cr6+ to Cr3+ by Shewanella oneidensis (S. oneidensis) MR-1. MnxFe3-xO4 NS 

were prepared by a polyol solvothermal synthesis process. They were characterised by 

powder X-Ray Diffraction, Transmission Electron Microscopy, X-ray Photoelectron 

Spectrometry (XPS), Dynamic Light Scattering and Fourier Transform-Infrared 

Spectroscopy. Inductively Coupled Plasma Atomic Emission Spectroscopy evaluated the 

elemental composition of MnxFe3-xO4 NS. Our results revealed that the oxidation state of 

the manganese precursor significantly affects the Cr6+ adsorption efficiency of MnxFe3-

xO4 NS. The best adsorption capacity for Cr6+ is 16.8 ± 1.6 mg Cr6+/g by the spherical 

Mn0.2
2+Fe2.8

3+O4 NPs at pH 7, which was 1.4 times higher than that by Mn0.8
3+Fe2.2

3+O4 

nanoflowers. A chemical redox reaction took place between the adsorbent surface of 

Mn0.2
2+Fe2.8

3+O4 NPs and Cr6+ solution as was approved by XPS. The redox-based 

interaction was attributed to the relative excess of divalent manganese in Mn0.2
2+Fe2.8

3+O4 

NPs based on our XPS analysis. The lethal concentration of Cr6+ for S. oneidensis MR-1 

was 60 mg/L. Mn0.2
2+Fe2.8

3+O4 NPs improved the viability of S. oneidensis MR-1 by 3.3 
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times at the sub-lethal dose of Cr6+ (50 mg/L). The addition of Mn0.2
2+Fe2.8

3+O4 NPs to S. 

oneidensis MR-1 enhanced Cr6+ bio-removal by 2.66 times compared to using bacteria 

alone and by 1.37 times of applying Mn0.2
2+Fe2.8

3+O4NPs. To gain insights into the 

enhancing impact of  Mn0.2
2+Fe2.8

3+O4 NPs on the microbial reduction of Cr6+ by S. 

oneidensis MR-1, the change of the morphology of S. oneidensis MR-1 cells in response 

to their treatment with a sub-lethal dose of Cr6+ was monitored using Scanning Electron 

Microscopy. The oxidation state of Cr was studied using XPS, which revealed that 

integrating both S. oneidensis MR-1 and Mn0.2
2+Fe2.8

3+O4NPs boosted the detoxification of 

the removed Cr6+ by 2.1 times by using S. oneidensis MR-1 alone and by 1.4 times by 

applying Mn0.2
2+Fe2.8

3+O4NPs alone. This has opened up a new route for research using 

nanomaterials for enhancing the bio-reduction of more Cr6+ using bacteria. This work 

provides a cost-effective method for Cr6+ removal with less Cr-containing sludge. 
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Impact statement 

The carcinogenic hexavalent chromium (Cr6+) can leak from industrial effluents 

into the surface and groundwater. Also, mining activities are reasons for the 

contamination of water resources and soil. Such pollution occurs because of improper 

waste management and causes severe problems in developing countries. The 

contamination of drinking and irrigation water supplies by Cr6+ has been a leading cause 

of death for several years.   

The present work aims to use manganese ferrite (MnxFe3-xO4) nanostructures (NS) 

to enhance the bio-detoxification of Cr6+ to a less toxic trivalent state (Cr3+). S. oneidensis 

MR-1 bacteria are selected for the bio-reduction of Cr6+. The contribution of this research 

was the evidence for the impact of chemical composition (doping level and oxidation 

state of Mn) and synthesis conditions (temperature and time) of MnxFe3-xO4 NS on the 

adsorption capacity of NS for Cr6+.  

The output of this study is crucial not only for finding the chemical composition  

of NS that showed the highest adsorption capacity for Cr6+ but also for minimising the 

doping level in MnxFe3-xO4 NS and identifying the best synthesis conditions will decrease 

the cost of NS production.  

In this thesis, the integrated adsorption bio-reduction method improved the 

recovery of Cr6+ from water 2.66 times by using bacteria alone. Integrating both S. 

oneidensis MR-1 and nanoparticles boosted the detoxification of the removed Cr6+ by 2.1 

times by using S. oneidensis MR-1 alone and by 1.4 NS alone. The present findings will 
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highlight the opportunities for research using nanomaterials for boosting the bio-

reduction of Cr6+ and other toxic heavy metals using bacteria. 

This integrated technology is easy to use, cost-effective, and accessible for low- 

and middle-income countries. Most Cr-based industries, such as steel, metallurgy, 

plating, battery and tanning, are localised in developing countries. In emerging 

economies, the locations of some such high-polluting factories are very near the farms. 

Combining adsorption and bio-reduction can offer a potential method for managing Cr6+ 

removal from contaminated industrial effluents and sites where access to innovative 

technology, water or electric supplies is limited.  

The remediation of the Cr-containing industrial effluents and the highly 

contaminated area around the mining sites create an opportunity for reusing the detoxified 

Cr as recycled resources. The treated water can be re-circulated in the same industry to 

save surface water. The productivity of crops, either quality or quantity, will be improved 

due to the limited concentration of heavy metals in irrigation water. More job 

opportunities will be created, which will have a positive effect on the national income 

and economy. 

The findings in this PhD project provided a promising solution for an easy, fast 

and cheap technique for safely removing Cr6+ from wastewater by combining adsorption 

and bio-reduction. Onsite treatment of industrial effluents created an opportunity for 

reusing the treated wastewater in the same plant. Recycling the resources will reduce the 

consumption of surface water and the cost of manufacturing and stop the leakage of Cr6+ 

into the environment.1   
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Preventing the outflow of pollutants from the industry into the environment 

reduces the risk of contaminating the soil, surface and underground water bodies with 

Cr6+. Hence, the limited exposure of agriculture, farms, animals and humans to Cr6+ will 

reduce the pollution and health problems caused by Cr6+. The presented approach allows 

for opportunities to impregnate waste with certain bacteria to improve bioremediation.    

The practicality and cost-effectiveness of integrating nano-scaled materials and 

biological treatment for wastewater remediation attract attention. Furthermore, applying 

integrated adsorption and bio-reduction shows potential for removing heavy metals from 

many industries. This perspective will progressively affect productivity and the economy 

due to saving people healthcare and resources such as water, energy, and metals. The 

overall outcomes of this research will be published in peer-reviewed journals and 

presented as posters at conferences.  
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Chapter 1. Introduction  

  The contamination of air, soil and water by heavy metals is a hazard to human 

health and the environment. Any metallic element with a density greater than 5 g/cm3 is 

described as heavy metal. They show toxicity even at low concentrations.2 The threat of 

heavy metals was attributed to being non-degradable.3 

Among many heavy metals, chromium (Cr) is a common environmental pollutant 

in several industries. The toxicity of Cr to humans depends on its oxidation state.2–5 World 

Health Organization (WHO) reported that occupational respiratory carcinogens, 

including hexavalent chromium (Cr6+), had impacted 0.1 million deaths globally.6 The 

leaking of Cr6+ into irrigating water can damage crop yield.2,3 Due to the hazards 

mentioned above of Cr6+, developing cost-effective methods for removing such heavy 

metals from water is an urgent need, mainly because of the global water and food shortage 

crisis. Integrating adsorption and bio-reduction is a promising way for Cr6+ removal.7–11 

Therefore, the present PhD aims to enhance the microbial reduction of Cr6+ to a less toxic 

trivalent form (Cr3+) using nano-adsorbents. 

1.1  Economic and health considerations of Cr6+  

Cr is ranked as the twenty-first most abundant element and is found as chromite.2 

According to the United States Geological Survey, the total worldwide mine production 

volume of Cr is 41 million metric tons in 2022.12 The leading producers of Cr are South 

Africa (18 million metric tons), Kazakhstan and Turkey (7 million metric tons), India (3 
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million metric tons), and Finland (2.3 million metric ton), while all other countries 

produced only 4.4 million metric ton.12 

1.1.1 The oxidation states of Cr  

Cr, as a chemical element of atomic number 24, has the electron configuration 

[Ar] 3d5 4s1.3 Cr has two common stable oxidation states, the highly toxic 

carcinogenic Cr6+ and less toxic and insoluble trivalent (Cr3+) of electron configuration 

[Ar] 3d3 4s0. The solubility of Cr6+ is higher than Cr3+, and it is commonly present in 

nature as oxyanion as chromates or di-chromates, which is analogous to the structure 

sulfate and phosphate. This structural similarity facilitates its absorption by biological 

cells and increases its toxicity.2 The natural oxidants may convert Cr3+ to Cr6+.2,3 The 

zero-valent Cr (Cr0) is used in iron alloys as stainless steel. The divalent (Cr2+) form of 

an electron configuration [Ar] 3d4 4s0, can be easily oxidised into Cr3+.2 The oxidation 

states of 1+, 2+ and 5+ Cr are rare.2  

1.1.2 Environmental and health hazards of Cr6+ 

In 2019, the Agency for Toxic Substances and Disease Registry (ATSDR) 

considered Cr the 17th on the substance priority list.13 The danger of Cr to human health 

and plants depends on its oxidation state and its concentrations. For example, a 

concentration ≥ 0.2 mg/mL of Cr6+ can cause DNA damage, but Cr3+ at ≥1.0 mg/mL can 

do such nucleic acid impairment.3,14 Because Cr6+ is a carcinogenic contaminant, it will 

be the principal focus of the following sections.    
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A. Human health 

Cr6+ can cause liver damage, ulcer, pulmonary congestion,15 neurotoxicities,16 

skin irritation15 and cancer.5 The International Agency for Research on Cancer (IARC) 

has ranked Cr as No.1 carcinogen.17 Cr6+ enters the cell and is reduced by ascorbate, 

glutathione, and cysteine to Cr5+, Cr4+, and Cr3+. Because of the weak membrane 

permeability capacity, Cr3+ cannot cross the cell membrane, entrapping it within the cell. 

But Cr3+ can cause many pf genetic problems. Both Cr5+ and Cr4+ are highly reactive and 

cause oxidative stress and cytotoxicity.2 

B. Animal Health 

The toxicity of Cr to animals depends on its oxidation state18 and concentration.19 

Cr3+ activates insulin receptors and improves farm animal productivity.18 Cr6+ damages 

the kidney, liver, and gastrointestinal tract of chickens.20 Exposure to high concentrations 

of waterborne Cr6+ decreases the growth rate and quality of fish; however, the low 

concentration of Cr6+ improves the productivity of fish.19  

C. Plants and Agriculture 

 Terrestrial plants such as cereals, pulses, vegetables, forages, and trees were 

affected by both Cr3+ and Cr6+, also Cr6+ damages aquatic plants.2,21 The toxicity 

symptoms of Cr in plants include inhibition of germination besides the growth of roots 

and seedlings.2,21 Some plants were hyper-accumulators and tolerant of Cr.2,21 Still, these 

plants should be highly concerned about avoiding the food chain contamination for 

humans and animals by eating these crops directly or indirectly as animal feed.2  
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1.1.3 Exposure limits for Cr6+  

In the European Union (EU), around 900 k workers are exposed to Cr6+ at work. 

U.S. Environmental Protection Agency (EPA) reported the permissible limit of Cr6+ in 

drinking water to be 0.05 mg/L, supported by WHO guidelines.22,23 Directive EU 

2017/2398 defined the Occupational Exposure Limits for the ambient air concentration 

of Cr6+ to 0.005 mg/m3,24 while 0.025 mg/m3 of Cr6+  in welding, plasma-cutting or similar 

processes applies until January 2025.  

However, soil, water, and the air around tannery industries, mining, disposed of 

chromite ore processing residue (COPR) and metallurgy sites have exceeded the limits of 

Cr6+.25 In 2019, the concentration of Cr in the River Clyde catchment, within some areas 

in the city of Glasgow, is 0.05 mg/L to 0.971 mg/L,26 which is higher than the 

international exposure limits.22,23  The source of Cr in Glasgow is the disposed of COPR 

for Cr works over 1830–1968.26 The concentration of Cr6+ in tannery effluents in Egypt 

was quantified as 788 ± 3.5 mg/L.27 Untreated effluents from some industries are released 

into rivers, polluting the irrigating and drinking water.25 

1.1.4 Sources of Cr6+ pollution  

A. Industrial wastes  

The release of Cr in the environment was attributed to mining activities,28 

leakages from industrial sites and improper waste treatment associated with industrial 

processes.29 Cr is a common environmental pollutant from several industries such as 

wood preservation,30 leather tanning,31 steel production,32,33 wool dyeing,34 painting,35 
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refractories,33 lasers,36 and electroplating,37 among others. Leaking of Cr6+ from petrol 

stations,38 filling materials of wastewater treatment pipelines,38 residues of fertilisers 

and pesticides38 and dispersed fly ash of coal used in some thermal power stations.39 The 

residues of incinerated Cr-containing waste and Cr-comprising ash40 were listed as a 

hazardous source of the heavy metal contaminants.41,42 

B. End-of-life products  

Unwanted, used products such as wood,30 leather,43,44 electronic wastes45 and 

other products are introduced as an additional source for Cr leakage in the 

environment.30,43–45 Construction and demolition wood can be used in power generation, 

but the metal content in wood, such as arsenic and Cr, limits its recycling.30 Disposing of 

end-of-life Cr-tanned leather products is often done by incineration or landfill due to the 

presence of Cr.43,44 The global production of electronic left-over is 57.4 million metric 

tons annually.46  Around 60.2% of the electronic wastes were metallic contents which 

involved Cr.46 In the recycling sites of electronic wastes, the concentration of Cr in the 

breast milk of breastfeeding women was 16 times higher than those of residents in 

unpolluted areas.47 Higher levels of blood Cr were found in children from the electronic 

waste-polluted regions.47  

C. Geogenic sources  

Various Cr-bearing minerals release natural Cr into the surroundings.29,38 

However, Egypt was not listed among the top five Cr-producing countries,12 

groundwater38 and River Nile water48 were reported to be contaminated by Cr.48 The total 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/residual-pesticide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cogeneration
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Cr was quantified to be 0.26 mg/L,38 which was 5.2 times the recommended limits by 

EPA and WHO,22,23 while the concentration of Cr6+ only ranged from 0.012 to 

0.058 mg/L.38 The sources of Cr were suggested to be desert sites rich in Cr, petrol 

stations and wastewater treatment plants.38 In Sarigkiol (a Greek City),  Cr6+ was 

quantified in the groundwater as 0.12 mg/L.39 The source of such Cr was suggested to be 

due to rocks,39,49 and dispersed fly ash from power plants.39 So, water-rock interaction 

was assumed to be a source of underground water contamination and other human-made 

polluting activities.38,39 

1.1.5 Methods for safe removal of Cr6+ 

Safe removal of Cr6+ from water and wastewater should involve the recovery 

(elimination) step and detoxification (reduction into Cr3+ as a less toxic form). Various 

technologies have been developed to tackle the presence of Cr6+. Some common 

technologies are outlined below, which can be grouped into physical, chemical and 

biological styles.  

A. Physical and chemical methods for Cr+6 removal  

There are several methods for removing Cr+6 from wastewater based on physical 

separation, such as membranes50 or using chemicals for coagulation.51 Also, 

photocatalysis,52 electrochemical treatment,51 adsorption53,54 showed high efficiency in 

Cr6+ remediation. Physical and chemical methods are described as simple, fast, and 

efficient for metal elimination. Still, both suffer from increased energy and raw materials 

consumption, which leads to increased treatment costs and low treatment efficiency.55 
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Besides, the chemical method is not applicable for removing low concentrations of Cr6+ 

from the wastewater, and using high-concentration chemicals will cause secondary 

waste.56,57 

B. Bio-remediation of Cr+6  

Biological methods for removing Cr6+ benefit from the natural process of the 

growing living organisms at the treatment site.57 Some plants accumulated Cr in their 

roots, poorly translocated to aerial parts. However, the efficiency of Phyto-remediation 

of Cr, the time required for harvesting plants to recover Cr from roots and re-growing 

plants again restricted their usage for Cr recovery from contaminated industrial 

effluents.21 Some living organisms can survive in places with relatively severe heavy 

metal pollution, such as tanning sewage58 and coal mine effluents.3,59,60 These 

microorganisms can be isolated to detoxify such environmental pollutants. Using bacteria 

for bio-remediation was preferred due to their efficiency and their short lifetime.3,58–60  

1.2 Microbial reduction of Cr6+ using Shewanella oneidensis MR-1 

Cr-resistant bacteria have been reported to detoxify Cr6+ to less toxic Cr3+. 

According to the chemical properties of the bacterial cell wall, Gram stain can classify 

bacteria into two major groups, Gram-positive and negative. Some bacteria, such as 

Mycobacterium tuberculosis, do not respond to Gram stains.61   

Gram-positive bacteria achieve high Cr sorption mainly due to the high content 

of anionic polymers in cell walls.3 Bacillus species, as Gram-positive bacteria, are among 
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Cr-resistant bacteria.3 Gram-negative bacteria are resistant to Cr, such as Pseudomonas 

aeruginosa, Geobacter sulfurreducens, Serratia marescens, S. oneidensis MR-1, 

Alcaligenes faecal and Klebsiella oxytoca.62 The lipopolysaccharide in Gram-negative 

bacteria facilitates binding Cr with the cell surface.62  

The bio-safety of bacteria is an essential criterion for selecting biological agents 

for technology. P. aeruginosa showed resistance to Cr6+, but they are not favoured for 

biotechnology due to pathogenicity.63 So, S. oneidensis MR-1 was selected for the present 

study as Gram-negative metal-reducing bacteria,9,64–67 because of the reasons discussed 

below.  

1.2.1 Non-pathogenicity and bio-safety 

All Shewanella genus species belong to the family Shewanellaceae,68 which was 

recognised for the first in 2004.  Shewanella genus involved Gram-negative, motile with 

a polar flagellum and rod-shaped with positive oxidase and catalase reaction.68,69 This 

genus involved pathogenic bacteria such as S. algae,69 while S. oneidensis MR-1 bacteria 

were non-pathogenic species.70 So, S. oneidensis MR-1 bacteria were recommended for 

many biotechnological applications.  

1.2.2 Simple growth conditions of S. oneidensis MR-1  

S. oneidensis MR-1 are facultative anaerobic bacteria. They can survive and grow 

under aerobic and anaerobic conditions. As a bacterial genus, Shewanella approved its 

ability to respire oxygen71 and other inorganic and organic materials under anaerobic 

conditions. Because of the less positive redox potentials of these terminal electron 
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acceptors compared to oxygen, the energy gain for the organisms and microbial growth 

rate is usually considerably lower than aerobic respiration.72 

1.2.3 Bacterial tolerance to a high concentration of Cr6+  

The isolated microorganisms from highly contaminated media expressed 

tolerance to pollutants.58 S. oneidensis MR-1 can respire Cr6+ at a concentration of 20 

mg/L under anaerobic conditions.9 The minimum inhibition concentration of Cr6+ to 

Shewanella was reported to be 65 mg/L.73 While the anaerobic ammonium oxidation 

process could tolerate 2 mg/L of Cr+6 after acclimation, 5 mg/L stress significantly 

inhibited anaerobic ammonium oxidation bacterial activity.74 The capability of S. 

oneidensis MR-1 to resist Cr+6 was attributed to the contribution of different mechanisms 

to this function. The chromate efflux pump in S. oneidensis MR-1 extrudes Cr6+ from the 

cell cytoplasm.75 The reduction of the highly soluble Cr6+  into less soluble Cr3+ either 

outside the cell67 or inside the cell.66 

1.2.4 Versatile sites for the detoxification of Cr6+ using S. oneidensis MR-1 

The reduction of the highly soluble Cr6+  into less soluble Cr3+ either outside the 

cell67 or inside the cell.66 

A. Intracellular reduction of Cr6+ 

Inside the cells, S. oneidensis MR-1 can reduce Cr6+ to Cr3+ under aerobic76 and 

anaerobic conditions,76–80 but the mechanism is slightly different.76 The redox potential 

of Cr6+ (1.33 V vs Standard Hydrogen Electrode, SHE) has been reported to be slightly 
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higher than the redox potential of oxygen (1.23 V).81  Under anaerobic conditions, Cr6+ is 

a favourable electron acceptor for bacteria in respiration as bacteria gain energy.81 But, a 

possible competition between oxygen and Cr6+ as electron acceptors in cells in the process 

of bacterial respiration affected the microbial detoxification of Cr6+.66 

Nicotinamide Adenine Dinucleotide (NADH) and Nicotinamide Adenine 

Dinucleotide Phosphate (NAD(P)H) can be the electron donors for the reduction of Cr6+ 

to Cr3+ inside the cell. The intercellular detoxification of Cr6+ can produce Cr5+ (an active 

intermediate) and then be reduced to Cr3+ as a stable final product66  or regenerated to 

Cr6+ by dioxygen.75 Reactive Oxygen Species (ROS)75 are produced, and the 

concentration of Cr6+ is unchanged. In addition, ROS has a lethal effect on the viability 

of bacteria, affecting their activity.66 Cr3+, as the final product of Cr6+ reduction, can cause 

lethal impacts on DNA and proteins by interacting with carboxyl, phosphate, and thiol 

groups.82   

B. Extracellular reduction of Cr6+ by S. oneidensis MR-1  

The ability of Shewanella sp. to do extracellular respiration was facilitated by the 

metal-reducing (mtr) respiratory pathway.83  The route of extracellular electron transfer 

started from the oxidation of the organic matter as electron sources via the catabolic 

pathway and then the transport of electrons to the outer membrane,83 as described below.    

1. Electron source  

Electron donors played a critical role in the extracellular respiration of Cr6+  or 

any other terminal electron acceptor by bacteria.84 S. oneidensis MR-1 favoured using 
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low-molecular-weight salts of organic acids for growth such three carnon, C-3 materials 

as lactate (CH₃CHCOO-),85,87 pyruvate (CH₃COCOO-)86 and two-carbon compounds like 

acetate (CH3COO-),88,89 one-carbon, C-1 unit like formate as sources of carbon and 

energy.90  For Cr6+ bio-reduction, S. oneidensis MR-1 used sodium lactate as a carbon 

source for most studies in the presence or absence of oxygen.66,91–93 Under aerobic and 

anaerobic respiratory conditions, S. oneidensis MR-1 can oxidise lactate to pyruvate 

using Lactate Dehydrogenase enzymes.85,87   

2. Central carbon metabolism pathway  

The pyruvate is metabolised by pyruvate dehydrogenase or pyruvate formate-

lyase, as summarised by Kouzuma.94 Under aerobic conditions, pyruvate oxidation by 

pyruvate dehydrogenase in the presence of NAD+ produces acetyl coenzyme A (acetyl-

CoA), carbon dioxide (CO2), and NADH.86 The resulting NADH was oxidised back to 

NAD+ by NADH dehydrogenase combined with the reduction of quinones into quinol. 

Acetyl-CoA was completely oxidised into CO2 and generated NADH following a 

complete tricarboxylic acid (TCA) cycle.95  

Under anaerobic conditions, pyruvate formate-lyase oxidised pyruvate into 

acetyl-CoA and formate.86 Formate was oxidised to CO2 by formate dehydrogenase 

acting with quinones.90 The anaerobic conditions repressed TCA cycle. The 

phosphotransacetylase-acetate kinase pathway synthesises acetate from acetyl-CoA.96 

One molecule of Adenosine triphosphate (ATP) is generated, and one molecule of acetate 

by substrate-level phosphorylation is released. Some genes involved in the TCA cycle are 

missed in  S. oneidensis MR-1. Encoding genes for 2-oxoglutarate dehydrogenase 
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complex are not adequately expressed in S. oneidensis MR-1 under anaerobic 

conditions.95,97,98  S. oneidensis MR-1 oxidise one lactate molecule without using the 

TCA cycle to acetyl-CoA, and one formate molecule is released.  

3. Electron transport to the outer membrane    

Respiratory electrons enter the quinone pool in the inner membrane.99 via NADH 

or formate oxidation, as reviewed by Beblawy et al.94 Quinone was reduced by electrons 

to quinol on the inner membrane. Cytoplasmic membrane-anchored tetraheme c-type 

cytochrome (CymA) received electrons from the menaquinone pool.94  

Shewanella species used metal-reducing (mtr) proteins to transmit electrons from 

the cell to its outside. Such mtr proteins involve mtr C, A and B complex 

(mtrCAB),100 mtr F, E and D complex (mtrFED),101 dimethyl sulfoxide (DMSO) 

reductase system (dmsEFA)102 and the SO4359–SO4360 system.101 Electrons transfer 

within the periplasm in S. oneidensis MR-1 via periplasmic electron carriers (PECs). 

Both mtrA and mtrD are used by S. oneidensis MR-1 to reduce metals and flavin.83 The 

act of the third PEC and dmsE proteins reduce DMSO as a terminal electron acceptor. 

The function of the fourth PEC gene (SO4360) was not revealed to date.83 A direct 

interaction between PECs and outer-membrane cytochrome, including mtrC and OmcA, 

is facilitated by mtrB, an outer membrane β-barrel protein.99,103,104  

4. Extracellular electron transfer 

For the electron flux across the outer membrane of S. oneidensis MR-1, mtrC and 

OmcA directly participate in electron transfer to extracellular minerals or extracellular 



 

 

46 

electron shuttles.99,103,104  The outer-membrane cytochrome protein mtrF was involved in 

the direct electron transfer pathways to insoluble terminal electron acceptor and soluble 

flavin electron shuttles.105  

1.2.5 Multiple mechanisms for Cr6+ reduction by S. oneidensis MR-1  

In S. oneidensis MR-1, the electron transfer across the outer membrane can occur 

either via direct electron transfer (DET) pathway, i.e. without using mediators, or 

mediated electron transfer (MET) which requires shuttles72,106 as will be described below.     

A. DET  

In the mechanism of DET, electron transfers from the electroactive cells to the 

terminal electron acceptor using direct physical contact with the bacterial cell membrane. 

The presence of Cr3+ particles on the cell surface of S. oneidensis MR-1 could have 

resulted from bio-reduction91 via the DET mechanism. S. oneidensis MR-1 can develop 

outer membrane and periplasmic extensions, including the multiheme cytochromes called 

nanowires.107,108 This organelle allows microbes to reach and use a distant solid anode 

surface or highly soluble terminal electron acceptor such as Cr6+.67,107 Nanowire also 

contains the MtrABC complex, via which electrons transfer to a terminal electron 

acceptor.107   

B. MET   

MET mechanisms represented a pathway linking microbial metabolism to the 

terminal electron acceptors. Microbial cells can use redox species as electron mediators 
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to shuttle electrons outside the cell in the case of limited electron acceptors due to poor 

diffusion. The mediator acts as a reversible electron acceptor. They can be reduced to 

deliver electrons from the bacterial cell to an insoluble oxidant, solid substrate or aerobic 

biofilm layers. So, the mediators are re-oxidised by losing the electron and regenerated 

for subsequent redox processes. The redox mediators effectively enable the transfer of 

electrons and increase the efficiency of respiration.109   

These mediators can be exogenous electron shuttling compounds like humic 

acids, iron oxides, or metal chelates. Bacteria also can produce low-molecular 

(endogenous redox mediators) electron shuttling compounds. Bacterial phenazines like 

pyocyanine and flavins are examples of endogenous redox mediators that are produced 

via secondary metabolic pathways to be involved in extracellular electron transfer 

processes.81,109,110  

1.2.6 Limitations for using S. oneidensis MR-1 to detoxify Cr6+ 

Some limitations were reported that can impede using S. oneidensis MR-1 for Cr6+ 

removal. In the present project, the gaps among the tolerable dose of Cr6+ by bacteria, the 

highest concentration of Cr6+ that can be bio-detoxified, and the total concentration of 

Cr3+/6+ in the effluents are the main focus.  

A. Toxicity of Cr6+ to S. oneidensis MR-1 

The lethal effect of Cr6+ on microbes during respiration9,78,82,111–113 was 

considered a potential limitation for the bio-remediation of Cr6+.82 The minimum 
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inhibitory concentration (MIC) of Cr6+, the lowest concentration of Cr6+ that can stop the 

visible growth of bacteria, was reported to be ~ 42-65 mg/L for S. oneidensis MR-1.73,82  

Cr6+ was suggested to cause mutations that affected growth or non-reversible 

interaction with proteins that inhibited growth.82 The impact of Cr6+ on S. oneidensis MR-

1 bacterial cell morphology and colonies was imaged.9,78,82,91 After reacting S. oneidensis 

MR-1 cells with Cr6+, bacterial cells' size decreased with a shrunken-surface shape,78 cell 

membranes were damaged,9 and cracks were formed.78 Exposing S. oneidensis MR-1 to 

10 mg/L Cr+6 showed 104-6 fold decreases in the plate count viability.82 The loss in 

viability of S. oneidensis MR-1 after Cr6+ treatment was suggested to be because of the 

intracellular effects of Cr6+.82 

B. Low efficiency of Cr6+ bio-reduction by S. oneidensis MR-1  

The initial Cr6+ concentration had an inverse relationship with its reduction by S. 

oneidensis MR-1.66,78,114 This strain alone can reduce 26-78 % of 20 mg/L Cr6+  into Cr3+ 

within 8 h,78–80 which is much lower than what can be detoxified by physical and chemical 

materials.58  

C. High concentration of Cr3+/6+ in industrial effluents  

The concentration of Cr3+/6+ in industrial effluents may be reached 1000-1500 

mg/L, as was reviewed by Mpofu et al.115 Only 42-65 mg/L Cr6+ can stop the growth of 

S. oneidensis MR-1.73,82 The optimal concentration of Cr6+ bio-reduction by S. oneidensis 

MR-1 is 20 mg/L78–80,82 which is half of MIC value of Cr6+. So, bio-remediation needs to 

be improved for the detoxification of heavy metals.    
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1.3 Strategies for enhancing Cr6+ Bio-reduction by Shewanella   

The cytotoxicity of Cr6+ to Shewanella is the major limitation of using such metal-

reducing bacteria as whole cells for its bio-detoxification. Therefore, enhancing the 

bacterial tolerance to Cr6+ was considered an effective way to improve the reduction of 

Cr6+. Several methods can improve the viability of biomass and enhance the activity of 

bio-reductions65,67,124–126,116–123 as follows.     

1.3.1 Biomass-related strategies  

A. Biofilm development  

Microbial biofilms were defined as attached microorganisms to a solid surface 

and embedded within slimy extracellular polymeric substances (EPS).127 Such microbial 

structure can boost the resistance of microbial cells to the toxicity of heavy metals by 

stopping the spread of pollutants. In addition, EPS can protect the growth of 

microorganisms. More EPS production was stimulated during the early growth stage of 

biofilm in response to Cr6+. EPS removed over 60% of the total adsorbed Cr6+.122 

However, the dose-dependent toxicity of Cr6+ to the bacterial growth restricts using 

bacteria for Cr remediation even in the biofilm stage.122 Using a high biomass 

concentration to overcome the toxicity of Cr6+ produced Cr3+ and Cr6+ contaminated 

sludge, which increased the amount of landfill.31 
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B. Encapsulation of bacterial cells   

Encapsulating bacteria within dopamine118 and alginate123  polymers improved 

the bio-reduction of Cr6+ removal 3-3.7 times higher than free cells.118,123 However, the 

toxic effect of solvents and chemicals used in polymerisation was a limiting factor for 

this technique. Besides that, the encapsulation may affect the encapsulant's internal 

environment.119 

C. Genetic engineering of cells   

Enhancing the extracellular bio-reduction of Cr6+ by genetic engineering of 

Shewanella was also reported.120,124–126  The engineered strain showed 3 folds120 and 5.5 

folds124 higher Cr6+reduction efficiency. The lack of effective synthetic biology tools 

restricted the practical applications of engineered microbes.120 In addition, genetic-based 

enhancement was reported to impair metabolism and cellular growth because of the 

competition for limited cellular resources.124 

D. Long-term adaptation of biomass  

Culturing microbial consortia with a gradual increase in the concentration of 

pollutants can enhance their tolerance to and interaction with pollutants. Such a strategy 

was designated as the acclimation process. S. oneidensis MR-1 was acclimated for 120 

days by increasing the concentration of Cr6+ from 10 to 190 mg/L. The bacterium survived 

in the highly toxic Cr6+ environment because of the enhanced capability to reduce Cr6+ 

and the increased cell membrane surface. Although applying acclimatisation improves 

bacterial productivity in environmental biotechnology, it needs a long time, which 
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reaches 120 days.65,116 In addition, it remains uncertain how microorganisms gain 

tolerance to high concentrations of pollutants, which was risky to develop resistant 

bacteria.65,116 

1.3.2 Microbial Fuel Cells (MFCs) 

MFCs are bio-electrochemical systems used for electricity production and waste 

treatment. The most common design for MFCs comprises two chambers separated by an 

ion exchange membrane. Electrons are recovered from organic substrates via microbial 

biodegradation in the anodic chamber.128 These electrons transfer from the anode and 

flow to the cathode through an external circuit. In parallel, protons are produced at the 

anode chamber and migrate across a selective barrier (proton exchange membrane) to the 

cathode chamber, forming water or other chemicals.129 MFCs can be used for the 

detoxification of Cr6+ and the production of bio-energy from industrial effluents.64 The 

critical advantages of MFCs compared to conventional fuel cells are the mild operation 

conditions, including temperature and pH.106 

In MFCs, the ability of Shewanella species to detoxify Cr6+ and electricity 

production was reported.130 Shewanella, biocatalysts at the cathode of MFCs, could 

reduce Cr6+ at a concentration of 2.5 mg/L.130 S. oneidensis MR-1 was used in an anode 

chamber to oxidise molasses within the MFCs system. The released electrons were used 

to reduce 8 mg/L of Cr6+ solution at the cathode chamber into Cr3+.131 Mixed culture of 

S. decolorationis S12 and Klebsiella pneumoniae L17 can be used as an anode catalyst in 

MFCs. Here, Cr6+ can be reduced in an air–code dual-chamber, and hydrogen peroxide 

(H2O2) was electrogenerated at the cathode.132 The possibility of fouling in MFCs by the 
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biomass or reduced Cr species decreased the removal efficiency of Cr6+. The precipitated 

Cr species may also accumulate at the electrode surface after detoxification, resulting in 

a limited area for the reaction. Non-reducing bio-genic materials, such as inactive cells, 

dead biomass, cell debris, and biofilm matrices, restrict the active surface area at the 

electrode surface.130  

1.3.3 Pre-treatment of effluents  

Diluting the effluents by adding water could be a pre-treatment step to decrease 

the concentration of the heavy metals. In contrast, results showed increased 

bioavailability of Cr6+ and guided process inhibition.121 In addition, such a way would 

consume much more water and create a need to retreat water again. 

1.3.4 Chemical-assisted strategies 

A. Anti-oxidants  

Using ROS quenchers to protect S. oneidensis MR-1 from the oxidative stress of 

heavy metals was reported using hydrogen sulfide (H2S), either that bio-produced or 

added to the process. However, such acid was well known for its toxic and corrosive 

properties.133 Natural enzymes like catalase or superoxide dismutase can enhance the 

performance of biological-based methods. Their instability, cost, and difficult reusability 

limited their applications.134 
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B. Carbon-based NS 

Carbon can be a cost-effective conductive adsorbent by acting as a physical link 

between S. oneidensis MR-1. Charcoal also can promote the bio-reduction of Cr6+ by 

acting as an electron shuttle.92 Yet, applying carbon-based materials in heavy metal 

removal is limited by their poor generation besides their anti-microbial activity.135 The 

biogenic palladium NPs enhanced the electron transfer efficiency from S. oneidensis MR-

1 cells to Cr6+ cells 5 and 10 times when adding reduced graphene oxide,136 but such 

metal is expensive and toxic to bacteria.136  

C. Iron-oxides and hydroxides   

Iron oxide/hydroxide materials can enhance the bio-reduction of Cr6+ by acting as 

adsorbents, abiotic reducing agents or electron mediators. Adsorbing Cr6+ on 

schwertmannite and jarosite shortened the distance between the bacterial cells and Cr6+, 

which improved Cr6+ bio-reduction.7 Cr6+ adsorption on α-Fe2O3 NPs and microparticles 

enhanced Cr6+ bio-reduction by S. oneidensis MR-1.79,80 The adsorption limits the Cr6+ 

solubility and the uptake of Cr6+ and Cr3+ (bio-reduction product) by the bacterial 

cells,79,80    Combining α-Fe2O3 NPs and S. oneidensis MR-1 improved Cr6+ bio-reduction 

to Cr3+ by 1.09 and 1.46 times79,80 using bacteria alone79,80 and α-Fe2O3 microparticles 

alone.79  

S. oneidensis MR-1 can reduce the Fe3+ of ferrihydrite,8 Goethite (α-FeOOH),8–11 

and αFe2O3
137

 to Fe2+ as an abiotic reducing agent for Cr6+.8–11 The addition of biochar 

enhanced Fe3+ reduction by S. oneidensis MR-1, which increased the yields of biogenic 
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Fe2+ and improved the bio-reduction of Cr6+ into 13.8.8 α-FeOOH enhanced S. 

oneidensis MR-19 and S. putrefaciens CN3211 to detoxify 20-30% and 60% of Cr6+, 

respectively.9,11 The enhancement of Fe3+ reduction by S. oneidensis MR-1 increased the 

yields of biogenic Fe2+, which improved the bio-reduction of Cr6+ by around 18%.8 The 

reactivity of Fe3O4 towards Cr+6 was enhanced by microbial reduction of Fe3+ via 

Geobacter sulfurreducens and oxidation of Fe2+ via Rhodopseudomonas palustris.137 

Fe3O4 NPs showed limited lethal activity against bacteria.138 Yet, Zhang et al. reported 

that biogenic Fe2+ from S. oneidensis MR-1 can contribute only by 5% of Cr6+ reduction, 

while the main Cr6+ reduction pathway for S. oneidensis MR-1 was probably via 

extracellular electron transfer.10 

In contrast, Mohamed et al.78  stated that the Cr6+ reduction rate declined to 56% 

in the presence of α-FeOOH, which was attributed to the coverage of S. oneidensis MR-

1 bacterial surface by α-FeOOH.78 The adhesion affinity between α-FeOOH and S. 

oneidensis MR-1 increased by 2-5 times under anaerobic conditions. Iron reductase in the 

outer membrane of S. oneidensis MR-1 can interact with α-FeOOH to facilitate the 

electron transfer process. This attachment of α-FeOOH to the surface of S. 

oneidensis MR-1 could disrupt the electron transfer and inhibit Cr6+ bioreduction.78 

S. oneidensis MR-1 cells were reported to attach to αFe2O3 surfaces137 via van der 

Waals and electrostatic forces, followed by forming P–O–Fe bonds.139 The structures of 

membrane proteins were changed, and the structural integrity of the membrane was 

lost.139  So, αFe2O3 NPs can penetrate the cells, and ROS is generated on the surface of 

NPs, leading to cell toxicity. The cytotoxicity of  αFe2O3 NPs could explain why the effect 
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of Cr6+ microbial removal by α-Fe2O3 was only one-third of what was removed in the 

presence of α-FeOOH.11 

The presence of an electron shuttle in the coupled adsorption bio-reduction of Cr6+  

by α-FeOOH and S. oneidensis MR-1 can mediate the electron transfer from bacteria to 

Fe3+-bearing materials and Cr6+.8,9,78 Biochar as an electron mediator increased the 

reduction extent of Fe3+ in α-FeOOH by S. oneidensis MR-1 around ~ 2.3 times.8  

Anthraquinone-2,6-disulfonate can also increase the removal level of Cr6+ in the presence 

of both α-FeOOH and S. oneidensis MR-1 together by 2.6 times.9  Humic substances 

acted as an electron shuttle to accelerate the rates and extents of Cr6+ reduction by S. 

oneidensis MR-1.140 Mohamed et al.78 suggested that humic acid diminished the bacterial 

cell adhesion to α-FeOOH to facilitate the electron transfer from S. oneidensis MR-1 to 

Cr6+.78 So, the reduction rate of Cr6+ by S. oneidensis MR-1 is mightily increased to 1.3 

times in response to the combined effect of α-FeOOH and humic acid.78  

D. Zero-Valent Fe (ZVI) NPs  

ZVI NPs are reported to improve the microbial remediation of Cr6+ from water69 

and soil.142 Shewanella alone can remove from 5.2 mg78–80 to 25 mg91 of Cr6+. In the 

presence of both ZVI NPs and S. oneidensis MR-1, around 112 mg of Cr6+ per gram of 

NPs was removed.141 The eliminated Cr6+ by a gram of ZVI supported by biochar in the 

absence of bacteria was 65.8 mg,91 which increased into 166.7-187 mg of Cr6+ per gram 

of ZVI/biochar by the synergic effect of S. oneidensis MR-1.91,143 ZVI NPs-

microorganisms hybrid system achieved a remarkably 2.9 times higher Cr3+- removal 

than in the iron ZVI alone.142  
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ZVI NPs reacted with Cr6+ to form Fe3+ hydroxides, which are deposited on 

the surface of NPs, resulting in the loss of reactivity of ZVI NPs.69 EPS derived from S. 

oneidensis MR-1 eradicated the passivation layer from the surface of ZVI NPs91,141 and 

prolong its reactivity and Cr6+ removal.141 However, ZVI NPs could create an appropriate 

living circumstance as a terminal electron acceptor for anaerobic bacteria, it showed 

cytotoxicity reviewed by Dong et al.144 This lethal effect of  ZVI NPs was attributed to 

the generation of ROS, which has a detrimental effect on the microbial activity and Cr6+ 

reduction.144 

E. Mn and Fe mixed oxides 

Manganese iron oxide and Fe3+-oxides acted as binding agents after Cr6+ reduction 

during ageing in soil. The organo-Fe oxides play a critical part in reducing Cr6+ and the 

subsequent binding of Cr3+. The exotic Cr6+ significantly altered the soil microbial 

consortia. The relatively low pH, organic materials and Fe oxide contents supported the 

growth of Cr-reducing bacteria. Such conditions improved the Cr6+ reduction in the 

soil.145  

Manganese-doped iron oxide or manganese ferrite (MnFe2O4) in the nanoscale 

revealed no lethal effect during different toxicity tests.146 MnFe2O4 has been stated to 

display enzyme-like activities147–150 and accelerate extracellular electron transfer in 

MFCs.151,152  The removal efficiency of Cr6+ by ferrites followed the order MnFe2O4 > 

magnesium ferrite (MgFe2O4) > zinc ferrite (ZnFe2O4) > copper ferrite (CuFe2O4) > 

nickel ferrite (NiFe2O4) > cobalt ferrite (CoFe2O4).
153 The maximum adsorption capacity 
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of MnFe2O4 NPs for Cr6+ was reported to be ranging approximately from 31 to 

35 mg/g.146,153  

The electrostatic interaction between the surface of oxide and pollutants is one of 

the mechanisms of Cr6+ adsorption on MnFe2O4 NPs. Ion exchange in the aqueous 

solution between hydroxyl groups and oxyanions is another mechanism for heavy metal 

removal.153,154 Such a mechanism of adsorption allows the reusing of MnFe2O4 NPs and 

recycling of Cr6+ without losing the adsorption capacity or changing their oxidation 

states.34 Limited reports proposed a chemosorption for Cr6+ on the surface of MnFe2O4 

NPs.146  In MnFe2O4, the existence of Mn and Fe in different oxidation states facilitates 

the reduction and oxidation processes on the nanoparticle surface.153  

Despite the reported superiority of heavy metal removal by MnFe2O4, other works 

have stated that introducing Mn into ferrite reduced the adsorption capacity of magnetite 

to Cr6+  from 15.9 mg/g to 8.54-8.9  mg/g.155,156 The release of Mn to the solution because 

of Cr6+  reduction by nano-adsorbents diminished the adsorption capacity.155 

Doping level (x) in sulfur-doped MnFe2O4 (MnFe2O4/FeSx)
157 and in cobalt-

doped MnFe2O4 (Mn1−xCoxFe2O4)
158 showed a significant impact on the adsorption 

capacity for Cr6+ by MnFe2O4
157,158 which turned to be 5 times higher than that of undoped 

NPs.156 The effect of the variation of atomic concentration of Mn in MnxFe3-xO4 NPs on 

particle size, saturation magnetisation,159 adsorption performance of arsenic,160 heating 

energy generation, magnetic anisotropy,161 and oxidase-like activity148 have been 

illustrated in different research studies. However, the influence of structural features of 

MnxFe3-xO4 NPs on Cr6+ adsorption has not been thoroughly explored. The effect of the 
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oxidation state of Mn precursors on the chemical structure and morphological and 

magnetic properties of MnxFe3-xO4 NPs prepared by scalable polyol solvothermal method 

has been studied in a few reports162,163 but not in relation to their adsorption efficiency 

for heavy metals. 

Using iron-based NPs in combination with metal-reducing bacteria has been 

applied to enhance the detoxification of Cr6+ to Cr3+ via acting as adsorbents, reducing 

agents and electron mediators.8 Iron is cheap and available material with limited toxicity 

impact on bacteria.67 Due to the usage of Cr3+, Mn and Fe in the steel industry,164,165 glass 

ceramics,166 fertilisers,167 Mn/Fe oxides can use as an adsorbent to recover Cr from 

industrial effluents or highly contaminated water. The recovered Cr can be used in 

metallurgical, glass and fertiliser industries to minimise landfill contamination.164–167     

1.4 Research gap 

The gap between the tolerable concentration of Cr6+ S. oneidensis MR-1 (~ 40-65 

mg/L)73,82  and the total amount of Cr in the effluents (~ 788 mg/L)27 is a critical problem 

in the biological treatment of Cr6+. Using adsorbents can increase the viability of S. 

oneidensis MR-1, but the cytotoxicity of such supporting materials is challenging.139,144 

Iron oxide/hydroxides were reported to boost the ability of S. oneidensis MR-1 to 

bio-reduce Cr6+ under anaerobic environments.69,160 Expect Fe3O4, surface passivation, 

cytotoxicity and attachment of materials on the surface of bacteria affected negatively on 

the bio-reduction of Cr6+. Therefore, MnFe2O4 NS was selected for this research to adsorb 

Cr6+. MnFe2O4 NS revealed biocompatibility,146 supported growth of Cr-functional 
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bacteria,145 enzyme-like activities,147–150 and accelerated extracellular electron transfer in 

MFCs,151,152  and high removal efficiency of Cr6+.145,146,153,154  The influence of the 

chemical structure and morphology of MnxFe3-xO4 NS on Cr6+ adsorption has not been 

thoroughly explored. The effect of the oxidation state of Mn precursors on the chemical 

structure and morphological properties of MnxFe3-xO4 NS prepared by scalable polyol 

solvothermal method has been studied in a few reports162,163 but not in relation to their 

adsorption efficiency for heavy metals. Mn doping level Fe3O4 NPs on the adsorption 

efficiency of Cr6+ by MnxFe3-xO4 NS can affect the cost of the process of treatment. The 

current project addresses the following gaps in the literature: 

• The impact of Mn doping level and the oxidation state of Mn precursor on 

the efficiency of MnxFe3-xO4 NS to adsorb Cr6+.  

• The effect of the selected MnxFe3-xO4 NS on the bio-detoxification 

efficiency of Cr6+ by S. oneidensis MR-1 bacteria and considering the 

microbial viability during the reduction process.   
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1.5 Aim and objectives 

Applying such nanostructures with a biological reduction of Cr6+ can overcome 

the accessibility of specific technologies,120 using less toxic chemicals and reducing the 

production of contaminated, poisonous waste.133 The current PhD project aims to enhance 

the bio-detoxification of Cr6+ to Cr3+ via adsorbing Cr6+ on nanostructures. This integrated 

adsorption and bio-reduction method are safe and cheap for heavy metal elimination from 

wastewater.  

Figure 1: Representation of the enhancement strategy for the bio-reduction of Cr6+ 

studied in the current project. 

 

 



 

 

61 

Towards this target, the project was carried out as shown in Figure 1 and with the 

following 3 objectives: 

• Objective 1: Synthesis and characterisation of MnxFe3-xO4 nanoparticles 

(NPs) and nano-clusters.  

• Objective 2: Determining the adsorption capacity (Qe) of the prepared 

MnxFe3-xO4 NS for Cr6+.  

• Objective 3: Assaying the impact of the selected MnxFe3-xO4 NS on the 

bio-detoxification efficiency of Cr6+ by S. oneidensis MR-1 

1.6 Thesis outline  

This dissertation explains the current project's sequence of activities, as 

summarised in Figure 2. The outputs are structured in the following chapters: 

Chapter 2 presents a synthetic platform for achieving the most suitable chemical 

structure of MnxFe3-xO4 NS to recover Cr6+ from artificial wastewater. The impact of two 

oxidation states of manganese precursors on the doping level in MnxFe3-xO4 NS and the 

morphological and crystal structure of NPs are tested. Mn0.2
2+Fe2.8

3+O4 NPs are selected to 

study the impact of synthesis conditions, such as ageing time and annealing temperature, 

on their morphology and structures.    

Chapter 3 discusses the nature of Cr6+ adsorption and removal by selected Mn-

doped ferrite. All experiments for heavy metal removal are done in semi-synthetic 

wastewater. Mn0.2
2+Fe2.8O4 NPs prepared at a synthesis temperature of 250 °C for 6 h 
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showed the best Cr6+ adsorption capacity. The adsorption of Cr6+ by Mn0.2
2+Fe2.8O4 NPs 

are fitted to Langmuir isotherm model as a function of initial Cr6+ concentrations. A 

chemical redox reaction took place between Mn0.2
2+Fe2.8

3+O4 NPs and Cr6+, as evidenced by 

X-ray Photoelectron Spectroscopy (XPS) analysis. 

In Chapter 4, the bio-detoxification and tolerance of Cr6+ by S. oneidensis MR-1 

assisted by Mn0.2
2+Fe2.8

3+O4 NPs are described. The effect of Mn0.2
2+Fe2.8

3+O4 NPs on the 

viability of S. oneidensis MR-1 in response to Cr6+ have been studied by flow cytometry 

and Scanning Electron Microscopy. In addition, Cr6+ bio-removal and bio-reduction were 

shown by the colourimetric method and XPS analysis, respectively. 

In Chapter 5, our conclusion is drawn regarding the combination of adsorption 

and bio-reduction to improve the safe removal efficiency of Cr6+. The original 

contribution to the knowledge is that Mn0.2
2+Fe2.8

3+O4 NPs can boost the bio-detoxification 

of the carcinogenic Cr6+ to the less toxic form, Cr3+, by S. oneidensis MR-1. In addition, 

lowering the doping level of Mn in the chemical structure of MnxFe3-xO4 NPs decreases 

the cost of NPs. Several studies are planned to be done as future work, as listed in Chapter 

5, to reveal the mechanism of integrated adsorption bio-reduction of Cr6+ and to minimise 

the remediation cost of Cr6+. 
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Figure 2: Flowchart of the experimental activities in the current PhD.     

9. Describing the enhancing activity of MnxFe3-xO4 NPs to the 
detoxification of Cr6+ by S. oneidensis MR-1

8. Assessing the effect of the selected MnxFe3-xO4 NPs on the bio-
reduction of Cr6+ by S. oneidensis MR-1    

7. Evaluating the impact of the selected MnxFe3-xO4 NPs on the 
viability of S. oneidensis MR-1 at a sub-lethal dose of Cr6+

6.  Defining lethal dose of Cr6+ to S. oneidensis MR-1  

5. Assaying the bio-compatibility of MnxFe3-xO4 NPs to the tested 
Shewanella oneidensis MR-1 

4. Studying the adsorption mechanism of Cr6+ by the selected 
MnxFe3-xO4 NS 

3. Selecting MnxFe3-xO4 NS that showed the highest Qe of Cr6+

2. Quantifying the adsorption capacity (Qe) of MnxFe3-xO4 NS for 
Cr6+

1. Synthesis and characterisation of MnxFe3-xO4 NS
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Chapter 2. Synthesis and characterisation of spherical 

and flower-like manganese ferrite nanostructures 

2.1  Introduction 

Nanostructures (NS) have become common and efficient materials for the 

remediation of pollutants from effluents. Controlling the morphology, crystallinity and 

chemical structure is crucial for benefiting nano-sized materials in environmental 

applications. So, a reproducible, simple and cheap protocol for synthesising NS is a 

bottleneck in the scaling-up process.168  Several methods were reported for preparing 

manganese ferrite (MnxFe3-xO4) NS.169 Polyol solvothermal method for synthesising such 

NS is easy to use, cheap and has a potential for scalability.170,171 In addition, the polyol 

solvothermal method can control the chemical composition, and morphology of MnxFe3-

xO4 NS.159 Chapter 2 reported the synthesis and characterisation of MnxFe3-xO4 NPs and 

nanoflowers (NFs) using the polyol solvothermal method. The impact of the oxidation 

states of Mn precursors, variation in Mn doping levels and synthesis conditions, including 

temperature and time of synthesis, on the chemical structural and morphological 

characteristics of MnFe2O4 NPs have been investigated. 
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2.2 Materials and methods   

2.2.1 Chemicals for NS preparation and characterisation   

All chemicals that were consumed during the present project were used as 

received without further purification. Absolute ethanol (C2H5 OH, 99.9%) were 

purchased from HaymanKimia, UK. Acetone (C3H6O, >99%) and hydrochloric acid 

(HCl, 34%) were bought from VWR Chemicals, UK. Anhydrous sodium hydroxide 

(NaOH, 98%), ferric acetylacetonate (Fe(acac)3, 99.9%), iron standard for Inductively 

Coupled Plasma (ICP) TraceCERT® where the concentration of Fe in nitric acid (HNO3) 

was 1000 mg/L, manganese(II) acetylacetonate (Mn(acac)2, 99.9%), manganese(II, III) 

oxide (Mn3O4, 97%), manganese(III) acetylacetonate (Mn(acac)3, 99.9%), manganese 

standard for ICP TraceCERT® (1000 mg/L in HNO3), HNO3 (70%), potassium bromide 

(KBr, FTIR grade 99%), tetra-ethylene glycol (TEG, 99%), and tri-sodium citrate 

dihydrate (Na3C6H5O7.2H2O) were obtained from Sigma-Aldrich (UK).  

2.2.2 Synthesis of MnxFe3-xO4 NS  

MnxFe3-xO4 NPs were prepared by a polyol solvothermal synthetic 

procedure159,163 with some modifications. The influence of the oxidation number of Mn 

precursors, i.e., Mn(acac)2 vs Mn(acac)3, the molar ratio between [Mn precursor] to 

[Fe(acac)3] and reaction temperature on the properties of NPs were studied. Based on 

previous experience from our research group, using 15 wt%/vol as a total dissolved 

precursor concentration resulted in NPs with narrow size distribution.172 
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A. Synthesis of MnxFe3-xO4 NPs  

The desired amounts of precursors with ratios [Mn(acac)2 or 3] / [Fe(acac)3] equal 

to 0, 0.14, 0.33, 0.6, 1, 1.66 and 3 were mixed in 20 mL of TEG as a solvent. The mixture 

was homogenised by vortexing for 10 min, then sonicated for 30 min, and then transferred 

into a 45 mL Teflon chamber enclosed in a stainless-steel autoclave. The autoclave was 

placed in an oven (Memmert, model UFP400) at room temperature, and the reaction 

temperature was raised for 30 min to 250 °C, which was maintained for 6 h. Only for the 

ratio [Mn(acac)2 or 3] / [Fe(acac)2] equal to 0 and 0.33, the synthesis conditions include 

ageing time from 2 to 24 h at 250 °C, and synthesis temperature at 200 °C for 6h was 

assayed. The resulting black dispersion was collected using a magnet and washed with 

1:10 v/v of acetone, followed by ethanol and water 3 times for each solvent. Then, the 

nanomaterials were ready for characterisation and functionalisation.  

B. Preparation of MnxFe3-xO4 NFs  

MnxFe3-xO4 NFs were prepared following the above-described protocol for 

MnxFe3-xO4 NPs and literatures173 with some modifications. The autoclave was inserted 

in the oven, which was heated to 200 °C for 6 h, and the tested ratios between precursors 

[Mn(acac)3] / [Fe(acac)3] were 1 and 3 while [Mn(acac)2 or 3] / [Fe(acac)3] ratio of 7 was 

kept at 250 °C for 6 h.  
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2.2.3 Characterisation of MnxFe3-xO4 NS   

For the prepared nanomaterials, the shape and diameter (DTEM) of the core were 

determined by JEOL JEM 1200-EX Transmission Electron Microscopy (TEM) operating 

at an acceleration voltage of 120 kV. The crystal phase of MnxFe3-xO4 NPs and NFs and 

their average crystallite size (DXRD) were analysed by PANalytical XPERT PRO MPD 

X-Ray Diffractometer (XRD). The X-Ray radiation source of XRD was Co kα (λ = 1.789 

Å), and an X’Celerator detector operated at 40 kV and 40 mA.  The crystalline phases 

were identified using the International Centre for Diffraction Data Powder Diffraction 

File (ICDD PDF) database. The DXRD was calculated using Scherrer’s equation at the 

most intense X-ray peaks (311).   

The elemental analysis of MnxFe3-xO4 was characterised by the Inductively 

Coupled Plasma Atomic Emission spectrometer (ICP-AES, Optima 3100 XL Perkin 

Elmer). The capping agent on the surface of the prepared NS was assayed using an 

Attenuated Total Reflectance-Fourier Transform-Infrared Spectroscopy (ATR-FTIR, 

Perkin Elmer Spectrum 100 instrument with a Ge/Ge universal ATR). The samples were 

air-dried at room temperature overnight to yield a fine powder to be placed on an ATR 

crystal. The measurement window for the recorded spectra was with a resolution of 2 cm-

1 in the range 4000 – 600 cm-1 using 40 scan accumulation.  
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2.2.4 Functionalisation of MnxFe3-xO4 NS   

A. Ligand exchange of TEG by tri-sodium citrate 

To exchange the initial ligand TEG, 1 mL of the dispersions of the prepared 

nanomaterials and 10 mL of 1 M aqueous tri-sodium citrate solution were mixed for 48 

h at room temperature under stirring. Immobilisation of citrate on the surface of the 

commercially available Mn3O4 (Mn-rich and Fe-free ferrite control) was obtained by 

dispersing 0.1 g of the metal oxide in 10 ml of 1 M aqueous tri-sodium citrate solution 

under similar mentioned conditions. An external magnet collected the functionalised NS. 

NS were washed with acetone 3 times and ethanol 3 times before being dispersed in de-

ionised water. 

B. Surface characterisation of MnxFe3-xO4 NS   

The capping agents on the surface of NS were elucidated using an ATR-FTIR 

spectrometer with wavenumbers within a range from 4000 to 600 cm-1 of a 2 cm-1 

resolution and 40 scan accumulation. The hydrodynamic diameter (DHD) of citrate-

functionalised NPs was quantified by Dynamic Light Scattering (DLS) measurements 

using a Nanosizer ZS instrument (He–Ne 633 nm laser) from Malvern Instruments Ltd, 

Worcestershire, UK). The ζ-potentials of the functionalised NPs were determined using 

a disposable capillary cell (DTS1070) at 25 °C by DLS.  
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2.2.5 Statistical analysis  

All experiments were done in triplicates, and all statistical analyses were done via 

OriginLab software. Log-normal function fitted the distribution of DTEM. Normal 

distribution function described the data sets of DXRD, XICP, DHD and ζ-potential. The 

statistical Students t-test was used to assess how the statistical difference between 

[Mn(acac)2 or 3] / [Fe(acac)3], the oxidation state of Mn precursor and synthetic conditions 

(temperature and time) of the selected Mnx
2+ or 3+Fe3−x

3+ O4 NPs affected DTEM, DXRD, XICP, 

DHD and ζ-potential. The significance level was described as a calculated probability (P) 

< 0.05 (*) and P < 0.01 (**).  
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2.3 Results and discussion 

2.3.1 Synthesis of nanomaterials   

The present study synthesised MnxFe3-xO4 NPs and NFs using a polyol 

solvothermal method. In polyol synthesis, metal precursors are reduced by alcohols 

(polyols) which act as an appropriate capping agent, solvent and reducing agent at a high 

boiling temperature. Then the formed metal nuclei grow and controllably coalesce 

together to produce the desired particles.174 The solvolysis of the metal precursor involved 

a ligand exchange. TEG replaced the acetylacetonate of the metal precursor generating 

metal carboxylate.175  The second step is a condensation reaction in which carboxylate 

reacts with iron resulting in the formation of an oxo-bridge between metal (metal-oxygen-

metal clusters) and ultimately resulting in the formation of metal oxide nanocrystals.175  

2.3.2 Characterization of MnxFe3-xO4 NPs 

A. Morphology of MnxFe3-xO4 NPs 

The prepared MnxFe3-xO4 NPs using precursor ratios 0 ≤ [Mn(acac)2 or 3] / 

[Fe(acac)3] ≤ 3 had nearly spherical shapes and were well dispersed, with sufficient 

interparticle distances as shown in Figure 3 and Figure 4. DTEM particle size ranged from 

5 to 12.5 nm with polydispersity indexes between 0.14-0.21 except for 0.66 and 3 for the 

case of [Mn(acac)2 or 3] / [Fe(acac)3] as represented in Figure 5. 

The doping level of Mn had an insignificant change in the DTEM of MnxFe3-xO4 

NPs compared to undoped Fe3O4 NPs (Figure 5 A). In the case of using the divalent Mn 
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precursor, an insignificant change in DTEM when increasing the ratio of precursors in 

agreement with similar trends as was reported by Garcia-Soriano et al..176  

 

Figure 3. TEM images for the spherical (A) undoped Fe3O4 NPs, (B) MnxFe3-xO4 of 

precursor ratio [Mn(acac)2] / [Fe(acac)3] = 0.33, (C) [Mn(acac)3] / [Fe(acac)3] = 0.33 

prepared at 200 °C as reaction temperatures, (D) undoped Fe3O4 NPs and (E & F) 

MnxFe3-xO4 NPs prepared with the same precursor ratio but at 250 °C.  
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Figure 4: TEM images of spherical MnxFe3-xO4 nanoparticles (NPs) prepared by 

solvothermal method at 250 °C. The precursor concentration ratio of (A-E) [Mn(acac)2] 

/ [Fe(acac)3] and (F-J) [Mn(acac)3] / [Fe(acac)3] respectively were 0.14, 0.6, 1, 1.66 and 

3.   
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Figure 5: Impact of reaction temperatures (200 vs 250 °C) on (A) DTEM of MnxFe3-xO4 

NPs prepared from 0 ≤ [Mn(acac)2 or 3] / [Fe(acac)3] ≤ 3. (B) Polydispersity index (PDI) 

of NPs diameters varied with precursor concentration ratios (0 ≤ [Mn(acac)2 or 3] / 

[Fe(acac)3] ≤ 3) calculated from TEM.  
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B. Crystal structure of MnxFe3-xO4 NPs 

XRD of Fe3O4 NPs and MnxFe3-xO4 NPs that were prepared at a temperature of 

200 ⁰C are shown in Figure 6. The undoped Fe3O4 NPs were formed at 250 ⁰C with an 

ageing time of 6 h. XRD measurements of such particles are shown in Table 1.  

The main peaks at the diffractogram of these NPs appear at 21.5° (111), 35.1° 

(220), 41.4° (311), 50.4° (400), 62.8° (422), 67.3° (511), and 74.1° (440). These peak 

locations matched ICDD PDF card No. 01-086-2344, revealing the formation of iron 

oxide (FeO-Fe2O3).
172,177,178 

Figure 6: XRD patterns of NPs prepared at 200 °C where (A) undoped Fe3O4 NPs, (B) 

[Mn(acac)2] / [Fe(acac)3] was 0.33, (C) [Mn(acac)3] / [Fe(acac)3] was 0.33. The 

reference ICDD were Mn3O4 (PDF card no. 01-080-0382), MnFe2O4 (PDF card no 00-

010-0319) and Fe3O4 (PDF card no 01-089-0688). 
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Table 1: Summary of 311 peak positions and crystal size (DXRD)a determined by XRD of 

MnxFe3-xO4 NPs prepared at 250 °C.  

aDXRD was presented as (mean ± standard deviation) of 3 independent synthesis 

experiments, and *p < 0.05 and **p < 0.01 showed the statistical confidence levels by 

comparing the crystal size with Fe3O4 NPs (9 ± 1.3 nm) synthesized in the same 

conditions. 

 

[Mn(acac)2 or 3] / 

[Fe(acac)3] 

Mn(acac)2 Mn(acac)3 

2θ (311) DXRD (nm) 2θ (311) DXRD (nm) 

0.14  41.33 7 ± 1 41.01 7 ± 1 

0.33 41.4 7 ± 0.5 41.06 6 ± 1* 

0.6 41 7 ± 1 41.07 7.5 ± 1 

1   41.1 7 ± 1 41.01 6.5 ± 1* 

1.66 41 6.5 ± 1* 40.92 5 ± 1** 

3   41 6.5 ± 1.5* 40.87 5.5 ± 1.5** 

7  - - - - 
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Figure 7: XRD patterns for fcc lattice of Fe3O4 (A) and MnxFe3-xO4 NPs where 

[Mn(acac)2] / [Fe(acac)3] were 0.14 (B), 0.33 (C), 0.6 (D), 1 (E), 1.66(F), 3 (G).  The 

horizontal arrow pointed out the shifting in the peak of 311 from the reference Fe3O4 

(PDF card no 01-089-0688) towards the lower diffraction angle of MnFe2O4 (PDF card 

no 00-010-0319) in response to the increase in [Mn(acac)2] / [Fe(acac)3]. A secondary 

phase of MnCO3 (Reference ICDD PDF card no. 00-044-1472) was found for NPs 

prepared from (1 ≤ [Mn(acac)2 or 3] / [Fe(acac)3] ≤ 3) (E-G). The synthesis temperature 

for all NPs was 250 °C. The vertical arrow indicates the gradual increase in [Mn(acac)2] 

/ [Fe(acac)3] from (A-G) Mn3O4 (PDF card no. 01-080-0382).   
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Figure 8: XRD patterns of MnxFe3-xO4 NPs where [Mn(acac)3] / [Fe(acac)3] were (A) 

0.14, (B) 0.33, (C) 0.6, (D) 1 (E) 1.66 (F) 3. The reference ICDD were Mn3O4 (PDF card 

no. 01-080-0382), MnFe2O4 (PDF card no 00-010-0319) and Fe3O4 (PDF card no 01-

089-0688). A secondary phase appears to be present for NPs prepared from (1 ≤ 

[Mn(acac)2 or 3] / [Fe(acac)3] ≤ 3) (D-F), which was identified as MnCO3 (Reference 

ICDD PDF card no. 00-044-1472). Perpendicular and horizontal arrows showed the 

gradual increase in [Mn(acac)3] / [Fe(acac)3] from (A-F) and the shifting in the peak of 

311 from the reference Fe3O4 towards the lower diffraction angle of MnFe2O4, 

respectively.  
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Incorporating Mn ions into the Fe3O4 lattices as substitutional atoms were then 

implemented from either Mn(acac)2 or Mn(acac)3. By increasing the ratio of [Mn(acac)2 

or 3] to [Fe(acac)3], a slight shift of the peaks towards a lower 2θ value (closer to the 

reference peak of MnFe2O4) was observed at XRD measurements (Figure 7 and Figure 

8). Using Mn(acac)3 caused a relocation of XRD peak positions closer to the reference 

peak positions of MnFe2O4 (2θ = 40.8°), as shown in Figure 8. These repositioning of 

peaks can be attributed to the further inclusion of Mn3+ into the spinel iron oxide lattice 

due to the similar ionic radii between Mn3+ and Fe3+ (0.64 Å159 for both), which are 

smaller than Mn2+ (0.80).159  

The slight broadening in the peaks with an increase in the Mn precursor 

concentration implies a change in crystal size,179, which was supported by the Full-Width 

Half Maximum (FWHM) of the most intense X-ray peaks (311), as summarised in Table 

1. Using 0.33 ≤ [Mn(acac)2 or 3] / [Fe(acac)3] ≤ 0.6 resulted in the formation of MnFe2O4 

with a face-centred cubic crystal (fcc) as verified by XRD patterns and presented in 

Figure 7 B-D and Figure 8 A-C. 

The XRD peaks matched with ICDD PDF card no. 00-010-0319 of MnFe2O4. The 

lattice planes correspond to the cubic spinel structure of MnFe2O4 (ICDD card no. 00-

010-0319). For NPs prepared using 1 ≤ [Mn(acac)2] / [Fe(acac)3] < 7 in Figure 7E-G, the 

distinct additional peaks at 2θ values of 36.8, 36.9° and 37.0°, respectively, indicated the 

formation of a secondary phase that was indexed to the (104) Miller plane of MnCO3 

(ICDD card no. 00-044-1472). In Figure 7 F & G, peaks attributed to the TEG molecule 

appeared at 2θ equal to 27.8° and 27.6°, respectively, as shown in the XRD of the TEG 

compound alone before and after thermal treatment (Figure 9) as reported by Vamvakidis 



 

 

79 

et al.159 as well as Khanna and Verma.180  Peaks were noticed at 30.2° and 33.1°, which 

were assigned to MnOOH (ICDD PDF card no. 01-074-1631, data are not shown), and 

MnO2 (ICDD PDF card no. 00-024-0735, data are not shown) correspondingly. The 

presence of multiple phases of Mn oxides/hydroxides was attributed to the formation of 

H2O and Mn2O3 (the products of thermal decomposition of Mn(acac)2),
181 which can lead 

to oxidation of Mn3+ into Mn4+ and hydroxylation of Mn3+ oxides. 

 

Figure 9: XRD patterns of TEG (A) before and (B) after thermal treatment at 250 °C for 

6 h in the autoclave. 

The increase in the [Mn(acac)2 or 3] / [Fe(acac)3] leaded to a slight broadening in 

the 311 peaks, which indicated a modification of the crystal size,179 as determined by 

measuring the FWHM and summarised in Table 1. This could be explained by 

substituting Fe atoms with Mn atoms of a smaller cationic radius.163,182 The calculated 

crystal size obtained from XRD of samples (6.5 – 7 and 5 – 7.5 nm for NPs prepared from 

divalent and trivalent Mn precursors, respectively, see PDI of crystal size in Figure 11) 
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were within the range of the average particle size derived from TEM. Therefore, these 

NPs were considered single crystallite. However, the XRD analysis indicated the 

presence of MnCO3 for NPs of precursor ratios in the range of 1 ≤ [Mn(acac)2 or 3] / 

[Fe(acac)3] ≤ 3, the crystal sizes determined by XRD were also within the diameter range 

observed by TEM. 

 

Figure 10: Polydispersity index (PDI) of DXRD varied with precursor concentration ratios 

calculated from XRD at the most intense peak of (311) at annealing temperature (200 vs 

250 °C). 
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2.3.3 Characterisation of MnxFe3-xO4 NFs 

The preparation of MnxFe3-xO4 NFs was prepared using a modified solvothermal 

method. The morphology was controlled by varying the ratios between [Mn(acac)3] / 

[Fe(acac)3] precursors and the reaction temperature, as shown in Figure 11A and B and 

[Mn(acac)2] / [Fe(acac)3] in Figure 11 C. 

A. Morphology of MnxFe3-xO4 NFs   

At 200 °C, the polyol solvothermal method resulted in a well-defined flower-like 

structure with a narrow size distribution, as shown in Figure 11 A & B.  The morphology 

of MnxFe3-xO4 NFs (Figure 11 B) matched the CoFe2O4 NFs, reported by Fu et al., but 

ours were smaller size (DTEM of MxFe3-xO4 NFs =  60 ± 12 nm vs DTEM of CoFe2O4 NFs 

= 164.8 ± 20.7 nm).173  The smaller diameter of MnxFe3-xO4 NFs than the reported 

CoFe2O4 NFs by 2.75 fold can be attributed to using sodium hydroxide during the 

solvothermal preparation of CoFe2O4 NFs,173 which accelerated the hydrolysis of the 

precursors and promoted the formation of larger oxide clusters.183 TEM analysis of NPs 

synthesised at 250 °C with a ratio [Mn(acac)3] / [Fe(acac)3] equal to 7 showed the 

formation of aggregated crystalline particles in clusters (Figure 11 C). 
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Figure 11: TEM images and histograms for DTEM of NFs prepared from [Mn(acac)3] / 

[Fe(acac)3] = (A & B) 1 & 3 at synthesis temperature 200 °C, respectively (C) 7 at 

synthesis temperature 250 °C.  
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B. Crystal structure of MnxFe3-xO4 NFs    

Figure 12 showed diffraction patterns of MnxFe3-xO4 with crystal size of NFs 

were 6-8 nm. The small crystal size compared to DTEM of NFs (Figure 11) implied the 

formation of primary nanocrystals, which do not grow significantly. The primary 

nanocrystals aggregated into larger secondary particles, as shown in Figure 11A-C and 

as described by Gavilan et al.184 The generation of MnCO3 accelerated the hydrolysis of 

the precursors and resulted in the formation of oxide clusters.173 In our case, nano-clusters 

were prepared in a single step, including the synthesis of nanoparticles and their 

coalescence. Shifting in the peak of 311 from the reference Fe3O4 (PDF card no 01-089-

0688) towards the lower diffraction angle of MnFe2O4 (PDF card no 00-010-0319) in 

response to the increase in [Mn(acac)3] / [Fe(acac)3] from 1 to 3 was observed and an 

indicator for inclusion of Mn ions into the Fe3O4 lattices. 

In the case of preparing NPs with a [Mn(acac)3] / [Fe(acac)3] ratio equal to 7 at 

250 °C, the XRD pattern shows the development of a polycrystalline material 

corresponding to a mixture of phases. As shown in  

Figure 12 D, the peaks at 36.9º (104) and 27.7º (102) diffraction peaks were 

indexed to MnCO3 (JCPDS card no. 00-044-1472). The 2θ Bragg reflections at 21.5º 

(111), 35.4º (220), 41.0° (311), 50.1º (400), 66.6º (511), and 73.5º (440) confirmed the 

formation of MnFe2O4 (JCPDS card no. 00-010-0319). A peak at 27.5° was assigned to 

TEG,180 which was supported by our results, as shown in Figure 9. Also, peaks appeared 
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at 2θ equal to 30.1°, 33.2° and 35.3° were related to MnOOH (JCPDS card no. 01-074-

1631) and MnO2 (JCPDS card no. 00-024-0735). Our results revealed that the ratio 

increase between the used precursors led to the formation of nano-clusters of MnxFe3-xO4, 

which matched what was reported for MnxFe3-xO4
185 and other ferrites by the 

solvothermal method.186  

 

Figure 12: XRD patterns of MnxFe3-xO4 NFs prepared from [Mn(acac)3] / [Fe(acac)3] 

ratio equal to (A) 1 and (B) 3 at 200 °C, (C) 7 at 250 °C. A secondary phase-matched 

MnCO3 (Reference ICDD PDF card no. 00-044-1472) was found for NFs prepared from 

a precursor equal to 7 at 250 °C. No detected peaks matched Mn3O4 (PDF card no. 01-

080-0382).  
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When [Mn(acac)2] / [Fe(acac)3] was 7, the observed XRD peaks of the 

solvothermal-produced material at 250 °C cannot be assigned to well-established crystal 

phases of ferrite materials (Figure 13). Hence, this sample was not selected for further 

analysis since it could not offer any crucial insights into metal substitution. The inability 

of nanocluster formation using [Mn(acac)2] / [Fe(acac)3] equal to 7 can be attributed to 

the thermal stability of Mn(acac)2, which limits its decomposition.181  

 

Figure 13: XRD patterns of a produced sample where [Mn(acac)2] / [Fe(acac)3] was 7. 

Reference JCPDS card no. 00-044-1472, 00-029-0713, for MnCO3, FeOOH, 

respectively. 
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2.3.4 Growth of the selected MnxFe3-xO4 NPs over time  

MnxFe3-xO4 NPs that were prepared of precursor ratios [Mn(acac)2] / [Fe(acac)3] 

= 0.33 at a synthesis temperature of 250 °C for 6h showed the best adsorption capacity 

for hexavalent chromium (Cr6+) as explained in Chapter 3 later. So, these NPs were 

selected to study their growth over 2 h to 24 h under similar synthesis conditions.  

A. Morphology of selected MnxFe3-xO4 NPs over time   

Spherical Fe3O4 NPs and MnxFe3-xO4 NPs were synthesised using the polyol 

solvothermal method with a size range from 7 to 23 nm and 6.5 to 15 nm, respectively, 

over a reaction duration from 2 h to 24 h, as shown in Figure 14 and Figure 15. 

B. Crystal growth of selected MnxFe3-xO4 NPs over time  

Figure 16 and Figure 17 show the XRD patterns collected for MnxFe3-xO4 NPs 

and Fe3O4 NPs. For MnxFe3-xO4 NPs, a slight shift of the main peak at 311 from the 

expected position according to the reference pattern MnFe2O4 (PDF card no 00-010-

0319) at 40.8 to a higher angle is noticed with the increase in the reaction time. 

At reaction time ≥ 8h, a decrease in the DTEM and DXRD of MnxFe3-xO4 NPs 

compared to the undoped Fe3O4 NPs was observed, as plotted in Figure 18. The crystal 

size determined from the width of the diffraction peaks using the Scherrer formula 

showed an increase over time in DXRD from 6 to 16 nm for Fe3O4 NPs and from 6 to 10.24 

nm for MnxFe3-xO4 NPs, as illustrated in Figure 18 B.  
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Figure 14: TEM images of the growth of spherical Fe3O4 NPs over a time range of 2-24 

h at a reaction temperature of 250 °C. DTEM is an average of 500 measured particles.  
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 Figure 15: TEM images of MnxFe3-xO4 NPs prepared from [Mn(acac)2] / [Fe(acac)3] 

equal to 0.33 over a time range of 2-24h where 500 particles were measured per each 

tested time point.   
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Figure 16: XRD diffractograms of Fe3O4 NPs prepared at 250 °C for reaction time (2 h 

-24 h). XRD patterns were matched to reference Fe3O4 (PDF card no 01-089-0688).  

Solvothermal treatment of Fe(acac)3 and [Mn(acac)2] / [Fe(acac)3] = 0.33 in the 

presence of TEG at 250 °C led particle growth of Fe3O4 NPs and MnxFe3-xO4 NPs over 

time. The growth of NPs in our experiment, as shown in Figure 18A and B fitted LaMer 

crystallization model, which predicted a lowering in the concentration of metal ions 

below critical saturation once the nuclei were formed. Ripening of the particle occurred 

by diffusion from the precursors on the original nuclei.175,187,188  
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Figure 17: XRD patterns of MnxFe3-xO4 NPs prepared by [Mn(acac)2] / [Fe(acac)3] = 

0.33 at 250 °C for synthesis time (2 h-24 h) during. The horizontal arrow pointed out the 

shifting in the peak of 311 towards the reference Fe3O4 (PDF card no 01-089-0688) from 

the lower diffraction angle of MnFe2O4 (PDF card no 00-010-0319) in response to the 

increase in reaction time, which is represented by the vertical arrow.  
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Figure 18: Synthesis time-dependent (A) DTEM (B) DXRD (C) PDI of particle diameter and 

crystal size of Fe3O4 NPs and MnxFe3-xO4 NPs prepared from [Mn(acac)2] / [Fe(acac)3] 

equal to 0.33 and both NPs were thermally treated at 250 °C for synthesis time ranged 

from 2 h to 24 h.  
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2.3.5 Elemental analysis of MnxFe3-xO4 NS  

Results of elemental analyses are presented in Figure 19 A, showing a significant 

positive relationship between the Mn doping level and [Mn(acac)2 or 3] / [Fe(acac)3] ratios. 

The doping level of Mn in MnxFe3-xO4 NPs was probably the reason behind the small 

shifts in XRD patterns from the reference peak of Fe3O4 towards the lower diffraction 

angle of MnFe2O4 when [Mn(acac)2 or 3] / [Fe(acac)3] increases as shown in Figure 7 and 

Figure 8. The variation in the Mn doping levels was significantly affected by the 

oxidation state of Mn precursor except in the cases when [Mn(acac)2 or 3] / [Fe(acac)3] 

ratios equal 0.14 and 0.33. The faster thermal decomposition of Mn(acac)3 than 

Mn(acac)2
181

 resulted in more Mn-rich NPs prepared by the trivalent Mn precursor than 

those prepared by the divalent Mn precursor. The increase in the reaction time led to a 

slight decrease in the Mn doping level, as shown in Figure 19 B. This result explains the 

minor shift in the peak position of 311 towards higher angles, as shown in Figure 17. The 

better thermal stability of Mn(acac)2 than Fe(acac)3
181

 resulted in a lower amount of Mn-

doping in NPs. Overall, at 250 °C, the change in the oxidation state and the ratios between 

the precursors did not show a variation in the morphology of NPs, but it significantly 

affected the Mn doping level. While at a synthesis temperature of 200 °C, the oxidation 

state and the ratios between the precursors affected the Mn doping level and resulted in 

different shapes of MnxFe3-xO4 NPs and NFs. 
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Figure 19: Elemental analysis of MnxFe3-xO4 NS (A) prepared at temperatures 200 °C 

and 250 °C for 6 h. (B) that were prepared using [Mn(acac)2] / [Fe(acac)3] = 0.33 at 

synthesis temperature 250 °C for synthesis time 2-24 h.  * P < 0.05 and ** P < 0.01 in 

comparison to 𝑀𝑛𝑥 
3+𝐹𝑒3−𝑥

3+ 𝑂4NPs of similar precursor ratios. 
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2.3.6 Functionalization of NPs and NFs 

A. Hydrodynamic radius (DHD) of citrate-coated NPs 

The DHD of citrate-coated NPs can maintain a physical barrier leading to good 

dispersibility (Figure 20 and Figure 21). In addition, applying a small molecule like 

citrate as a ligand resulted in a smaller DHD of NPs than polymeric ligands.  In Figure 21 

B, DHD of NPs was increased by increasing the synthesis time, which was attributed to 

the growth of NPs diameter and crystal sizes of NPs, as shown in Figure 14, Figure 15 

and Figure 18. The obtained stable dispersions of nano-colloids were attributed to the 

negative charges induced by the citrate189 as determined by ζ-potentials (Figure 21).  

Figure 20: Impact of variation in ratios between [Mn(acac)2 or 3] / [Fe(acac)3] in MnxFe3-

xO4 NS and synthesis temperature (200 vs 250 °C) on DHD of citrate-coated NPs and NFs. 

**p < 0.01 showed the statistical confidence levels when comparing the size with Fe3O4 

NPs synthesised at 250 °C.  
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Figure 21: An increase in DHD of citrate coated (A) Fe3O4 NPs and (B) Mn0.2Fe2.8O4 NPs 

prepared at a temperature of 250 °C over synthesis time 2-24 h. 

DLS evaluates DHD of the particles in a dispersion depending on the Brownian 

motion of particles. DHD involved the core diameter of NPs and the surrounding organic 

ligands on the surface of NS, while DTEM yielded only the core diameter of NS.190 The 

inclusion of organic ligands in DHD explains why the values of DTEM (Figures 3, 4, 11, 14 

and 15) were smaller than DHD (Figures 20 and 21). Over the tested synthesis time (2-24 
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h), DHD ranges of Fe3O4 and MnxFe3-xO4 were 2.5-3 times and 2-3.5 times, respectively, 

of their DTEM, because of the tendency of aggregation.190  

B. Zeta potential (ζ-potentials) of citrate-coated NPs 

The most negative value of ζ-potential was observed for MnxFe3-xO4 NPs of 

[Mn(acac)2 or 3] / [Fe(acac)3] = 3. The reflected colloidal stability was attributed to a weak 

base (MnCO3), as expected from XRD patterns (Figure 7 and Figure 12) and the negative 

charge of citrate. For other MnxFe3-xO4 NPs and NFs, the Mn doping level did not 

significantly impact their ζ-potentials. 

 

Figure 22: Impact of variation in [Mn(acac)2 or 3] / [Fe(acac)3] and synthesis temperature 

(200 vs 250 °C) on ζ-potential of NPs and NFs coated by citrate.  
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C. Functional group characterisation of citrate-coated NPs 

Before ligand exchange, the presence of TEG on the surface of the prepared NS 

was characterised by the FTIR spectrum in Figure 23. The peak around 3429 cm-1 and 

2874 cm-1 represent the stretching vibrations of the O-H (alcohol) groups and the aliphatic 

C-H stretching, respectively. The stretching vibration peak at 1063 cm-1 characterises the 

C-O bond in response to an alcohol group of TEG. Immersing Mn3O4 NPs in TEG for 2 

h resulted in the adsorption of polyol on its surface, as was shown in Figure 23 E. 

 

Figure 23: FTIR of TEG and selected TEG coated (A) Fe3O4 NPs prepared at 250 °C for 

6h of synthesis time (B) MnxFe3-xO4 NPs prepared at 250 °C for 6h of synthesis time 

where [Mn(acac)2 or 3] / [Fe(acac)3] was 0.33 (C) [Mn(acac)3] / [Fe(acac)3] was 3, (D) 

Mn0.8
3+Fe2.2

3+O4  NFs [Mn(acac)3] / [Fe(acac)3] was 3 and (E) Mn3O4 NPs.  
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The FTIR measurements, as shown in Figure 24, confirmed that trisodium citrate 

exchanged TEG ligands which were supported by Chakraborty et al.191 Carboxylates 

exhibited absorptions for infra-red spectrum for carbonyl group vibration at 1590 cm−1, 

acyl stretching at 1290 cm−1 and hydroxyl of acid at 3000 cm−1 which overlapped C-H 

band at 2900 cm-1. A weak band was observed at 1100 cm-1, which was assigned to the 

C-O mode of the hydroxyl group.192–194 

 

Figure 24: FTIR spectra of tri-sodium citrate alone, (A) Fe3O4 NPs prepared at 250 °C 

for 6h of synthesis time, MnxFe3-xO4 NPs prepared at 250 °C where (B) [Mn(acac)2] / 

[Fe(acac)3] and (C) [Mn(acac)3] / [Fe(acac)3] were 0.33, for 6h of synthesis time  (D) 

[Mn(acac)3] / [Fe(acac)3] was 3, (E) 𝑀𝑛0.8
3+𝐹𝑒2.2

3+𝑂4  NFs [Mn(acac)3] / [Fe(acac)3] was 

3 and (F) Mn3O4 NPs. and all samples were coated by citrate. 
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2.4  Conclusion 

A synthetic platform for achieving the most suitable chemical structure of MnxFe3-

xO4 nanoparticles (NPs) and nanoflowers (NFs) was presented. At 250 °C, both divalent 

or trivalent manganese precursors formed spherical NPs, whereas, at 200 °C, nanoflower 

was obtained using a trivalent precursor. The particle growth of selected Fe3O4 NPs and 

Mn0.2
2+Fe2.8

3+O4NPs synthesized at 250 °C for a time ranging from 2h to 24h fitted LaMer 

particle growth model.  
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Chapter 3. The adsorption capacity of the prepared 

MnxFe3-xO4 NS for Cr6+ 

3.1  Introduction  

The attachment of molecules (adsorbates) to a two-dimensional matrix 

(adsorbents) is the basis of the adsorption phenomenon. Removing toxic heavy metals 

such as Cr by adsorption is highly recommended because of the adsorption technology's 

eco-friendly, cost-effective, and high-efficiency features.195 The adsorbed oxyanions, 

such as chromate (Cr2O7)
2- form outer-sphere and inner-sphere complexes with the 

surface of iron oxides.196 The outer-sphere complex is formed by weak reversible 

bonding, such as electrostatic attraction and hydrogen bonding.196 Covalent bonds formed 

due to the inner-sphere complexation.196 The best adsorbents should eliminate the 

maximum amount of pollutants to achieve the highest removal efficiency.185   

The adsorption capacity (Qe) in the current project is the amount of adsorbate 

(Cr6+) removed per gram of the adsorbent.185 The aim of Chapter 3 was to select the most 

suitable chemical structure of MnxFe3-xO4 NS for the highest Qe for Cr6+. The 

colourimetric method quantified the Qe and the removal efficiency of Cr6+ by NPs. The 

nature of Cr6+ adsorption by the selected MnxFe3-xO4 NS has been studied under neutral 

conditions. The oxidation states of the adsorbed Cr6+ by Mn0.2
2+Fe2.8

3+O4 NPs were analysed 

using X-ray Photoelectron Spectroscopy (XPS) to explore the chemisorption and the 

reduction of Cr6+ to Cr3+.      
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3.2 Materials and methods 

3.2.1 Chemicals   

Citrate-capped MnxFe3-xO4 NS were used as prepared in Chapter 2 (section 2.2.4). 

Other used chemicals in this chapter were used as received. Hydroxylamine 

hydrochloride (ACS reagent, 98.0%), Sulfuric acid (H2SO4, 99.99 %) sodium acetate 

(anhydrous, ReagentPlus®, ≥99.0%), iron chloride tetrahydrate (FeCl2.4H2O ≥99%), 

1,10-phenanthroline monohydrate (titration ≥99.5%), and 1,5-diphenylcarbazide (DPC, 

≥98.0%) were obtained from Sigma-Aldrich (UK). Potassium dichromate (K2CrO4) was 

purchased from VWR Chemicals, UK. 

3.2.2 Fe quantification in NS  

A colourimetric phenanthroline method was applied for the acid-digested tested 

agent for iron content quantification of the functionalised nanomaterials dispersed in 

water.197 OD of the colour was measured using spectrophotometry (SpectraMax M2e, 

Molecular Devices, UK), and FeCl2.4H2O was used as a standard sample. An ICP-AES 

estimated the concentration of Mn in the Mn3O4 dispersion. 

3.2.3 Cr6+ quantification 

A stock solution of DPC was prepared by mixing 0.02 g of DPC with 10 mL 

ethanol and 40 mL of 1.8 M sulfuric acid. 0.1 mL of acid-digested Cr-containing sample 

samples was added to 2.9 mL of DPC solution. The concentration of Cr6+ was quantified 
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by measuring the OD of the colour generated by the Cr3+-DPC complex198,199 method at 

λ 545 nm using spectrophotometry (SpectraMax M2e, Molecular Devices, UK). 

3.2.4 Cr6+ removal by nano-adsorbents  

A. Measurement of the Cr6+ adsorption capacity of NS   

Equal volumes of aqueous dispersed citrate-coated nano-adsorbents and Cr6+ 

aqueous solution were mixed and incubated for 6 h at pH 7 at room temperature. Citrate-

capped Mn3O4 NPs were used as a controlling group, and 0.01 M of trisodium citrate 

served as a background. The adsorption capacity (Qe) was quantified following the 

relationship:185  

𝑄𝑒 =
𝐶𝑖 −  𝐶𝑎𝑑

𝑚
 𝑥 𝑉 

The initial concentration of Cr6+ (Ci) was 30 mg/L, and Cad was the adsorbed 

concentration of Cr6+. Therefore, the total volume of the reactants mixture (V) was 2 ml, 

and the mass of adsorbents (m) was represented with respect to Mn mass fractions.  

B. Isotherm of Cr6+ adsorption by some selected nanomaterials  

The mechanism of Cr6+ recovery by some selected NPs that showed the highest 

Qe was investigated by studying the isotherm of adsorption. The adsorption isotherms of 

Cr6+ removal by the selected NPs that showed the highest Qe (Fe3O4 NPs and 

Mn0.2
2+Fe2.8

3+O4 NPs, both prepared at a temperature of 250 °C for 6 h) were chosen for 

studying the adsorption isotherms of Cr6+. The isotherm was measured at room 
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temperature by varying the initial Cr6+ concentration from 10 to 250 mg/L at pH 7 for 6 

h as a contact time. The adjustment of pH was by HCl [0.1 M] and NaOH [0.1 M]. The 

concentration of the adsorbents was adjusted to 1 mg/mL. For Mn0.2
2+Fe2.8

3+O4, the mass of 

the adsorbent was calculated regarding both Fe and Mn fractions (0.68 and 0.05), 

correspondingly. Langmuir model fitted the adsorption isotherm as following:195 

𝑄𝑒 =
𝑄𝑚𝑎𝑥 𝐶𝑒

𝐾𝑙 + 𝐶𝑒
 

Qmax (mg/g) was the maximum amount of Cr6+ that creates a monolayer on the 

surface of one gram of adsorbent. Kl (mg/L) is a constant representing the binding sites' 

affinity.  

C. Chemical adsorption of Cr6+ on the selected NPs  

 MnxFe3-xO4 NPs that produced the lowest and the highest adsorption capacity for 

C6+ (Qe) were analysed by XPS, Kratos Analytical AXIS UltraDLD under ultra-high 

vacuum conditions (10-9 torr). The X-Ray radiation source of XPS was monochromated 

Al Kα (λ = 1.4866 KeV). The data were fitted by combining Gaussian (70%) and 

Lorentzian (30%) distributions. The oxidation states of Mn, Fe and Cr elements of 

Mn0.2
2+Fe2.8

3+O4 NPs (MnxFe3-xO4 NPs that were prepared by [Mn(acac)2] / [Fe(acac)3] 

equal to 0.6 at 250 °C for 6 h) after being exposed to Cr6+ were analysed by XPS (Kratos 

Analytical AXIS UltraDLD system) under the same conditions as abovementioned. For 

each element, a normalised peak area is calculated via dividing the area of its 

representative peak (from XPS spectrum) by the sensitivity factor. The equivalent 

homogenous atomic fraction (X) is the ratio between its normalised peak area and the 
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sum of all normalised peak areas, and multiply X by 100% to get an atomic percentage 

(%).200   

3.2.5 Statistical analysis of adsorption experiments  

The impacts of precursors ratios [Mn(acac)2 or 3] / [Fe(acac)3], the oxidation state 

of Mn precursor and synthesis conditions (temperature and time) of the selected 

Mnx
2+ or 3+Fe3−x

3+ O4 NPs on Cr6+ adsorption were studied using a statistical Students t-test. 

The significance level was described as a calculated probability (P) < 0.05 (*) and P < 

0.01 (**). All statistical analyses were done via OriginLab software. All experiments 

were done in triplicates, except XPS was done one time. 
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3.3  Results and discussion  

3.3.1 Adsorption of Cr6+ by NS 

The removal of Cr6+ by MnxFe3-xO4 NPs and NFs was studied as a function of the 

chemical composition and morphology of NS. The quantities of Cr6+ (Qe) adsorbed onto 

citrate-coated Fe3O4 NPs were estimated to be 14 ± 1 mg/g at room temperature and pH 

7 at equilibrium (Figure 25 A). The smaller size of the NPs in our results can probably 

explain the 1.4-fold higher adsorption efficiency than what was reported by Luther et 

al.155  

In an aqueous solution, Cr6+ was mainly present in the oxyanion form of chromate 

(Cr2O7)
2- specie. It formed sphere complexes with iron oxide via surface hydroxyl 

exchange,53,146,154,201 resulting in the generation of monodentate complexes and 

desorption of surface hydroxyl groups from the metal oxide surface sites.53,146,154,201 Upon 

evaluating commercially available Mn3O4 as a control material under the same 

conditions, the binding capacity of Cr6+ (7 ± 2.6 mg/g) was significantly lower than Fe3O4 

which was attributed to the low physisorption affinity of Cr6+ to such material.202 

The higher adsorption capacity of NFs compared to NPs made of similar 

[Mn(acac)3] / [Fe(acac)3] ratio (1 and 3) but at different synthesis temperatures (200 °C 

vs 250 °C) was attributed to the higher surface area which allows Cr6+ to penetrate NFs.203 

Increasing the doping level of Mn in NFs causes a decrease in Cr6+ adsorption as  
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Mn0.8
3+Fe2.8

3+O4 NFs showed an adsorption capacity of 12 ± 2 mg/g vs 8.5 ± 2 mg/g, as 

presented in Figure 25 A. 

Figure 25: Adsorption capacity (Qe) for Cr6+ by (A) MnxFe3-xO4 NS (B) Fe3O4 and 

𝑀𝑛𝑥 
2+𝐹𝑒3−𝑥

3+ 𝑂4 NPs ([Mn(acac)2] / [Fe(acac)3] = 0.33) on their Qe for Cr6+, (both NPs 

were prepared at 250 °C for ageing time 2-24 h). * P < 0.05 and ** P < 0.01 in relation 

Fe3O4 NP which was prepared at 250 °C for 6 h.  
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Except Mn0.2
2+Fe2.8

3+O4 NPs, MnxFe3-xO4 NPs prepared from either Mn2+ or Mn3+ 

sources showed an inverse trend for removal of Cr6+ with the increase of x compared to 

Fe3O4 NPs. Introducing Mn into ferrite reduced the adsorption capacity of Fe3O4 to Cr6+  

from 15.9 mg/g to 8.54-8.9 mg/g.155,156 The inverse relationship between Mn 

concentration in the ferrite composition and adsorption of heavy metals was also observed 

in the arsenic removal by MnxFe3-xO4 NPs.160 It was attributed to low binding affinity to 

the arsenic.160 The increased Co substitution for iron in magnetite (Fe3−xCoxO4, 0 ≤ x ≤ 1) 

slightly enhanced the adsorption capacity of NPs to Cr6+.204 The decrease in Mn doping 

in the Mn1−xCoxFe2O4 (x = 0.2, 0.4 and 0.6) induced a progressive, positive impact on the 

adsorption efficiency of Cr6+. Since Mn2+ ions have larger ionic radii than Co2+ (0.8 A° 

vs 0.7 A°), the increase in x made overcoming energy barriers for ion exchange 

interaction more difficult.158 The release of Mn into the solution due to Cr6+ reduction was 

suggested to alter the surface structure.155 

Considering the larger ionic radii of Mn2+ cation than Fe3+ (0.80 Å vs 0.64),159 our 

results can be explained based on the reverse impact of Mn doping level on the adsorption 

capacity of MnxFe3-xO4 NPs to Cr6+. Yet in Mnx
3+Fe3−x

3+ O4 NPs, the ionic radius of Mn3+ 

is smaller than Mn2+ and is approximately equal to Fe3+ radius but Mnx
3+Fe3−x

3+ O4 NPs 

showed lower adsorption capacities than their Mn0.2
2+Fe2.8

3+O4 NPs counterparts. The 

inferiority of Mn3+ in the adsorption of Cr6+ could be attributed to the tendency of Mn3+ 

([Ar] 3d4 4S0) to be reduced to Mn2+. The half-filled 3d orbital in the electronic 

configuration of Mn2+ ([Ar] 3d5 4S0) makes it more stable than Mn3+. While, oxidizing 

Fe2+ ([Ar] 3d6 4S0) into more stable Fe3+ ([Ar] 3d5 4S0) is favoured and can support the 

possible redox-based adsorption of Cr6+ by Fe3O4.    
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The adsorption capacity of Cr6+ by stoichiometric MnFe2O4 NPs was higher than 

by non-stoichiometric Mn1−xCoxFe2O4 (x = 0.2, 0.4 and 0.6).158 But, our results agree 

with what was stated by Martinez-Vargas et al.160 as non-stoichiometric Mn0.25Fe2.75O4 

NPs exhibited the best adsorption capacity to arsenic.160 Under the employed conditions, 

only Mn0.2
+2Fe2.8

+3O4 (x = 0.2), prepared at 250 °C was comparable to the adsorption 

capacity of Fe3O4 NPs (16.8 ± 1.6 vs 14 ± 1.7 mg/g, respectively). Using 

Mn0.2
2+Fe2.8

3+O4 NPs improved the Cr6+ recovery by 20% compared to Fe3O4 NPs and by 

140% with regard to Mn3O4, as shown in Figure 25 A. The adsorption of chromate anions 

was because of forming weak bonds with MnxFe3-xO4 substrate.154 The surface of MnxFe3-

xO4 NPs has been reported to be rich in hydroxyl groups,160 which favour Cr6+ adsorption. 

The colloidal dispersion of our Mn0.2
2+Fe2.8

3+O4 NPs and small diameter can explain their 

superior adsorption capacity compared to other reported MnFe2O4 NPs (13.54 and 15   

mg/g).146,156 At the same time, it is comparable with results from other reports (18.02 

mg/g).154  

3.3.2 Impact of time-dependent growth of the selected NPs on their Qe for Cr6+  

The removal of Cr6+ by Fe3O4 NPs and Mn0.2
2+Fe2.8

3+O4 NPs was studied as a 

function of the time-dependent growth of NPs. The highest Qe for Cr6+ adsorbed on either 

citrate-coated Fe3O4 NPs or Mn0.2
2+Fe2.8

3+O4 NPs were shown for NPs prepared at 250 °C 

for an ageing time of 6 h. It was observed that Mn0.2
2+Fe2.8

3+O4 NPs prepared at 6 h of 

reaction time had the lowest PDI, as shown in Figure 10 vs Figure 18 C and the best Qe 

over all tested NPs in the present study.   
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An inverse relationship between the growth of the tested NPs (reaction time > 6h) 

and Qe was observed in Figure 25 B. The increased reaction time during NPs preparation 

caused further growth of Mn0.2
2+Fe2.8

3+O4 NPs and Fe3O4 NPs were combined with an 

improvement in the crystallinity of NPs. The increase in the diameter and crystallinity of 

NPs resulted in a decrease in the surface area of NPs,205 which can explain the negative 

impact of NPs' growth on their Qe. 

3.3.3 Isotherm of Cr6+ adsorption by the selected NPs 

The adsorption of Cr6+ by the selected citrate-coated adsorbents that showed the 

best Qe at pH 7 at room temperature can be described by Langmuir isotherm model as a 

function of the initial Cr6+ concentrations (Figure 26 A-C). Hence, the adsorbent NPs' 

surface has homogeneous energy distribution via the monolayer sorption process. 

Langmuir isotherm model considered the adsorption rate and desorption to be equal. The 

calculated maximum adsorption capacity (Qmax) by Langmuir isotherm model fitted the 

results of Qe, as shown in Table 2. The low values of KL were indicators of the low 

binding affinity of adsorbate in the first monolayer to the tested NPs. 
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Figure 26: Adsorption isotherm for Cr6+ and linearisation of Cr6+ adsorption fitted by 

Langmuir model for (A) Fe3O4, (B) 𝑀𝑛0.2 
2+ 𝐹𝑒2.8

3+𝑂4 and (C) Mn3O4 NPs.  
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Table 2: Calculated linear parameters for Cr+6 adsorption on NPs fitted by Langmuir 

model for isotherm.   

aQmax was presented as (mean ± standard deviation) of 3 independent synthesis 

experiments, and *p < 0.05 and **p < 0.01 showed the statistical confidence levels by 

comparing Qmax in relation to Fe3O4 NPs.  

3.3.4 The oxidation state of Mn and Fe in the selected MnxFe3-xO4 NPs. 

XPS was used to gain insights into the chemical composition and oxidation state 

of the selected MnxFe3-xO4 NPs that showed either maximum or minimum Cr6+ recovery 

efficiency, as in Figure 25 and Figure 26. Binding energies (BEs) were used to identify 

elements and valence states. In Figure 27, the wide-scan spectra of Mn0.2
2+Fe2.8

3+O4 and 

Mnx
3+Fe3−x

3+ O4 NPs indicate the presence of carbon (C) and oxygen (O) elements besides 

 Qmax (mg/g)a KL R2 

Fe3O4 14.7 ± 1.5 1.1 0.99 

𝑀𝑛0.2
+2𝐹𝑒2.8

+3𝑂4  18.7 ± 1* 0.9 0.99 

Mn3O4  7.7 ± 2** 0.9 0.95 
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Mn and Fe. the position of BE for Mn 2p and Fe 2p were marked at 641.80 eV and 710 

eV, respectively. Using the relative area under the deconvoluted XPS spectra, a semi-

quantitative estimation of the valence states of the elements in the mixed-valence 

compounds was achieved. 

 

Figure 27: XPS spectra of MnxFe3-xO4 NPs where orange and blue represent 

𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 and 𝑀𝑛𝑥
3+𝐹𝑒3−𝑥

3+ 𝑂4 respectively. 

A. The oxidation state of Mn in 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs and  𝑀𝑛𝑥
3+𝐹𝑒3−𝑥

3+ 𝑂4NPs  

In Figure 28 A, Mn 2p was fitted by 5 contributions at around 640.2, 642.1, 645.2, 

651.6 and 653.4 eV. The broadening of peaks demonstrated that Mn is present in an oxide 

form rather than a metallic one.206,207 The asymmetric Mn 2p3/2 main metal peak at 640.2 
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eV was subjected to a 2p3/2 to 2p1/2 splitting of FWHM 2.7 and 2.1 eV, respectively. 

BEs of 640.2 and 651.1 eV were reported to be related to Mn 2p3/2 and Mn 2p1/2 of 

Mn2+ correspondingly.154,206–208 The small satellite peak at 645.2 eV (≈14%, 2.9 eV 

FWHM) was assigned to MnO. Since stoichiometric MnxFe3-xO4 can be expressed as 

MnO-Fe2O3, this points to the formation of MnxFe3-XO4 NPs206 in agreement with XRD 

results (Figure 7 C). In the case of Mnx
3+Fe3−x

3+ O4 NPs, the BE of Mn 2p was fitted by 4 

peaks at 640.2, 642.1, 651.6 and 653.4 eV, as shown in Figure 28  B. The absence of a 

small satellite peak at 645.2 was reported due to Mn3+ presence represented by BEs of 

640.2 and 651.6 eV.206  

Partial oxidation of Mn2+ to Mn3+ has been reported for MnxFe3-xO4 NPs prepared 

via polyol solvothermal method using Mn(acac)2 precursor163 due to the oxidative 

atmosphere inside the autoclave.159 Mn2+ and Mn3+ cations were reported to be present in 

MnxFe3-xO4 NPs.163 Hence, trivalent Mn was supposed to be formed during the synthesis 

of NPs as suggested by XRD and matched MnCO3 ICDD PDF card no. 00-010-0319 

(Figure 12). The relatively lower amount of Mn2+ in Mn3+-substituted ferrites could 

account for the fact that Mnx
3+Fe3−x

3+ O4 NPs showed lower Cr6+ adsorption capacity than 

Mn2+-substituted ferrites, as plotted in Figure 25 A. The presence of Mn4+ can be 

attributed to the possible oxidation of Mn2+/3+ during the preparation conditions.   
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Figure 28: High-resolution XPS spectra of (A, B) Mn 2p, (C, D) Fe 2p; for 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 

(A, C) and 𝑀𝑛𝑥
3+𝐹𝑒3−𝑥

3+ 𝑂4 NPs (B, D).   
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B. The oxidation state of Fe in 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4  and  𝑀𝑛𝑥
3+𝐹𝑒3−𝑥

3+ 𝑂4NPs  

For both samples, as shown in Figure 28 C and D, the peak of Fe 2p was split into 

Fe 2p3/2 at 710 eV, and its satellite appeared at 718 eV. While Fe 2p1/2 was situated at 

BE at 724 eV, and another satellite peak was observed at 729.5 eV. The peak of Fe 2p1/2 

was wider and weaker than Fe 2p3/2 peak. FWHM of Fe 2p1/2 peak was smaller than Fe 

2p3/2 because of spin-orbit (j–j) coupling. FWHM of Fe 2p peaks at 712 eV was slightly 

smaller than its counterpart at 712 eV, which can serve as an indicator for the presence 

of both Fe2+ and Fe3+ in these two samples.207,209 This interpretation matched the 

elemental analysis results by ICP-AES (Figure 19 A) for the formation of non-

stoichiometric MnxFe3-xO4. The absence of the satellite peak at 732 eV, as shown in 

Figure 28 D, was attributed to the presence of Fe3O4.
209 

3.3.5 Reduction of Cr6+ by the selected MnxFe3-xO4 NPs 

The possible redox mechanism of Cr6+ adsorption on Mn0.2
2+Fe2.8

3+O4 NPs were 

investigated by studying the oxidation state of Mn and Fe of the adsorbent and Cr as an 

adsorbate by XPS, as shown in Figure 29.  
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Figure 29: XPS spectrum of 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs treated by Cr6+. 

A. Mn in  𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs after Cr6+ adsorption  

After Cr6+ adsorption on Mn0.2
2+Fe2.8

3+O4 NPs, the position of BE for Mn 2p was 

slightly shifted from 640.45 eV (Figure 28 A) to higher BE (641.80 eV), as shown in 

Figure 30 A, which could be attributed to the possible oxidation of Mn2+. The peak 

became wider (FWHM = 3.029 vs 3.35), and the broadening of Mn 2p peak demonstrated 

that Mn is present in oxide form rather than a metallic one.206,207  
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Like untreated Mn0.2Fe2.8O4 NPs, Mn 2p was fitted by 5 contributions located at 

around 640.3, 642.2, 644.61, 652.2 and 654.8 eV. These peaks of Mn 2p can be grouped 

into two asymmetric peaks of Mn 2p3/2 and Mn 2p1/2, and the corresponding BE values are 

642 and 652 eV, respectively. The distance between the two photoelectron peaks is 

shorter than the untreated NPs (10.1 eV vs 11.4 eV), which is in the reported range by 

Biesinger et al.206 Mn in Mn0.2
2+Fe2.8

3+O4 NPs were considered doubly valent as the peak of 

Mn 2p3/2 was deconvoluted into 640.35 and 642.25 eV representing Mn2+ and Mn4+, 

respectively. The peak of Mn 2p1/2 was also fitted into two contributions of  Mn2+ and 

Mn4+ for 652.15 and 654.6 eV, respectively.154,206–208 The fifth small satellite peak at 

645.2 eV was assigned to Mn2+ of MnO.206 Since stoichiometric MnFe3O4 can be 

expressed as MnO-Fe2O3, this pointed to the formation of MnxFe3-XO4 NPs.206 

B. Fe after Cr6+ interaction with 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs 

After Cr6+adsorption on 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs, the position of BE for Fe 2p shifted 

slightly to higher BE (from 710 eV to 711 eV), and the peak became somewhat narrower 

(FWHM = 3.88 vs 3.45). A peak of Fe 2p3/2 was spotted at 710.75 eV, while the 

asymmetric peaks are situated at 723.9 eV, attributed to 2p1/2.207,209 Unlike untreated 

𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs, Fe 2p missed the satellite peak at 718 eV as shown in Figure 30 B, 

which was due to the presence of Fe3O4.
209 The ratio between Mn and Fe was doubled 

from 0.24 (as was reported by XPS and the range based on elemental analysis by ICP-

AES in our of untreated 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs (see Figure 19 A) to 0.44 which can be 

attributed to the release of Fe in the medium. 
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C. Reduction of Cr6+ by 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs  

Besides the ion exchange, our findings in the present chapter reveal that the 

interaction between Cr6+ and 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs involved a redox reaction. The ratio 

[Cr3+] / [Cr6+] was estimated to be 2.56, as shown in Figure 30 C. The chemical redox 

reaction between Mn0.2Fe2.8O4 NPs adsorbent surface and Cr6+ solution can explain the 

possible oxidation of Mn2+ and iron release. The ability of 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs to reduce 

Cr6+, in contrast to a report by Hu et al.,154 can be attributed to the abundance of Mn2+ 

over Mn4+ in the present structure. The existence of Mn4+ in their tested MnFe2O4 

adsorbent was reported.154 

Overall, there were two possible schemes for the adsorption and reduction of Cr6+ 

by Mn0.2
2+Fe2.8

3+O4 NPs. One of them was the adsorption of Cr6+ on the surface of NPs and 

then the reduction of Cr6+ into Cr3+. Another scheme was the reduction of Cr6+ into Cr3+ 

by NPs, followed by the adsorption of Cr3+.210 Doping Fe3O4 NPs by Mn2+ was reported 

to increase the superficial hydroxyl level, improving the adsorption of Cr6+ of NPs, as 

shown in Figure 25 A and B via ion exchange.211 At room temperature and pH 7, 

Langmuir isotherm model described the nature of  Cr6+  adsorption by Mn0.2
2+Fe2.8

3+O4 NPs 

(Figure 26 B). Hence, the nano-sorbents' surface has a homogeneous energy distribution 

via the monolayer sorption process.   

https://www.sciencedirect.com/topics/chemistry/hydroxyl
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sorption
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Figure 30: For 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs treated by Cr6+, high-resolution XPS spectra of (A) 

Mn 2p and (B) Fe 2p (C) Cr 2p. 
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3.3.6 The proposed mechanism of Cr6+ adsorption by MnxFe3-xO4 NPs  

The interaction between Cr6+ and Mn0.2
2+Fe2.8

3+O4NPs were proposed to involve 

both adsorption and reduction. Mn0.2
2+Fe2.8

3+O4NPs adsorbed Cr6+ via a ligand exchange 

between the hydroxyl groups on the surface of NPs and chromate (Cr2O7)
2- 

oxyanion.53,146,154,201 The adsorption of Cr6+ on iron oxides/hydroxides was reported to 

generate inner-sphere coordination complexes,196 as shown in Figure 31. Covalent bonds 

link ligands to a central metal atom (or ion) in such coordination complexes. Fe forms 

monodentate (one covalent bond) and bidentate (two covalent bonds) complex with 

chromates.196 The inner-sphere complex is strong and non-reversible.196 The reduction of 

adsorbed Cr6+ to Cr3+ by Fe2+ or Mn2+ and Cr3+ was precipitated Cr(OH)3 or CrxFe1-

x(OH)3.
211 From the above analysis; there were two kinds of divalent ions in Mn0.2

2+Fe2.8
3+O4 

NPs, which are Mn2+ and Fe2+ (Figure 28 A and B), were stated by higher reductive 

activity.210 Mn2+ can offer 2 electrons to be Mn4+, as shown in Figure 28  A, which can 

reduce Cr6+ into Cr3+, as supported by XPS findings in Figure 30 C. In addition to the 2 

electrons offered by Mn2+, Fe2+ can be oxidised into Fe3+ and lose one electron to reduce 

Cr6+ into Cr3+.210,212 After Cr6+ interaction, the release of Fe from Mn0.2
2+Fe2.8

3+O4 NPs to 

the medium were an indicator of Cr3+ metal substitution, and the oxidation of Fe was 

approved in XPS results (Figure 30 B). The reduction of Cr6+ into Cr3+ was revealed by 

XPS; as shown in Figure 30 C. Unreduced, adsorbed Cr6+ can be incorporated into the 

CrxFe1-x(OH)3 structure.211  
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Figure 31: Scheme for Cr6+ adsorption-reduction by NPs. Redrawn from Xie et al.213 and 

Johnston and Chrysochoou.212     

3.4 Conclusion  

Citrate-coated Mn0.2
2+Fe2.8

3+O4NPs (prepared from Mn2+ precursor at a synthesis 

temperature of 250 °C for 6 h) showed the highest Cr6+ adsorption capacity (16.8 ± 1.6 

mg/g). Langmuir isotherm model fitted the adsorption of Cr6+ by the Mn0.2
2+Fe2.8

3+O4NPs 

as a function of the initial Cr6+ concentrations at pH 7 at room temperature. Mn0.2
2+Fe2.8

3+O4 

NPs can reduce 61% of the adsorbed Cr6+ into Cr3+. Because of the highest adsorption 

capacity, 𝑀𝑛0.2
+2𝐹𝑒2.8

+3𝑂4 NPs were selected to explore their impact on the bio-reduction of 

Cr6+ by S. oneidensis MR-1 compared to undoped Fe3O4 and Mn3O4 NPs. 
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Chapter 4. Enhancing the bio-detoxification efficiency 

of Shewanella oneidensis MR-1 for Cr6+ by the 

selected MnxFe3-xO4 NPs 

4.1 Introduction 

The remediation of the carcinogenic Cr6+ needs not only its removal (elimination) 

from the waste stream but also its reduction (detoxification) to a less harmful form, Cr3+.  

Some microbes that can survive in heavy metal-contaminated places are used for the bio-

reduction (bio-detoxification) of Cr6+ to Cr3+. S. oneidensis MR-1 bacteria are a model 

metal-reducing microbe recommended for heavy metal removal,3,58–60 as was explained 

in Chapter 1, section 1.2 in more detail.   

Several factors affect the bio-reduction efficiency of S. oneidensis MR-1 to Cr6+. 

Using starch as an electron source caused the reduction of 90% of Cr6+ by S. putrefaciens 

bacteria, followed by 1%  glucose (88% reduction) and 77% by 1% cellulose.214 The 

presence of oxygen inhibited the bio-reduction of Cr6+ by S. oneidensis MR-1.66 The bio-

removal of Cr6+ was reported to be maximised at pH 7-8,214,215 temperature 35°C, contact 

time of 16.57 h, and biomass dosage of 0.42 g/L.215 

The reduction of Cr6+ by S. oneidensis MR-1 had an inverse relationship with its 

concentration,66,78,114 because of the cytotoxicity of Cr6+ to Shewanella.9,78,82,111–113 S. 

oneidensis MR-1 strain alone can reduce 26-78 % of 20 mg/L of Cr6+  into Cr3+ within 
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8 h.78–80 The bio-reduction efficiency is much lower than what can be detoxified by 

physical and chemical materials.58 The lethal dose of Cr6+ at which S. oneidensis MR-1 

cannot show a visible growth was reported to be ~ 42-65 mg/L.73,82 Cr6+ was suggested 

to cause mutations that affected growth or non-reversible interaction with proteins that 

inhibited growth.82 The loss in viability of S. oneidensis MR-1 after Cr6+ treatment was 

suggested to be because of the intracellular effects of Cr6+.82 Yet, the concentration of 

Cr3+/6+ in industrial effluents may be reached 1000-1500 mg/L as reviewed by Mpofu et 

al.115 Therefore, enhancing the bacterial tolerance to Cr6+ was considered an effective 

way to enhance the bio-reduction efficiency of Cr6+ by S. oneidensis MR-1. 

Adsorption is a simple and effective technique for removing metals from waste 

streams. Integrating the adsorption-bio-reduction method is effective for Cr6+ safe 

removal, i.e. elimination and reduction. The synergism of S. oneidensis MR-1 and other 

specific nanostructures is the most common method for promoting Cr6+ reduction. These 

materials promote heavy metal respiration by S. oneidensis MR-1 in different ways. Such 

chemicals can enhance the bio-reduction of  Cr6+ by acting as electron shuttles, catalysts 

and reducing agents.67  

Chapter 4 assesses the impact of Mn0.2
2+Fe2.8

3+O4 NPs (that showed the highest Qe 

to Cr6+) on the removal efficiency of Cr6+ by S. oneidensis MR-1. The effect of 

Mn0.2
2+Fe2.8

3+O4 NPs on the viability of S. oneidensis MR-1 in response to Cr6+ have been 

studied by flow cytometry. Subsequently, the colourimetric method has investigated their 

impact on the bio-removal of Cr6+ by S. oneidensis MR-1. The modification in the 

morphology of S. oneidensis MR-1 cells after being exposed to Cr6+ in the presence of 
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Mn0.2
2+Fe2.8

3+O4 NPs were imaged using Scanning Electron Microscopy (SEM). The change 

in the oxidation state of Cr6+ after the interaction with S. oneidensis MR-1 in the presence 

Mn0.2
2+Fe2.8

3+O4 NPs were studied using X-ray Photoelectron Spectroscopy (XPS) to reveal 

any redox interaction. 

4.2 Materials and methods 

Fe3O4 NPs, Mn0.2
2+Fe2.8

3+O4 NPs (both were prepared at 250 °C for 6 h as synthesis 

temperature and time, respectively) and Mn3O4 NPs were used as prepared in Chapter 2. 

Fe3O4 NPs and Mn3O4 NPs were used as Mn-free and Fe-free controlling NPs, 

respectively, for Mn0.2
2+Fe2.8

3+O4 NPs. Chemicals and techniques used for quantifying the 

efficiency of Cr+6 bio-removal and the reduction mechanism were described in sections 

3.2.1 and 3.2.2.  

4.2.1 For microbiological studies 

Both forward primer (1369F) of sequence CGGTGAATACGTTCYCGG and 

reverse primer (1492R) of sequence GGWTACCTTGTTACGACTT were obtained from 

Integrated DNA Technology (UK) in a dry form. FastDNA Spin Kit for Soil was 

purchased from MP Biomedicals, UK. Invitrogen, UK supplied the Qubit dsDNA broad 

range (2 to 1000 ng) assay kit and DNase/RNase-free sterile ultrapure distilled water. 

From New England Biolabs (UK), Luna Universal qPCR Master Mix was obtained. 

Vitamin and trace mineral supplements (MD-VS™ and MD-TMS™, respectively) were 

procured from American Type Culture Collection (ATCC, UK). Live-dead BacLight 

bacterial viability test kit and M9 minimal salts (2x) medium were obtained from 
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ThermoFisher, UK. Luria–Bertani agar (LB) medium was bought from Oxoid, UK. 

Glutaraldehyde (25%), phosphate buffer saline (PBS), sodium DL-lactate (≥99.0%), 

sodium fumarate dibasic (≥99.0%) and 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic 

acid (HEPES, ≥99.5%) were obtained from Sigma-Aldrich (UK). Microbank™ 

Cryobeads were purchased from Pro-Lab Diagnostics, UK. 

4.2.2 Sources of bacteria of interest  

Freeze-dried cultures of Shewanella oneidensis MR-1 (strain number LMG 

19005) were acquired from Belgian Coordinated Collections of 

Microorganisms/Laboratory for Microbiology of Ghent University (BCCM/LMG). 

Shewanella loihica PV-4 (strain number DSMZ 17748) was obtained from Leibniz-

Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH and 

used as a positive biological control for microbial reduction of Cr6+. Professor Jeffrey A. 

Gralnick kindly provided S. oneidensis JG1486 and JG3355 as LB agar stabs cryovials. 

These strains were used as negative biological controls. The dried bacteria were recovered 

via streaking on LB agar plates and incubated for 18 h at 37 ○C. Colonial growth from all 

cultures was stored after being preserved on Cryobeads at -80 οC. 

4.2.3 Molecular identification of the tested bacteria   

The Genomic DNA of bacteria was extracted by boiling a single colony in ultra-

pure water for 10 min at 95 °C. Then, FastDNA Spin Kit for Soil was applied to the boiled 

broth following the manufacturer's instructions.   
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Amplification of 16S rRNA gene fragment for the tested strains was done by 

polymerase chain reaction (PCR) using 1369F and 1492R primers and Luna Universal 

qPCR Master Mix.216 Using thermocycler (Cole-Parmer), the solution mixture, including 

the extracted nucleic acid, primers and the master mix was heated to 94 °C for 5 min as 

an initial step for the denaturation of double-stranded DNA into single-stranded one 

followed by a denaturation for 45 s. Next, the annealing step was done by heating the 

mixture at 52 °C for 45 s to allow the primers and polymerase enzyme from the mixture 

solution to bind to the single strands of DNA. Finally, the extension of DNA by adding 

nucleotides was processed at 72 °C for 90 s to form a new complementary strand of DNA. 

The denaturation, annealing and extension of DNA were repeated ~ 30 cycles.216  Qubit 

3.0 fluorometer (Life Technologies, UK) was used to quantify the amount of DNA in 

PCR products via Qubit dsDNA broad-range assay. 

Both the purification of amplified PCR products and Sanger sequencing were 

implemented using the commercial service of Source Bioscience, Cambridge, UK. The 

sequenced data were assigned for matching identity for species with the highest fitting 

96-100 % by nucleotide BLAST (Basic Local Alignment Search Tool) from the database 

of the National Centre for Biotechnology Information (NCBI) 

(https://blast.ncbi.nlm.nih.gov). 

https://blast.ncbi.nlm.nih.gov/
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4.2.4 Microbial viability under Cr6+ stress  

A. Minimum inhibition concentration of Cr6+ 

To assess the impact of Cr6+ on the viability of the tested Shewanella spp, a Guava 

easyCyte® flow cytometer (Merck, UK) was used. 10 μL of homogeneous bacterial cell 

suspensions with OD measured at λ600 nm equal to 0.1 was added to 80 μL of M9 

minimal salts (x 2) medium.217 This medium was supplemented by 20 mM sodium lactate 

as a sole electron source, 5 mL/L each of vitamins and minerals and pH was adjusted to 

7.2 by 10 mM HEPES buffer.218  The viability of cells was quantified in response to serial 

dilutions of Cr6+ (1 to 100 mg/L) as a terminal electron source alone. Sodium fumarate 

(20 mM) was used as an alternative terminal electron acceptor to Cr6+. In all cases, media 

were purged with nitrogen gas for 5 min after bacterial inoculation. The proportion of live 

cells was quantified relative to the overall number of cells via live-dead BacLight 

bacterial viability assay. The gating strategy of the bacterial cells' live and dead 

populations was defined based on fluorescence minus one (FMO).219 Data of 3 replicates 

are expressed as means ± standard deviation. The minimum inhibitory concentration 

(MIC) of any agent was defined as its lowest concentration that inhibits the growth of 

bacteria after overnight incubation.219 

B. Viability of the tested Shewanella to the Fe3O4, 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs, MnFe3O4 

NPs  

The impact of tri-sodium citrate and citrate-coated Fe3O4, Mn0.2
2+Fe2.8

3+O4 NPs and 

MnFe3O4 NPs on the viability of the tested Shewanella were assayed in the presence and 



 

 

128 

absence of the sub-lethal dose of Cr6+ using Guava easyCyte® flow cytometer (Merck, 

UK) following the protocol maintained above in section 4.2.4.A.  

C. Imaging bacteria by Scanning Electron Microscopy (SEM)  

The samples were imaged by Philips XL30 FEG SEM (FEI, Eindhoven, 

Netherlands) with an accelerating voltage of 5 keV. To acquire SEM images, 50 µL from 

the cell suspension of the untreated and treated S. oneidensis MR-1 bacteria by 

𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs alone and by Cr6+ in the presence and absence of 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs 

were deposited on microscope cover glass (Fisher, UK) and left to be air-dried for 1h at 

room temperature. At room temperature, cells were fixed by immersing the glass covers 

in glutaraldehyde (2.5% v/v in 0.01 M PBS) for 30 min. Next, the fixed cells were washed 

3 times with PBS [0.01 M]. The slides were dipped consequently in a serial dilution of 

ethanol (10% v/v in distilled water, 30% v/v, 50% v/v, 70% v/v and 90% v/v), then finally 

100% of ethanol for 5 min per each concentration for dehydration.220 The slides were then 

attached to aluminium stubs with double-sided carbon tape (Agar Scientific, UK). 

Samples were then sputter-coated with gold-palladium at 20 mA and 1.25 Kv for 90 

seconds using a Palaron E5000 sputter coater. 

4.2.5 Integrated adsorption bio-reduction safe removal of Cr6+  

A. Biological removal of Cr6+ by the tested Shewanella  

Cr6+ bio-removal efficiency in response to NPs presence was tested at Cr6+ sub-

lethal dose for the tested bacteria. For S. oneidensis MR-1 and S. loihica PV-4, the sub-

lethal concentration of Cr6+ was 50 mg/L. 10 and 1 mg/L of Cr6+ for S. oneidensis JG1486 



 

 

129 

and JG3355 were defined as sub-lethal doses. The concentration of citrate was 0.1 mM, 

and citrate-coated, Fe3O4, Mn0.2
2+Fe2.8

3+O4 NPs and Mn3O4 NPs were adjusted to 1 mg/mL. 

The remaining soluble Cr6+ in the supernatant (CrS) passed through a 0.45 µm filter 

membrane and was quantified using the Cr3+-DPC complex method198,199 described in 

section 3.2.3.A. The percentage of Cr6+ bio-reduction was calculated in relation to the 

initial concentration (Cri) of Cr6+ following:82,92  

𝐵𝑖𝑜𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = (
Cr𝑖  −  Cr𝑠

Cr𝑖
) 𝑥 10 

 

B. Microbial detoxification of Cr6+ 

The change in oxidation states of Cr6+ after being incubated with S. oneidensis 

MR-1 alone and Mn0.2
2+Fe2.8

3+O4 NPs and S. oneidensis MR-1 were analysed by XPS (a 

Kratos Analytical AXIS UltraDLD system) under similar environments as mentioned 

above in section 3.2.4. 

4.2.6 Statistical analysis  

The effect of MnxFe3-xO4 NPs on microbial viability and detoxification of Cr6+ 

was studied using a statistical Students t-test. The significance level was described as a 

calculated probability (P) < 0.05 (*) and P < 0.01 (**). All experiments were done in 

triplicates except SEM and XPS were done once.  
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4.3 Results and discussion 

4.3.1 Molecular identification of the tested Shewanella 

Shewanella bacterial species are metal-reducing and metal-resistant bacteria.82  

The tested wild-type S. oneidensis MR-1, S. loihica PV-4, S. oneidensis JG1486 and 

JG3355 were identified by sequencing fragments of their 16s rRNA genes. Our results 

illustrated that the sequence of 16s rRNA genes of S. oneidensis MR-1 and S. loihica PV-

4 matched S. putrefaciens (NCBI Reference Sequence NR_113582) by 98.90 % and 

100 %, respectively. S. oneidensis JG3355 showed similarity to S. pealeana (NCBI 

Reference Sequence: NR_114421) by 100 %. The sequence of 16s rRNA of S. oneidensis 

JG1486 was similar to S. oneidensis MR-1 (NCBI Reference Sequence: NR_074798.1) 

by 96.4 %.  
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4.3.2 The viability of the tested Shewanella under Cr6+ stress in the presence of 

the selected MnxFe3-xO4 NPs   

 

Figure 32: Gating strategy for identifying the live and dead cell bacterial populations 

acquired by flow cytometry. 

The viability of the tested Shewanella was quantified via flow cytometry 

following live-dead gates, as shown in Figure 32. Gating is a method to define a category 

of data in flow cytometry. A dot plot represented the cell count, and each dot represented 

an event related to a cell.221 

A. Determination of lethal dose of Cr6+ for the tested Shewanella  

Under redox conditions, our results revealed that the minimum inhibition 

concentrations (MICs) of Cr6+ for the tested wild-type Shewanella strains (S. oneidensis 

MR-1 and S. loihica PV-4) were 60 mg/L and 70 mg/L, respectively, as shown in  Figure 
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33 A which was slightly within the reported range.73,82  Cr6+ uptake by Shewanella 

intracellularly caused cell lysis.222 Cr6+ could damage microbial DNA when they enter 

the cells.222 The toxic effect of Cr6+ appeared to be associated with extracellular 

interactions leading to a change in the cellular morphology and then a lethal 

effect.78,82,92,222 

The extracellular reduction of Cr6+ to Cr3+ promoted the survival of S. oneidensis 

MR-1 and S. loihica PV-4, as shown in Figure 33 A.78,82,92,222 The ability of Shewanella 

to transfer electrons to metal ions was known to take place via MtrCAB 

complex,100  MtrFED complex,101 DmsEFA DMSO reductase system102 and SO4359–

SO4360 system.101 The slightly higher tolerance of S. loihica PV-4 to Cr6+ than S. 

oneidensis MR-1 in our experiment (Figure 33 A) was thanks to their higher content of 

c-type cytochrome genes than S. oneidensis MR-1.223 In addition, S. loihica PV-4 cells 

were reported to be elongated and exhibited a rough surface upon exposure to Cr6+.222 

This adaptation of cellular morphology in response to Cr6+ can explain why S. loihica PV-

4 showed higher resistance for Cr6+.  
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Figure 33: Viability of the tested Shewanella strains in response to (A) Cr6+, (B) Fe3O4 

NPs, (C) 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs and (D) Mn3O4 NPs.  
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The lower MIC of Cr6+ to S. oneidensis JG1486 (20 mg/L) than S. oneidensis MR-

1 and S. loihica PV-4 could be a supportive argument for the critical role of the 

extracellular reduction of metal as a strategy by Shewanella for coping the bactericidal 

effect of Cr6+. The missing responsible genes for the extracellular metal reduction in S. 

oneidensis JG1486 (ΔmtrCAB, ΔmtrFED, ΔomcA, ΔdmsE, ΔSO4360, ΔcctA and 

ΔrecA) was reported to be the causative agent for inhibiting the viability of S. oneidensis 

JG1486 cannot respire metals.104 This could be the reason for the low tolerance level of 

S. oneidensis JG1486 to Cr6+, as shown in Figure 33 A.  

S. oneidensis JG1486 was more tolerant to Cr6+  than S. oneidensis JG3355 of 

MIC equal to 5 mg/L. S. oneidensis JG3355 lacked the responsible genes for regulating 

Fe2+ stress in anaerobic bacteria (ClpX and ClpP).224 ClpP gene encoded protease proteins 

which were reported to be expressed in response to the exposure of S. oneidensis MR-1 

to Cr6+ for 24 h.225 The possibility of lacking metal-reducing responsible proteins104 in S. 

oneidensis JG1486 and stress regulators made such protease224,225 in S. oneidensis 

JG3355 could be the reasons for the ability of both strains to survive under Cr6+ stress.   

B. Cellular compatibility of the selected MnxFe3-xO4 NPs   

In the absence of Cr6+, Fe3O4 NPs can sustain the viability of bacteria, as presented 

in Figure 33 B. S. putrefaciens can respire Fe3O4 under anaerobic conditions and convert 

millimolar amounts of Fe3O4 to soluble Fe2+ at pH 5-6 and a temperature range of 22-

37 °C.224,226 So, the viability of S. oneidensis MR-1 and S. loihica PV-4 were maintained 

in the presence of the tested concentration range of Fe3O4 NPs under anaerobic 

conditions, as shown in Figure 33 B. 
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As described above, the S. oneidensis JG1486 strain cannot respire Fe3O4 NPs due 

to missing the responsible genes for extracellular metal reduction.104 Under anaerobic 

conditions, the lethal effect of Fe2+ on S. oneidensis cells was attributed to the substitution 

of Mg2+ of lower protein binding affinity in metalloprotein by Fe2+. Protease enzymes that 

were encoded by ClpXP genes can detect and degrade mis-metallated, misfolded 

proteins.224 So, S. oneidensis JG3355 was sensitive to Fe3O4 NPs in our results due to the 

deletion of both ClpX and ClpP genes.224  

Shewanella species can grow in the presence of Mn,227 which was supported by 

our results in  Figure 33 C and D. The Mn content in the chemical structure of 

Mn0.2
2+Fe2.8

3+O4 NPs and Mn3O4 NPs improved the anti-oxidant activity of NPs and, in turn, 

the viability of cells.228 The ability of S. oneidensis MR-1 to respire Mn4+ and Mn3+ into 

Mn2+ has already been reported.229,230 The presence of Mn2+ in  Mn0.2
2+Fe2.8

3+O4 NPs 

decreased Fe2+ concentration in the solution and, in turn, decreased the lethal effect of 

Fe2+ on the viability of the tested Shewanella in general and S. oneidensis JG3355 in 

particular.  Exposing S. oneidensis JG3355 to 1mg/mL of Fe3O4 NPs or Mn0.2
2+Fe2.8

3+O4 

NPs did not impact the viability of S. oneidensis JG3355. So, this concentration was 

applied for further experiments for all the tested Shewanella strains.   

https://www.sciencedirect.com/topics/medicine-and-dentistry/shewanella-oneidensis
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Figure 34: In the presence of the tested agents: (A) the viability of tested Shewanella 

under a sublethal dose of Cr6+, (B) the removal of Cr6+ by Shewanella strains. * P < 0.05 

and ** P < 0.01 in relation to the impact of 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs in each data set separately.    

 

C. Sustaining the viability of Shewanella at a sub-lethal concentration of Cr6+ by 

the selected MnxFe3-xO4 NPs   

In the presence of citrate only, the viability of S. oneidensis MR-1 and S. loihica 

PV-4 bacteria was improved only 10-12 % at the sub-lethal dose of Cr6+ (50 mg/L), as 
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illustrated in Figure 34 A. Bencheikh-Latmani et al.231 explained a similar observation 

due to the possible interaction between bio-reduction product (Cr3+) and citrate.231 The 

Formation of the Cr3+-citrate complex restricted the availability of the toxic metal to 

bacterial cells.231  

Employing Mn0.2
2+Fe2.8

3+O4 NPs as adsorbents can minimise the exposure of  

Shewanella cells to Cr6+, which can boost bacterial tolerance to Cr6+.9,78 The positive 

relationship between Cr6+ adsorption and the viability of bacteria was reported.9,78 Cr6+ 

was adsorbed on Mn0.2
2+Fe2.8

3+O4 NPs following Langmuir adsorption isotherm model 

(Figure 26). Based on this model, the possible continuous adsorption-desorption rate of 

Cr6+ can sustain a bombardment of Cr6+ from the surface of NPs, which makes the 

exposure of cells to Cr6+ occur at a gradual rate. In addition, our reported reduction of the 

highly toxic Cr6+ into less toxic Cr3+ by Mn0.2
2+Fe2.8

3+O4 NPs, as approved in our results in 

Figure 29, can protect bacterial cells from the toxic effect of Cr6+. Moreover, the binding 

affinity of Mn2+ to proteins was ranked lower than Fe2+ according to the natural order of 

stability for divalent transition metals.232,233 This weak contact between the adsorbed Cr6+ 

on Mn0.2
2+Fe2.8

3+O4 NPs and bacterial cells can enable S. oneidensis MR-1 to survive under 

Cr6+. This controlled attachment can avoid the reported disruption of the electron transfer 

from S. oneidensis MR-1 to Cr6+ due to the high affinity of S. oneidensis MR-1  and α-

FeOOH.78  

The use of Mn0.2
2+Fe2.8

3+O4 NPs improved the viability of S. oneidensis MR-1 under 

the sub-lethal concentration of Cr6+ by 2.3 times. In response to Cr6+ toxicity, the presence 

of Mn0.2
2+Fe2.8

3+O4, Fe3O4 and Mn3O4 NPs improved the viability of S. oneidensis JG1486 



 

 

138 

strain by 5-, 3.5-, 2-fold, and of S. oneidensis JG5533 strain by 3.6-, 6.25-, 1.5-fold, 

respectively. The deletion of ClpP gene in S. oneidensis JG3355224 affected the ability of 

the mentioned strain to respond to 24 h Cr6+ exposure.225  

4.3.3 Bio-removal efficiency of Cr6+ by combining the tested Shewanella strains 

and the selected MnxFe3-xO4 NPs 

The capability of S. oneidensis MR-178 to respire Cr6+ was affected by the initial 

concentration of the heavy metal.9,78,234  These results were credited to the chromate dose-

dependent toxicity, which causes growth and viability inhibition.9,78,234 Hence, our 

experiments were designed at high concentrations of Cr6+, i.e. sub-lethal dose. The 

viability of the tested Shewanella and the bio-removal of Cr6+ was correlated, as shown 

in Figure 34 A and B.  

A. Eliminating Cr6+ by the tested Shewanella alone   

Our results (Figure 34 B) revealed a significant drop in the concentration of Cr6+ 

in the media supplemented by both wild types of the strain of interest (S. oneidensis MR-

1) and positive control (S. loihica PV-4). The bio-removed Cr6+ by the abovementioned 

wild-type of Shewanella were 30 ± 5 % and 33 ± 4 %, respectively, in the reported range 

of 18.3-42 %.78,141 For all tested Shewanella, the percentages of viable cells were 

approximately similar (~ 10 %). However, the bio-removal of Cr6+ by the mutant stains 

(S. oneidensis JG1486 and S. oneidensis JG5533) were 7 ± 1 % and 5 ± 0.5 %, 

respectively. The efficiency of Cr6+ removal by S. oneidensis JG1486 and JG5533 

(negative biological controls) was lower than what was removed via S. oneidensis MR-1 
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by approximate ranges from 3.13 to 5.53 times and from 5.63 to 6.85 times, respectively 

as shown in Figure 34 B. The low concentration of Cr6+ was suggested to induce 

mutations that caused non-reversible interaction with proteins that inhibited growth.82 

More than one strategy for Cr6+ removal by Shewanella could be involved, such as the 

respiration of Cr6+ into Cr3+ form 79,92,235 and bio-sorption by bacterial cells, either 

absorption or adsorption.116,215  

B. Removing Cr6+ in the presence of Shewanella and tri-sodium citrate   

The presence of tri-sodium citrate improved the bio-removal of Cr6+ via S. 

oneidensis MR-1 and S. loihica PV-4 by 1.8 and 2 times, respectively, as illustrated in 

Figure 34 B, which could be a result of the possible complexation Cr3+.231 Also, S. 

oneidensis JG1486 and S. oneidensis JG5533 strain to remove Cr6+ were minimised to 70 

and 60 % by citrate, respectively. 

C. Improving the bio-removal of Cr6+ by combining Shewanella and Fe3O4 NPs 

Fe3O4 NPs increased the bio-removal of Cr6+ via S. oneidensis MR-1 and S. 

loihica PV-4 by 2.2 and 2.1 times, respectively, as illustrated in Figure 34 B. The 

reactivity of Fe3O4 towards Cr+6 was enhanced by microbial reduction of Fe3+ via 

Geobacter sulfurreducens.137 α-FeOOH boosted the Cr6+ detoxification by S. 

oneidensis MR-1 and S. putrefaciens CN32 20-30 %9 and 60%, respectively.11 Fe3O4 NPs 

increased Cr6+ elimination via S. oneidensis JG1486 by 1.3 times. S. oneidensis JG5533 

strain lost 20 % of its ability to remove Cr6+ in the presence of Fe3O4 NPs. 
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D. Enhancing the elimination efficiency of Cr6+ by using both Shewaenlla and 

Mn3O4 NPs 

The presence of Mn3O4 NPs increased the bio-removal of Cr6+ via S. oneidensis 

MR-1 and S. loihica PV-4 by 1.7 and 2 times, respectively, as illustrated in Figure 34 B. 

Mn3O4 NPs boosted the efficiency of S. oneidensis JG1486 and S. oneidensis JG5533 to 

eliminate Cr6+ by 1.4 times and 1.7 times, respectively.  

E. Boosting the removal efficiency of Shewanella for Cr6+ by 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs   

The presence of Mn0.2
2+Fe2.8

3+O4 nano-adsorbent was beneficial to microbial 

survival, as approved in our results in Figure 34 A, which was positively related to 

enhancing Cr6+ bio-removal via S. oneidensis MR-1 and S. loihica PV-4  by 2.7 and 2.5 

times (Figure 34 B). Mn0.2
2+Fe2.8

3+O4 NPs can facilitate the electron transfer from cells to 

the acceptor236 by electron-accepting and -donating through NPs. The affinity of 

MnFe2O4 NPs to bind proteins on the bacterial outer membrane can improve the contact 

area between a single bacterium and an external electron acceptor.151 The presence of 

Mn0.2
2+Fe2.8

3+O4 NPs boosted the efficiency of S. oneidensis JG1486 and S. oneidensis 

JG5533 to eliminate Cr6+ by 3.6 times each strain.  

Studying the morphological change of S. oneidensis MR-1 (the bacteria of 

interest) by SEM and the oxidation state of Cr elements by XPS after their interaction in 

the presence of  Mn0.2
2+Fe2.8

3+O4 NPs would achieve a better understanding of the promoting 

impact of NPs.  
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4.3.4 Enhanced morphological response of S. oneidensis MR-1 to Cr6+ by the 

selected MnxFe3-xO4 NPs  

A. Rod shape of untreated S. oneidensis MR-1 cells  

Before contacting with Cr6+, the wild-type S. oneidensis MR-1 was imaged as 

regular rod-shaped cells with smooth surfaces, as shown in Figure 35 A, which matched 

what was documented in other reports.78,82,92,222 A cell division ring (Z-ring) per bacterial 

cell was observed in Figure 35 A, an indicator for the earliest phase of cell division of S. 

oneidensis MR-1 cells.82 Parker et al.82 reported that the delay in separating daughter cells 

could be attributed to the limited availability of nutrients in the media.82 The presence of 

bacterial nanowires as extensions of the outer membrane and periplasm (Figure 35 A) 

was shown to be increased under oxygen-limited conditions.108 Nanowires were reported 

to have the responsible multiheme cytochromes for extracellular electron transport 

pathways for external electron acceptor respiration.108 

B. Rupture of S. oneidensis MR-1 cells in response to Cr6+    

SEM images of S. oneidensis MR-1 revealed the inability of bacterial cells to 

produce nanowires after exposure to Cr6+. The variation in the length of cells exposed to 

Cr6+ is presented in Figure 35 B and Table 3 as a coping strategy for tolerating the stress 

induced by Cr6+.222 The impact of exposure of S. oneidensis MR-1 to the sublethal dose 

of Cr6+ was observed on the rupture on the one pole of the cell as shown in Figure 35 B 

shrunken-surface shape and crack formation in bacterial cells were also observed after 
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the reaction with Cr.78,82,92 The attempts of cell division were imaged for cells exposed to 

Cr6+.  

C. Cellular compatibility of 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs 

Incubating bacterial cells with Mn0.2
2+Fe2.8

3+O4 NPs resulted in an insignificant 

decrease in the length and diameter of the bacterial cells, as shown in Figure 35 C and 

Table 3. The deposition of MnFe2O4 NPs on the surface of S. putrefaciens CN32 showed 

no morphological impact,151 which supported our results as shown in Figure 35 C. The 

poles of Shewanella cells are attractive to the metal oxide/hydroxides under aerobic and 

anaerobic conditions,237,238 which explains the polar rupture of some cells. The capability 

of Shewanella to produce nanowires in the presence of Mn0.2
2+Fe2.8

3+O4 NPs were seen.  

D. Enhanced tolerance of Shewanella to Cr6+ by 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs  

In the presence of Mn0.2
2+Fe2.8

3+O4 NPs, the surface of the treated S. oneidensis MR-

1 cells by Cr6+ retained a smooth but elongated morphology (see Figure 35 D and Table 

3). Cr6+ induced the stretched shapes of cells for S. loihica PV-4 in the presence of a 

mixture containing both biochar and α-Fe2O3.
239 Mn0.2

2+Fe2.8
3+O4 NPs provoked the 

formation of bacterial nanowires in the presence of Cr6+, as depicted in Figure 35 D. The 

ability of NPs to regenerate the bacterial nanowire production agrees with the findings 

reported by Yu et al.240 Such observation in response to the interaction between MnxFe3-

xO4 NPs and cells was confirmed in the present work by EM. 
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Table 3: Quantitative variation in the length and diameter of S. oneidensis MR-1 

bacterial cells in response to the tested treatment. 

S. oneidensis MR-1 Cell length (µm)a Cell diameter 

(µm)b 

Untreated  2.15 ± 0.45  0.6 ± 0.06 

Treated by Cr6+alone 2.3 ± 0.78 0.65 ± 0.15 

Treated by Mn0.2
2+Fe2.8

3+O4 NPs alone 
2.1 ± 0.85 

0.56 ± 0.15 

Treated by both Cr6+ and Mn0.2
2+Fe2.8

3+O4 NPs  2.5 ± 0.9 0.7 ± 0.09  

aLength and bdiameter were presented as (mean ± standard deviation) of 50 measured 

cells from SEM images. 
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Figure 35: SEM micrographs of (A) untreated S. oneidensis MR-1 cells (B & C) treated 

cells by Cr6+alone & Mn0.2
2+Fe2.8

3+O4 NPs alone; respectively (D) treated cells by both 

Cr6+and 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs.  
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4.3.5 Boosted respiration of Cr6+ via S. oneidensis MR-1 by the selected MnxFe3-

xO4 NPs  

A. Possible reduction of 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs by S. oneidensis MR-1  

Figure 36: After being incubated with S. oneidensis MR-1, (A) XPS spectra of 

Mn0.2
2+Fe2.8

3+O4NPs (B) high-resolution XPS spectrum of Fe 2p.  
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Incubation of Mn0.2
2+Fe2.8

3+O4NPs with S. oneidensis MR-1 caused a slight shifting 

of the position of Binding Energy (BE) for Fe 2p to lower BE (709.9 eV), and the peak 

became narrower (FWHM = 1.8), as shown in Figure 36 A and B. After the interaction 

of Cr6+ and S. oneidensis MR-1 with Mn0.2
2+Fe2.8

3+O4NPs, Mn in this sample could not be 

detected, which could be due to heterogeneity in the sample, its low concentration and 

possible uptake of NPs by S. oneidensis MR-1. 

B. Reduction of Cr6+ by S. oneidensis MR-1 

In Figure 37 A, XPS results showed the presence of peaks related to both Cr6+ and 

Cr3+ after exposing S. oneidensis MR-1 to Cr6+. Peaks of Cr 2p XPS at BE 576.7 and 

585.9 eV were associated with Cr3+. The peaks at 579.2 and 588.6 eV were assigned to 

Cr6+, as presented in Figure 38 A & B. The ratio between extracellular [Cr3+] and [Cr6+] 

was equal to 1.17. The presence of Cr3+ was attributed to using Cr6+ as a terminal electron 

acceptor during the respiration process of S. oneidensis MR-1.79,240  

C. Enhanced microbial reduction of Cr6+ by the selected MnxFe3-xO4 NPs 

Figure 37 B revealed the occurrence of XPS peaks related to both Cr6+ and 

Cr3+after incubation with S. oneidensis MR-1 in the presence of Mn0.2
2+Fe2.8

3+O4 NPs. Peaks 

of Cr 2p XPS observed at BE 576.7 and 585 eV are related to Cr3+. Cr6+ oxides are 

represented by one peak at 579.18 eV206, as illustrated in Figure 38 B. Similar results 

were reported due to respiring Cr6+ as a terminal electron acceptor by S. oneidensis MR-
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1.79,240 The ratio between extracellular [Cr3+] and [Cr6+] was equal to 3.5. The production 

of biogenic Fe2+ via the reduction of Fe3+ hydroxides by bacteria can reduce Cr6+.69,60 

Figure 37: XPS spectra of Cr6+ after being (A) incubated with S. oneidensis MR-1 alone 

and (B) treated by both S. oneidensis MR-1 and 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4  NPs.  
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Figure 38: High-resolution XPS spectra of Cr 2p after incubating Cr6+ with (A) S. 

oneidensis MR-1 alone, (B) S. oneidensis MR-1 in the presence of  𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4NPs.  
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From the present work, the presence of both S. oneidensis MR-1 and 

Mn0.2
2+Fe2.8

3+O4 NPs improved the Cr6+ removal 1.4 times more than using NPs alone, as 

shown in Chapter 3. The presence of both microbes and Fe0 can remove 85.6% of Cr6+,142  

which matched our results of using both S. oneidensis MR-1 and Mn0.2
2+Fe2.8

3+O4 NPs 

together, but our results showed a faster response (14 day142 vs 18 h).  The integrated use 

of microbes and Fe0 increased the elimination of Cr6+ by 2.9 times compared to the sole 

use of Fe0.142 Fe0 NPs together with S. oneidensis MR-1 can detoxify Cr6+ into Cr3+ in the 

form of Cr3+ oxide,91,141,142  Cr3+ hydroxides,91,141,142 chromite (FeCr2O4)
91, Cr–Fe 

hydroxides142 and Cr3+ complex.141  

 

 Figure 39: The possible mechanisms of Cr6+ reduction by S. oneidensis MR-1 to Cr3+. 

Redrawn from.156   
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Overall, S. oneidensis MR-1, as metal-reducing bacteria, can reduce Cr6+ to Cr3+, 

as was confirmed by our XPS results in Figure 38 and supported by other kinds of 

literature.79,240 S. oneidensis MR-1 used multiple pathways for metal respiration, and 

Figure 39 summarised some possible mechanisms for the microbial detoxification of 

Cr6+. S. oneidensis MR-1 can uptake Cr6+ to be reduced inside the cell to Cr3+,67 as shown 

in Figure 39 A. However, our results did not confirm the intracellular reduction of Cr6+ 

due to the depth limitation (7-10 nm) of XPS.206,209  The extracellular reduction of Cr6+ 

can occur via direct contact of Cr6+ to the mtr-CAB complex on the cell surface (Figure 

39 B) and nanowires (Figure 39 C). Also, S. oneidensis MR-1 can produce electron 

shuttles to promote MET between the cell and Cr6+ (Figure 39 D). 

 

Figure 40: Possible synergistic scenarios of S. oneidensis MR-1 and 𝑀𝑛0.2
2+𝐹𝑒2.8

3+𝑂4 NPs 

on Cr6+ reduction. Redrawn from.156  
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Some possible scenarios could explain how NPs enhanced the bio-reduction of S. 

oneidensis MR-1 from Cr6+ to Cr3+; however, the exact mechanism is not covered.67 NPs 

can act as a bridge between the bacterial cell and Cr6+ by adsorption to promote electron 

transfer,67 as shown in Figure 40 A. Mn0.2
2+Fe2.8

3+O4 NPs can adsorb Cr6+ via ion exchange 

from the aqueous solution153,154 and covalent bonding of Cr6+ on the surface of 

Mn0.2
2+Fe2.8

3+O4 NPs146 (Figure 26-29). Cr6+ adsorption on the surface of NPs and its 

reduction to Cr3+ decrease its accessibility and toxicity to the cells. The limited availability 

of  adsorbed Cr6+ improved the efficiency of microbial respiration,79,80 as was approved 

by our results in Figure 34. Since MnFe2O4 NPs have electro-chemical properties,151,152 

metal oxides can link S. oneidensis with Cr6+ to promote DET67 (Figure 40 B) and act as 

an electron mediator from the cell to Cr6+  as a terminal electron acceptor (Figure 40 C). 

In MnFe2O4, the existence of Mn and Fe in different oxidation states facilitates the redox 

processes on the nanoparticle surface.153 Finally,  S. oneidensis MR-1 can reduce Fe3+ of 

Mn0.2
2+Fe2.8

3+O4 NPs to Fe2+ (bio-genic Fe2+), which can further reduce Cr6+ to Cr3+,69,60 as 

shown in  Figure 40 D. 

4.4 Conclusion  

Mn0.2
2+Fe2.8

3+O4NPs (prepared from Mn2+ precursor at synthesis temperature at 

250 °C for 6 h and showed the highest Cr6+ adsorption capacity (16.8 ± 1.6 mg/g)) lead 

to 3.3 times improvement in the recovery of S. oneidensis MR-1 from the lethal effect of 

Cr6+. Combining both S. oneidensis MR-1 and Mn0.2
2+Fe2.8

3+O4NPs improved the total 

removal of Cr6+ by 2.66 times using bacteria alone (based on colourimetric analysis). 

Integrating both S. oneidensis MR-1 and Mn0.2
2+Fe2.8

3+O4NPs boosted the detoxification of 
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the removed Cr6+ by 2.1 times by using S. oneidensis MR-1 alone and by 1.4 times of 

Mn0.2
2+Fe2.8

3+O4NPs. Our results will open up new revenue for research using nanomaterials 

for boosting the bio-reduction of Cr6+ using bacteria. 
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Chapter 5. Conclusion and Future Outlook  

Eliminating the carcinogenic hexavalent chromium (Cr6+) from wastewater is 

crucial for health and environmental considerations. Combining adsorption and bio-

reduction is a promising treatment method for Cr6+ removal.  

5.1 Summary 

Enhancing the bio-detoxification of Cr6+ by Shewanella oneidensis bacteria to a 

less toxic trivalent form (Cr3+) using manganese ferrite nanostructures (MnxFe3-xO4 NS) 

as adsorbents is the aim of the present PhD. This target was achieved by addressing gaps 

in the literature, which were:  

• The impact of Mn doping level and the oxidation state of Mn precursor 

(Mn2+ vs Mn3+) on the adsorption capacity (Qe) of MnxFe3-xO4 NS to Cr6+.  

• The effect of the selected MnxFe3-xO4 NS on the bio-detoxification 

efficiency of Cr6+ by S. oneidensis MR-1. 

Our results revealed that using the polyol solvothermal method produced 

spherical MnxFe3-xO4 nanoparticles (NPs) with diameters ranging from 5 to 8 nm. Using 

Mn3+ as a source for Mn resulted in an insignificant decrease in the diameter and crystal 

size of NPs, which were synthesised at 250 °C. The synthesis temperature directed the 

shape of MnxFe3-xO4 NS from nanoflowers (NFs) at 200 °C to spherical NPs at 250 °C 

when using Mn3+ precursor. Under the outlined settings, our technology has the potential 
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for up-scaling because of the reproducibility, ease, and suitability of preparing MnxFe3-

xO4 NPs for various applications. 

The non-stoichiometric structures of MnxFe3-xO4 NPs probably induced the slight 

shift in XRD patterns from the theoretical positions toward higher values. XRD results 

showed that a mixture of phases was formed when preparing NPs with [Mn(acac)2 or 3] / 

[Fe(acac)3] over 0.6.  

Using Mn2+ precursor for preparing MnxFe3-xO4 NPs showed a lower Mn doping 

level than Mn3+. A positive relationship between the Mn doping level and [Mn(acac)2 or 

3] / [Fe(acac)3] was observed, significantly influencing the chemical composition of 

MnxFe3-xO4 NPs prepared from the same Mn precursor. Mn substitution in magnetite 

crystal was limited in both Mn-used precursors (𝑀𝑛𝑋
2+Fe3−xO4, 0.1 ≤ x ≤ 0.4 ± 0.05 and 

𝑀𝑛𝑋
3+Fe3−xO4 0.1 ≤ x ≤ 0.5 ± 0.1).  

MnxFe3-xO4 NPs prepared from Mn2+ precursor showed a higher Cr6+ adsorption 

capacity than those designed from Mn3+ source. Mn0.2
2+Fe2.8

3+O4NPs prepared from divalent 

manganese precursor at a synthesis temperature of 250 °C for 6 demonstrated the highest 

Cr6+ adsorption capacity (16.8 ± 1.6 mg/g). Approximately 61% of the adsorbed Cr6+ by 

Mn0.2
2+Fe2.8

3+O4NPs were detoxified into Cr3+, as shown in Chapter 3. As presented in 

Chapter 4, Mn0.2
2+Fe2.8

3+O4NPs lead to a 3.3 times improvement in the recovery of S. 

oneidensis MR-1 from the lethal effect of Cr6+. The total removal of Cr6+ by combining 

both S. oneidensis MR-1 and Mn0.2
2+Fe2.8

3+O4 NPs were enhanced 2.66 times by using 

bacteria alone (based on colourimetric analysis). Integrating both S. oneidensis MR-1 and 
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Mn0.2
2+Fe2.8

3+O4NPs boosted the detoxification of the removed Cr6+ by 2.06 times by using 

S. oneidensis MR-1 alone and by 1.37 times by using Mn0.2
2+Fe2.8

3+O4NPs.  

5.2 Conclusion   

The original contribution to the knowledge of the present project is that: 

Mn0.2
2+Fe2.8

3+O4NPs showed the highest Qe for Cr6+ among the tested MnxFe3-xO4 NS and 

enhanced the bio-detoxification of Cr6+ by S. oneidensis MR-1. Using nanomaterials to 

enhance microbial viability during the bio-remediation process helps resolve the lack of 

inexpensive and effective technologies for wastewater treatment. This will open up new 

revenue for research applying NS to boost the bio-reduction of Cr6+ using bacteria. 

5.3 Future work  

The findings of this PhD project revealed that Mn0.2
2+Fe2.8

3+O4NPs improved the 

recovery of S. oneidensis MR-1 from the sub-lethal dose of Cr6+ by 3.3 times and 

enhanced Cr6+ removal and reduction by 2.66 and 2.06 times, respectively, using S. 

oneidensis MR-1. Therefore, further studies should be conducted as described as follows.   

• Exploring the impact of interfering materials on the adsorption of Cr6+ by 

NPs 

Our findings for Cr6+ elimination and bio-reduction were obtained from spiked 

water with Cr6+. Various pollutants in real-world samples can impede the binding of Cr6+ 

to the adsorbent, such as sulfate, phosphate and carbonate.154,241 In addition, the 
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unspecific bio-reduction of terminal electron acceptors by S. oneidensis MR-1 can hinder 

the detoxification efficiency of Cr6+.242 The environmental samples have microbial 

communities, which generate competition among organisms and suppress microbial 

growth.243 Such competitiveness limits the removal and reduction efficiency of nano-

adsorbents and bacteria for Cr6+.54 So, exploring the impact of such interfering materials 

on the adsorption capacity of Mn0.2
2+Fe2.8

3+O4 NPs and bio-reduction efficiency of S. 

oneidensis MR-1 to Cr6+ will be a step toward mimicking real-world environments. 

• Optimising the process of integrated adsorption and bio-reduction for Cr6+  

In Chapter 3 and Chapter 4, Cr6+ removal and bio-reduction were investigated 

under controlled conditions, such as room temperature and neutral pH. The presented 

outputs of Cr6+ reduction and bio-reduction were acquired at a lab scale. Using 

Mn0.2
2+Fe2.8

3+O4 NPs improved the viability of bacteria and the bio-reduction efficiency, as 

shown in our results.  

Many physical parameters affect the adsorption and bio-remediation of Cr6+. 

Electrostatic attraction between Cr6+ and adsorbents showed high removal efficiencies at 

low pH values.154,215  The bio-reduction of Cr6+ was reported to be maximised at pH 8.215 

The pH of tannery effluents as industrial wastewater also ranged from  3.8244 to 13.67.245 

Studying the impact of temperature on the adsorption capacities, and bio-reduction tested 

the reaction’s spontaneity.154,215 The temperature of tannery effluents varied between 

11 °C to 50 °C,244,245 depending on the manufacturing stages. The kinetics of Cr6+ removal 

is always studied for all adsorbents to infer the process’s reaction mechanism.154,246 So, 

exploring the impact of pH, temperature, kinetics, and other factors on the adsorption and 
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bio-reduction of Cr6+ will be involved to maximise the effectiveness of Cr6+ removal, 

mimic the real-world samples and describe the mechanism of Cr6+ elimination.  

• Scaling up Cr6+ removal by nano-adsorbents 

The potential of applying the adsorption process of Cr6+ using Mn0.2
2+Fe2.8

3+O4 NPs 

for an industrial scale should be studied to show the correlation between the results of 

lab-scale and mass-scale.247–250  The adsorption experiments will proceed via laboratory 

fixed-bed columns and a larger scale column as a typical system design for scaling up 

tests.247–250 The scaling-up adsorption experiments depend on the mass transfer 

phenomena and hydraulic performance. Several factors related to the fixed-bed columns 

will be implemented, including the flow rate, pollutant concentration, and others. 

Conducting studies in a larger scale column should describe how the scale can manage 

the adsorption capacity, saturation time, and others.247–250         

• Investigating the impact of modifying the surface of MnxFe3-xO4 NS by 

different functional groups on Cr6+ adsorption and bio-reduction  

Using tri-sodium citrate as a functional group on the surface of MnxFe3-xO4 

demonstrated a stable dispersion of the nanomaterials in a water medium, as was 

presented in Chapter 2. Nevertheless, citrate granted the nano-adsorbents a negatively 

charged surface which could cause repulsive force with chromate. So, in future studies, 

positively charged ligands can be used as a functional group on the NPs to induce 

attractiveness between the adsorbents and Cr6+. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pollutant-concentration
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• Studying the effect of co-dopants on the adsorption capacity and reduction 

efficiency of MnxFe3-xO4 NS to Cr6+ to avoid the extra cost of microbial 

treatment of Cr6+  

Mn0.2
2+Fe2.8

3+O4NPs enhanced Cr6+ bio-removal and bio-reduction by 2.66 and 2.06 

times of using bacteria alone, as shown in Chapters 3 and 4. While Mn0.2
2+Fe2.8

3+O4NPs 

alone can act as adsorbing and reducing agents for Cr6+. So, studying the impact of 

dopants on the NPs to induce the safe removal of Cr6+ is promising to avoid using bacteria 

that will minimise the hydrocarbon-containing waste and save the added cost of 

biological treatment.       

• Probing the interaction between bacteria and Cr6+  

In the current project, X-ray photoelectron spectroscopy (XPS) was used to assay 

the reduction of Cr6+ to Cr3+, as shown in Chapter 3 and Chapter 4. XPS is a surface 

analysis technique used for compositional and chemical state analysis.206,209 The detection 

limits for elements by XPS are in the parts per thousand range, but it probes the sample’s 

surface to a depth of  7-10 nm.206,209  At this depth, the possible absorbed Cr inside the 

bacterial cells was not considered. So, combining various microscopic and spectroscopic 

techniques to determine the cellular metal content and the metal distribution within cells 

is fruitful in better understanding the process of Cr6+ bio-reduction and the ways to 

improve its efficiency. 

TEM can reveal the impact of both Cr6+ and Mn0.2
2+Fe2.8

3+O4 NPs on the 

ultrastructure of cells and the localisation of metals inside cells.251  Energy-dispersive X-
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ray spectroscopy can define the elemental composition of metals on the surface of 

bacterial cells and inside the cells.78 Electron Paramagnetic Resonance spectroscopy can 

probe the C6+ reduction mechanism by determining the possible presence of free radicals 

such as pentavalent chromium (Cr5+).78  

• Exploring new metal-reducing and metal-tolerating bacterial species  

Our findings revealed the ability of S. oneidensis MR-1 to bio-sorb and bio-reduce 

Cr6+, where the initial concentration of Cr6+ was 50 mg/L, as presented in Chapter 4. 

However, the concentration of Cr6+ in industrial effluents is 788 ± 3.5 mg/L.27 So, 

exploring other metal-reducing bacteria that can tolerate such high concentrations of Cr6+ 

will be fruitful in producing minimal Cr-containing sludge.   

• Applying microbial fuel cells (MFCs) for heavy metal removal and power 

production  

An output of the present project is that Mn0.2
2+Fe2.8

3+O4 NPs contain the lowest Mn 

doping level and have the best Qe for Cr6+ adsorption capacity among the tested 

Mnx
2+ or 3+Fe3−x

3+ O4 NS. MnxFe3-xO4 NS has the highest Qe for Cr6+ among many tested 

ferrites,153 revealing bio-compatibility to human cell lines.146,252 MnxFe3-xO4 NS as 

electron mediators and electrodes are endorsed for wastewater treatment using bio-

electrochemical systems such as MFCs.151,152  

As stated in Chapter 1, MFCs are bio-electrochemical systems which can be used 

for electricity production and waste treatment. The critical advantage of MFCs compared 
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to conventional fuel cells is the mild operation conditions.130,253 The pollutants’ lethal 

effect still limits applying MFCs for Cr6+ detoxification.132,253 MnFe2O4 NPs can improve 

the accumulation of S. putrefaciens on the anode surface151,152 and the power generation 

of MFCs,152 as reviewed in Chapter 1. Hence, studying the effect of the chemical 

structural features of the MnxFe3-xO4 NPs on the electrochemical activity of electrodes of 

MFCs can enhance the productivity and bio-reduction of Cr6+.    

• Bio-genesis of chromium ferrite nanoparticles for Cr6+ recovery   

Recycling heavy metals from wastewater as Cr-doped Fe3O4 NPs has gathered 

research interest.254–256 Biological synthesis of nanoparticles using plants, fungi, algae, 

and bacteria has been reported in the literature.257,258 Shewanella can biosynthesise Fe3O4 

NPs doped by transition metals such as Cr, Mn, Co, Ni and Zn.259 So, optimising the 

doping level of Cr in the bio-genic magnetic Cr-doped Fe3O4 NPs will offer an 

opportunity to separate such heavy metals using external magnets. 

• Expanding the use of MnxFe3-xO4 NS for medical applications  

The present PhD project provides a robust method for synthesising MnxFe3-xO4 

NS. From the literature, MnxFe3-xO4 NS is a magnetic nanomaterial159,161 which has been 

extensively used in various applications. Under the influence of an AC magnetic, 

clustered magnetic nanostructures generate superior heating characteristics than the 

smaller single crystals.260 Such heating energy generation is the basis of magnetic 

hyperthermia for cancer treatment.161 So, studying the hyperthermia properties of our 

MnxFe3-xO4 NFs will maximise the benefits of such materials for medical applications.  
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• Expanding the use of MnxFe3-xO4 NS as bio-ferrofluids in medical and 

biotechnology applications  

Ferrofluids are ultra-stable colloidal suspensions of magnetic NPs, which own 

both fluid and magnetic properties.261 Ferrofluids are applicable in many fields, such as 

bio-sensors, medical imaging techniques, hyperthermia, drug delivery, anti-microbial 

activities, heat transfer, and energy harvesting. The core diameter of NPs in ideal 

ferrofluids was 5–10 nm, and conventional (real) ferrofluids were 5–15 nm.261 The core 

diameter of MnxFe3-xO4 NPs in the present project was 5 to 8, which is in the reported 

ideal range of ferrofluids. MnxFe3-xO4 NS has magnetic behaviour,159,161 but to consider 

MnxFe3-xO4 NPs of the present work as bio-ferrofluid, the magnetic properties and the 

fluid stability of NPs should be tested. The magnetic properties of a ferrofluid can be 

determined by tools such as Mössbauer Spectroscopy and magnetometry.  From our 

results, the dispersed citrate-coated NPs in water have a zeta potential ranging from -25 

to -35 eV, forming a stable suspension in water. However, different physiological media 

should characterise colloidal stability and particle aggregation.261  
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