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Abstract 

Engineered nanomaterials (ENMs) are finding increasing applications because of their 

unique physicochemical properties. The increasing usage of these nanomaterials, however, 

raises concerns about their potential toxicity and of lack of control or even understanding 

over the life cycle from production, to use, and finally disposal. ENMs used in consumer 

products are highly likely to reach the environment during use and disposal, so it is critical 

to investigate their potential impact. Detailed mechanistic information about the particles 

and their state at the point of exposure to organisms must be developed to understand this 

risk. In this thesis, the possible transformation of ENMs in synthetic and realistic 

environments is explored, and the impact on marine organisms investigated. The work 

encompasses comparisons of transformations under inorganic versus organic sulfides and 

anaerobic digestion and correlative experiments on the effect of these particles on marine 

algae.  

Natural organic matter (NOM) is the main content of the natural system, and in particular, 

humic acid (HA) is an organic matter that is known to influence the transformation of silver 

nanoparticles (AgNPs). An in situ sulfidation process was used to follow the transformation 

of citrate-capped silver nanoparticles (Cit-AgNPs) in environments containing organic 

versus inorganic sulfide. In both cases, sulfidation was observed, with a core-shell structure 

being more stabilised in organic components, and humic acid capped silver sulfide 

nanoparticles (HA-Ag2SNPs) displayed evidence of a hollow sphere structure. 

Anaerobic digestion is a wastewater treatment plant process, so ENMs polluting consumer 

waste streams will likely be exposed to this process. Its impact on particle transformation 

is essential to understand, as well as any impact that the particle may have on the digestion 

processes. Thus, ENMs were tested within a lab-scale anaerobic digester: 10 mg/l of 

AgNPs, titanium oxide nanoparticles (TiO2NPs), cerium oxide nanoparticles (CeO2NPs) 

and silver sulfide nanoparticles (Ag2SNPs) were shown to have no significant effect on 

biogas production, indicating that at low concentrations, the ENMs do not interfere with 

the reactors. Also, there was no differences between the impacts of AgNPs and Ag2SNPs 

on the performance of the reactor, and both structures aggregated and became fully 

sulfided). The speciation of zinc oxide nanoparticles (ZnONPs) and zinc sulfide 
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nanoparticles (ZnSNPs) were observed after 35 days: 54% of ZnONPs had absorbed iron 

oxyhydroxides (Zn-Fe-Ox), and the rest had a different ratio of zinc oxide (ZnO), zinc 

phosphate Zn3PO4, and ZnS. ZnSNPs had mostly transformed into zinc phosphate 

(Zn3PO4). Both ZnONPs and ZnSNPs had a ratio of ZnO, which was not less than 15%.   

Finally, to achieve the objective of mimicking the environmental conditions, AgNPs were 

aged in Economic Co-operation and Development-((3-(N-morpholino) propanesulfonic 

acid) medium (OECD-MOPs). The medium was prepared according to organisation 

guidance 201 before AgNPs incubation. An algal growth inhibition test with MOPS buffer 

was carried out by spiking the freshwater green algae Raphidocelis subcapitata (R. 

subcapitata) with the particle-containing medium. The morphology of algal cells after 

treatment showed extensive deformation and disorganised cell walls. Some cells had 

evident changes on the cell wall from a rigid structure to a ‘hairy’ exterior and, in more 

extreme cases, had released extracellular polymeric substances (EPS). This EPS trapped 

the particles outside the algae and resulted in nanoparticle aggregation. Cytotoxicity was 

observed when Algae were exposed to AgNPs as well as some sulfidation, which correlated 

with intracellular uptake, dissolution, and precipitation of secondary Ag2SNPs.  For the 

AgNPs, the release of ions was directly linked to toxicity, and this changed in the presence 

of light, oxygen, and EPS. 
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1. Introduction  

Nanomaterials have one dimension ranging from 1 nm to 100 nm and have unique  

properties 1. These materials have distinct properties compared to their bulk counterparts: 

their high surface to volume ratio and diverse chemical, magnetic, optical, electronic, and 

mechanical properties are examples of their differentiating characteristics 2–4. Applications 

of nanotechnology expand into consumer products through the use of manufactured 

engineering nanomaterials (ENMs). Silver nanomaterials (AgNMs) and zinc oxide 

nanomaterials (ZnONMs) are considered a very important class of material due to their 

unique physicochemical properties. AgNMs are well-known antibacterial agents utilised in 

many consumer products and industrial applications. The high demand for these products 

has increased AgNMs production to approximately 55 tons/year worldwide5. ZnONMs are 

wide bandgap semiconductors, implemented as sensors, catalysts, and others. The 

production of ZnONMs is estimated at 550 tons/year 5.  

The increased use of nanomaterials in many applications intensifies the risk of 

environmental exposure to these materials at different stages during their life cycle, 

including disposal of raw materials and products. Therefore, the environmental impacts of 

these nanomaterials need to be understood by investigating their transformation and fate at 

these different stages of their life cycle. The surface of nanomaterials plays an essential role 

in their transformation. Nanomaterials have surface-area-to-volume ratios higher than bulk 

materials that can result in increased chemical and bio-reactivity.  

Environmental exposure of nanomaterials can occur intentionally and unintentionally. 

During the release of ENMs into environmental systems, many exposure conditions can 

affect their physicochemical properties. For instance, sulfidation of silver nanoparticles 

(AgNPs) was suggested during their transformation in both soils and wastewater treatment 

plants (WWTPs) 6,7. Sulfidation is the process of introducing sulfide ions into materials or 

molecules 8. Sulfide sources are created naturally from ore minerals, such as copper and 

iron sulfides, as well as from the decomposition of natural organic matter 9,10. At the same 

time, during their transformation zinc oxide nanoparticles (ZnONPs) undergo sulfidation 

and transformed into Zn phosphate nanoparticles (Zn3(PO4)2) 
7,11. When nanoparticles have 

reached sewage systems and entered WWTPs, they tend to accumulate in sludge solids 12. 
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Most of these sludges are applied to soils in agriculture 13 which introduce nanoparticles 

through a primary pathway into the food chain 14.  

Natural organic matter (NOM) can be identified as a combination of organic compounds 

that could contain negatively charged organic compounds and includes a wide range of 

molecular sizes and chemical compositions 15,16. Dissolved organic matter (DOM) refers to 

the portion of dissolved organic carbon with a diameter < 0.45 micrometres. Most of the 

dissolved organic carbon found at the molecular level are in the form of polymeric organic 

acids, defined as humic substances. These substances are described as yellow organic acids 

with a molecular mass ranging between 1000 and 2000 Dalton (Da). The majority of 

dissolved organic carbon is classed as the organic compound in natural water 15,17. This 

organic matter can change the physicochemical properties of engineered nanomaterials. 

DOMs affect dissolution of AgNPs and the rate of ZnONPs dissolution 18,19. Therefore, 

investigating the behaviour of nanoparticles after discharge into the environmental system, 

which includes an interaction with NOM, can more accurately predict the risk of 

nanoparticles to living species. For example, ageing of nanoparticles in simulated water 

containing humic acid (HA) can be tested to characterise the impact of aged nanoparticles 

after transformation in HA 20 .  

The release of ionic species via dissolution of nanoparticles is one of the main factors that 

contributes to measured toxicity. However, the nanotoxicity of these materials to 

microorganisms is more complicated than this; many parameters can affect the toxicity of 

nanoparticles, such as the particular properties of nanoparticles, e.g. their surface 

chemistry, the microorganism species type, and environmental conditions 21. Some 

nanoparticles tend to aggregate, which means decreasing the nanoparticles’ effective 

surface area and reducing their toxicity. For example, while titanium dioxide (TiO2) NPs 

are insoluble, these NPs settle as aggregated particles after being spiked in wastewater and 

anaerobic digestion 22.  They can still exhibit a toxicity effect because of the physical 

contact between the microorganisms and nanoparticles 23. Moreover, nanoparticle 

absorption by organic matter and biomass changes the NP’s surface charge that may also 

affect their toxicity 24.  

The chemistry, shape, aggregation state, surface charge, and solubility all affect the 

environmental toxicity of nanoparticles. This thesis presents research on the transformation 
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of AgNPs and ZnONPs exposed to different environmental conditions. The transformation 

of AgNPs, and effects on the toxicity on freshwater algae, as a first step in the aquatic food 

chain, were assessed within simulated water (humic acid) and the effect of these particles 

on the performance of a model WWTP were tested and related to their chemical 

transformations. 

The scope of this thesis is to study the bioavailability of ENMs and their transformations 

in freshwater and sewage systems to understand and predict how they affect 

microorganisms at the point of exposure to them. A central goal was to characterise and 

visualise how these materials interact with, and are uptaken by algae and their effects on 

algal response 25. The transformation of the ENMs can influence their bioavailability and 

are particularly linked to the environmental conditions surrounding the transformed 

nanoparticles. The primary objective was to investigate the transformation of ENMs within 

different surroundings and conditions, such as a simulated in situ sulfidation environment 

and the interaction of ENMs under different conditions and within anaerobic conditions, 

by putting the ENMs into a model anaerobic digestion system. The transformation of ENMs 

was targeted to illustrate the most suitable technique(s) to characterise the transformed 

nanoparticles. 
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2. Literature Review 

2.1. Physicochemical properties of Engineering Nanomaterials 

Physicochemical properties are critical to the behaviour of ENMs in different 

environmental media. These properties differ considerably according to the particular type 

of nanoparticle, the synthesis methods, and the applications. The critical determinants of 

ENMs behaviour in the environment and bioreactivity are their chemical composition, size 

distribution, surface charge, concentration, specific surface area, solubility, zeta potential, 

stability and shell structure 26. 

The specific surface area of nanoparticles is greater than that of bulk materials. The 

distribution of atoms and molecules on their surfaces are numerous, which leads to a 

dramatic increase in free surface energy. As a result, their reactivity can rise significantly, 

which may affect the bioreactivity of nanoparticles towards microorganisms 13,14. Smaller-

sized nanomaterials have a higher surface area-to-volume ratio that can increase chemical 

reactivity 27. When cuboctahedral nanoparticles become larger (Figure 2-1), their surface 

area-to-volume ratio decreases, which means that the % of atomic surface fraction reduces. 

Therefore, we can conclude that the biological reactivity is drastically enhanced 28.  

 

Figure 2-1: Schematic of the relationship between the reduction of surface area-to-volume 

ratio (atomic surface fraction in percentage) and particle size. The diagram is reprinted 

(adopted) with permission from The Royal Society of Chemistry 28. 

 

Metallic nanoparticles typically maintain their stable suspension when coated with 

surfactants, whether organic or inorganic compounds 29. In an unstable colloidal solution, 
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nanoparticles aggregate with neighbouring particles to form larger particles and then lose 

their surface reactivity and catalytic behaviour 30. The surface charge of the nanoparticles 

is affected by immersing them in an aqueous solution to be charged by 

protonation/deprotonation on the particle surfaces 31. The formation of surface charges will 

interact with the dissolved ions in the solution, resulting in an electrical double layer 

surrounding the charged particles 32. In the electrical double layer, the more accumulated 

counter-ions are the Stern layer while the depleted co-ions are the diffuse layer (Figure 

2-2). The surface charge of nanoparticles is positively affected by their transport. Therefore, 

the surface charge density influences the translocation process of nanoparticles through a 

nanopore 33. The curvature and surface charge depend on the size of the particles 34,35. 

 

Figure 2-2: Schematic of the electrical double layer located around the nanoparticles’ 

surrounding in the colloidal solution or medium. The electric potential can explain the 

theory of zeta potential of nanoparticles in a solution in a slipping plane. The diagram is 

reprinted (adopted) with permission from 36. 

 

Important factors involving solution chemistry, that impact the physicochemical properties 

of nanoparticles, include ionic strength of the electrolyte composition, pH and the 



30  

 

concentration of natural organic matter (NOM) 36. Similarly, in colloidal solutions, NOM 

compounds with high molecular weight can induce the aggregation of nanoparticles, 

whereas NOMs with low molecular weight increases their mobility 37. For instance, in an 

aquatic environment, the stability and mobility of a silver nanoparticle (AgNP) suspension 

depend on effective processes like agglomeration, surface dissolution of Ag and 

sedimentation 38,39 

2.2. Nanoparticle synthesis and stability induced by a capping 

agent.  

In general, there are two categories of nanomaterial synthesis: top-down and bottom-up 

approaches. Top-down approaches are chemical, physical, and mechanical processes that 

can break bulk materials into NPs. In contrast, bottom-up approaches build nanomaterials 

from molecules or atoms, much like how bricks are used to build a wall 40,41. The bottom-

up is preferable because it is cleaner and produces NPs with a more homogenous 

composition. Moreover, the chemical composition of synthesised nanomaterials is adopted 

to produce monodisperse NPs more thermodynamically in equilibrium. Nanomaterial 

formation involves two main processes, namely nucleation and growth 42. Before these 

processes are explained, a summary of synthesis techniques is provided.  

The typical synthesis method of NPs is chemical bath deposition, which is simple and uses 

mild conditions 43. The chemical reduction method was first published in 1857 by Faraday 

and then improved in the 1950s by Turkovich and his colleagues to synthesise gold NPs 44. 

This method involves heating a chloroauric acid (HAuCl4) solution to boiling point 

followed by the reduction of sodium citrate (Na3C6H5O7) (2.1). The NPs produced had a 

diameter of 20 nm and a uniform shape. This synthesis method was developed with 

different reaction conditions and achieved controlled NP diameters 45.  

2HAuCl4 + 4Na3C6H5O7 → H2+ 2Au
0 + 4CO2 + 4 NaC5H5O5 + 8NaCl                  (2.1) 

Similarly, AgNPs can be obtained with the stability of capping agents. These agents can be 

molecules, polymers or biological molecules that work through a charge or stabilisation 

mechanism. NPs have also been synthesised by using a potent reducing agent, namely 

sodium borohydride (NaBH4), represented by Equation (2.2) 46: 
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 AgNO3 + NaBH4 → Ag + 
1

2
 H2 + 

1

2
 B2H6 + NaNO3                                                  (2.2) 

When the reduction of the metal salt is taking place, many atoms are formed, and as a 

consequence, the resultant NPs are less than 10 nm in size 47. In general, for AgNPs, a silver 

nitrate salt (AgNO3) is reduced by NaBH4 with Na3C6H5O7 as a capping agent. This agent 

is employed to improve the stability of particles and prevent their interaction. Therefore, 

the surface energy increases and the aggregation further decreases 40.  Polyvinylpyrrolidone 

(PVP; C6H9NO)n is a soluble polymer agent that has been utilised to work against the 

agglomeration of metal colloids, thus stabilising nanoparticles 48. A further explanation of 

coating agent is provided below.  

2.2.1. Nanoparticle Nucleation and Growth  

Two separate processes, nucleation, and growth can influence the size and shape 

distribution of synthesised NPs. Nucleation is defined as a process of discrete particle 

formation with a new phase in a primary single-phase system representing a homogenous 

solution. Meanwhile, the growth can be explained as an increase in size when additional 

material is deposited on the particles 44. Through the nucleation of AgNPs with citrate, Ag 

seeds are created by reducing the metal ion precursors. 49 During the agglomeration of these 

seeds, small clusters are formed and grow to become larger clusters. This growth is induced 

by the presence of a complexing agent or stabiliser 50. If organic molecules are present at 

the initial stage of cluster growth, surface capping or covalent linkage is likely to yield 

smaller NPs. This reaction produces massive NP clusters with varied shapes and sizes 49. 

In the initial stage of citrate reduction, a few seeds of AgNPs with citrate anions form into 

an enormous citrate complex. When the citrate complex grows slowly by aggregation, it 

outspreads to an optimal size. In this case, any further accumulation is prevented by the 

citrate complex’s robust repelling surface layer. Further nanocrystal growth is observed 

through growth, in which Ag+ ions are reduced at the AgNPs crystalline surface. 
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Figure 2-3: The chemical structure of citrate and PVP stabiliser agents that cap AgNPs 

showing their adsorption on the particle surface (particles size = 40-50 nm). The figure is 

provided by Springer Nature and Copyright Clearance Centre and reprinted (adopted) with 

permission from 51.  

2.2.2. Capping Agent 

Several capping agents are utilised to stabilise the colloidal NP solution. The agents most 

recommended by the Organisation for Economic Co-operation and Development Working 

Party on Manufactured Nanomaterials (OECD WPMN) to test cytotoxicity 52 are citrate 

and PVP, which differ in the ways in which they to prevent aggregation (Figure 2-3). These 

capping agents can be employed as AgNP stabilising agents because of their low toxicity. 

The stability mechanisms of citrate and PVP are electrostatic and steric repulsion, 

respectively 51. The AgNPs must be made stable before adding them to an environmental 

medium that subsequently alters their physicochemical properties. Therefore, the chemical 

stability of the AgNP colloidal solution in different media and under several conditions is 

often examined to emphasise the effects of surface modification 52. The surface chemistry 

of citrate capped AgNPs has a negative charge in water at pH 7.  This is provided by the 

attachment of three carboxyl groups (COO−) onto the surface of AgNPs that cause an 

electrostatic repulsion between the Cit–AgNPs in solution.  



33  

 

In comparison, PVP consists of a pyrrolidone ring with a highly polar amide group as well 

as polar methylene and methine groups in the rings and the backbone 53. The pyrrolidone 

ring immobilised on the surface of AgNPs induces steric repulsion, while groups on the 

pyrrolidone ring can induce electrostatic repulsion. Thus, a PVP capping agent stabilises 

via a combination of mechanisms. PVP is considered a shape-controlled agent that 

promotes the growth of crystal facets such as Ag nanowires, whereby PVP can strongly 

bind to the {100} facets of Ag and then, when it disperses in polyols, enables growth in the 

<111> direction 54. Moreover, PVP is a remarkably stable polymer that, importantly, has 

carbonyl oxygens where the hydrogen bond is a solvent molecule 55,56.  

2.2.3. The Stability of Engineered Nanomaterials (ENMs) 

Colloidal stability is critical determinant of the toxicological outcomes of ENMs and their 

transformation in different conditions. The strength of a nanoparticle in a colloidal solution 

can be interpreted according to various explanations. The first is related to the solubility of 

the particles, and the second is the net electrostatic surface interaction of the particles. These 

interactions can be explained according to the classic theory of Derjaguin–Landau–

Verwey–Overbeek (DLVO).  

The solubility of small particles is different from that of bigger particles for several reasons. 

The first reason is that smaller particles dissolve more rapidly than larger particles because 

of their larger surface area-to-volume ratio. Given the Noyes–Whitney equation, the 

solubility of particles and the saturation concentration at the particles surface are shown in 

the equation below 38:  

dM

dt
= 

DA 

H
 (Cs − C)                                                                                                          (2.3) 

where ( 
𝑑𝑀

𝑑𝑡
 ) is the rate of dissolution, D is the factor of diffusion, A is the surface area, H 

is the thickness of diffusion layers, Cs is the saturation concentration and C is the bulk 

concentration.  

The second justification is the increase in a factor called the Kelvin effect of nanoparticles, 

which is also represented as the curvature of nanoparticles and is a thermodynamically 

enlarged solubility driving force. Mihranyan et al. 39 and Kwon and Messing 57 studied the 
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influence of the particle radius (r) on its solubility (S) by using the Ostwald–Freundlich 

equation:  

S = S∘ exp exp ( 
2γsl V

RTr 
 ) [

mol

l
]                                                                                         (2.4) 

where 𝑆∘ is the equilibrium solubility for the flat plate, 𝛾𝑠𝑙 is the solid–liquid interfacial 

energy, V is the molecular weight of the solid phase, R is the gas constant and T is the 

temperature. The equation shows that when the particle size gets smaller, the solubility is 

substantially increased, while the rest of the factors remain constant 57. Mihranyan et al. 39 

also specified the magnitude of the dissolution factor of hypothetical particles of molecular 

weight, surface tension, surface change and dielectric constant.  

The other explanation for the stability of nanoparticles is found in DLVO theory. This is 

applied in colloidal science and explains the total interaction energy between particles. It 

provides a realistic explanation for the aggregation of nanoparticles in a solution58. Initially, 

DLVO theory was applied in colloidal science to obtain information about the interaction 

between particles, which is represented by the van der Waals force and the electrical double 

layer. This reaction is described in terms of the potential energy curve that is the sum of 

repulsive and attractive forces between each nanoparticle. The attractive force is the Van 

der Waals force (VA) and the repulsive is the electrical double layer force (VR) surrounding 

the nanoparticles. The interaction of these forces can be described as the stability and 

aggregation of nanoparticles in a solution 59. The net attraction of particles can be at a 

primary or secondary minimum, as illustrated (Figure 2-4).  
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Figure 2-4: Diagram of the DLVO model for colloidal stability, reprinted (adopted) with 

permission from 60 Taylor & Francis.  

When the particles are located in the primary minimum, they tend to aggregate 

irreversibility, whereas when the particles are in the secondary minimum, reversible 

aggregation occurs. The particles can be separated when a shear force is applied, such as 

stirring and sonication. The DLVO forces cannot predict aggregation of engineering 

nanoparticles. As ENMs have surface coatings such as PVP, polyelectrolyte coatings or 

NOM that introduce strict repulsion forces, they will present in the net attraction of the 

secondary minimum. Thus, DLVO theory developed and proposed additional short-range 

forces, such as  osmotic, bridging between hydrophobic acid-bases interaction and 

magnetic forces 61,62. The factors controlling the aggregation of colloids are reported to be 

the same as those controlling the aggregation of nanoparticles. These factors are pH, 

particle size, surface chemistry, ionic strength and solution composition 63.  

2.3. Transformations of Engineering Nanomaterials  

The transformation of nanomaterials can be explained in different perspectives depending 

on the type of transformation, such as chemical, physical, biological or interaction with 

macromolecules. Chemical modification can be identified as the reaction where the 

conversion of compounds changes to a different one with variation in the structure, 

composition or valency. Chemical transformation can involve several types that include 

changes occurring in the material surface and oxidation state of different surface structures 
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such as a core–shell structure, which is a surface reaction 64. Physical transformation can 

be explained as the physical changes of nanomaterials that have been exposed to different 

conditions that caused some of their physiochemical properties to change when they are 

subjected to aggregation/disaggregation, agglomeration or adsorption mechanisms. 

Biological interaction with macromolecules is an interaction of nanomaterials with 

biological systems like cells. Classification of the nanomaterial’s transformation depends 

on the variation of physiochemical properties observed before (as pristine) and after 

reaction. Therefore, the transformation types are controlled by the conditions, which, in 

reality, cannot be explained as one simultaneous transformation.  

2.3.1 Silver Nanoparticles 

AgNPs are one of the most interesting metallic nanoparticles owing to their distinctive 

chemical, physical and antimicrobial properties 65. They exist in many types of consumer 

products, such as paints, fabrics, clothes, detergents, sports goods, personal care products, 

medical applications, cosmetics and food storage 66. AgNPs released from these products 

are discharged and transported from municipal sewer systems to WWTPs, eventually 

reaching sewage sludge. Half if the sewage sludge is used for agricultural applications, 

especially soil 67. When AgNPs enter the environment, they can cause toxicity to plants and 

other organisms 68.  

The absolute concentration of AgNPs in the environment is not easy to measure, but some 

researchers have offered predictions. A study on predicted environmental concentrations 

(PECs) was conducted for AgNPs in the sludge of WWPT. The highest estimated quantities 

for the US and Europe were 5.86 and 4.44 mg/kg, respectively. A probabilistic material 

flow analysis was applied that targeted a framework to derive probability distributions of 

PEC values for AgNPs. Its purpose was to calculate a whole lifecycle concentration of 

AgNPs in complex systems 69,70. The United States Environmental Protection Agency 

(USEPA) reported that the Ag concentration in sewage sludge is between 1.94 and 856 

mg/kg as dry mass. Experts collected 84 samples of sewage sludge from different facilities 

to measure the concentration of Ag, and illustrated the minimum and maximum 

concentrations 71. Another study focused on biosolid samples produced in the UK, Australia 

and the US from 1950 to 2009. The outcome showed that the highest concentration was 
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found in the oldest samples, and the concentration range was between 4.3 and 332 mg/kg 

72.  

The sulfidation of AgNPs is key to understanding the bioavailability of Ag because it tends 

to convert to silver sulfide (Ag2S) through WWTPs 6. Kaegi et al. conducted a 

transformation of AgNPs via pilot-scale WWTP 69 and concluded that the diameter is 

strongly dependent on the sulfidation kinetics 70. The solubility of Ag2S is extremely low 

(Ksp = 5.92 × 10−51M3) 73, so the sequestration of Ag in this manner may be responsible for 

reducing toxicity and its effects 74. 

2.3.2. Dissolution of Silver Nanoparticles 

Dissolution and release of Ag+ ions contributes to the antibiotic properties of the AgNPs, 

their fate in the environment and toxicity to organisms 75. Dissolution can be explained as 

the changes to the physiochemical properties of AgNPs where the release of Ag ions is 

described as a thermodynamic favourable reaction at room temperature (ΔG 298º = 

−11.25 kJ/mol). The mechanism of this process is oxidative dissolution via the reaction of 

metallic Ag with dissolved oxygen (DO) and protons, which was shown by Liu and Hart et 

al. 76:  

4 Ag(s) + O2 = 2 Ag2 O(s)                          ΔG (298ºK) = −11.25 kJ/mol                     (2.5)  

1

2
Ag2 O(s) + 

1

2
H+ ↔ Ag+ + OH−               logKs (298 º K) = −7.71 ± 0.03                 (2.6)  

1

2
Ag2 O(s) +

1

2
 H2O ↔ Ag+ + AgOH           logKs (298 º K) = −5.75 ± 0.25                 (2.7) 

 
1

2
Ag2 O(s) +

1

2
 H2O ↔ Ag+ + Ag(OH)2−     logKs (298K) = −3.72 ± 0.03                   (2.8) 
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The dissolution process is mediated by the formation of Ag–O when Ag oxidation is taking 

place on the surface of AgNPs to produce silver oxide (Ag2O). This layer is dissolved in 

the solution and releases Ag ions until it is completely dissolved 77. The kinetic model was 

developed by Zhang et al., who described the Ag ion release by relying on hard-sphere 

theory, which used the Arrhenius equation 78. The extent of oxidation can be affected by 

the proportion of atoms on the nanoparticles’ surface, which is directly linked to their size 

and shape. Moreover, the additional ionisation of Ag is influenced by the experimental 

conditions. The dissolution mechanism is a complex and dynamic process79.  

Figure 2-5 shows the scaled ions released from the AgNPs to approach the theoretical 

dissolution process. 

 

Figure 2-5: Schematic of the theoretical dissolution mechanism shown from left to right 

atom by atom from the Ag particle. The dissolution process is as follows: (i) ligand 

desorption, (ii) formation of the Ag–O layer in the particle surface formed by the oxidation 

from Ag (0) to Ag ions, (iii) continuous dissolution of Ag ions and (iv) changes in the 

particle’s size and morphology. The diagram was reproduced (adopted) from 79 with 

permission from The Royal Society of Chemistry. 

The kinetic model was developed by Zhang et al., who described the Ag ion release by 

using hard-sphere theory, which used the Arrhenius equation 78. The kinetics of this process 

can be influenced by different factors, including pH, temperature, inorganic and organic 

molecules in the solution and particle coating 80. Sulfidation can take place after oxidation 

because of the extremely low solubility of Ag2S, and this reaction is shown in the equations 

below: 
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2Ag+ + H2S → Ag2S + 2H
+                                                                                         (2.9)  

2Ag+ + HS− → Ag2S + H
+                                                                                        (2.10)  

2Ag+ + S2− → Ag2S                                                                                                   (2.11)  

The pathway of Ag2SNP formation can be explained in two mechanisms: oxysulfidation 

and exchange and complexation reaction. Firstly, the oxysulfidation reaction can be 

explained by the AgNPs’ interactions with hydrosulfide ion (HS) to form Ag2S NPs under 

environmental conditions. When these interactions take place in the presence of DO, then 

the rate of sulfidation depends on the direct oxysulfidation and oxidative dissolution 76. In 

the second mechanism, two cases exist. In the first one, when sulfide concentration is high, 

the formation of Ag2S NPs is carried out by a direct particle–fluid reaction with Ag ions 

attached by sulfide, which is explained by direct oxysulfidation. In the second one, when 

sulfide concentration is low, oxidative dissolution and precipitation have to exhibit when 

Ag ions are released as an intermediate in this reaction 76. 

On the other hand, Ag ions released from the oxidised surface of AgNPs can form an 

oxidised Ag-protective layer around the particles because of the formation of Ag3OH. 

thereby avoiding any further oxidation 81. Several studies have investigated the formation 

or sulfidation of Ag2S NPs by presenting different structures of Ag2S NPs and depending 

on the molar ratio between Ag and S to form particular Ag2S NPs structures 82.  

2.3.2.1 Speciation and transformation of AgNPs 

AgNPs react differently to organic and inorganic species in the environment, which 

noticeably change their bioreactivity. With Ag, these species can form a complex that 

influences the solubility product, toxicity, and bioavailability of AgNPs. In the case of 

sewage sludge products, insoluble Ag2S is the most favourable complex in the sulfur-rich 

phase due to low solubility detected by transmission electron microscopy (TEM) 5. The 

transformation of AgNPs can be explained via redox and non-redox reactions. For non-

redox reactions, the formation of Ag2SNPs is through the exchange reaction when Ag ions 

are released and then via the cation exchange reactions that had occurred. When Ag ions 

and Ag2S interact in the presence of Fe, the cations exchange formation is FeS 83. The redox 

reaction can be understood by the low solubility of Ag2S, where the strong oxidation agent 

can exchange reactions such as Cl and O3 
84.  
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The physical transformation of ENMs is related to their stability. As explained previously 

(section 2.2), aggregation and agglomeration can influence the stability of ENMs. 

Aggregation and agglomeration of NPs are related to the high surface energy that reduces 

the surface area at constant volume, which minimises the free enthalpy of the system 3,68. 

The meaning of aggregation and agglomeration concepts in particle science is building, that 

is, the loose bond can easily disperse the particles and a rigid bond is created by fusion, 

respectively 85. The impact of both features on the nanoparticles’ stability has a substantial 

influence on the reactivity, mobility, fate, and bioavailability. However, most available 

studies focus on the aggregation, disaggregation and dispersion of nanoparticles to indicate 

the nanoparticles’ future or performance resulting in biological activities 3. 

The transformation of nanoparticles can be noticed when NPs interact with different sizes 

of particles or macromolecules surrounding them, such as NOM and its several forms. The 

impact of NOM on the sulfidation of AgNPs depends on two parameters: firstly, the 

stabilisation of AgNPs and reactivity with respect to prevention aggregation and 

dissolution; and secondly, the absorption of HS on the AgNPs’ surface. The stability of 

AgNPs within NOM can be explained according to the type, concentration and higher 

molecular weight 24. In general, when sulfur binds to a thiol group, it will strongly bind to 

metallic Ag while the reduced sulfur and reduced nitrogen can bind with the ionic Ag. 

Therefore, once the NOM has a high content of reduced sulfur and nitrogen, then the sulfur–

thiol group is expected to bind strongly to the AgNPs, thus reducing the dissolution rate of 

AgNPs more than the lower concentration in NOM 24. The phenomenon of HS absorption 

on the AgNPs’ surface depends on several factors, such as pH, change and type and 

molecular weight of NOM. High molecular weights of moieties in NOM inhibit the 

absorption of HS on the AgNPs’ surface compared to lower molecular weights 86.  

Humic acids (HAs) have several functional groups that are shown in  (Figure 2-6). HAs are 

considered as one of the major fractions of dissolved organic matter (DOM) that are present 

in the environment, such as in soils, sediments and the aquatic ecosystem 87. The 

composition of HA consists of quinone, phenolic, enolic, carboxylic acid, peptides, sugars 

and other functional groups 88. The main molecular structure comprises hydrophilic and 

hydrophobic portions. The hydrophilic portions contain OH- groups while the hydrophobic 

portions contain aromatic and aliphatic chain rings 89.  
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The structure of HA is assumed and generated by a classical and standard system of 

calculation that depends on previous research 90. Quinone moieties in DOM are 

hypothesised to be the main redox-active functional group; they are ubiquitous in DOM 

38,91. Quinones are organic compounds that contain at least two carbonyl groups [C=O]. 

They have a reversible transfer of electrons that causes the interaction of abiotic and biotic 

redox 39,57. Moreover, quinones are considered to cause the production of the reactive 

oxygen species (ROS). The reduction of quinones leads to more stabilised semiquinones 

by aromatic rings and then a further reduction to a more stable hydroquinone 92. For 

instance, DOM can mediate reductions of organic pollutants or behave like an electron 

shuttle between mineral phases and bacteria 93. DOM can likewise act as an indirect 

electron acceptor when behaving as a re-oxidant for inorganic electron acceptors such as 

sulfur and iron38,39,58, or it can act as a direct electron acceptor for microbial respiration 94. 

Researchers have reported the formation of thiosulfate (S2O3
2-) and sulfur (Ss) (sourced 

from soil, water and ocean) in DOM when the oxidation of sulfide takes place for several 

hours at pH 6 95. By contrast, the reaction of Sigma-Aldrich’s HA with sulfide leads to the 

formation of elemental sulfur. This formation is possible and could be influenced by the 

redox-active contents of transition metals such as iron, but it explains only a small fraction 

of sulfide transformations 96. It has been confirmed that Sigma-Aldrich’s HA is reactive to 

sulfide when it is reduced by electrochemical treatment but is lower than oxidised HA97. 

The use of the commercial HA instead of a product from the International Humic Substance 

Society (IHSS) from the Suwannee River in south-eastern Georgia, USA, is due to the 

shortage of supply and the high demand. 

The transformation of AgNPs to Ag2S under the influence of organic matter, in this case, 

HA, could use a different mechanism to change the surface properties 99. The presence of 

HA in the environment can impact the transformation of AgNPs by altering the physical 

and chemical properties of AgNPs. The attachment of HA onto the surface of AgNPs 

increases their colloidal stability. In addition, the toxicity of AgNPs can be reduced due to 

the absorption of HA onto the AgNPs’ surface. 
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Figure 2-6: Structure of Humic acid, reprinted (adopted and reproduced) with permission 

from 90 Copyright (2011) Taylor & Francis Ltd. 

 

The attachment of HA has been explained by Sánchez-Cortés et al. 100. They used infrared 

spectroscopy and Raman spectroscopy to analyse AgNPs capped with citrate and showed 

that both fulvic and humic absorbed to different extents depending on their size and pH.  

Furthermore, they observed that sorption occurs in the carboxyl group when it has an acidic 

pH, whereas the phenol group and aliphatic moieties are preferable at an alkaline pH. They 

also showed that humic substances with higher molecular weights are adsorbed by the 

hydrogen ion bond while the lower ones are adsorbed via the hydrophobic and electrostatic 

forces.  

In a recent study 100, standard humic acid (SRHA) from IHSS was prepared as NOM to 

study the transformation of Ag ions with NOM that mediates the AgNPs’ formation in the 

dark. The binding of metal to HA depends mainly on the distribution of -OH/-COOH 

groups 89. In the first hours of interaction between SRHA and Ag ions, the Ag-OOC- 

species is formed by binding between Ag ions and carboxylic groups in SRHA (Reaction 

1). Owing to the instability of the Ag-OOC species, its transformation could extend further 

to other Ag species. The Ag ions bound to SRHA confirm the formation of metallic Ag 

after 20 days and a partial transformation of Ag-OOC- ligands, which indicate that 

SRHA(ox) had oxidised to SRHA(oxn+1) in Reactions 2 and 3, respectively. Next, the same 

ligand is observed to release Ag ions that gradually convert to the Ag-S- species, 
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particularly in the stage where SRHA is nearly exhausted (Reaction 4). Likewise, the Ag-

S- species could be formed when the slow transformation of AgNPs by the thiol in SRHA 

has occurred (Reaction 5) 69,74,101,102. 

Ag+ +  SRHA(−COOH)  
−H+

↔   Ag1(−OOC−) SRHA (fast)                                (Reaction 1) 

Ag1(−COOC−)SRHA → Ag0 − SRHA(ox)(slow)                                            (Reaction 2) 

Agn
0 − SRHA(oxn) + Ag+  

+e−

→   Agn+1
0 − SRHA(oxn+1)(slow)                        (Reaction 3) 

Ag1(−OOC−)SRHA →  Ag1(−S−)SRHA(slow)                                              (Reaction 4) 

Agn
0 − SRHA(oxn)  → Agn−1

0 Ag1(−S−)SRHA(oxn−1)(slow)                         (Reaction 5) 

The formation of nanosized Ag2SNPs (39 ± 9 nm) was observed to increase along with the 

increase in the ratio of Na2S to AgNPs coated with PVP. The Ag2SNPs aggregate and build 

a chain-like structure between NPs (Figure 2-7). To assess the sulfiding of AgNPs with 

different surface coatings, citrate and Tween functionalised NPs have been studied at low 

and high concentrations of sulfide ions, with and without Suwannee River fulvic acid 

(SRFA), which is considered a part of NOM. This research showed that sulfidation takes 

place as a direct interaction between AgNPs and sulfide species. At a high concentration of 

sulfide, the Tween–AgNPs tend to form sulfided particles that retain unreacted metallic 

sub-grains at the edge and are less extended for lower concentrations. No variations were 

seen in the Cit–AgNPs, which exhibited partial direct sulfiding. Dissolution followed by a 

dilution of AgNPs is affected by the surface coatings, resulting in a higher dissolution of 

Tween–AgNPs dissolution than of Cit–AgNPs. The effect of SRFA appears to slow the 

dissolution of Tween–AgNPs at low sulfide concentration ratio and decrease the 

aggregation of Cit–AgNPs 103. Comparing AgNP coatings is very informative because of 

their influence on the dissolution rate and potential mechanism of sulfidation, which has 

been observed in different structures 103. The sulfiding of Cit–AgNPs with various particle 

sizes was investigated on the basis of their morphology with access to HA. The conclusion 

was drawn that Ag2S is reactively formed in an HA-free system, leading to the formation 

of the core (Ag0)-shell Ag2S transformed to a hollow Ag2S structure; the suggested 

mechanism was similar to the Kirkendall effect in oxygenated water 104. In Figure 2-8, the 
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morphology of sulfided Cit–AgNPs with a size of 20 nm was studied in the presence and 

absence of HA; this shows partially sulfided nanoparticles after 5 min. Furthermore, the 

core-shell structure was found with 250 mg/l HA. According to energy dispersive x-ray 

spectroscopy, the grey area is Ag2S while the white area is the metallic Ag. With an 

extended sulfidation time, the core-shell structure shows a light grey area, which confirms 

the presence of Ag2S 104. 

 

Figure 2-7: Sulfidation of PVP–AgNPs within Na2S. Low magnification TEM image shows 

nanobridges (left image), and the high magnification micrograph shows Ag2S. Reprinted 

(adapted) with permission from 105 Copyright (2011) American Chemical Society.  
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Figure 2-8: High-angle annular dark-field micrograph showing the sulfidation of Cit–

AgNPs in the absence (A, B) and presence (C, D) of 250 mg/l HA. (1)–(4) show the EDX 

spectra region indicated by the arrows. Reprinted (adapted and reproduced) with 

permission from 104 Copyright (2011) American Chemical Society.  

 

The stability of Ag2SNPs in the aquatic environment was evaluated in natural water. Li et 

al. 106 studied the dissolution rate of Ag2SNPs within and without DOM in light and dark 

conditions. Depending on the dissolution figures of Ag2SNPs, the percentage of Ag ions 

increased first and then rapidly dropped, which indicates that Ag2SNPs has reconstitution 

after dissolution. More NP dissolution occurred in an acidic condition under both light and 

dark conditions. The dissolution of Ag2SNPs in the light was remarkably high but was 

reduced within DOM concentrations due to the Ag ions trapped by NOM. This result 

obtained the same effect with ZnONPs 107. The release of Ag ions in the dark are negligible 

within, and without DOM, and so the reduction of Ag ions from Ag2SNPs is assigned by 

the complexation of DOM. The presence of Fe+3 in natural water also showed that release 

of Ag ions from Ag2SNPs in light increased remarkably compared to the dark condition, 

which indicated the transformation and complexation. This outcome is possible evidence 

that Ag2S NPs can be photoinduced in a natural aquatic environment.  

2.3.2.2. Potential for the ecotoxicity of AgNPs in the environment 

AgNPs comprise a wide range of commercial nanoparticles and work as broad-spectrum 

antimicrobial agents to control bacterial growth in aquatic organisms 85,108. 10 nm diameter 

 

 

20 nm 

20 nm 20 nm 
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AgNPs can damage the cell membrane of Escherichia coli. The pattern of antibacterial 

activity of AgNPs can inhibit bacterial growth at a low concentration in different 

microorganisms, such as yeast, E. coli and Staphylococcus aureus. The antimicrobial effect 

of AgNPs may have a relationship with certain bacteria species. For instance, there are two 

types of bacteria, gram-positive and gram-negative, that differ in the structure of their 

membranes, particularly in the thickness of the peptidoglycan layer 109. The mechanism of 

antimicrobial behaviour of glutathione (GSH)-coated AgNPs was reported for its effect on 

the gram-negative bacteria E. coli, which were damaged because the colloid penetrated into 

the cytoplasm and, consequently, the Ag interacted with the cell compartments. By 

contrast, the microbial effect was constrained in the gram-positive bacteria, S. aureus, 

where the thickness of the peptidoglycan layer of the cell resisted penetration 108. 

The common mechanism of bacteria cell death occurs when a reactive oxygen species 

(ROS) produces a hydroxyl radical (OH•). This radical targets and disrupts multiple cellular 

processes, including disulfide bond formation, iron homeostasis and central metabolism. 

These processes are linked to the increasing production of ROS and the increasing 

permeability of bacteria membranes 110.  

The main causes of the high toxicity of microorganisms are Ag ions and Ag-based 

compounds, but there is a limitation to this antimicrobial effect because it has no continuous 

release. This limitation can be overcome by AgNPs, which can reach the bacteria and, 

because of their high surface-to-mass ratio, produce a high concentration around the cell 

that in turn leads to a greater microbicidal effect for a longer time 111,112. The release of Ag 

ions under standardised conditions can be explained. When the compounds have free thiols 

along with Na3C6H5O7, they inhibit the ions’ release probably through surface binding and 

oxygen exclusion from active sites. The strongest binding of Ag ions was observed in 

compounds that have free thiols, such as GSH and cysteine 113. A study revealed that the 

toxicity of nanosilver depends on the concentration of Ag ions inside the bacterium; this 

includes two main factors: extracellular dissolution and dissolution of AgNPs on the 

particle–cell interface 112. Figure 2-9 shows the possible interaction of AgNPs and 

transformation with dissolution on the external and internal environments, which are the 

medium and bacteria cell compartments, respectively. 
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Figure 2-9: Different mechanisms of AgNPs exposure that potentially release Ag ions: (A) 

Ag in media and external to the bacteria cell, and (B) Ag interaction within the cell and 

inside the cell. Reprinted (adopted) with permission from 79 by permission of The Royal 

Society of Chemistry. 

 

The toxicity of AgNPs with various coatings and sizes was detected by examining the dose–

response pattern of E. coli after exposure to Ag ions. E. coli was stimulated by a low 

concentration of all AgNPs and AgNO3. Antibacterial activity was controlled by several 

factors, such as modulating the release of Ag ions, particle size and shape or type of coating 

as well as the availability of oxygen 114. Ecotoxicity was investigated by a suite of in vitro 

and in vivo tests. The impact of HA on the toxicity of AgNPs at exposure to pH 6–9 was 

studied, and HA was found to mitigate the toxicity of AgNPs to bacteria at pH 9. 

Toxicological response was explained in terms of the doses of dissolved Ag 115. The 

concentration of AgNPs or the release of Ag ions can influence the toxicological effect and 

significantly inhibit bacteria production when the AgNPs’ concentration is more than 1 

mg/l. The bacteria were exposed to a low concentration of AgNPs (10 and 20 μg Ag/l) for 

24 hours. The production of a bacterial community was reported to have been altered when 

alkaline phosphatase was reduced116.  

The effect of AgNPs on plants was investigated with various sizes (5, 10 and 25 nm) and 

coatings (PEG and carbon). The plants were poplars (Populus deltoides nigra) and 

Arabidopsis thaliana and were exposed to different concentrations of AgNPs (0.01–
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100 mg/l). The results of this investigation revealed that, above a specific concentration, all 

AgNPs formed were phytotoxic to these plants. Moreover, a substantial effect was detected 

on the elongation of roots, the fresh weight and the evapotranspiration of both plants 117.  

Another study showed that AgNPs reduce the growth and metabolism of wheat and the 

sand matrix; they reduced the length of shoots and roots. The transmission electron 

microscopy (TEM) images also confirmed the presence of AgNPs in both the shoots and 

roots of the wheat, illustrating that the AgNPs had been taken up and transported from the 

sand 118. This outcome could trigger an alteration in gene expression, as shown when A. 

thaliana was exposed to 5 mg/l of PVP-coated AgNPs (20 nm). This alteration yielded the 

up-regulation of 286 genes and down-regulation of 81 genes 119.  

The ecotoxicological effect was studied for multicellular aquatic and terrestrial organisms. 

Two aquatic organism models were used: Medaka and Zebrafish. Gum arabic-coated 

AgNPs were found to have the highest toxicity to Japanese medaka, whereas AgNPs that 

have PVP and citrate coatings have lower toxicity 120. The release of Ag ions was also 

significantly toxic to zebrafish embryos 121, and AgNPs could modify the embryos’ 

development 122.  

2.3.1.4. Transformation of AgNPs in WWTP, sludge and soil  

The AgNPs undergo a series of transformations, because in the thermodynamic state, the 

oxidation of Ag is favoured at room temperature and tends to form Ag2S due to low 

solubility. Ag2S is formed in aquatic systems, such as wastewater sewerage systems, and 

terrestrial systems, such as WWTPs, sludge and soil. The transportation and destination of 

AgNPs have been reported in wastewater sewers by introducing spiked Tween–AgNPs into 

a 45-km-long main trunk sewer 70. Samples were collected at different distances after the 

expected times of AgNPs travel were calculated. The results showed that the raw 

wastewater samples included 15% PVP–AgNPs that had sulfided to Ag2S after a 5-hour 

reaction time. Therefore, this finding confirmed that AgNPs had partially sulfided in the 

sewer system and reached WWTPs 70. It was found that polyoxyethylene fatty acid ester–

AgNPs could be adsorbed into wastewater biosolids in sludge. Their transformation from 

wastewater to sludge was enhanced by an effluent 69. Both these results suggested that 

AgNPs transferred into sludge as the Ag2S species. In anaerobic-activated sludge, the Cit–

AgNPs incubated have different sizes (10–100 nm), which are shown to depend 
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significantly on the sulfidation kinetics 123. Similarly, research revealed that the sulfidation 

of PVP–AgNPs is more favourable in anaerobic than aerobic conditions 124.  

In soil systems, AgNPs can be applied intentionally and released unintentionally from 

various pathways; for example, they can be freed from sludge during incineration and from 

sewer sludge in WWTPs 125,126. In anaerobic soils, AgNPs of 15 and 50 nm with PVP 

coating transformed into Ag2S, Ag2O, AgNO3 and HA complexes while uncoated AgNPs 

of 50 nm were transformed into HA complexes. The present study highlights how different 

coating agents of AgNPs may affect their transformation and, therefore, the bioreactivity 

within the environment 127. The Ag speciation of spiked PVP–AgNPs was determined in 

terrestrial soil. After 18 months, approximately 47% of the Ag remained as Ag0, and the 

rest was oxidised and consequently sulfided to Ag2S (measured using X-ray absorption 

spectroscopy [XAS]). In sediment, approximately 27% of the Ag was transformed into Ag-

sulfhydryl, and 55% was sulfided to Ag2S 128. 

2.4. Wastewater treatment sewage sludge 

2.4.1 Sludge Treatment and Disposal 

Sewage sludge consists of raw primary sludge and secondary activated sludge, which are 

produced during wastewater treatment 129. In the United Kingdom, wastewater sludge 

production in 2009 was approximately 1.2 Mt of dry solids, of which 77% was applied to 

agricultural land. By comparison, in the EU, there were 6.5 Mt of dry solids produced per 

year. Sludge production has increased considerably by 50% since 2005 130. Therefore, in 

the next decade, sludge disposal may become more difficult. The challenges of sludge 

treatment include maintaining a cost-effective and secure sludge disposal technique and 

building confidence in the recycling and disposal options 129.  

2.4.2. Anaerobic Digestion 

Sewage sludge has organic matter that is biologically converted to a gas that usually 

contains 70% methane and 30% carbon dioxide. This process is undertaken in an oxygen-

free system, which is equipped with a collector for the gas produced during the process. 

The sludge is added and then the digester is operated using a ‘draw and fill’ process. This 

process reduces the volatile by-products by 50% from the original sludge. It is also very 

sensitive to low concentrations of toxic pollutants 129. 
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2.4.3. Zinc Oxide Nanoparticles  

ZnONPs are naturally found as zincite with manganese impurities. They are involved in a 

broad range of consumer products and other applications 131. ZnONPs are semiconductors 

132 and are described as unique nanomaterials due to their electrical conductivity, 

semiconducting, optical and piezo electrical properties 133. Given their wide-range band 

gap (3.3 eV) in the near UV spectrum with higher excitation binding energy at room 

temperature, ZnONPs are considered a natural n-type of electric conductive material 133–

138. This type of nanomaterial has been involved in very remarkable applications 93. The 

most important properties of ZnONPs are their antibiotic and antifungal properties that 

have contributed on photochemical activities and catalytic nanomaterials. At the UVA 315–

400 nm range and UVB 280–315 nm range, ZnONPs are processed at high optical 

absorption. Therefore, they can be used as antibacterial and UV protectors in consumer 

products 139. 

The toxicity caused by the antibacterial mechanism of ZnONPs depends on different 

suggested causes; the first is the dissolution of ZnONPs to ionic zinc 140. Some previous 

research also found that the partial dissolution of ZnONPs can affect toxicity. The 

interaction of Zn nanomaterials on the aquatic system is summarised in Figure 2-10. The 

figure shows several transformation pathways that could influence the fate of metal oxide 

and metal nanomaterials and their physicochemical properties.  



51  

 

 

Figure 2-10: Transformation of ZnONPs within an aquatic system. Different interactions 

of ZnONPs are introduced with several conditions. Diagram provided by Springer Nature 

and Copyright Clearance Centre and reprinted (adopted) with permission from 141. 

 

The toxicity of ZnONPs to algae was studied within a different condition. For example, the 

photoreactivity of ZnONPs and TiO2NPs has been studied on Raphidocelis subcapitata 

(Pseudokirchneriella subcapitata) algae, which inhibited algae growth under visible light, 

UVA (315–400 nm) and UVB (280–315 nm) irradiation conditions. The cell membrane 

was destabilised by adding 0.3 mg of ZnONPs, which caused localised fraying and 

destructions of the outer cell wall 142 (Figure 2-11). Moreover, the growth inhibition and 

toxicity of R. subcapitata algae were investigated with different sizes and shapes of 

ZnONPs. The smaller spherical and rod shapes of ZnONPs were more toxic than the larger 

sizes, while the smaller spherical ZnONPs were more destructive to algae 143. Increasing 

the concentration of ZnONPs to 0.1 mg /l raised the growth inhibition rate of R. subcapitata, 

to over 90% 144. Another investigation took place on several types of algae species, 

including R. subcapitata, which was tested in different concentrations, and three modified 

ZnONPs. This resulted in the formation of large aggregations of modified coated ZnONPs 

at pH 7 and 8 145. The effect of ZnONPs in other algae species was studied. Dunaliella 
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tertiolecta was tested within ZnONPs, and bulk forms and showed that ZnONPs were more 

toxic and to inhibited growth to the algae. The no observed effect concentration (NOEC) 

after testing for 96 hours test was found in the concentrations of 0.1 and 1.0 mg/l, and the 

median effective concentration (EC50) was in 0.50 and 3.00 mg/l, respectively, for 

ZnONPs with sizes of 100 and 200 nm 146. For ZnONPs with a size of 20 nm, the NOEC 

and EC30 values found for the Chlorella species were 5 and 20 mg/L, respectively 147.  

 

Figure 2-11: (A) Bright-field TEM micrograph for the Pseudokirchneriella subcapitata 

algae after incubation of 0.3 mg/1 ZnONPs for 48 hours. (B) A magnified micrograph of 

the algae cell wall with localised fraying. (C) Distortion of the outer cell membrane. Images 

provided by Elsevier Ltd. and reprinted (adopted) with permission from142. 

 

The ZnONPs’ transformation within the WWTP has been widely studied by analysing the 

Zn-K edge X-ray absorption near edge structure (XANES) spectra, which illustrated the 

different ratios of three compounds, namely ZnS, Zn3(PO4)2 and Zn-Fe oxy/hydroxides. 

The ZnONPs were altered within the anaerobic digestion of active sludge, and the major 

species observed was ZnS after biosolids were incubated in reduced sludge within a week 

7. The transformation of ZnONPs was likewise studied within the raw organic waste and 

the digested organic waste 148.   
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Figure 2-12: Pie charts for Zn speciation of biosolids formed from the addition of lime, 

heated treatment of oxic and reduced ZnONPs and AgNPs amended sludges. The ratio of 

the speciation was identified from the linear combination fitting for the Zn K-edge of 

XANES spectra. Reprinted (adopted) with permission from 7 Copyright (2041) American 

Chemical Society.  

 

Figure 2-12 shows the speciation of ZnONPs, where the biosolids are investigated after 

stimulation by the addition of lime and heat treatment (24 °C, 3 days and 72 °C, 1 hour) of 

the sludge. The heated and oxic nanoparticles showed amended sludges to detect the 

changes of Zn speciation. Overall, the speciation did not change much after the treatment 

within the above condition of lime addition and heat treatment. After one week of the same 

treatment, sludges had anaerobically digested at 37 °C, and the resulting speciation portion 

was mostly ZnS mineral, reduced Zn−Fe oxy/hydroxide and unaffected Zn3(PO4)2. Then 

all the portions changed slightly after the same condition of lime addition and heat treatment 

was applied. Therefore, Zn speciation ratios depend on the conditions and contents, of the 

sludge such as their redox and moisture conditions 7.  
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2.5. Fate of Engineering Nanomaterials  

Several reports have focused on the chemical transformation and aggregation of AgNPs in 

order to investigate their fate in the environment; however, this fate is required to be 

determined in term of long term with the aquatic environment 75. The fate of AgNPs in the 

environment can be determined through describing and modelling their parameters using 

descriptors, such as surface affinity, sorption, solvent exchange, aggregation, sedimentation 

and dissolution kinetics 122. However, these descriptions may be considered to be gaps in 

the surface water and WWTP effluents, biosolids, sediments, soils and air. The model by 

Gottschalk for predicting the environmental concentration of AgNPs is reported above. The 

transformation of ENMs can occur via WWTP sludge to effluent solid and biosolid runoff 

to water surface 149. Studying the fate of AgNPs and their transformation in the environment 

is vital when investigating their impact on soil, plants and human health 150. The behaviour 

and transformation of AgNPs have been explained according to the type of system, such as 

aquatic or terrestrial. Before the fate of AgNPs in both systems can be illustrated, features 

should be explained first to determine their potential impact. In the section above, the 

ENMs’ physicochemical properties are considered as factors or features because of their 

potential to influence the fate of ENMs.  

The ionic strength of the medium can influence the stability of the diffuse layer for the 

electrical double layer. When ionic strength increases, the thickness of the electrical layer 

decreases and then takes the lead in increasing the agglomerated particles that favour a 

reaction 151. This behaviour of ionic strength and the agglomeration of uncoated, citrate- 

and NaBH4-coated AgNPs were observed in a suspension with high pH (pH > 7). It was 

reported that ionic strength did not influence the agglomeration of AgNPs with a PVP 

coating. Therefore, this result reflects that particles are stabilised as a result of steric 

repulsions caused by uncharged coating materials 152.  

Partitioning of the solid solution is a key feature that helps determine the potential mobility 

and bioavailability of nanoparticles in soils. The high surface area and surface charge of 

ENMs may suggest a strong adhesion to the reactive surface of soils, such as soil minerals 

and organic matter32. A method for determining the retention of nanoparticles in soils has 

been developed. Advanced filtration technology makes it possible and achievable to 

separate individual nanoparticles and small aggregated particles from their dissolved 
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species by using 0.45 µm filters. This method can be used to recognise the retention of 

nanoparticles and the solute ions that result from their dissolution 153.  

Mobility is one of the main factors in soil that is affected by nanoparticle availability to soil 

biota, the distribution through the soil and its efficient persistence 154,155. The mobility of 

nanoparticles in a porous medium can be mainly controlled by aggregation and deposition 

mechanisms 154. These processes are affected by physiochemical properties and the 

characterisation of the soil, such as clay content and type, pH, soil organic matter type and 

amount, flow velocity, composition of soil solution etc. 156.  

A characteristic of bacteria is their capability to form biofilms. Biofilms are effectively a 

community of bacteria that adheres to surfaces via the production of extracellular polymeric 

substances (EPS) or as a multilayer coating of bacteria cells. The structure of biofilms 

significantly resists antimicrobial impacts of NPs due to the physical protection provided 

by several layers of bacteria cells 157. Biofilms are commonly found in the solid and water-

sediment interface and affect the fate and transportation of AgNPs that have different 

coatings. The existence of biofilm, bovine serum albumin (BSA) and alginate in the porous 

media influences the affinity of Cit–AgNPs, which is demonstrated by attachment 

efficiency (α). This increases the affinity gram-negative Pseudomonas aeruginosa and 

gram-positive Bacillus cereus biofilms. Meanwhile, the PVP–AgNPs attach to glass beads 

and increase the biofilm 158. They significantly reduce retention at low ionic strength in 

biofilm-coated sand in contrast to clean sand. The reason for this reduction is the repulsive 

electrosteric force between the PVP coating and the EPS of the biofilm. Moreover, a mature 

biofilm coating is an earlier breakthrough of PVP-n Ag when compared to a younger 

biofilm coating or to clean sand. These outcomes may indicate the impact of the repulsive 

surface force combined with the selection of pore size and a more developed biofilm 159. 

2.6. Objectives and layout of the thesis  

The purpose of this thesis is to study the bioavailability, stability and transformations of 

AgNPs and ZnONPs in sludge and freshwater environments. The sulfidation behaviour of 

AgNPs under anaerobic conditions with simulated water is characterised to observe the 

transformation process and alterations of the crystal structure, which are related to the 

stability of the sulfided AgNPs. The behaviour of a matrix of engineered nanoparticles 
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(ENPs) was compared to AgNPs and ZnONPs under anaerobic digestion processes in 

simulated sludge. In the same processes, the impact of ZnONMs and AgNMs on the 

production of biogas was studied. In addition, the speciation’s of ZnONMs were compared 

within the time of digestion. Both AgNPs and ZnONPs were aged in the OECD-MOP 

medium within different conditions to understand their stability and dissolution in 

simulated freshwater conditions. These aged nanoparticles were incubated within green 

freshwater algae cells to predict their impacts on algal health. 

The structure of the thesis first starts with a literature review (Chapter 2) on the 

physiochemical properties of ENPs and focuses on the stability, transformation, fate, and 

dissolution mechanism of AgNPs and ZnONPs. The chapter includes an overview of the 

ecotoxicity of AgNPs and ZnONPs towards different microorganisms and a summary of 

the latest literature on ZnONPs speciation, to compare them with the present study.  

Chapter 3 describes several of the techniques applied in the thesis to assist the objective of 

the project. These techniques are including the characterisation of ENMs to identify their 

physiochemical properties, morphology, and chemical and structural information.  

In Chapter 4, the sulfidation of AgNPs was investigated within an anaerobic system of 

hydrogen sulfide gas and within HAs. The physiochemical properties of sulfided particles 

were compared, and Ag2NPs with different particle sizes and coating agents were prepared 

to test these particles performance and impact under anaerobic digestion.  

In Chapter 5, two sets of anaerobic digestion experiments were carried out. The first one 

tested a group of commercial ENPs and synthetic AgNPs and Ag2SNPs. The anaerobic 

digestion behaviour of sludge within organic waste was tested in terms of pH changes and 

biogas production. The second set of experiments focused on commercial ZnONPs, 

ZnSNPs, PVP–AgNPs and synthesis Ag2SNPs in the matter of biogas production. 

Moreover, the speciation of commercial ZnONPs and ZnSNPs under the same condition of 

anaerobic digestion was studied using XAS. There is a gap in literature which investigate 

the transformation Zn- and Ag-containing NMs to AD performance using real-world AD 

sludge. 

Chapter 6 reports on the stability of AgNPs and ZnONPs within an algal culture medium 

and aged under different light and dark conditions. The dissolution of both nanoparticles 
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was determined by inductively coupled plasma-mass spectrometry (ICP-MS) and 

inductively coupled plasma-optical emission spectroscopy (ICP-OES). The aged AgNPs 

and ZnONPs were incubated to understand the interaction of aged nanoparticles with algal 

cells by using TEM and scanning transmission electron microscopy–electron energy loss 

spectroscopy (STEM–EELS).  

Finally, Chapter 7 summarises the outcomes and conclusions of the thesis and gives 

suggestions for future work.      
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3. Characterisation techniques  

Several techniques were used to characterise ENMs in different environments to help 

investigate their transformation and impact on their surroundings. The characterisation of 

ENMs was carried out according to the type of sample (treated or untreated) and their 

properties.  

3.1. Dynamic light scattering and zeta potential. 

Dynamic light scattering (DLS) is used to identify a particle’s size and involves the 

application of laser light to the particle solution. The light then scatters back with a different 

intensity. This variation depends on the diffusion coefficient (the hydrodynamic radius) of 

the particles. DLS can determine the size dispersions and aggregation of nanoparticles. This 

technique works when a sample of solution or suspension are loaded in a polystyrene 

cuvette and a laser beam is applied. The beam then scatters back with a different intensity, 

depending on the Brownian motion of the particles in the solution. The scattered light is 

detected by two detectors set at either 90° or 173° from the light source. Its intensity has to 

be in a certain range to allow detection. This diffusion process of particles is called the 

diffusion coefficient and can be utilised to obtain the size of particles in a suspension via 

the Stokes–Einstein relationship. The size of particles is referred to as the hydrodynamic 

radius or Stokes’s radius. The Stokes–Einstein equation is as follows:  

D =
kBT

6πηr
                                                           (3.1) 

where D is related to the diffusion coefficient of suspension, r is the radius, kB = 

1.38X10−23J is Boltzmann’s constant, T is the temperature of the suspension and η is the 

dynamic viscosity. The diffusion coefficient (D) is affected by the core size of particles and 

their surface structure. The concentration of the ions in suspension can affect the speed of 

a particle’s diffusive motion. This effect relates to the change in thickness of the electrical 

double layer of ions. This layer is produced around the nanoparticles by the low 

conductivity of suspension, which slows down the speed of diffusion 160. 

The zeta potential (ζ) is a physical property that is a measure of the colloidal stability and 

surface charge of nanoparticles. The measurement of zeta potential relies on the nature of 



60  

 

the particles and the suspension or colloidal solution. In this solution, a net charge affects 

the distribution of ions surrounding the particles in the solution, resulting in an increase in 

the concentration of counter-ions. This influence extends into a region called the electrical 

double layer. Conventionally, this layer is predicted to exist as two separate inner regions. 

The area with strongly bonded ions is called the Stern layer, and the outer layer of loosely 

bonded ions is called the diffuse layer. 

The particles move through the colloidal solution because of gravity or an applied voltage, 

and the ions also move. There is a distance around the particles that exists as a boundary 

where ions do not move with the particles, known as the surface of hydrodynamic shear or 

the slip plane. This is located in the diffusion layer, and it is represented as the zeta 

potential. When the zeta potential is very positive or very negative, the particles will repel 

one another so the suspension will be stable. We have to consider an important parameter 

during the discussion of zeta potential, that is, the pH of the solution. The technique for 

measuring zeta potential is to apply an electric field across the sample that induces charged 

particles to move. The velocity and direction of the movement of the particles 

(electrophoretic mobility) depend on the applied field. The velocity of the particles in the 

applied field will depend on the strength of the electric field, the dielectric constant of the 

liquid, the viscosity of the liquid and the zeta potential. The electrophoretic mobility of a 

particle can be determined using the Henry equation: 

UE =
2ϵζf(Ka)

3η
                                                       (3.2)  

where UE is the electrophoretic mobility, ε is the dielectric constant, ζ is the zeta potential, 

f(Ka) is Henry’s function and η is the viscosity. Henry’s function has a value of either 1.5 

or 1.0, and the value 1.5 is used for the zeta potential of an aqueous solution that has 

electrolyte concentrations, referred to as the Smoluchowski approximation 161. 

3.2. UV-visible spectroscopy / surface plasmon resonance 

The physicochemical properties of nanoparticles can be identified by UV-visible 

spectroscopy. The absorption spectrum describes the variations in size and shape of 

nanoparticles as reflected on the surface plasmon resonance (SPR) band 162,163. For 
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spherical AgNPs, an SPR band was reported to be located between 390 and 400 nm and 

characterised by the yellow/organic colour of AgNPs suspension 164.   

The SPR is defined as the oscillations that occurred because of the interaction between the 

electron loss of metallic nanoparticles and the incident light (an electromagnetic field). The 

frequency of an electromagnetic field with a specific wavelength can cause a resonance, 

when it has the same frequency of the materials, result in a strong scattering of light. This 

phenomenon has captured the attention of scholars due to its wide range of applications, 

such as in sensors, biomedicine and others 165.       

The working principle of the machine is tested on the liquid form of the specimen, which 

is placed with a reference sample to allow the UV beam from a projector to pass through 

both samples. After the beam passes through the liquid samples (reference and specimen), 

the energy of the UV beam will excite the orbital electron to a higher energy state. The 

excited electron will pair with an electron in its ground state and then the excited electron 

will deexcite and go back to a lower energy level, causing an emitted photon to be detected 

166.   

UV-visible spectroscopy is used to confirm the presence of spherical AgNPs in suspension. 

Moreover, it can confirm the shape and size of synthetic AgNPs before and after an 

experiment, such as the introduction of a medium to AgNPs or a sulfidation process. If the 

location of the SPR peak has changed, then that means the size or shape has variations. UV-

visible spectroscopy has also been used to confirm the sulfidation of AgNPs, which have 

shown a wider peak or disappeared. Therefore, the shape of the peak and its width can 

indicate that the polydispersity of the nanoparticles’ size is related to the aggregation state 

163.  

3.3. Inductively coupled plasma-optical emission spectroscopy 

(ICP-OES) 

ICP-OES is a powerful and sensitive analytical technique that can trace most of the 

elements in a sample. This technique detects the elements in samples by using a plasma, 

which is the fourth state of matter. This spectroscopy device consists of detector, 

spectrometer, source and unit for processing the data. In general, when a sample contains 

elements that have been exposed to plasma energy (photons), the component elements are 
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excited. The excited components, which are electrons, will get back to the lower energy 

position, resulting in the emission rays of photons. These photons correspond with 

wavelengths that can be detected and then determined by a spectrometer. The intensity of 

the emissions from the element’s components and the position of the photon’s wavelengths 

are used to determine and measure the type of elements and their concentration. The 

instrument used to run the analysis is Thermo Scientific iCAP 6000 series Optical 

Spectrometer with an attached CETAC ASX-520 AutoSampler. To confirm the calibration 

accuracy, the calibration curves were checked prior to each analysis and plotted with more 

than seven concentration points using standards 167,168. 

3.4. Inductively coupled plasma-mass spectrometry (ICP-MS)  

Elemental concentration is measured by a quadrupole-based ICP-MS. The range of the 

concentration this technique measures is in parts per billion (ppb), unlike ICP-OES, which 

provides the measurement in parts per million (ppm). The spectrometer of ICP-MS is 

characterised by DC voltage application and a high-frequency field between four sequential 

mounted rods. The liquid samples are nebulised through the plasma to generate ions and 

then directed to the mass spectrometer by a supersonic beam that generates collisions and 

adiabatic expansions. These ions are transferred to the quadrupole of the MS, which 

generates species with a mass-to-change ratio (m/z) according to the variation of the electric 

field. Not all species will be deflected at trajectories; the specific m/z ratio will reach the 

detector thanks to the spectrometer, which works as a filter to exclude higher or lower m/z 

charged fragments. When the ions are sticking in the detector, a range of electrical signals 

are generated due to the ion-electron multipliers. When the positive ions hit the negative 

ones on the detector surface, a number of electrons are generated, thus intensifying the 

signal. The electrons, as a current, are translated into the unit of counts per second, which 

is correlated to the number of atoms that generate the signals within the sample through the 

use of the calibration curve. This curve is previously prepared according to calibration 

standards.  

The use of ICP-OES and ICP-MS is dependent on the medium tested and its sample 

preparation. ICP-OES is used to find the concentration of synthesised nanoparticles in-

house and measure high concentrations (due to limitations of very low concentrations). 

However, sample preparation for an ICP-OES is less complicated than for ICP-MS. ICP-
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MS can be applied to study the dissolution of 1 mg/l Cit–AgNPs in a culture medium, which 

is considered a complex medium.  

3.5. Transmission Electron microscopy 

Transmission electron microscopy (TEM) can be utilised to study the size of AgNPs along 

with their dispersion or aggregation. It can be combined with energy dispersive X-ray 

spectroscopy (EDX) and electron energy loss spectroscopy (EELS) to determine the metal 

composition of the nanoparticles. TEM can provide remarkable information about the 

surface morphology and crystallinity/phase of a sample. The crystallographic information 

can be provided by using selected area electron diffraction pattern. The TEM setup involves 

a gun that generates an electron beam that subsequently passes through different 

electromagnetic lenses. The electron source is generated by a thermionic source, such as a 

tungsten or LaB6 filament. When a signal is detected, a camera can be magnified and 

projected onto the screen. The more projector electromagnetic lenses increase the 

magnification. The specimen size has to be no more 3 mm in diameter with a thickness of 

under  100 nm 169. The TEM resolution is higher than SEM in terms of magnitude. the 

resolution of TEM with aberration corrected system has about 0.5 Å while TEM with non-

aberration corrected system has around 1-2 Å 170. The microscopy scheme in (Figure 3-1) 

shows scanning electron microscopy (SEM), TEM and scanning transmission electron 

microscopy (STEM) set ups.  
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Figure 3-1: Schematic for different set-ups of electron microscopes, where (a) shows 

scanning electron microscopy (SEM) and (b) and (c) are transmission electron microscopy 

(TEM) and scanning transmission electron microscopy (STEM), respectively. Illustrated 

are the following: CL: condenser lens, OL: objective lens, BSE: backscattering electron, 

SE: secondary electron, EDS: electron dispersive x-ray spectroscopy, Cl: 

cathodoluminescence, EELS: electron energy loss spectroscopy and ADF: annual dark 

field. Reprinted (adopted) with permission from 171 Copyright (2013) John Wiley & Sons, 

Ltd. 

 

The interaction of a primary electron incident in the specimen will result in different 

signals. The signals generated depend on the specimen thickness. For sufficiently thin 

samples, the electron beam can be transmitted through the sample or will generate several 

signals, such as Auger electrons, secondary electrons, backscattered electrons, photons and 

characteristic X-rays 172.The detection of each signal depends on which type of detector 

amplifies the signal to allow electron microscopes to obtain the required information about 

information such as the morphology, chemical composition and crystallinity of the 

specimen.  Figure 3-2 shows the different interactions from the incident of an electron beam 

with the samples. The electron beam passes through the sample and interacts with electrons 

or nuclei in the sample. For example, diffracted electrons can form dark and bright regions 
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within the images. Diffraction limits the spatial resolution of the image and can be defined 

using the Rayleigh criterion: 

R =
0.61λ

NA
                                                        (3.3) 

where λ is the wavelength of electron radiation, and NA is the numerical aperture of lenses. 

The resolution is related to the wavelength and energy of the electrons. Hence, based on 

Planck’s constant (h): 

λ = ph                                                        (3.4) 

where p is the particle momentum. The potential energy of the electrons eE is transferred 

into kinetic energy:  

 eE =
1

2
mv2                                                    (3.5) 

where e is the electron charge, m is the electron mass and v is the speed of the electron. The 

momentum equation can be applied to the previous equation to find the relationship 

between acceleration voltage and electron’s wavelength, as follows:  

  λ =  
h

√2meE
                                                      (3.6) 

Taking relativistic considerations into account, version of Equation (3.6) can be changed 

to:  

λ =
ℎ𝑐

√2𝐸𝐸0+ 𝐸2
                                                    (3.7) 

Most of the work in this thesis was carried out at an operating voltage 200 keV. Several 

complications occurred during the imaging of the samples in the TEM; notably, the resin 

was not stable. The resin sample was more stable under the beam in STEM and so the 

instrument was operated in this mode in this thesis.  
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Figure 3-2: Summary of the interaction of electron-specimen and the possible signals that 

resulted. BSE: backscattering electrons, SE: secondary electrons, CL: 

cathodoluminescence and EBIC: electron beam induced current. Reprinted (adopted) with 

permission from 171 Copyright 2013 John Wiley & Sons Ltd.  

 

3.5.1. Energy Dispersive X-ray Spectroscopy  

EDX uses x-rays to characterise the chemical composition and concentration of an element 

in a sample. When high-energy electrons interact with sample’s atoms, they cause an 

emission of characteristic x-rays from the sample. An electron from the high energy 

electron beam strikes an atom, prompting the ejection of one electron from the inner shell 

of the atom (e.g., a K shell). This phenomenon will leave a vacancy of ejected electrons. 

Thus, the atom will return to a lower energy state by filling the vacancy with an electron 

from a higher energy state. The release of energy takes the form of an x-ray and is expressed 

in electron volts (eV). This energy of the x-ray is equal to the energy differences between 

two levels. A solid state detector is used to collect the x-ray spectrum that specifies lines 

from each detected element 173. 

3.5.2. Selected Area Electron Diffraction 

Selected area electron diffraction (SAED) can be applied to determine the crystal structure 

of a specimen in electron microscopy 174. The selected area aperture limits the electron 

beam to select out a circular region of the specimen that is usually larger than 100 nm in 
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diameter. Most electron beams will pass through the specimen to create a bright central 

point. The wavelength of the electrons is short which for example at 200 keV is equal 

0.00251 nm 175. Due to the interaction between the electron’s waves and the crystal lattices, 

some of the electrons are scattered with different angles which causes the formation of the 

electron diffraction. This diffraction can assist imaging of the specimen with a main 

function of providing the structural information about the specimen. The electron 

diffraction patterns can be generated when a parallel beam passes through suitable samples’ 

thickness then electrons inelastically scattered (halo background) are consequently 

elastically scattered. The Bragg diffraction maxima (spots) have produced by the Elastic 

scattering 175. When the spots appeared that means the specimen mostly is partially 

crystalline. These diffracting electrons arise from a set of planes of spacing which are 

occupied within different atoms. The advantage of TEM is the ability to identified 

crystallographic orientations 176. The SAED can thus be used to crystallographic phase of 

the material, to differentiate between metallic Ag and Ag2S. 

3.5.3. High-resolution Transmission Electron Microscopy  

This mode of imaging can obtain information about the properties of the material and the 

atomic scale of the sample 174. The formation of the high-resolution transmission electron 

microscopy (HRTEM) micrograph depends on phase contrast obtained using a large 

objective aperture. This permits the contribution of the whole beam during the imaging of 

both transmitted and diffracted beams. The interference pattern that results from the 

differences of the optical path is changed by microscopic parameters such as spherical 

aberrations, focusing, coherence and energy spread.  

3.5.4. Scanning Transmission Electron Microscopy 

A scanning transmission electron microscope is provided with a gun of emitted electron 

beams focused to probe a selected region on the specimen. The size of the probe emphasises 

the resolution of STEM and relies on the gun source and lens system of the microscope. 

The detection of a signal count on the angular distribution of scattered electrons depends 

on the scattered angle and type. The high-angle annular dark field (HAADF) has elastic 

scatter through a high angle which is >50 mrad of (HAADF detector), whereas inelastic 

scatter is through small angles which are <10 mrad of bright field (BF) detector and 10-50 

mrad and annular dark field (ADF) detector. The intensity of signals collected using the 

HAADF detector is related to the atomic number (Z2). EDS and electron energy loss 



68  

 

spectroscopy (EELS) can be performed in STEM mode to provide further information 

regarding the transformation, structure, and elemental composition of the specimen under 

investigation.  

3.5.5. Electron Energy Loss Spectroscopy 

This spectroscopy involves measuring the energy loss dispersion of the inelastic scattered 

high-energy electrons that have been transmitted through the thin specimen. When the 

interaction between the electron (from the gun) and the specimen’s electrons occurs, an 

inelastic scattering process results when an electron is ejected from an atom in the 

specimen. During this event, a certain quantised amount of energy of the incoming electron 

is lost as momentum is transferred from the incoming electron to the electron within the 

sample 177,178, this loss is characteristic of the electronic structure of the material. Inelastic 

scattering may occur due to different processes occurring within the material, including an 

ionisation even, photon excitation and intra and inter band transitions 178. When an electron 

beam hits a specimen’s electron, the inelastically scattered electron will be collected by a 

detector, and its energies (the energy loss) is recorded.  The electrons that have not lost any 

energy contribute to the zero-loss energy peak. The interaction between electrons, 

particularly electrons of inner shell atoms, can cause changes in the electrons’ energy 

detected as a loss spectra, which relate to the electronic properties (including its band 

structure) of the material and can be used to characterise the elemental composition of the 

sample 178. 
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Figure 3-3: EELS spectrum with a characteristic logarithmic background intensity is 

showing the zero-loss peak, which is more intense, the low energy loss region, including a 

bulk plasmon peak, and then the low- and high-energy loss regions including ionisation 

peaks and fine structure reprinted (adopted) with permission from 179. 

 

The EEL spectrum is divided into three excitation regions: low loss (transitions from and 

within the valence band), high loss (core loss region, including ionisation events) and zero-

loss peak (Figure 3-3). Most of the electrons that pass through the specimen will elastically 

scatter and may lose some initial energy. The first dominant feature in the EEL spectrum is 

the zero-loss peak (the highest peak). The vibration of atoms in crystal structures is related 

to phonons and can be a source of the inelastic scattering (i.e., energy loss). The valence 

band – low loss region - in EELS also involves excitations. These excitations occur in the 

loosely bonded electrons of the outer shells, which generate energy losses of less than 50 

eV n. In the same region, the plasmon oscillations are equivalent to the UV-Vis modes of 

the optical absorption spectrum. 

The core loss region is located above 100 eV, which provides information regarding the 

excitation of electrons from the inner shells of the atoms. When an inner shell electron has 

enough energy from an incident electron, it becomes excited and moves into an unoccupied 

level above the band gap. This process of excitation or ionisation provides useful 
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information about the composition, oxidation state, co-ordination, or bonding environment 

within the sample; the fine structure in the spectrum is related to the density of states (DOS) 

of the material. When the excited electrons return to the ground state, a characteristic X-

ray must be produced to identify the elemental composition of the specimen. The binding 

energies of the inner core electrons are in the range of hundreds to several thousands of eV. 

The intensity of the spectrum decreases as the energy loss increases.  

3.6. X-ray absorption spectroscopy  

The XAS technique is employed to identify the geometry of matter and/or its electronic 

structure. X-ray radiation has adequate energy to eject a core electron from the atomic 

shells, where each one has the characteristic binding energy necessary to eject an electron 

from its shell. As a result, sufficient electrical and structural information can be delivered. 

An x-ray beam emitted from monochromatic sources has to pass through a homogenous 

specimen that will absorb and excite electrons. X-ray energy equal to the binding energy 

of electrons will be absorbed as a promoted core electron in an unoccupied or continuum 

state. If the x-ray energy is high enough for the binding energy of the electron, it will eject 

the electrons emitted as photoelectrons with kinetic energy. The total energy of both will 

depend on the variation between the binding energy of core electrons and the incident x-

rays. Energy will decrease as a result of the x-rays being transmitted through the solid 

specimen. This can be quantified by the intensity transmitted by the x-ray (𝐼𝑡) related to the 

initial intensity of the incident x-ray (𝐼0). The degree of x-rays absorbed by the material 

can be identified as the absorption coefficient µ(𝐸) and can be derived from the transmitted 

x-ray as shown in the below equation: 

µ(𝐸) = log ( 𝐼0/𝐼𝑡)                                              (3.8) 

Moreover, the absorption coefficient can be derived from the fluorescence of the x-ray and 

the core-hole generation when electron excitation occurs. The electron hole will then be 

filled by another electron in the atom, which will decay from the excited state by emitting 

an x-ray characterised by the initial excitation of the core electron. Therefore, the 

relationship of x-ray fluorescence to µ(𝐸) is described by the following equation that is 

used to determine µ(𝐸): 
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µ(𝐸) 𝛼  ( 𝐼𝑓/𝐼0)                                                     (3.9) 

𝐼𝑓 represents the fluorescence intensity that results from the absorbed x-ray at specific 

energy. All atoms have an intrinsic absorption coefficient (µ0(𝐸)) that relies on several x-

rays 180. When absorption and energy are plotted, the resulting function shows a steep 

increase as a sharp peak of a specific energy. This rise in energy is often represented as an 

absorption edge matching the binding energy of the excited core electron. The binding 

energy of each element is the same as the absorption edge of the element. Thus, XAS is a 

technique that distinguishes between elements in which an x-ray can be turned into the 

different energies required to promote core electrons within several elements. XAS is also 

unique in its ability to identify the metal-ligand system of metal nanoparticles. Most studies 

are applied to identify the K and L3 edges of core electron transitions (referred to as 1s 

valence electron in p-orbitals and 2p to valence d-orbitals, respectively).  

 

Figure 3-4: Low-resolution x-ray absorption spectrum of Pb shows the main transitions of 

the M, L and K edges. Reprinted (adopted) with permission from 181. 

 

The general objective of XAS is to measure the effective absorption coefficient µ(E) of an 

element, obtained as a function of x-ray energy. When the element interacts with the local 

environment, changes are observed to the value of µ(E). This can measure the absorption 

near and above the edge of the element and results as a spectrum of the K-edge XAS 

spectrum (Figure 3-4). This spectrum consists of two regions: XANES and x-ray absorption 
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fine-edge structure (EXAFS ). Each region displays valuable specific information. This 

thesis focuses on the K-edge (XANES) region in the XAS spectrum (Figure 3-5). 

 

 

Figure 3-5: Schematic of XAS illustrating the regions of XANES and EXAFS. Reprinted 

(adopted) with permission from 181. 

 

3.6.1. XAS Analysis 

The data analysis of XAS for the XANES spectrum is summarised by a few steps, starting 

with the subtraction of background absorption, which acts as a pre-edge region. The 

application of the normalisation step allows a comparison between each spectrum. When 

the spectrum of the interest element consists of two or more oxidation states, it can be fitted 

to a linear combination using the absorption spectra. This reference standard of the same 

element helps measure the composition ratio of the speciation. 
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Figure 3-6: X-ray absorption spectrum of raw data presenting the pre-edge and post-edge 

before normalisation. The left spectrum starting at 0 shows the aftermath of the 

normalisation of data. Reprinted (adopted) with permission from 182.  

 

3.6.2. Normalisation 

The normalisation XANES spectrum eliminates differences (e.g., thickness, detector 

effects and concentration effects) between specimens. Thus, the only variation to the 

normalised spectra is assigned by the chemical speciation of the element and its interaction 

with the local environment. The normalised spectra of several elements can then be plotted 

quantitatively in comparison with the standard spectra. The methodology of normalisation 

of the XAS spectrum involves removing the background and fitting a linear or quadratic 

function of the pre-edge and post-edge regions, depending on the regions. The spectra will 

then be divided by the edge step to obtain the normalised spectra. Therefore, the pre-edge 

region starts at 0 while the edge step is equal to 1 (Figure 3-6). Linear combination fitting 

(LCF) is a quantitative analysis method applied to measure the fraction of species 

composition in a specimen. This model can obtain the speciation of unknown samples 

through the linear combination of the standard spectra which are the known composition 

and structure of the species of the interest element in the sample. 
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nanoparticles (AgNPs)  
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4. Mechanisms of sulfidation of silver nanoparticles 

(AgNPs) 

4.1. Introduction 

Silver nanoparticles and silver ions react with sulfide in aqueous solutions under both 

aerobic and anaerobic conditions, forming extremely insoluble silver sulfide species 74. 

Two sulfidation mechanisms depend on concentrations of sulfide. The first can be 

explained as a partial sulfidation dominated by a low S/Ag ratio in which, at lower 

concentrations, silver predominantly undergoes oxidative dissolution and precipitation 76. 

For example, (PVP)-AgNPs sulfidation was investigated with HS− and resulted in a chain-

like fractal structure forming a nanobridge between AgNPs and Ag2S NPs. The explanation 

for this structure is that the surface of silver first oxidised and then partially dissolved before 

rapid precipitation to build the nanobridge between both Ag2S and AgNPs. Using PVP as 

a capping agent prevents aggregation; however, it does not inhibit sulfidation 105. The 

second mechanism occurs at a high concentration of sulfide and can directly transform the 

AgNPs to Ag2SNPs under a solid-fluid reaction. The sulfiding of Cit-AgNPs with a size of 

5 nm in dissolved H2S and HS− species, indicated the transformation pathways of AgNPs 

in the environment differs depending on the specific media its immersed in, which reveals 

the direct oxsulfidation and oxidative dissolution rates 76.  

The aim of this chapter is to explain the mechanisms of syntheses of AgNPs and Ag2SNPs 

stabilised by two different capping agents and sulfided AgNPs in the presence and absence 

of low molecular weight and highly concentrated humic acid to obtain stabilised, partially 

sulfided particles. This will help to elucidate the transformation mechanisms of AgNPs in 

a model system and will provide a panel of NPs at various stages of silver transformation 

for testing of aquatic toxicity (Chapter 6). The results of this chapter are arranged into two 

parts: the first is the sulfidation of AgNPs after synthesis by hydrogen gas and humic acid; 

the second is the synthesis of different coatings of Ag2SNPs to investigate their behaviour 

during anaerobic digestion (chapter 5). 
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4.2. Experiment methodology 

4.2.1. Synthesis of a Silver Nanoparticle suspension 

Synthesis of citrate-capped AgNPs (Cit-AgNPs): silver nanoparticles were synthesised via 

chemical reduction using sodium borohydride (NaBH4) as the reductant and sodium citrate 

(Na3C6H5O7) as the stabilising ion; the protocol was based on a modified Brust–Schiffrin 

method previously optimised by our research group 183.  A solution of AgNO3 (1 mM) and 

Na3C6H5O7 (1 mM) were added to 250 ml of boiling water. Then, a solution of NaBH4 (1 

mM) was added within ten seconds, making the colour of the solution yellow, which 

indicates AgNPs formation. The solution was maintained at a temperature of 100 ºC for 30 

minutes and was then left to cool at room temperature. The suspensions of AgNPs were 

washed three times with DI water to remove any impurities and residual unbound citrate. 

During the washing steps, the suspensions were centrifuged at a relative centrifugal force 

with a maximum value (RCFmax = 13,000 g). The concentration of the final silver particles 

after removing all unbound citrate was 25 ppm, and the purified suspension was sealed and 

stored in the dark in a refrigerator. The particles were regularly checked using UV-Vis 

spectroscopy measurements, TEM, and EDX to confirm their purity of colloidal solution 

and stability. 

4.2.2. Sample preparation for sulfidation experiment using H2S gas. 

After synthesis of Cit-AgNPs, the concentration of the batch was determined by ICP-OES, 

and the size distribution and zeta potential diluted in deionised water are checked before 

further experiments were carried out. A stock solution of humic acid (HA) from Sigma 

Aldrich was prepared by adding 250 mg of 500 ml Milli-Q water and then stirring for 12 h 

in the dark, followed by separation with a filtered Amicon centrifuge with a size of 10 kDa 

at a speed of 4500 g for 30 min. HA filtration was targeted to obtain homogeneity of a 

smaller molecular size of HA to remove any particulate or insoluble materials. After 

ultrafiltration, the solution was adjusted to a pH of 7 by a 25 mM NaOH solution, and it 

was then injected into the H2S generation system under stirring conditions. The resulting 

HA-HS− was transferred by syringe to a small head bottle, sealed with parafilm, and placed 

in the refrigerator before beginning the reaction. The total organic carbon concentration 

and the pH were measured by the total organic chromatography (TOC) machine and a pH 

meter.  
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4.2.3. Sulfidation experiment with H2S gas production system 

The system setup contains an in situ hydrogen sulfide gas that is generated by reacting a 

known weight of sodium sulfide Na2S 200 mg (Fisher Scientific) with dilute nitric acid 

HNO3 (1:20) with a flow of nitrogen gas, as shown in (Figure 4-1). It consists of three 

flasks, which are connected by hose tubing with stopcocks. First, the system must be 

evacuated and flushed with nitrogen gas for 30 minutes in each flask to control its flow by 

a gas flow meter and the stopcocks. When H2S was generated in the first flask, by starting 

drops of acid, it was then carried with the N2 flow to the 2nd flask, where AgNPs suspension 

or humic acid had already been injected. The gas continued to purge throughout the system, 

and a zinc chloride ZnCl2 scrubber (Fisher Scientific) was used to remove unreacted gas. 

For safety reasons, a sensor for H2S gas was placed near the system for any leakage (none 

was observed). The experiment was conducted at room temperature and atmospheric 

pressure with a gas flow rate of 15 min/ml under stirring. The amount of hydrogen sulfide 

in the system was identified by placing an H2S detection tube (GASTEC, Japan) in the hose 

tube connected between the first and second flasks to identify a calibration curve for the 

system. Based on the reactions in each flask, the following equations are demonstrated: 

Na2S (aq) + 2HNO3 (aq) →  H2S (g) + 2NaNO3 (aq)                                                        (4.1) 

H2S (g) +  2Ag → Ag2S (aq) + 2H2 (g)                                                                              (4.2) 

H2S (g) + 𝑍𝑛𝐶𝑙2 (aq) → ZnS (aq) + 2HCl (aq)                                                                 (4.3) 
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Figure 4-1:Schematic showing the experiment setup used to make sulfided Ag 

nanoparticles.  This consists of three flasks, where the first has added Na2S and a syringe 

with diluted HNO3 connected with a pump adjusted to a speed of 0.2 ml/min. The second 

flask was placed on a hotplate for stirring at room temperature and connected with a syringe 

of a colloidal AgNPs suspension. The third flask contains a ZnCl2 substrate to eliminate 

H2S gas. 

 

The detection tube was placed to identify a calibration curve once all parameters were fixed 

for all experiments. This methodology for hydrogen sulfide detection was developed by the 

electrochemistry group at Imperial College and published in the literature 184. The 

mechanism of the detection tube is to observe changes in the colour of lead acetate filled 

in a sealed glass tube where the amount of change represents the concentration of H2S gas. 

The flow rate of gas is fixed to determine the volume of passed gas with time to plot a 

relationship between the gas concentration in a unit of volume (ppm) and time (Figure 4-2). 

The calibration plot determined the concentration of gas when it was generated by the 

reaction of different acids with sodium sulfide in the system 184. It shown that the system 

was saturated with hydrogen sulfide gas 15 minutes after starting the experiment. The 

experimental setup was adjusted based on all parameters for sulfidation of AgNPs-citrate, 
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HA-AgNPs, and purged filtered HA. The volume of each sample was 20 ml injected by a 

needle to ensure there was no air in the system.  

 

Figure 4-2: Calibration plot for H2S ppm in a 100 ml flask size with a medium gas rate of 

15 min/ml with an HNO3 20:1 concentration considered a measurement of the H2S 

concentration with controllable parameters. 

 

The sulfiding of Cit-AgNPs was performed in the presence and absence of HA by H2S 

exposure as described above. The transformation of AgNPs was investigated in a hydrogen 

sulfide environment as this gas has been found dissolved in rivers, seas, and wastewater, so 

this experiment tends to mimic potential transformation conditions in the environment. For 

all sulfidation of Cit-AgNPs, 25 mg/l with a total volume of 20 ml was sulfided to obtain a 

partial sulfided particle. UV-vis absorption spectra were conducted before and after 

exposure to the H2S environment to confirm the sulfiding of Cit-AgNPs. Also, sulfiding of 

Cit-AgNPs in HA was investigated by adding Cit-AgNPs to HA to obtain a concentration 

of 25 mg/l and a volume of 20 ml. Before the AgNPs-HA injection, the suspension was 

sonicated for three minutes to ensure a good dispersion of the nanoparticles within the HA 

and was exposed to H2S gas for 17 minutes, corresponding to 10 ppm of the gas 

concentration. Then, HA-Ag2SNPs were centrifuged and washed twice with deionized 
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water. The interaction of HA-HS− with Cit-AgNPs was examined based on the reaction of 

25 mg/l of Cit-AgNPs in a total volume of 1.5 ml HA-HS− in an Eppendorf tube for 15 

minutes sealed by parafilm. Then, the colloidal suspension was separated from the 

unbonded HA-HS− by centrifugation (13000 g, 30 min) and was washed twice by deionised 

water. The chemical analysis of HA was characterised by inductively coupled plasma mass 

spectroscopy (ICP-MS). The concentrations of Fe and P were measured within the same 

HA of 10 mg C /l concentration which contains 102 ± 1 µg/l and 93 ± 10 µg/l, respectively 

were illustrated as mean ± standard error 185. In comparison, the sulfur is 0.28 mg/l that was 

determined in a dissolved concentration of HA of 25 mg C/l  by x-ray fluorescence 

spectroscopy (XRF) 98.  

A diagram summary of the H2S experiment flow is given below (Figure 4-3.i) sulfiding of 

AgNPs by direct interaction of H2S gas with AgNPs; ii) direct interaction of AgNPs spiked 

with HA; iii) indirect sulfiding HA-H2S before adding AgNPs (Figure 4-3.iv). For all direct 

experiments, the parameters were fixed (the gas flow meter, the acid dropper, volume, 

stirring speed, and the mass of Na2S) while for indirect experiments, the volume of HA-

HS− with AgNPs was 1.5 ml. The indirect sulfiding process used the same HA-HS− from 

the direct methodology. 

 

Figure 4-3:Schematic flow diagram for the H2S exposure experiments. 

i-H2S generation system 

ii-AgNPs iii-HA-AgNPs HA

iv-AgNPs in  HA-HS−
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4.2.4. Synthesis small (<30 nm) silver sulfide nanoparticles suspension with citrate and 

PVP stabilisers 

The synthesis of silver sulfide nanoparticles Ag2SNPs is dependent on the synthesis of Cit- 

AgNPs. In this experiment, Milli-Q water was purged using N2 gas for 30 minutes before 

beginning the same steps for Cit-AgNPs, and during the formation of Ag2SNPs N2 passed 

through one flask head. Before the end of the experiment, sulfidation of 0.1M 

Polyvinylpyrrolidone PVP (55000 MW) and sodium sulfide Na2S nonahydrate (0.5 mM) 

were freshly prepared. Then, two batches were prepared: one for Cit-Ag2SNPs and one for 

PVP and Na2S. The role of both citrate and PVP is to function as complexing and stabilising 

agents (with the citrate and PVP acting as electrostatic and steric stabilizers, respectively). 

In the literature, citrate has been used for the same roles in the chemical deposition of the 

Ag2S/Ag heterostructures due to its involvement in photochemical reactions186. After the 

addition of the stabiliser, the Na2S solution was slowly added until the colour of the solution 

turned dark red, at which point the solution was maintained at the same boiling temperature 

(95º) for one hour with vigorous stirring. It was then left to cool in the dark and washed by 

centrifugation using the same steps for Cit-AgNPs for purification. The same storage 

protocols were also used (dark and refrigerated).  

4.2.5. Synthesis of large PVP-silver sulfide nanoparticles 

The synthesis protocol for PVP-Ag2SNPs was adopted from the synthetic method used in 

a previous study 187. In brief, silver nitrate (AgNO3) was reacted with elemental sulfur in 

the presence of the stabilizer PVP. In the paper, the authors stated that the molar ratio was 

Ag:S ~ 1: 2.6. 500 ml of a dissolved 1mM AgNO3 solution was added to an Erlenmeyer 

flask, placed on a hotplate covered with aluminium foil, and stirred to dissolve 625 mg of 

PVP (with molar mass = 50,000 Da). This solution was heated to 60°C after it dissolved, 

and the elemental sulfur (42.0 mg) was dissolved in 50 ml ethanol at 60°C, so could be 

added at a rate of 2–3 drops per second and stirred for five hours. The solution was heated 

to 80°C for 15 minutes to ensure that ethanol completely evaporated. It was then left to cool 

to room temperature, centrifuged at a speed of 3400 g for 1.5 h, washed with deionised 

water for purification, suspended in deionised water, and kept in a refrigerator under dark 

conditions, as previously described.  
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4.2.6. Dynamic light scattering, zeta potential measurements, and UV-Vis 

spectroscopy 

The average hydrodynamic diameter and Zeta potential (ζ) of AgNPs and Ag2SNPs with 

and without the presence of HA were both measured using a Malvern Zetasizer Nano Series 

dynamic light scattering (DLS) instrument. The instrument setup had a 663 nm light 

wavelength and a backscattering angle at 173° with a pH function at 20°C. The samples 

were sonicated before testing, and the measurements were repeated at least three times. For 

UV-vis absorbance, spectra were collected within a range of wavelengths from 300–800 

nm (as per literature data for Ag and Ag2S) 103,188.  

4.2.7. Transmission electron microscopy (TEM), selected area electron diffraction 

(SAED), and energy-dispersive X-ray spectroscopy (EDX). 

The size and morphology of the particles were identified using transmission electron 

microscopy (TEM; JEM-2100F, Jeol, Tokyo, Japan, operated at 200 kV). The sample 

preparation method for TEM might cause drying-induced aggregation of the particles; to 

minimise this effect, the carbon grid was baked in an oven at 120 ºC for two hours under 

vacuum overnight or washed the grid with ethanol and placed in fitter paper to dry them 

out. To prepare the sample, a small drop of solution was placed on a 300-mesh copper 

carbon grid and directly dried under a vacuum in the dark. The size distribution was 

determined by counting and measuring at least 200 particles using ImageJ software. TEM 

was combined with the selected area electron diffraction (SAED), which was used to 

identify the crystallinity phases of the particles. The d-spacing distance of the lattice was 

calculated and compared with standard reference structures. Energy-dispersive X-ray 

spectroscopy (EDX) was used to determine the elemental analysis for AgNPs and 

Ag2SNPs, respectively, and to confirm their purity.   

4.3. Results and discussion  

4.3.1. Silver nanoparticle characterisation 

The morphology of synthesised nanoparticles was investigated by bright-field transmission 

electron microscopy (BF-TEM) and HR-TEM. Quasi-spherical particles with an FCC 

structure with a lattice spacing of 0.235 nm were observed in (Figure 4-4Error! Reference 

source not found., A,B), consistent with literature reports. Different contrast of AgNPs is 

shown in the BF-TEM image due to different crystal orientations. Also, the average size 
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distribution of the nanoparticles was measured by the ImageJ software to be approximately 

15 ± 3 nm, after measuring 200 particles, as shown in (Figure 4-4,C). A selected area 

electron diffraction (SAED) pattern revealed the lattice spacings of synthesised particles 

(Figure 4-4,D). The lattice planes closely match those of metallic silver planes [(111), 

(200), (220), and (311), representing the corresponding d-spacings of 0.239 nm, 0.207 nm, 

0.145 nm, and 0.125 nm (ICSD ref. 01-087-0597)]. The EDX spectrum showed no sulfur 

signal, and the washing steps successfully removed any potential impurities (e.g., Cl-, Na+) 

shown in (Figure 4-4, E). The average hydrodynamic diameter and zeta potential (ξ) of Cit-

AgNPs were 23±5 nm with a polydispersity index (PDI) of 0.181, and -33.2 ± 4.7 mV at 

pH 6.8 ± 0.08. The negative charge of the zeta potential confirmed electrostatic stabilisation 

by citrate. Therefore, the particles in the colloidal solution tended to repel each other, 

avoiding aggregation.  

 

Figure 4-4: (A) Bright-field TEM micrograph for AgNPs (magnification 80 kx) (B) High-

resolution TEM (magnification = 600 kx) showing the size of lattice spacings at 0.235 nm. 

(C) The size distribution of AgNPs calculated for n = 200 particles using ImageJ software. 
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(D) EDX spectrum for AgNPs stabilised by sodium citrate. (E) Selected electron diffraction 

pattern (SADP) revealed the corresponding planes (camera length 30 cm). 

4.3.2. Part 1: Sulfiding AgNPs by Hydrogen sulfide gas and the 

presence of humic acid during the process  

4.3.2.1. Characterisation of silver sulfide nanoparticles  

The direct sulfiding Cit-AgNPs shown in the micrograph of bright-field TEM and HRTEM 

images elucidate the transformation to a silver sulfide structure, which illustrates a slightly 

large average size distribution that was 19 ± 2 nm (Figure 4-5, A-C). The crystal phase of 

Ag2SNPs was identified by the measurement of d-spacing of 0.502 ± 0.02 nm, which 

matches the plane (011) that confines the monoclinic Ag2S (ICSD ref. 01-075-1061). In 

(Figure 4-5, D and E), EDX spectra were acquired by dark-field scanning transmission 

electron microscopy (DF-STEM) images in two positions of the same particle to identify 

the distribution of both elements Ag and S to confirm the diffusion of sulfur atoms in the 

metallic Ag. Both spectra were acquired to try to characterise potential core-shell 

structures, which might have a short lifetime because AgNPs are rapidly transformed to 

Ag2SNPs in H2S environment 103,189,190. For each of the different batches, sulfiding 

experiments were repeated to determine whether a methodology to ‘detect’ a core-shell 

structure could be identified. However, the process was too rapid, and all the particles 

showed fully sulfided nanoparticles with a different distribution of both element Ag and S. 

In addition to the EDS spectra, elemental mapping was applied for whole particles in the 

STEM image in (Figure 4-5, F and J) which confirmed full sulfidation. Figure 4-5,H was 

acquired for the UV-vis absorption of Cit-AgNPs after the reaction in the H2S atmosphere. 

The surface plasmon resonance peak, which was the maximum absorption peak of Cit-

AgNPs located at 393 nm, is indicated as a rapid loss of UV-vis absorbance. This was 

explained as spontaneous sulfiding, which is dominated by direct sulfidation 103. When the 

nanoparticles began to sulfide, their colour is changed to dark red and then to pale yellow 

after about six hours. The average hydrodynamic diameter was measured for both colours 

without exposing the particles to air during the colour changes, which indicated the same 

particle size of 39.06 ± 10 nm, with a PDI of 0.46 and zeta potential (ξ) = -34.7 mV with a 

pH value of 6.62. The colour changes of sulfided AgNPs can explain the changes in the 

structure of Ag to Ag2S, and according to the interplanar distances, the monoclinic system 
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is larger than the face centre cubic (FCC) system. The hydrodynamic size was checked after 

this interaction at 48 h and indicated that the Ag2NPs had become larger. This can be 

explained by the fact that this particle was sulfided and suspended in the colloidal solution 

by the oxysulfidation process in a high concentration of sulfide. The un-reacted sulfide in 

the solution might encourage the aggregation of Ag2SNPs followed by precipitation.  

 

Figure 4-5: (A) TEM of AgNPs after sulfidation by H2S gas (magnification = 100 kx); (B) 

HRTEM of A2SNPs showed a lattice fringe in the plane corresponding to (011) and 

equivalent to Ag2S (ICSD ref. 01-075-1061, and the magnification = 300 kx; (C) the size 

distribution of Ag2SNPs measured from different TEM images, n = 210 particles and the 

darkfield TEM image for a particle; (D) The variations in Ag and S distribution in two 

regions shown by the EDX spectra (E); (F, J) STEM and line mapping for Ag and S; (H) 

UV-Vis absorption spectra confirming the sulfidation of Cit-AgNPs. 
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Figure 4-6: TEM micrographs showing the morphology of washed Ag2SNPs that had been 

obtained by H2S gas. In the left the low magnified micrograph are fused and agglomerated 

particles; the right image shows some of these particles at high magnification.   

 

After this experiment, one batch of Ag2SNPs was washed twice with DIW and 

ultrafiltration to remove excess sulfur and obtain purified sulfided nanoparticles for further 

experiments. However, applying this step affected the morphology of Ag2SNPs 

dramatically, causing an aggregated, semi-sintered, and coarsened Ag2SNPs structure to 

form (Figure 4-6). This suggests that the washing/ultracentrifugation destabilised the 

functionalised surface, enabling close contact and particle reactions to occur. This step was 

avoided for the direct sulfiding of AgNPs by H2S gas, particularly after the sulfided 

experiment and before the colour completely changed. At the same time, the particles 

(Figure 4-8) had been washed and were more stable under the electron beam than their non-

washed counterparts. The reason is that some NPs had not entirely transformed, and at the 

same time, once the NPs were washed by ultracentrifugation that can remove unreacted 

sulfide in the solution which could cause further precipitation and aggregation with no 

washing.  In different batches of direct sulfidation, changes in the particles’ s optical 

properties were investigated with time as the sulfide particles were exposed to air for 1 min, 

three, six, and ten hours. After each exposure time, UV-vis absorption spectra were 

collected (Figure 4-7). The kinetics of particle aggregation can be determined by measuring 

the rate of absorption loss at the surface plasmon resonance (SPR) peak of AgNPs in an 

aqueous solution 74. It was noticed that in the spectrum of ten minutes, the sulfided particles 
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shifted upwards to a higher wavelength and broadened, different from the absorption 

spectra shown in (Figure 4-5). The broad and redshift peaks were related to losing the SPR 

and increasing the particle size, indicating partially observable sulfidation and aggregation. 

The peak that related to the total loss of SPR became straighter (smoothed) after three hours, 

which means all free electrons turned to bonded electrons. Notably, a broad peak between 

600-650 nm indicates that aggregation continued, which may be due to the fully sulfided 

Ag2SNPs reaching an equilibrium and then precipitating, as shown after six and ten hours. 

During the collection of spectra, the suspension colours shifted from purple to grey with 

black precipitation. These changes were unnoticeable in the first sulfidation process 

because the suspensions were kept sealed in a dark fridge.  

 

Figure 4-7:UV-vis absorption spectra of Cit-AgNPs after sulfidation. The concentration 

used in this batch was 10 mg/l. 

 

4.3.2.2. Sulfidation of AgNPs in the presence of HA  

To investigate the kinetics of sulfidation of Cit-AgNPs with HS−, a filtered HA with a 

concentration of 500 mg/l was prepared and measured to have a TOC of 650 mg/l after 

filtration by 10-kDa. In the literature, an ultrafiltration process was applied to obtain the 

low molecular weight of humic acid and reported that Aldrich humic acid has a 
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hydrophobic nature 76. From previous work, the low molecular weight of natural organic 

matter was observed more with carboxyl groups, while the higher molecular weight had 

more aromatic structures 105. High molecular weight natural organic matter can increase the 

colloidal stability of Cit-AgNPs, adsorbing and binding on the surface more than the 

displaced citrate, which significantly enhances the electrostatic repulsion force by having 

more negative charges on the surface 103. 

As described above, two methodologies were carried out for the sulfidation of AgNPs in 

the presence of HA: direct and indirect interactions between AgNPs and H2S. For direct 

sulfidation, the same HA solution was mixed with Cit-AgNPs and sonicated to disperse the 

AgNPs in HA, before taking the same conditions into account as in the previous 

experiment, such as the volume and concentration of AgNPs. The characterisation of HA-

AgNPs was investigated before and after sulfidation. In (Figure 4-8, A-C), the morphology 

of HA-AgNPs showed the same quasi-spherical shape of Cit-AgNPs and the same crystal 

structure due to the matching SAED patterns and interplanar distance in the HRTEM 

image. The morphology of the HA-Ag2SNPs was still spherical, but dark surface spots were 

observable on some of the particles (Figure 4-8, D). Analysis of the HRTEM of some 

observed particles in the dark region found the interplanar distance for the monoclinic 

structure of the Ag2S (Ref-00-014-0072) and the metallic Ag (Figure 4-8, E). The Ag2S 

lattice spacing of 0.392 ± 0.004 nm corresponded with (-101) and the metallic Ag was 0.234 

± 0.002 nm for (111) plane, which identified to be the same for the Cit-AgNPs. 

The same particles were shown in a brighter area in the STEM image and darker in the BF-

TEM (Figure 4-8, F and H). The brighter area composition in STEM mod can indicate a 

lower average Z (atomic number) or a more significant number of atoms and molecules 104. 

In our case, the brighter area had more Ag than the grey one, which was rich in S as the 

same shown in EDS spectra in (Figure 4-5 E). These observations were similar to previous 

observations showing the sulfidation of Cit-AgNPs and Tween-AgNPs sulfided by Na2S in 

the presence of fulvic acid 183. In this report they showed a brighter area and a grey area as 

being high-and low-intensity sub-grains. The STEM-EDX spectrum shown in (Figure 4-8, 

J) confirmed the existence of Ag and S. This batch was imaged before and after being 

washed twice in deionized water, resulting in a more stabilised structure during imaging. 

All the images for HA-Ag2SNPs were taken using the washed particles. These sulfided 
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nanoparticles had a core-shell structure (Figure 4-8, D-F and H). The structure of core-shell 

in terms of thickness distributed around the surface Ag2SNPs was not homogeneous in size.  

                      

 

Figure 4-8:(A) BF-TEM of AgNPs after being spiked into HA (magnification = 120 kx), 

(B) SAED for the collected HA-AgNPs, (C) HR-TEM of HA-AgNPs with a matching 

interplanar distance of 0.235 nm of Cit-AgNPs (magnification = 600 kx and scale bar = 5 

nm), (D) Morphology for HA-AgNPs sulfided by H2S (magnification = 50 kx), (E) 

HRTEM for a particle showing metallic Ag and HA-Ag2SNPs with lattice spacing of 

0.234±0.002 nm and 0.392±0.004 nm, respectively (scale bar = 10 nm and magnification 

= 300 kx), (F) DF-STEM of HA-Ag2SNPs (magnification = 100 kx), (J) STEM-EDX 

spectrum, (H) BF-TEM for the particles in image F. 
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For indirect sulfiding, an HA solution was exposed to H2S gas, using the same conditions 

as direct sulfiding. The resulting solution was HA- HS− and was mixed with Cit-AgNPs in 

an Eppendorf tube for 15 minutes before being washed twice by deionised water. The 

resulting Ag2SNPs-HA had lighter and darker subgrains, which indicates partially and fully 

sulfided particles attached to a series of nanoparticles (Figure 4-9, B). HRTEM and FFT 

analyses showed a monoclinic Ag2SNP (ref-01-07501061), which was close to the d-

spacing 0.504 ± 0.005 nm, 0.326 ± 0.002 nm, and 0.2521 ± 0.001 nm corresponded to the 

planes (-120), (100), and (220), respectively (Figure 4-9, C and D). The shell thickness of 

the HA-coated nanoparticles was determined by measuring an average intensity line profile 

across the surface structure seen on several nanoparticles, which was 1.45 ± 0.5 nm in 

thickness (Figure 4-9, E and F). The FFT profile was analysed to confirm the AgNPs had 

sulfided and the monoclinic structure. However, the hollow structure in the literature is 

explained as a cavity, but in these particles, it was noticed that there is a shell structure with 

the same planes of Ag2SNPs. This shell is sulfided Ag with HA absorbed on the surface 

around the whole particles within the subgrains. The sulfidation of AgNPs was confirmed 

by EDX spectroscopy (Figure 4-9, H) for the BF-TEM image shown in (Figure 4-9, J). The 

sub-grain formation structure was observed by the sulfiding Cit-AgNPs in the presence of 

HA in oxygenated water. For the same size of Cit-AgNPs (20 nm), the presence of HA 

accelerated sulfiding and resulted in the formation of the Ag core-shell (Ag2S), which 

transformed into a hollow structure 186. 
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Figure 4-9:(A) Cit-AgNPs capped by citrate; (B) DF-TEM of Cit-AgNPs that had sulfided 

in the presence of HA-HS for 15 min; (C) HRTEM for the same particles (magnification = 

500 kx and scale-bar = 5 nm); and (D) FFT showing that these particles were possibly 

hollow. (E) A layer of HA adsorbed onto the surface of NPs (magnification = 500 kx); (F) 

an intensity line profile collected across the red line marked in (E) to show the thickness 

and roughness of the adsorbed HA; and (H) the EDX spectrum for Ag2SNPs-HA in the BF-

TEM image in the frame (J) taken with a magnification of 200 kx. 

 

 
 

 

Energy (KeV) 
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Physiochemical characterisation was performed to investigate the properties of the 

transformed AgNPs. The absorption of the UV-vis spectrum indicated the establishment of 

AgNPs sulfiding in the presence of HA (Figure 4-10), average hydrodynamic size, and zeta 

potential in (Table 4.1). The surface plasmon resonance band of AgNPs was observed at 

400 nm (Figure 4-10), confirming their spherical shape. The peak had a redshift from 400 

nm to 410 nm and a slightly increased intensity, which confirmed the influence of HA on 

the stability of AgNPs and indicated the growth of particle size and aggregation 187.  

Table 4.1 summarises the physiochemical properties of Cit-AgNPs before and after 

sulfidation. This information was compared to demonstrate the alteration of the average 

hydrodynamic size, polydispersity index, zeta potential, and the measured pH. This 

indicated the changing of chemistry and stability of the transformed AgNPs and illustrated 

the possible alteration that takes place during the sulfidation of AgNPs within the 

environmental conditions. The hydrodynamic size and zeta potential of AgNPs increased 

in magnitude from 24 ± 0.34 nm and -31.01 ± 2 mV to 35.02 ± 5.5 nm and -33.26 ± 2.4 

mV, respectively. Compared with the HA-AgNPs, the sulfided AgNPs, in the presence of  

HA-HS− , had a reduced absorption intensity and a small blue shift with a broader peak 

related to the formation of Ag2SNPs-HA191,192. The same behaviour appeared in Ag2SNPs-

HA and HA-Ag2SNPs, showing an increase in hydrodynamic size and stability after 

sulfidation. The indirect sulfiding particles had a larger size than the direct HA-Ag2SNPs. 

The sulfided concentration of the same solvent volume was almost constant in all H2S 

experiments because of the fixed parameter which are ambient temperature and system 

parameters. On the other hand, for the indirect sulfiding particles, the concentration of 

AgNPs in the volume 1.5 ml was higher than in 20 ml, so the ratio between Ag and S was 

different from indirect sulfiding, which explains the greater stability and higher negative 

value of zeta potential. Moreover, the distribution of Ag2SNPs in (Figure 4-8, D) and 

(Error! Reference source not found., B) are different, illustrating the variation in the p

article size where direct sulfiding particles are smaller than hollow-Ag2SNPs particles.  
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Figure 4-10:UV-vis spectra for the AgNPs and HA-AgNPs, before and after sulfidation, in 

presence HA-HS− (HA, and HA-HS− spectra shown for comparison) 

 

Table 4-1:Hydrodynamic diameter and zeta potential of AgNPs in the presence of HA 

and HS-. 

Materials 

Average 

Hydrodynamic 

Diameter (nm) 

PDI 

 

ζ-Potential 

(mV) 

pH 

 

Cit-AgNPs 24 ± 0.34 0.47 -31.01 ± 2 6.7 ± 0.08 

HA-AgNPs 35.02 ± 5.5 0.518 -33.26 ± 2.4 7.01 ± 0.05 

HA-Ag2SNPs (iv) 106.3 ± 10 ------ -37.7 ± 1.8 6.6 ± 0.03 

HA-Ag2SNPs (ii) 42.7 ± 13 0.5 -40.7 ± 3.1 6.6 ± 0.5 

*(iv) HA-HS− indirect sulfiding was prepared, then AgNPs were added with a total volume 

1.5 ml (ii) HA-AgNPs direct sulfiding was mixed before being introduced to H2S, and the 

total volume was 20 ml. 
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Introducing the sulfiding mechanism is significant to understand the transformation of 

engineering nanoparticles in the natural environment and wastewater plant. Sulfidation of 

inorganic Ag2NPs, as well as organic HA-Ag2SNPs and Ag2SNPs-HA, was accomplished 

through a reaction with H2S gas in an oxygen-free system. The reaction of gas-solid 

between H2S gas and bulk Ag is processed using the following equation: 

2Ag + H2S →  Ag2S + H2                                                                                                 (4.4) 

This reaction can take place when Ag is exposed to pure or dry H2S which passed through 

by an inert gas, such as nitrogen or argon 188. For our reaction, the water was present as a 

colloidal solution, which provided a suitable medium for the gas to be dissolved and then 

react with the silver. Thus, the sulfidation process followed the following equation103,193: 

2Ag + H2S +  1/2 O2 → Ag2S + H2O                                                                             (4.5) 

From the result of the Ag2SNPs formation, Cit-AgNPs transferred directly to Ag2SNPs via 

the diffusion of sulfide ions towards the core particle 103 which was checked after 

introducing a different concentration of H2S gas by varying the exposure time within the 

same concentration and volume of Cit-AgNPs. The morphology of Ag2SNPs had a 

monoclinic structure and spherical shape in DF-TEM micrograph, matching the AgNPs, 

and the citrate layer was notably adsorbed into the surface. The aggregation and dissolution 

of Ag2NPs could be induced over time at room temperature.   

The observation of HA-Ag2SNPs was demonstrated by the influence of a lower molecular 

weight and a high concentration of humic acid. The sulfidation of HA-AgNPs showed 

bright and dark subgrains on the surface, which was considered a core-shell structure in the 

HRTEM analysis (Figure 4-9, E). Also, the hollow sphere structure was found in both types 

of Ag2SNPs, which usually formed after the core-shell structure, and before the totally 

sulfided particles. In contrast, the sulfidation of Ag2SNPS as an inorganic nanoparticle was 

achieved as fully sulfided nanoparticles, notably faster than HA-Ag2SNPs which act as 

organic coated nanoparticles. The slow rate of reaction can be explained by surface 

adsorption and ligand exchange of HA on the surface of the nanoparticles. It has been 

suggested that the binding of Ag ions and HA is stronger than that of fulvic acid 194. It has 

also been shown that when citrate exchanges with HA and reacts with HS- that forms high 

oxidised sulfur, it can facilitate sulfidation 104. However, the peak of Cit-AgNPs before and 
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after introduced HA and HS- observed differently comparing to the peak of AgNPs-HA 

which showed a slight red shift (10 nm) (red peak in Figure 4-10). The explanation for this 

shift might not provide strong evidence to support the citrate exchange hypothesis, 

especially given a high concentration of low molecular HA. It can bind to the absorbed 

citrate, which would significantly increase colloidal stability 103.  

This can be confirmed by observing an acidic pH change after sulfidation, which could 

confirm the surface structure changes caused by the aggregation of particles. Also, an 

Aldrich humic acid stock solution contains Fe and S elements that are approved by ICP-

MS, as mentioned in the above section. Therefore, when adding AgNPs to HA, some 

portion of AgNPs will be sulfided by the S ratio content in HA; then, Fe can cause releases 

of nanosilver. The formation of nanosilver from Ag2SNPs was noticed within different 

waters, such as wastewater treatment plant effluent, landscape water, and river water. The 

investigation of this formation was investigated by TEM and EDS, which had found the 

presence of nanosilver that indicated their photoinduced from Ag2SNPs in the existence of 

Fe (III) that may take place commonly in aquatic environments 195. 

The transformation of Ag2SNPs pathways within the presence of Fe in water can be 

summarised into two pathways in light and dark conditions when the reduction of Fe (III) 

to Fe (II) takes place, the release of hydroxyl radicals results, which significantly 

contributes to the dissolution of Ag2SNPs by Ag ions, which are reduced to nanosilver by 

Fe(II) 195–197. These proposed two steps of reactions are combined under the light condition 

and summarized in the following equations: 

Fe3+ + H2O
hv
→  Fe2+  + ∙ OH + H+                                                                                      (4.6) 

2Ag2S + 4 ∙ OH + 3O2  
hv
→  4Ag+  + 2H2O + 2SO4

2−                                                         (4.7) 

Ag+  + Fe2+  
hv
→  Ag0  +  Fe3+                                                                                               (4.8) 

where equation (4.6) 195,196,198,199 indicates the photoreduction of Fe (III) that produces the 

hydroxyl radical in the light, which allows to dissolve Ag2SNPs and generates sulfate in 

equation (4.7) 195,200,201. The reduction of dissolved oxygen is remarkably noticeable than 
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in the presence of Fe (II), which would reduce the Ag ions to nanosilver in equation (4.8) 

195.  

While in the dark, the transformation Ag2SNPs within the presence of Fe was postulated 

by the cation exchange reactions 202 rather than the oxidation pathway. The cation exchange 

reactions can occur between the metallic ions and metal sulfides because of the differences 

of the metal sulfides solubilities 203.  Li et al. proposed that the reaction between Ag2SNPs 

and Fe (III) in the dark could remobilise the silver through cation exchange reaction. The 

reaction may result in the formation of Fe2S3, which is not stable; therefore, it will 

decompose to FeS 200 and follow a second reaction between silver ions and FeS to 

recombined Ag2SNPs 106. Since these reactions have to reach equilibrium in a short time, 

the silver ion concentration tends to remain constant 195.   

 

Figure 4-11: BF-TEM micrograph showing the sulfidation of Cit-AgNPs by in situ H2S gas 

resulted in Ag/Ag2SNPs heterostructure. The d-spacing for Ag and Ag2S are 0.3091 ± 0.002 

nm and 0.2864 ± 0.004 nm, respectively. The magnification of both micrographs in left 100 

kx and right 600 kx.   

 

The sulfidation of AgNPs is a kinetic process where the interaction of Ag and S will 

continue until it reaches equilibrium with no further reaction that can happen in controlled 

environments and parameters. In this work, Cit-AgNPs were in situ sulfided by H2S gas, 

showing a different interaction from when AgNPs were exposed to H2S gas, when AgNPs 

had previously been incubated in HA before sulfided, and when sulfided the AgNPs 

incubation them in HA-HS−.  For the inorganic Ag2SNPs, which in this case no humic acid 

had involved, the formation of Ag2SNPs can be explained by initiating redox cycling 
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reactions (Ag2S-Ag, ion-Ag and metallic-Ag2S). This reaction has been illustrated as in situ 

sulfidation in sulfur-rich environments in which Ag ions in situ form Ag metallic and then 

reformation Ag2S. Therefore, the formation of Ag2SNPs is a redox transformation that 

should be a nano-heterostructure of Ag/ Ag2SNPs (Figure 4-11). This can be explained by 

the fact that the core-shell structure of this interaction was not easy to stabilise for a long 

time in most of the repeated experiments with fully sulfided nanoparticles.  

 

Figure 4-12: BF-TEM micrographs demonstrate the sulfidation of Cit-AgNPs to HA-

Ag2SNPs, which has emphasised the variation of nanoparticle shapes within the sulfidation 

mechanism by HS-. 

 

The sulfide AgNPs by HA- can produce the whole structure illustrated in (Figure 4-12).  In 

this experiment, the lower molecular weight (MW) and high concentration (HC) of HA 

were used to identify both effects on the AgNPs structure (MW and HC) to describe the 

sulfidation process. As mentioned above, all the parameters maintained the same 

concentration of H2S gas. Then, we changed how the AgNPs interact with HA-HS−. The 

conclusion is that HS- absorption on the surface of AgNPs can stabilise and sulfide them 

at the same time. The mechanism is that reduced sulfur will bind to ionic silver, while the 

binding sulfur to the thiol group in HA will strongly bond to metallic silver. Then, by 

changing the sulfidation time or the concertation of AgNPs and HA-HS−, the structure will 

change because it depends on the Ag/S molar ratio. 
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4.3.3. Part 2: Characterisation of synthesised Ag2SNPs 

4.3.3.1. Silver sulfide nanoparticle characterisation  

The preparation of the Ag2SNPs protocol was extended from the synthesized Cit-AgNPs 

to obtain a colloidal solution of Ag2SNPs with a narrow size with two different ligands 

citrates and PVP. Also, a PVP-Ag2SNPs colloidal suspension with a larger size than the 

above synthesis method was prepared. Figure 4-13 shows the morphology, SAED, and 

HRTEM acquired for PVP-Ag2SNPs-20 nm, Cit-Ag2SNPS and PVP-Ag2SNP > 50 nm. In 

(Figure 4-13, A-C), the PVP-Ag2SNPs- 20 nm show an irregular quasi-sphere structure. 

For the electron diffraction pattern, all batches showed the same monoclinic structure of 

Ag2S reported in (ICSD ref. 00-014-0072), as illustrated in (Table 4.2). Therefore, the 

HRTEM image of the interplanar distance 0.342 ± 0.001 nm represents the planar spacing 

for the (-111) orientation from the same reported structure of Ag2S. Figure 4-13, D-F for 

the Cit-Ag2SNPs showed a more uniform quasi-sphere structure and indexing of the 

HRTEM images give a 0.281 ± 0.002 nm d-spacing for the plane (-112). The larger PVP-

Ag2SNPs was quite irregular compared to the smaller particles, as expected, for the growth 

of larger particles by chemical reduction methods, and the interplanar distance in HRTEM 

was measured to be 0.251 ± 0.007 nm, corresponding to the (022) plane in (Figure 4-13, J-

I).  
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Figure 4-13: (A-C) the morphology acquired from TEM and the analysis of SAED and 

HRTEM images to identify the interplanar spacing of each synthesised PVP-Ag2SNPs, (D-

E) for the CitAg2SNPs and (J-I) for PVP-Ag2SNP > 50 nm with different protocols. 
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Table 4-2: : Interplanar distance of Ag2S (acanthite) reported and measured from the 

selected area electron diffraction pattern of the synthesised Ag2SNPs. 

PVP-Ag2SNPs                                                                                                  Cit-Ag2SNPs PVP-Ag2SNPs > 50 nm 

hkl Reported Measured hkl Reported Measured hkl Reported Measured 

 (Å) (Å)  (Å) (Å)  (Å) (Å) 

(120) 2.664 2.653 (111) 3.080 3.009 (111) 3.080 3.037 

(112) 2.456 2.454 (-112) 2.836 2.812 (-112) 2.836 2.805 

(103) 2.047 2.043 (-103) 2.383 2.356 (022) 2.583 2.597 

(-223) 1.579 1.579 (022) 2.583 2.510 (200) 2.083 2.017 

(232) 1.379 1.349 (040) 1.733 1.771 (-204) 1.554 1.553 

 

Figure 4-14 shows the average size distribution found by measuring the size of 200 particles 

using ImageJ, which determined the average size of the length and the width of each particle 

for accuracy. PVP-Ag2SNPs, Cit-Ag2SNPs and PVP-Ag2SNPs > 50 nm were 19.2 ± 3.4 

nm, 16.45 ± 3.6 nm, and 85.44 ± 16. 45 nm, while the average hydrodynamic diameter was 

measured to be 29.16 ± 0.3 nm, 25.43 ± 1.2 nm, and 119.56 ± 3.1 nm. The average 

hydrodynamic diameter was identified by DLS, which confirmed a slightly larger diameter 

of the particles in colloidal solutions. The zeta potential (ξ) of the batches was -27.8 ± 8.1 

mV, -33. 75 ± 2.6 mV and -18.53 ± 0.96 mV. According to these values, Cit-Ag2SNPs are 

expected to be more stable. EDX spectra of the synthesised Ag2SNPs colloidal solutions 

were analysed to show the content of silver Ag and sulfur S, which is close to the 

stoichiometric sulfide Ag2S (but an excess of Ag is evident for smaller particles). The molar 

ratios of Ag to S in the EDX spectra, as represented in (Figure 4-15) are ⁓ 2.4:1, 2.3:1, and 

2.1:1. 
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Figure 4-14: The average size distribution of nanoparticles diameter (D) with resulting 

values calculated by ImageJ software from TEM images (A)PVP-Ag2SNPs, (B) 

CitAg2SNPs, (C) for PVP-Ag2SNP > 50 nm. 

 

Figure 4-15: EDS spectra for the synthesised Ag2SNPs. 

 

The synthesis of Ag2SNPs in a colloidal solution with different capping agents and sizes 

was achieved for further investigation. According to the SAED and HRTEM analyses, all 

batch structures confirmed the formation of monoclinic acanthite α-Ag2S at low 

temperatures 184. The target was to synthesise Cit-AgNPs and Cit-Ag2SNPs with 

approximately similar sizes and stabiliser agents. Citrate has a small molecular weight and 

is used as a chelating agent containing three carboxylic acid functional groups that increase 

the negative charge on the surface of nanoparticles via electrostatic repulsion 204. The 

stabilisation mechanism was formed through the binding of one or more oxygen atoms 

from the carboxylic acid functional group to the Ag ion. It was used as a complexing and 

stabilising agent to prevent agglomeration, due to the Ag surface adsorbing it during the 
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synthesis of Ag2SNPs in colloidal solutions and nano-powder 74,205–207. By contrast, PVP 

contains a polar group and a strong hydrophilic component (pyrrolidone rings), which work 

as a capping agent for dissolved metals via steric and electrostatic stabilisation 208. The 

complex structure of PVP and Ag is introduced through the higher binding energy of PVP 

to Ag (100) facets and direct binding through oxygen atoms 209. Because of the strong 

binding, PVP is considered a more efficient stabiliser for AgNPs than a citrate capping 

agent 204. Therefore, a ligand exchange mechanism was carried out to obtain a small size 

of PVP-Ag2SNPs. As noted in previous work, gold nanoparticles (AuNPs) with citrate 

stabilisation could be exchanged with PVP by immersing citrate nanoparticles in a PVP 

solution with a different concentration. However, they found that the process did not totally 

remove citrate due to the strong negative charge of zeta potential 210. The same 

methodology was applied after the synthesis of Ag-AuNPs to eliminate reduction agents 

(citrate and tannic acids) before following up with washing steps that confirmed the 

stability and purity of the nanoparticles 207. The stability of the Ag2SNPs batches was 

significant; thus, a regular check was performed to observe the morphology changes during 

the storage conditions. It was noticed that higher stability was indicated for PVP- Ag2SNPs, 

which have longer standing over time in the storage condition was PVP- Ag2SNPs with the 

most significant size. 

4.4. Summary 

The synthesis of Ag2SNPs with two different capping agents was achieved using a chemical 

bath method in the presence of nitrogen gas. The most stable species of silver sulfide 

nanoparticles over time was PVP-Ag2SNPs (>50 nm) > PVP-Ag2SNPs > Cit Ag2SNPs, 

while the stability in solution was the opposite. The sulfiding of Cit-AgNPs by H2S gas in 

an oxygen-free system with controllable parameters can help specify the gas concentration. 

Inorganic and organic Ag2SNPs were sulfided through direct and indirect reactions with 

H2S gas. The sulfiding mechanism was a direct sulfiding for both types of Ag2SNPs. The 

morphology and crystal structure of Ag2SNPs varied based on the rate of sulfiding and the 

adsorbed HA, which is considered a natural organic matter. The observation of transformed 

AgNPs is key for the bioavailability and toxicity of AgNPs when released to different 

environmental systems.  
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5. The effect of engineered nanoparticles on the 

performance of an anaerobic digester focusing on the 

chemical transformation of zinc nanomaterials 

(ZnNMs) 

5.1. Introduction 

The field of ENMs has attracted the attention of the scientific community because of their 

rapid growth and their extensive applications, particularly in personal care and cosmetics. 

However, concerns have been raised about the impact of these particles on human health 

and the environment 211. Depending on their application, ENMs enter the environment by 

different pathways, such as freshwater, WWTPs, sludge, and soil. This project investigates  

titanium dioxide (TiO2), ceric dioxide (CeO2), zinc oxide (ZnO), and silver nanoparticles 

(AgNPs). Due to their significant production volume and high risk of environmental 

exposure, ZnONPs and AgNPs were selected and investigated in a model anaerobic 

digester. ZnONPs have a vast range of applications, partly because of their unique 

antimicrobial properties; therefore, they are common toxic pollutants found in WWTPs 

212,213. 

Sewage sludge is the main products of wastewater treatment processes that had increased 

their production in 2009 and reached 1.2Mt of dry solids which mostly applied in 

agricultural land 130.Therefore, further treatment can be applied to sludge before disposal. 

Anaerobic digestion (AD) process is one of the various stages of WWTPs that can be 

applied to treat the sewage sludge and several kinds of organic wastes. This is a complex 

technology that widely involves microorganisms in converting organic matter into biogas 

such as methane which can be used as energy sources 214. The AD process's performance 

depends on various parameters, including the temperature, pH, using organics waste as 

substrate, etc. The conditions of microorganisms have to be suitable to preserve a balance 

AD system 215. These parameters are enhancing biogas production, which is the critical 

product of AD. The biogas production is mainly considered an indicator for enhanced AD 

system; therefore, the impact of ENMs on the AD system can be identified by the variation 

of biogas volume. Furthermore, the investigation of ENMs transformations as they are 
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discharged through a WWTP and accumulated in sewage sludge will allow us to understand 

their lifetime, fate and impacts in soils and freshwaters 11 as waste water sludge is a major 

pathway by which ENMs are released into these environments.  

Anaerobic digestion is the common treatment process for sewage sludge, so the 

transformation of selected ENMs was studied within this system to identify their 

transformations and effects on its performance 7,11. Several studies have investigated the 

transformation of ZnONPs in sludges. Lombi et al., studied the transformation of ZnONPs 

after anaerobic digestion and found that, after one hour, ZnONPs had fully transformed to 

ZnS. The same ZnS in wet sludge had transformed entirely to Zn3(PO4)2 and Zn associated 

with Fe oxy/hydroxides after drying biosolids for 60 days under 37 ºC 11. In another report, 

the fate of ZnONPs and AgNPs were studied during a pilot WWTPs. The speciation of both 

was determined in biosolids by XAS, which owed that Zn had transformed into Zn3(PO4)2, 

ZnS, and Zn associated Fe oxy/hydroxides. The Zn species in the form of Zn3(PO4)2 

persisted in sludge and biosolids while ZnS and Zn associated Fe oxy/hydroxides had 

different ratios redox state and water content in the biosolids. The speciation of Ag and 

Ag2S persisted in all treatment of the sludge 7. In separate work, Zn speciation was 

examined within freshly produced and stockpiled biosolids. The speciation showed 

differences in the average ratio of Zn in both biosolid types by using linear combination 

fitting (LCF) of K-edge XANES. The ZnS was not found in the aged biosolids because of 

the presence of Cu sulfides, which has a higher kinetic stability 216. However, XANES 

suggested a portion of Zn might be complexed by P, which is emphasised as hopetite 

Zn3(PO4)2. Also, Zn can transform into Zn-substituted ferrihydrite and can be complexed 

by cysteine in aged biosolids 217. In the present work, the impact of ZnNMs and AgNMs 

on the biogas production in anaerobic sludge were measured and compared and the 

speciation of ZnNMs after anaerobically digestion was characterised. 

In this chapter, biochemical methane potential (BMP) assays were used to study the impact 

of ENMs on biogas production. This process uses a small amount of substrate with an 

inoculum of anaerobic microorganisms under mesophilic conditions 218. The first part of 

the protocol compares the influence of a group of engineered ENMs on biogas production. 

A concentration of 10 mg/l  of CeO2NPs, TiO2NPs, Cit-AgNPs, Ag2SNPs (25 nm) and 

Ag2NPs (100 nm) were added to the anaerobic digesters, except the ZnONPs concentration 
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that was 50 mg/l. The higher concentration of ZnONPs was used to investigate how their 

morphology and speciation changed after incubation in the sludge. Some difficulties were 

encountered because a phosphate buffer was initially used in the fixation step, but this 

buffer was avoided in later experiments. The experiment was designed to take samples after 

three hours of anaerobic digestion and at the end of the exposure (35 days). Therefore, the 

first part of the experiment compares the behaviour of the anaerobic digestion system 

following incubation with ENMs by measuring biogas generation over time. The same 

procedure was applied in the second part of the experiment by characterising the speciation 

of ZnONPs and ZnSNPs over the same time. The bulk transformation of ENMs were 

checked by ICP-Ms. 

Scanning transmission electron microscopy (STEM) and elemental analysis via electron 

dispersive x-ray (EDX) were employed to investigate the transformation of ZnONPs and 

ZnSNPs – a transformation product of ZnO NPs - in anaerobic digester (AD) sludge. Low 

and high concentrations were applied to the sludges in this experiment; the lowest was 

about 5 mg/l, and the highest was greater than 50 mg/l. The high concentration was used to 

identify the speciation of these NPs by x-ray fluorescence (XRF) microscopy and to collect 

x-ray absorption near edge structure (XANES) spectra using a synchrotron beam. The high 

concentration can be considered to be the worst-case scenario. AgNPs and Ag2SNPs – a 

transformation product of AgNPs - were also incubated with anaerobic digester sludge to 

understand their impact on the performance of the AD. These spatially resolved chemical 

mapping technique made it possible to study transformations of individual ENMs and 

variations between individual particles in the highly complex media of the sludges. This 

study the first study which links the transformations of Zn- and Ag-containing NMs to AD 

performance using real-world AD sludge.  

5.2. Materials and Methods 

5.2.1. Experimental design and the ENPs 

Mesophilic anaerobic digested sludge (primary sludge or inoculum sludge) was collected 

from Agrivert, a local sewage WWTP in Oxford, UK. A diagram of the experimental setup 

found in (Figure 5-1), shows the mixing was done in anaerobic chamber with a flash of 

95% N2 and 5% H2 gases. Before feeding the inoculum into the substrate (dried alfalfa 

[C3]), the inoculum’s pH was adjusted to 7.4 using hydrochloric acid. The mixture of the 



107  

 

inoculum and the substrate depends on the calculation of volatile solids (VS), and the basic 

information for both is shown in (Table 5-1). 

 

Figure 5-1: A sketch of the experimental setup for anaerobic digestion for sludge mixed 

with ENPs, where the first mixed stage includes the substrate (Sub), medium (M), inoculum 

(In), and colloidal solution of the ENPs. 

Table 5-1: Characterisation of the primary sludge (inoculum) and the chemical composition 

of dried alfalfa leaf’s plant as a dried organic waste or substrate. 

Parameters Inoculum Dried Alfalfa 

pH 6.5 (2nd experiment)  

Total solids (TS)% 0.0451 90.15 

Volatile solids (VS)% 0.6722 90.66 

VS (g/ml) 0.0291 — 

VS (g) — 0.145 

TS (g) — 0.16 

S (amount of substrate in each vial) (g) — 0.18 

Solid/inoculum (S/I) 0.5 — 

Inoculum/solid (I/S) 2 — 

 

The inoculum and substrate were mixed first, followed by a mineral medium and the ENPs, 

all of which took place in glass serum bottles. A mineral medium can be considered as an 

artificial wastewater medium and was used to feed the bacteria in the inoculum for the assay 

of anaerobic digestion.  This assay was prepared with deionised water (DIW), NH4Cl, 

NaCl, MgCl2.2H2O, CaCl2.2H2O, Na2HPO4, NaHCO3, cysteine, trace metals, selenite 

solution, and a vitamin mixture. Each of the ENMs and the control sample were prepared 
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in three repetitions in bottles sealed by butyl rubber stoppers with aluminium crimp caps 

and placed in a shaker-incubator that had been set at the mesophilic temperature of 37 ºC. 

Gas chromatography (GC) was used to detect biogas production.  

Commercial ENPs and in-house NPs are used for the anaerobic digestion experiments; 

CeO2NPs (< 10 nm), TiO2NPs (< 20 nm), ZnONPs (10–30 nm), ZnONPs (80–200 nm) and 

AgNPs-PVP (20 nm) were purchased from United State (US) Research Nanomaterial, Inc.; 

ZnSNPs (> 100 nm) were purchased from Nanoshel, LLC, United Kingdom (UK); and Cit-

AgNPs (20 nm), Cit-Ag2SNPs (25 nm) and PVP-Ag2SNP (< 100 nm) were prepared in-

house. The stock of commercial NPs was 2000 mg/L, were prepared and sonicated one 

hour before the experiment and used within one to two hours. The stock suspension of some 

of the in-house NPs was concentrated to reach 250–300 mg/l, and the commercial NPs were 

diluted, and both the in-house and commercial NPs were sonicated before spiking them to 

the inoculum–medium mixture in the digester vial.  

In the first set of experiments, CeO2NPs (< 10 nm), TiO2NPs (< 20 nm), ZnONPs (10–30 

nm), Cit-AgNPs (20 nm), Cit-Ag2SNPs (25 nm) and PVP-Ag2SNPs (> 100 nm) were 

spiked into the AD sludge with the same concentration of 10 mg/l, except 57 mg/l was used 

with ZnONPs to investigate their transformation and compare their impact on biogas 

production. In this part of the work, the behaviour of the anaerobic digestion with ENMS 

samples was compared in the presence of the substrate. In the first experiment, it was 

challenging to find particles in the STEM images after digestion due to adsorption of NPs 

into the inoculum sludge and the embedding and staining sample preparation steps. 

Moreover, because phosphate buffer and uranyl acetate were used during the sample 

preparation for imaging after sampling, conclusions about the transformation of ZnONPs 

in sludge could not be draw from this experiment as artefactual Zn phosphate could have 

precipitated. 

In the second trial, the goal was to study the effects of both low and high concentrations of 

ZnO NPs. The effects of the NPs on biogas production might not be as apparent for low 

concentrations in comparison to high concentrations so the higher concentrations were used 

as a worst-case scenario for the impact of the nanomaterials on the performance of an 

anaerobic digester. In this experiment, the anaerobic digestion samples were divided into 

two groups: with and without a substrate. The same sludge source, substrate, and mineral 
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medium was used with concentrations of 5, 50, 500, and 1000 mg/l for ZnONPs (80–200 

nm) and PVP-AgNPs (20 nm). For PVP-Ag2SNPs (> 100 nm), the concentrations were 50, 

100, and 500 mg/l. Different concentrations to the volume of the anaerobic digitiser of 

Ag2SNPs were used due to the lack of samples. Samples of ZnSNPs and ZnONPs (10–30 

nm) with a high concentration of 500 mg/l were also digested in one serum bottle without 

adding the substrate separately to investigate their morphology and transformation within 

the anaerobic digestion period of 35 days.  

5.2.2. Powder X-ray diffraction (XRD) 

To identify the structural characteristics of the ENPs, powder samples were investigated 

using the Panalytical (X’Pert PRO) XRD machine. A sufficient amount of ENM dry 

powder was used without any further preparation; it was placed in the zero-diffraction 

reference substrate (SiO) and covered with Mylar film (approximately 3 µm). Mylar was 

used to avoid contamination and to ensure the safety of handling nanoparticles in the 

machine.     

5.2.3. Fixation and staining of sludge anaerobic digestion. 

After incubation and digestion, a mixture of sludge was obtained via a sterilised needle and 

centrifuged at 3,000 rpm for five minutes. Three washing steps took place for the pellets 

with a 0.1-M phosphate buffer (pH 7.4), then fixed in the same buffer and 2.5% 

glutaraldehyde for four hours at 4°C. The samples were washed three times with a 0.1-M 

HEPES buffer. After that, the pellets were stained using a mixture of 0.2-M HEPES, 1% 

osmium tetroxide (OsO4) and 0.1% uranyl acetate (UA) for 48 hours before washing. After 

being washed three times with DIW, the samples were dehydrated with a series of graded 

ethanol (50%, 70%, 95%, and 100%) and washed with acetonitrile (Sigma Aldrich, UK). 

The samples were infiltrated with a resin-based on a Quetol, which was prepared by mixing 

6 g of Quetol, 7.75 g of nonenyl succinic anhydride (NSA), 3.3 g of methyl acid anhydride 

(MNA), and 0.3 g of benzyl dimethylamine (BDMA) (Agar Scientific, UK). The samples 

were infiltrated with 50%, 75%, and 100% acetonitrile resin solutions freshly prepared each 

day. The embedded samples were set in pure resin under vacuum conditions before being 

cured at 60°C for 48 hours. 

Fixation of the second batch of sludge was done using methods described in the literature 

22. In brief, 1 ml of digested sludge was centrifuged at 10,400 g for two minutes. Then, the 
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pellets were fixed with 3% glutaraldehyde for four hours, washed with a sodium cacodylate 

buffer (pH 7.4), and stained with the same buffer and 1% osmium tetroxide for one hour. 

After that, the pellets were washed with the same buffer. The dehydration of the samples 

was done with a series of graded ethanol. The same infiltrated steps (embedding and 

staining), as mentioned above, were applied to this batch. In this part of the experiment, the 

phosphate buffer and buffers containing phosphate were avoided in sample preparations 

for imaging to distinguish the phosphorus source within the sample from the inoculum 

sludge or medium. Furthermore, uranyl acetate emitted from the preparation protocol to 

avoid precipitation of Uranyl acetate in the presence of phosphorus 219. This precipitation 

of phosphorus can affect the ratio of different zinc species since phosphorus can react with 

Zn2+ during transformation.   

5.2.4. Morphology and elemental analysis of the anaerobically digested samples 

Using an ultramicrotome, resin blocks of NPs in sludges were cut into 200-nm thick 

sections with a diamond knife in a water bath and collected onto 300 mesh copper grids, 

except for the Zn-based NPs. Gold grids were used for all the ZnNMs (ZnONPs and 

ZnSNPs) to avoid an overlap of 0.93 keV and 8.04 keV x-ray emission peaks with copper 

grids. The morphology and composition of features of interest within the samples was 

determined using a Jeol 2100F TEM operated at 200 keV connected to an Energy dispersive 

X-ray detector (Oxford).   

5.2.5. Sample preparation for X-ray absorption spectroscopy (XAS) 

The experiment was carried out using the Core XAS B18 Core XAS, which is a microfocus 

beam with a high flux versatile mullite-pole wiggler. The design of this beamline is based 

on three optical elements. First, a collimating Si mirror is placed 20 m from the beam 

source, which ranges from 2 keV to 35 keV. Second, a double crystal monochromator is 

used for fast scanning; it consists of two sets of crystals, Si (111) and Si (311). Then, a 

double toroidal mirror is placed 25 m from the beam source to focus the beam in both the 

horizontal axis and the vertical axis of the samples; the position of the mirror is fixed in 

both directions. In this experiment, the energy scan was selected to range between 6550 eV 

and 6850 eV. Each sample was measured in triplicate to determine the average and reduce 

the noise. For speciation studies on the transformation of ZnNMs within anaerobic 

digestion systems, samples were collected at three hours, 72 hours, and at the end of the 

digestion process at 35 days. Once collected and processed, the samples were prepared 
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using the protocol described above, and cut into 500-nm thick sections, then they were 

placed in triplicate onto (that uses a sodium cacodylate buffer) a low-stress silicon nitride 

(SiN) window with 200 µm, 5x5 mm frame and a 1000 nm, 2x2 mm window. All the 

windows with samples were placed in a holder to be aligned in the middle of the bath X-

ray beam and were secured using Kapton polyimide foils (width about 80 µm). The 

normalisation of the XAS spectra was determined using Athena software.  

Both anaerobic digestion experiments were conducted at Begbroke Science Park at the 

University of Oxford with the help of Dr Fariza Amman. Dr Fariza prepared most of the 

first part of the experiment at Oxford, and the samples were processed (embedding, 

staining, and imaging) in Imperial College of London ICL by the author. The second part 

of the experiment was prepared by both the author and Dr Fariza; all samples were 

processed (fixing and embedding) for imaging analysis by the author. For the beamtime 

experiment, samples were prepared by the author. Dr Mohamed Koronfel and the author 

visited the beamtime for the rest of the samples to investigate the speciation of the ZnONPs 

and ZnSNPs. Dr Mohamed Koronfel helped the author with the analysis. 

5.3. Results and Discussion 

5.3.1. Part 1: The anaerobic digestion of several ENPs 

5.3.1.1. Characterisation of the ENPs  

Both commercial and synthesised ENPs were characterised to identify their morphology, 

size and elemental composition before spiking them in anaerobic digestion vials. The 

characterisation of the morphology of the commercial CeO2NPs, TiO2NPs, ZnONPs (both 

sizes), ZnSNPs, and PVP-AgNPs was determined via bright-field TEM (BF-TEM). Some 

of the ENPs used in anaerobic digestion experiments required further syntheses, including 

the Cit-AgNPs, PVP-Ag2SNPs (100 nm), and Cit-Ag2SNPs (25 nm). This is mentioned in 

Chapter 4, while the commercial PVP-AgNPs characterisation is shown in the Appendix. 

Their characterisation was periodically checked before each experiment, and the 

physiochemical properties were the same as those mentioned in the results section of 

Chapter 4.  
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The commercial ENPs including TiO2NPs and Ce2ONPs, were characterised (Figure 5-2). 

The morphology and crystal structure were characterised by BF-TEM, which showed an 

spherical-cubic morphology with a tetragonal crystal structure (Figure 5-2, A) confirmed 

by selected area electron diffraction (SAED) (Figure 5-2, B). The average diameter of the 

TiO2NPs was 25.1 ± 9.2 nm, measured from bright-field TEM images (n= 200 particles) 

(Figure 5-2, C). The XRD pattern in (Figure 5-2, D) confirmed a crystal structure of (Ref-

00-021-1272), which is the same as that in the SAED. The EDS spectrum of TiO2NPs is 

shown in (Figure 5-2, E) was performed to confirm their purity. Figure 5-2, F-J shows the 

characterisation of the CeO2NPs, which confirms the cubic crystal structure in the SAED 

(Figure 5-2, G). The average diameter distribution of the CeO2NPs was 19.3 ± 10.02 nm ( 

Figure 5-2, H). The XRD pattern (Figure 5-2, I) had the same crystalline structure 

characterised by SAED (Ref-01-081-0792). The EDS spectrum result confirmed the 

presence of Ce and O only in the CeO2NPs (Figure 5-2, J).   
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Figure 5-2: The physiochemical characterisation of pristine commercial TiO2NPs (A-E) 

and Ce2ONPs (F-J) before spiking in ADS. (A, F) The BF-TEM micrographs show the 

morphology of the SAED pattern of both commercial NPs (B, G). (C, H) The average size 

distribution of the TiO2NPs and Ce2ONPs was 25.1 ± 9.2 nm and 19.3 ± 10 nm, 

respectively, measured from (n = 200 particles) for several TEM micrographs by taking the 

average short and long dimensions of the structure (D, I) The XRD pattern of the NP 

powders indicates the Wurtzite hexagonal structure. (E, J) The EDS spectra for both BF-

TEM images the CeO2 NPs are phase pure. 
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5.3.1.2. The behaviour of anaerobic digestion within several ENPs  

The parameters for the AD experiments were selected based on BMP assay guidelines, 

which had been tested by the collaborators at the University of Oxford. The ENPs were 

applied to their digester, which includes the same inoculum and substrate. The performance 

of the anaerobic digestion in the first batch was compared for the ENPs with the same 

concentration to show their impact under the same conditions. Variations in biogas 

production, pH, and VFA concentration were investigated. A higher concentration of 

ZnONPs was used to facilitate the imaging of these particles within the anaerobic sludge 

after incubation. The performance of ZnONPs at a concentration of 57 mg/l was compared 

to the 10 mg/l concentration of the rest of the ENPs, which are the AgNPs, Ag2SNPs (25 

nm), Ag2SNPs (100 nm), TiO2NPs (25 nm), and CeO2NPs (20 nm).  

Figure 5-3 shows the variation in pH for the inoculum incubated with the different ENPs 

during anaerobic digestion. In the first experiment, the pH was not adjusted, and the control 

was the pH of sludge after the samples were mixed with the medium for two hours 

incubation. The pH of all the ENPs and the control showed a steep decrease during the 

three days. The pH fluctuated between 7.58 and 7.9 within the control reactor, which 

illustrates that the ZnONPs had a minimum pH value after three days. The microorganisms 

in the anaerobic digestion function in different pH ranges. The methanogens process has 

been reported to be sensitive to a pH ranging between 6.5 and 7.5, with optimal pH values 

ranging between 7.0 and 7.2 220. The potential methane production has effectively operated 

in the range mentioned above of the optimal pH.  However, the pH was reduced because of 

the formation of degradable mediates VFAs during digestion 221. VFA is defined as a short-

chain of carboxylic acids that contain one to five carbon atoms per molecule; it has a 

different formula depending on the number of carbon atoms 222.   
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Figure 5-3: pH readings taken for AD inoculum sludge and artificial wastewater medium 

(control no ENMs) after incubation with AgNPs, Ag2SNPs (100 nm), Ag2SNPs (25 nm), 

TiO2NPs, CeO2NPs and ZnONPs (80-200 nm) at concentration of 10 mg/l except ZnONPs 

was at 57 mg/l after sampling time 3 hrs and 3,15, 20, 24 days. 

 

Figure 5-4: Specific biogas yield from AD inoculum sludge and artificial wastewater 

medium (control no ENMs) after incubation with AgNPs, Ag2SNPs (100 nm), Ag2SNPs 

(25 nm), TiO2NPs, CeO2NPs and ZnONPs (80-200 nm) at concentration of 10 mg/l except 

ZnONPs was at 57 mg/l over 3 hrs and 3,15, 20, 24 days for 24 days in total. 
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The effect of the ENMs on biogas production performance of the digested inoculum sludge 

within the substrate was measured. Figure 5-4 shows the specific yield of the biogas 

production for the control sample and all of the incubated ENP samples for 24 days, which 

was the last sampling time and the steady-state where no more biogas was produced. The 

specific biogas yield or the BMP assay is related to the volume of the biogases per the mass 

of the VS in the substrate, which is primarily organic matter. Almost all NPs enhanced the 

production of biogas in comparison to the control AD sludge with no NPs. Although the 

ZnONPs were added to the sludge in the highest concentration, the CeO2NPs enhanced 

biogas production little more, but not very significant. D Nguyen et al. also studied the 

effect of CeO2NPs and ZnONPs on biogas production at concentration of 10, 100, 500, 

1000 mg/l mixed with  AD inoculum sludge, deionised water and glucose as a sole source 

of carbon 223. They showed that while both NPs had the same degree of inhibition towards 

biogas production, the reduction in biogas production was 65.3% for the ZnONPs with a 

concentration of 1000 mg/l and the production increased by 11% for the CeO2NPs with a 

concentration of 10 mg/l 223. The difference between this result and D Nguyen’s work, the 

medium that they used deionised water with addition of glucose, while in this work artificial 

wastewater was used as medium. Here, comparison between ENMs with 10 mg/l and 57 

mg/l of ZnONPs.  

5.3.2. Part 2: Speciation of the ZnENMs during anaerobic 

digestion  

5.3.2.1. Characterisation of the as-synthesised ZnONPs 

Figure 5-5 shows the characterisation of different sizes of ZnONPs. The morphology of the 

small and large ZnONPs showed a uniform shape (Figure 5-5, A and F) and d-spacing 

indexed from the SAED to be the Wurtzite hexagonal structure. The hexagonal crystal 

structure of both sizes of ZnONPs was confirmed (Ref-00-005-0664) and (Ref -00-036-

145), respectively. The average size of the diameters of the ZnONPs was 32.5 ± 10.1 nm 

and 164.38 ± 91.6 nm, respectively (Figure 5-5, C and H). The measurement of several NPs 

(n = 200) was obtained by taking the average length and width dimensions of each NP. The 

purity of the ZnONPs was checked by XRD and EDS to indicate the crystal structure and 
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elemental composition of the ZnONPs. TEM characterisation of the ZnSNPs shown in 

Figure 5-6 shows their irregular shape.  SAED patterns confirmed they had a Wurtzite 

hexagonal structure, also characterised by EDS and XRD (Figure 5-6, B and D) (Ref-00-

005-0492). The average size distribution histogram of ZnSNPs was 193.9 ± 74.4 nm 

(n=150 particles). EDS verified the composition of the NPs (Figure 5-6, C and E).    
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Figure 5-5:Physiochemical characterisation of pristine commercial ZnO NPs.   Small 

ZnONPs (A-E) and large ZnONPs (F-J) before being spiked into the ADS. (A, F) The BF-

TEM micrographs show the morphology of the ZnONPs. (B, G) The SAED pattern of the 

ZnO NPs. (C, H) The average size distribution of the ZnONPs is 32.5 ± 10.1 nm and 164.38 

± 91 nm, respectively (n = 200 particles). (D, I) The XRD pattern of both ZnONPs indicates 

that they have a Wurtzite hexagonal structure. (E, J) The EDS spectra for both BF-TEM 

images confirm that the NPs are phase pure. 

 

Figure 5-6: Characterisation of commercial ZnSNPs. (A) BF-TEM micrograph showing 

the morphology of the ZnSNPs. (B) The SAED pattern of the same area in (A) indicates 

their crystallinity and crystal structure. (C) The average size distribution was measured 

using ImageJ software. (D) The XRD of the powder pattern for the ZnSNPs which confirms 

the Wurtzite hexagonal structure. (E) The EDS spectra of the NPs. 

 

5.3.2.2. The effect of Zn and Ag ENMs on the behaviour of the anaerobic digester  

The pH readings of the digesters were measured following incubation of AD sludge with 

NPs at different concentrations during the digestion process. In this experiment, the pH was 

adjusted to 7.4 before digestion.  Throughout the experiment, the pH was maintained 

between 6.8 and 8.25 under incubation in 37 ̊C.  Figure 5-7, A shows the pH of the digested 
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inoculum with ENMs and without the effect of the substrate.   The pH ranged from 7.6 to 

7.9 for the control sample and all of the ENMs, except for the ZnONPs at concentrations 

of 50 mg/l and 500 mg/l. The AD sludge showed different pH readings following 

incubation with both ZnONPs sizes in the first week before reaching stabilisation. The pH 

decreased in the 50 mg/l ZnONPs AD sludge in the digester, while the pH increased to 8.25 

with the 500 mg/l ZnONPs. The behaviour of the control specimen with and without the 

substrate was compared to distinguish its influence on the biodegradation of organic matter. 

Figure 5-7, B shows that the control sample of (S+M) which digested inoculum sludge and 

medium has a pH of 7.9, while the control sample (S+M+Sub) which is digested inoculum 

sludge with medium and substrate has a pH of almost 7.6. The pH of most of the digested 

inoculum sludges incubated with ENMs ranged between 7.4 and 7.6. The same observation 

was shown for the changes in the pH of the AD sludge incubated with 50 mg/l and 500 

mg/l of ZnONPs. For the digested inoculum sludge spiked with 50 mg/l ZnONPs, a 

decrease in the pH was confirmed after three hours, and then it increased on the third day. 

In contrast, the pH of the digested inoculum sludge spiked with 500 mg/l ZnONPs increased 

in comparison to the control (S+M+Sub) but decreased during the digestion process. 
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Figure 5-7: The pH of AD sludge incubated with ZnNMs and AgNMs. (A) the variation 

pH of AD sludge after incubation with different ENMs up 31 days without the addition of 

the substrate. (B) with the addition of the substrate.   

 

Figure 5-8 shows the production of biogas in the anaerobic digestion system without the 

addition of the substrate. The comparison of different concentrations of ZnONPs (80–200 

nm), PVP-AgNPs, and PVP-Ag2SNPs demonstrates that the highest biogas production 

volume is for the 50 mg/l concentration of ZnONPs. The biogas increased by 90% during 

the two weeks before the system reached a steady state. Small percentages of biogas 
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production were shown for the 5 mg/l concentration of the ZnONPs. The PVP-AgNPs, 

PVP-Ag2SNPs and the 500 mg/l concentration of ZnONPs were found to have almost the 

same trend as the control sample (S+M) digester in which no ENMs were added to 

inoculum sludge. The high concentration of ZnONPs could be more  toxic to bacteria which 

affected the biogas production 223. The system with no ENMs shows no biogas production 

enhancement during the entire period of anaerobic digestion, which is mainly inoculum and 

artificial wastewater medium.  The same performance of no biogas is also observed for the 

high concentration of the ZnONPs and all concentrations of the Ag ENMs.  

 

Figure 5-8: The total biogas volume measured in the incubated inoculum without the 

substrate and with different concentrations of ENMs in cases in which the entire digestion 

reactor was free from the substrate. 

 

The performance of the digesters with the addition of the substrate was different from that 

of the digesters without the substrate. Figure 5-9 illustrates the total cumulative volume of 

biogas, which was compared between the different NPs with variations in their 
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concentrations. The resulting biogas production was confirmed based on the increase in the 

volume with the addition of the substrate. The greatest biogas production was obtained 

from the 50 mg/l ZnONPs samples. The middle region of the graph indicates a greater 

biogas volume after the addition of the ENMs with the presence of the substrate. This region 

contains inoculum sludge incubated with 5 mg/l of ZnONPs, 5, 50,100 mg/l of PVP-

Ag2SNPs and 5, 50, 500 mg/l of PVP-AgNPs. The PVP-AgNPs and PVP-Ag2SNPs 

displayed almost the same range of biogas production, even with addition of substrate 

(which was used to enhance the biogas production).  However, the inoculum sludge with 

substrate sample showed a decrease in biogas production after ten days and demonstrates a 

slight increase before the end of the experiment. The highest concentration of ZnONPs in 

each digester sample was the worst scenario; it stopped the biological degradation process 

performed by the anaerobic bacteria. During the organic matter biodegradation process, 

heavy metal compounds are unable to degrade; therefore, these compounds can accumulate 

and potentially be toxic to anaerobic compounds 224,225. The impact of ZnONPs on AD 

system was reported to be dosage dependent and associated with release of Zn2+ which 

affected the methanogenesis and hydrolysis reactions in the AD process 226.     

 

Figure 5-9: The total biogas volume measurement of the incubated inoculum with the 

substrate and different concentrations of ENMs, compared to the inoculum sludge control 
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sample without the substrate or the ENMs, described as the control with no ENMs and AD 

sludge with the substrate.  

 

Since the ZnONPs had the greatest on biogas production in the AD system, their chemical 

speciation was studied by XANES to contribute to an understanding of how they degrade 

and transform chemically.  This knowledge will help to predict their lifetime and changes 

to their bioreactivity during the AD process. To utilise the XANES technique, reference of 

Zn compounds were used to identify transformation products, these included ZnS, 

Zn3(PO4)2 and Zn adsorbed onto Fe oxy-hydroxides (Zn-Fe (ox)). 

 

Figure 5-10: XANES spectra for ZnS, ZnONPs (nano size), Zn3(PO4)2 and Zn adsorbed 

onto Fe oxy-hydroxides (Zn-Fe (ox)) standards to determine the speciation of Zn after 

digestion – selected using reference 185.  

 

The reference material series of nano ZnO (80-200 nm, US-nano), bulk ZnO, ZnS, and 

Zn3(PO4)2 and Zn adsorbed onto Fe oxy-hydroxides (Zn-Fe (ox)) were selected to 

determine the speciation of Zn after digestion. These references were measured in 

transmission, and have been previously described in the literature 7,227. The XAS spectra of 
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these compounds are the reference materials shown in Figure 5-10. The resulting spectra 

of each Zn compound and incubation period in the digester were analysed by linear 

combination fitting (LCF). 

 

Figure 5-11: The XANES spectra of ZnONPs (80- 200 nm) for concentrations of 500 mg/l 

and 1000 mg/l) ZnONPs (30 nm of 500 mg/l) and ZnSNPs (> 100 nm, 500 mg/l). Their 

combinations were fitted and compared with the incubation time of anaerobic digestion.  

 

 

 

 

 



125  

 

The samples were fitted according to the expected Zn species and compared within the 

incubation time (Figure 5-11). As shown in this figure, the XAS spectra fit the combination 

of all the samples, and each sample is compared at each incubation time to evaluate the 

speciation of Zn as percentages. The resulting percentages of each sample are shown as pie 

charts in (Table 5-2).  

The changes in the quantity of Zn speciation varied for the same ZnONPs (80–200 nm) at 

different concentrations of 1000 mg/l and 500 mg/l. For a concentration of 1000 mg/l of 

ZnONPs (80–200 nm), the highest quantity of Zn species was Zn-Fe (ox) during the 

digestion process for 35 days. Other Zn species, Zn3(PO4)2, and ZnS were measured, and 

about 16 % of the ZnONPs had not transformed after 35 days. For the concentration of 500 

mg/l of the ZnONPs (80–200 nm), after the incubation of 3 hours in the AD system, 19% 

of ZnONPs had not transformed, while 29 % were sulfided to become ZnS and the rest 

were Zn3(PO4)2 and Zn-Fe (ox) sharing the same percentages. After 72 hours, more sulfided 

Zn was observed and there was a reduction in the contribution of Zn-Fe (ox). The AD 

process ended with the most of ZnONPs turning to Zn-Fe (ox) and ZnS, respectively.  

For the ZnONPs (30 nm) at 3 hours in the AD sludge, there were similar transformations 

to the ZnONPs (80–200 nm) at concentration of 500 mg/l. At 72 hours, the contribution of 

Zn3(PO4)2 had increased from 23 to 48% and the contribution of ZnS has disappeared, after 

35 days the contribution of ZnS had increased again to 39% and all of the Zn phosphate 

had disappeared. 

The transformation of ZnSNPs after 3 hours turned into 32 % of Zn3(PO4)2, 32 % of Zn-Fe 

(ox) and 26 % of ZnONPs. After 72 hours, the Zn-Fe (ox) species had disappeared while 

60 % Zn3(PO4)2 and 23 % ZnS species were measured. At the end of digestion system, 11 

% of Zn-Fe (ox) had appeared and the majority species was Zn3(PO4)2 with slight changes 

of percentages between ZnS and ZnO species.  
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Table 5-2: Pie charts illustrating the percentages of Zn speciation for the ZnONPs with 80-

200 and 30 nm diameters and ZnSNPs following anaerobic digestion without the substrate 

for 3, 72 hours and 35 days. 

 

 

To sum up, larger 80-200 nm ZnO NPs transform to a greater extent to an intermediate ZnS 

phase than the smaller ZnO NPs that transform to an intermediate Zn phosphate phase 

instead, but the composition of the end products at 25 days are approximately the same. 

The ZnSNPs transformed very rapidly to Zn-Fe (ox) and Zn phosphate and surprisingly 

back to ZnS phase. The performance of AD within ZnONPs (80-200 nm) was investigated 

at concentration 50 mg/l which had increased the biogas production.   

5.3.2.3. Ex situ microscopy  

Dark-field TEM micrographs elucidated the morphology and chemistry of the ENMs after 

digestion. The ENMs studied by TEM were the ZnO NPs that that had transformed in the 

XAS study.  The morphology of the ZnONPs and ZnSNPs that were incubated without 

substrate was imaged. Figure 5-12 shows dark-field TEM images of ZnONPs (80–200 nm) 

incubated in AD sludge at a concentration of 500 mg/l for three hours in the digester. In the 

HAADF-STEM image, bright nanosized particles were observed within the complex 

matrix of the sludge (Figure 5-12 B).  These nanoparticles had different forms, some were 

diffuse, and others were more solid, and the different particles associated with different 
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structures within the sludge. The EDX spectral maps from the nanoparticle in the boxed 

region showed that a particle containing Zn and O which is more intense in the core than 

the P signal. The EDX spectrum in (Figure 5-12 F) show the total elements in the selected 

region which had some elements from background.      

 

Figure 5-12: HAADF-STEM images (A) and (B) high magnification STEM image of the 

boxed region in a and STEM EDX maps (C-E) and EDX spectrum (F) of NPs in the boxed 

region in (B) for the  ZnONPs (80–200 nm) incubated in AD sludge for 3 hours at a 

concentration of 500 mg/l.  

 

HAADF-STEM images and EDX spectral maps of the ZnSNPs incubated in AD sludge for 

three hours are shown in (Figure 5-13); and incubation after 35 days is shown in (Figure 

5-14). After 3 hours, nanoparticles that were predominantly Zn and S were imaged and 

mapped chemically.  STEM-EDX maps also showed trace amounts of O, P and Fe co-
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located to these nanoparticles after 35 days agglomerates of ZnS particles were observed 

associating with a less dense diffuse structure within the sludge. These nanoparticles had 

similar chemistry to the particles mapped at 3 hours, but after 35 days it shows more intense 

P and less Fe (Figure 5-14).   

 

Figure 5-13: (A) HAADF-STEM image, (C-F) images corresponding STEM-EDX maps 

and (G) EDX spectrum showing ZnSNPs incubated for three hours in sludge under 

anaerobic digestion. 
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Figure 5-14: (A) HAADF STEM images showing an agglomerate of ZnONPs (30 nm) with 

a 500 mg/l concentration incubated for 35 days under anaerobic digestion. (B-F) STEM 

EDX chemical maps showing the composition of the nanoparticles in (A). 

 

Figure 5-15 shows the morphology of the chemically transformed ZnONPs (30 nm) after 

35 hours, at the end of the anaerobic digestion process and the distribution of elements 

within a ZnONPs structure. The HAADF-STEM images reveal the morphology of the core-

shell structure of the selected area. The elemental analysis according to STEM-EDX maps 

show the presence of S, P and Fe associated with the ZnONPs. These elements are related 

to the phases of Zn-rich ENMs. The ZnONPs had partially transformed to ZnS with P and 

Fe on their surface. The size of transformed ZnONPs are larger than its pristine 

counterparts.  
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Figure 5-15: (A) HAADF STEM images showing ZnONPs (30 nm) with a 500 mg/l 

concentration incubated for 35 days under anaerobic digestion. (B) High magnification 

HAADF-STEM image of the boxed area in A. (C-H) STEM-EDX chemical maps showing 

the composition of the nanoparticles in (B). (I) EDX spectrum.  
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5.4.  Discussion 

This experiment used anaerobic digesters to investigate the performance of ENMs and 

focus on evaluating the performance, chemical transformation, and morphology of Zn 

ENMs. Comparison of the effect of different ENMs on biogas production performance 

showed that the ZnONPs (80–200 nm) with a 50 mg/l concentration had the most 

significant effect. The addition of ZnONPs to inhibit biogas production has been shown 

previously to be dependent on the dosage given to the AD sludge 226. Using a higher 

concentration of 1000 mg/l of ZnONPs (80–200 nm) had no significant impact on biogas 

production, probably because the high load of Zn ions released deactivates the bacteria in 

the anaerobic digester. This is due to the production of reactive oxygen species (ROS) and 

the presence of the Zn2+during digestion 226.  

The low concentration of ZnONPs did not have a significant change on the biogas 

production, which has also been reported in literature 226. The reason for this is that the 

sludges contain sulfate that had bio-converted to sulfide with Zn2+ under anaerobic 

digestion condition. Therefore, the toxicity of Zn2+ would reduced towards the bacteria 226.       

In other work, the addition of ROS scavengers to the digestion system increased the biogas 

production of the ZnONPs digester 228. The release of ROS can cause oxidative stress or 

peroxidation of the cell membrane, then imbalance in homeostasis of cell compartments 

leads to cell death. The higher dose of ZnONPs within the AD system can release higher 

Zn2+, which inhibited methane production 226.   

In previous work, the effects of an additional substrate or organic waste on the digester 

were investigated: biogas production was higher with a substrate than, which could be 

attributed to the trace elements in the substrate that accumulate and induce degradation and 

phytotoxicity 148,229–231. The organic substrate content can be converted into biogas because 

of their chemical composition and biodegradability, which are the main contributors to 

methane and biogas productions. The plant's substrates are rich in carbohydrates, 

commonly sugar, mostly used as food waste. These substrates can easily be decomposed 

by methanogenic communities, which responsible for volatile fatty acids 232. The ENMs 

can be utilised as the substrate to enhance biogas production. Many parameters can affect 

the biogas production related to the microorganism community, such as the temperature, 

pH, chemical oxygen demand (COD), the carbon/nitrogen ratio (organic waste), and 
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nutrients. These factors support the growth and metabolism of the microorganisms. The 

greater biogas production better optimises the AD process 233.   

The transformation of these particles was studied in triplication to check the particles' 

homogeneity by using a spatially resolved technique. The chemical transformation of ZnO 

nanorods in simulated wastewater over a short period (three hours) was reported in recent 

work 185. The speciation of Zn has already been discussed; ZnO quickly dissolved as Zn2+, 

then it was reprecipitated to cause the sulfidation of ZnONPs. This sulfidation generated a 

superficial ZnS nanoshell; however, the ZnS shell did not stop ZnO dissolution from 

releasing Zn2+. In the present work, three hours' duration did not lead to the full 

transformation of the ZnONPs that had previously been shown for ZnO nanorods 185.  

In general, the speciation of the small ZnONPs had slightly similar percentages to larger 

ZnONPs. However, after three days of incubation in AD sludge, significant differences in 

speciation were found between the small and large ZnONPs. The proportion of ZnS 

increased with the 500 mg/l concentration of ZnONPs (80–200 nm); this was less for the 

ZnONPs with a concentration of 1000 mg/l and disappeared with the ZnONPs (30 nm) with 

a concentration of 500 mg/l. A general observation was that the Zn phases were primarily 

transformed to either Zn absorbed to a Fe (ox) composite or Zn3(PO4)2, which is an 

amorphous composite.  

The Zn species were studied within liquid organic wastes, which are the separation liquid 

of post-treated AD plants. The majority of Zn species are nano-ZnS; however, that species 

is usually found in processed solid organic-rich waste 234. While the speciation of ZnSNPs 

(˃100 nm) within the same duration have been shown to rapidly be transformed into Zn 

absorbed to a Fe (ox)  and Zn3(PO4)2 phases with 4% of remaining nano-ZnS. This 

transformed species might continue to further transformation to other phases. It has been 

reported that ZnS particles have more of a tendency to aggregate, which induces 

sedimentation in the natural environment and WWTPs 235. In a pilot WWTP for a biosolid 

formation study, it was found that most of the ZnS transformed to Zn3(PO4)2 and Zn 

absorbed to a Fe (ox) after 60 days within an anaerobic digestion system 7. 

AD sludge contains S, P and Fe. In recent work, daughter particles were observed for both 

Zn3(PO4)2 and Zn-Fe (ox) within a short incubation period in the simulated primary sludge, 

which was confirmed using the traditional method of LCF of the Zn-reference spectra XRF 
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microscopy 185. This is because ZnSNPs are not stable particles, so that further dissolution 

might occur during the preparation of the particles 236. In the current investigation, the 

ZnSNPs were not coated, which might explain why ZnO was present during the short 

incubation period. 

The anoxic environment lowered redox potential then decreased the dissolution of metallic 

nanoparticles by forming insoluble metallic sulfide on nanoparticles' surface, consequently 

reducing dissolution then less toxicity 237,238. The redox condition has an impact on the 

toxicity and bioavailability of the nanoparticles 34.  The anoxic environment can affect the 

heterogeneous structure of ENMs, which changes the morphology and size of nanoparticles 

by aggregation. The size and morphology of both small and large ZnONPs also ZnSNPs 

within the sludge matrix had indicated uniform shape and larger size. 

5.5 Summary  

This chapter discussed the utilisation of different ENMs as digesters that were incubated 

under anaerobic conditions, and their effects on biogas performance were compared. The 

enhanced biogas production was observed in AD sludge incubated with 50 mg/l of 

ZnONPs. The chemical transformation of ZnNMs was identified by applying XAS to 

generate XANES spectra. The speciation of large and small ZnONPs (80-200 nm) had 

mostly transformed at the end to ZnS and Zn absorbed to a Fe (ox). The ZnSNPs mainly 

transferred to Zn3(PO4)2 with Zn absorbed to Fe (ox) and ZnO phases. The morphology of 

the ZnNMs had investigated within the matrix of sludge. It shows that small ZnONPs had 

a core-shell structure.     
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6. The Interaction of Silver Nanoparticles (AgNPs) with 

Green Freshwater Microalgae Raphidocelis 

subcapitata (R. subcapitata) 

6.1. Introduction 

Due to their inherent properties as antimicrobials, silver nanoparticles (AgNPs) have been 

used extensively in a range of consumer products. The increased product consumption has 

led to their discharge into wastewater, with the potential to enter environments such as 

freshwater aquatic ecosystems 239,240. When these products are applied or discharged, they 

are passed with several conditions, such as exposure to natural light or transfer in the dark, 

which can alter their physicochemical properties and impact their environmental fate and 

lifecycle 241. The ecotoxicity mechanisms of AgNPs will depend on environmental 

conditions, the type of microorganism that comes into contact with, and dissolution of toxic 

ions from the particle (e.g., release of Ag+ ions). Several studies have investigated the 

toxicity of AgNPs with emphasis on whether Ag+ release can trigger reactive oxygen 

species (ROS) generation and also on Ag+ bioaccumulation inside aquatic microorganisms, 

such as algae 242. Plankton algae, which serves as a primary producer and the head of the 

food chain for other species in the system, is often the primary organism assayed. 

Dissolution is a special mechanism for AgNPs and is considered one of the main processes 

that determine their toxicity in environmental systems. AgNPs could also agglomerate in 

natural waters, which will alter their surface, and bulk bioreactivity also influences 

sedimentation.   Many factors influence their dissolution and aggregation behaviour that is 

related to various characteristics of nanoparticles, such as size, chemistry, and surface 

coatings (i.e., functionalisation to confer specific charge or reactivity). Local environmental 

conditions will also have an effect, such as the ionic strength, pH, dissolved organic carbon 

(DOC), the oxygen content of the water, and daylight exposure 243. The impacts of these 

factors on dissolution and agglomeration have been widely studied; however, few studies 

have considered the influence of light or UV-light exposure on nanoparticles during their 

interactions with microorganisms 244,245. Light exposure to the AgNPs in the presence of 

oxidising species could lead to the photoinduced process that causes the release of Ag ions 
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then reprecipitation and transformation to Ag2S 246,247. The effect of light is known to 

increase the dissolution of AgNPs, releasing more ions and inducing the generation of a 

reactive oxygen species (ROS), which causes oxidative stress 243,244. In river water, sunlight 

exposure and the presence of natural organic matter (NOM), ionic Ag, can be photoinduced 

and form AgNPs, resulting in Ag ions-(NOM) ligand reduction 248. The same behaviour of 

Ag ion reduction in the presence of dissolved organic matter, such as fulvic and humic acid, 

is reduced to metallic Ag under UV-vis light, which either way leads to the absorption of 

OM on the surface of nanoparticles 249.  In the ambient dark condition, the silver ions were 

reduced to AgNPs in the presence of a low concentration of humic acid by bonding Ag ions 

with the carboxylic group to form Ag+-HA ligands then reduced to metallic Ag 100. In 

addition to the interaction of NOM with AgNPs, extracellular polymeric substances (EPS) 

are considered another type of NOM that can be produced by algae microorganisms, which 

could influence the stability of ENPs in an aquatic system 250.  

EPS are high-molecular-weight polymers that are secreted from algae to provide an outer 

layer to shield cells. EPS are comprised mainly of proteins and polysaccharides as well as 

nucleic acids, fats, and inorganic substances 251. EPS contains several polar functional 

groups; these proteins attach to aliphatic and aromatic monomers, and the polysaccharide 

has hydrophobic chains 248,249. Therefore, the presence of EPS could alter how the AgNPs 

interact with the algae and induce changes in bioavailability and toxicity. Different capped 

AgNPs were studied based on their interaction with EPS with amino and aromatic 

carboxylic groups 252. In this work, it was suggested that EPS could alleviate the algal 

toxicity of AgNPs by limiting their internalisation by restraining the Trojan-horse 

mechanism. This mechanism is described as the phagocytosis of AgNPs that are 

inflammatorily stimulated by ROS generation in the cells, causing cell membrane damage 

and apoptosis, resulting in a mechanism caused by the ionisation of AgNPs in the cells 253.  

Different techniques have been used to investigate the interaction between AgNPs and R. 

subcapitata.  These revealed that most AgNPs and dissolved Ag+ products are localised on 

the algae cell walls 254. Zhang et al. showed that the extracellular dissolution of AgNPs is 

caused by the oxidation of AgNPs at the cell wall. In brief, ROS generation is caused by 

the presence of oxidised AgNPs near the cell wall. AgNPs can then generate hydroxyl 

radicals, causing oxidative damage to the cells 255. Using confocal laser scanning 
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microscopy (CLSM) and comparing Ag ions vs. AgNPs, dissolution of small AgNPs (20 

nm) and the Ag ions (AgNO3) subsequently diffuse into the cytoplasm cells. Therefore, the 

toxicity was caused by ion uptake, and smaller AgNPs were accounted for by algae256. The 

data show that AgNPs tend to be localised inside the cells with discrete pockets of Ag+ 

ions. It is suggested here that AgNPs below a threshold diameter of 10 nm dissolve and the 

released ions diffuse into the cell. In another report, for AgNO3 and AgNPs, the interaction 

between dissolved Ag and the cell wall surface was studied by Fourier transform infrared 

(FTIR), which showed that dissolved Ag reduces the aldehyde group to a carboxyl group 

regardless of the presence of EPS. This suggested that EPS did not affect the interaction 

between Ag ions released from AgNPs and AgNO3 and algae cells. EPS had no impact on 

the influence of AgNPs and AgNO3 on algae growth 257. In the present work, R. 

subcapitata, an aquatic species commonly used in laboratory tests, was exposed to aged 

AgNPs coated with citrate and 20 nm in OECD media containing MOPS 3-(N-

morpholino)propanesulfonic acid buffer under different light source exposures (light, 2% 

UV-light, and dark). The particle size was the same at the beginning of the experiment.  

The ageing conditions and medium were feeding and growth-inhibiting sources to mimic 

the natural sources. The interaction of AgNPs on the cell surface was carefully examined 

to understand the extra- and intra-cellular events leading to Ag ions release from the 

AgNPs. Electron energy-loss spectroscopy (EELS) combined with high-resolution 

transmission electron microscopy (HR-TEM) facilitated the mapping of the elemental 

composition to study whether the particles had entered, transformed, or dissolved inside 

the cells. EEL spectra were acquired to map Ag on the cell surface and the cell wall to 

characterise its chemical form and provide information regarding the interaction of silver 

with the cell surface. 

6.2. Materials and Methods 

6.2.1. Characterisation of AgNPs and the ageing experiment  

A stock solution of citrate-capped AgNPs (BioPure) with a primary size of 20 nm that was 

sterile and endotoxin-free was obtained from nanoComposix (San Diego, USA). The silver 

colloidal solution was sonicated for 10 minutes before being diluted in an OECD-MOPS 

medium with a 3-Morpholine propanesulfonic acid buffer (MOPs), pH 7.3 ± 0.03 at 20 ± 

2°C to produce a concentration of 1 mg/l of AgNPs. To investigate whether the AgNPs in 
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the OECD-MOPs medium under dark, light and UV conditions, the AgNPs were mixed 

with this medium by inversion and then characterised after being incubated at 0, 24, 48 and 

72 hours under visible white light with and without 2% UV and separately placed at a 

distance that ensured the photosynthesis of 100 PPFD. These were 7.4 Klux and 5.4 Klux, 

respectively, for both light conditions, and in the dark sealed from light with aluminium 

foil. This experiment was carried out several times, and one of these samples was sent for 

algae incubation at Bristol University. For algae exposure, 75 ml of aged AgNPs media 

was decanted into 100 ml conical flasks and spiked with the algae at a concentration of 10 

million cells per ml. Afterwards, the experiment was conducted in a continuous normal 

fluorescent light with no shaking for 24 hours. Dr Kelly Atkins carried out all algal 

exposures within the aged medium at Biological Sciences, Bristol University.  

6.2.2. Algal culture assay 

The algal stock culture of R. subcapitata (CCAP 278/4) is known as Pseudokirchneriella 

subcapitata and Selenastrum capricornutum and was collected in the UK. It was cultured 

according to the guidelines of the Organisation for Economic Co-operation and 

Development (OECD) 201 algal growth inhibition tests. A system for biological work was 

designed at Bristol University to grow the microorganisms during the photosynthesis 

process. The algal cells routinely maintained their growth in light/dark cycle with 14 hours 

in light and 10 hours in the dark. They were then spun down by centrifugation before 

transferring them into the OECD-MOPs medium. Dr Kelly Atkins carried out the cell 

culture at Biological Sciences, Bristol University.  

6.2.3. EPS source preparation (Xanthan gum) 

The effect of EPS on AgNPs was examined by adding 10 mg/l of Xanthan gum (XG, 

Sigma-Aldrich) to the same medium. XG is a high molecular weight exo-polysaccharide 

produced by the microorganism Xanthomonas campestris and is similar to the EPS 

produced by the algae studied here. It was employed to be modified as a polysaccharide 

source that contains polyanionic and polycationic, which contributes to adhesion and 

aggregation of cell 251. Commercial XG is also used for various industrial and biomedical 

applications 258.  

The purpose of using this gum is to study the impact of EPS on AgNPs, as it is considered 

the same source of EPS, which is released from the microorganisms. The XG was prepared 
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as described in the literature 259. In brief, a stock solution of (0.1% m/v) was prepared by 

dissolving 0.1 g with deionised water by stirring at an ambient temperature and then heating 

it to 80 ºC for 30 minutes to ensure that the gum was completely solubilised. Once cooled, 

it was directly taken to be dialysed against deionised water for 72 hours using a dialysing 

tube (SnakeSkin Dialysis Tubing, 10K MWCO), which is designed to allow a molecular 

size of 10 kDa or less to pass through. The same methodology was applied to AgNPs 

incubated with a medium mixed with 10 mg/l of xanthan gum (XG). The gum was added 

to the same medium and mixed by stirring to ensure the homogeneity of the solution, which 

was then sealed and kept in a refrigerator. A TOC machine measured the total organic 

matter. When the XG had prepared, 1 ml had digested in a diluted HNO3 to obtain a final 

solution with pH 2. The reason for digested the sample is to ensure all carbon content 

converted to CO2; then the machine can detect the concentration of TOC.   

6.2.4. Physiochemical characterisation  

AgNPs were characterised before and after exposure to the medium and light or no light 

sources, and the average hydrodynamic diameter was measured by DLS (Malvern Zetasizer 

Nano ZS, Malvern Instruments). The zeta potential was determined by the measurements 

of electrophoretic mobility with the same Malvern equipment (in parallel), and the pH of 

each suspension was measured using a pH meter (JENWAY 3510 pH meter), which was 

regularly calibrated with a VWR chemical standard buffer. The release of free Ag+ from 1 

mg/l AgNPs was measured after ageing in the OECD-MOPs medium. Aliquots were 

collected at each time point for centrifugation at 4200g for one hour through 3 kDa 

(Amicon, Sigma Aldrich) filter tubes to remove AgNPs. The amount of ionic silver was 

measured by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, 

Thermo Scientific, UK).  

6.2.5. Sample preparation for electron microscopy (EM), EDS and EELS 

characterisations 

To evaluate the interaction of AgNPs with R. subcapitata algae by TEM, further 

preparation steps took place to observe their interaction under microscopy. Beginning with 

harvesting planktonic microalgae, a known volume of distributed algae in the aged medium 

was removed by centrifugation to obtain a pellet. The pellet samples were washed three 

times, with 0.9% sodium chloride. The primary fixation of algae was added to a solution 

containing a 0.001M hydroxyethyl piperazineethanesulfonic acid (HEPES) buffer, 0.2% 
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glutaraldehyde, and 0.2% formaldehyde and was then incubated overnight at 4°C in a 

refrigerator. The fixed sample was then washed three times with a 0.1M HEPES buffer and 

stored in a refrigerator at 4°C before the staining and embedding procedure. Dr Kelly 

Atkins carried out the call harvesting at Bristol University, and samples were received the 

next day for TEM preparation (the author carried out all other preparations).  

Samples were washed and the supernatants removed, then the pellets were stained with a 

mixture of 0.2 M HEPES and 1% osmium tetroxide (OsO4) for 48 hours. Washing with 

DIW was carried out to remove any residual OsO4 buffer. Complete buffer removal was 

checked by assaying for unbound OsO4 using 0.5% Thiocarbohydrazide (TCH), where a 

brown colour indicates further washing required.  The samples were then fully immersed 

in 0.5% TCH for 30 minutes and then washed and immersed in 2% of OsO4 in DIW for 

two hours in a refrigerator. Samples were incubated in 2% uranyl acetate for 24 hours 

before dehydration. Dehydration involved a series of dry ethanol (50, 70, 95, 100%) to 

remove any bound water from the cells, then washed with acetonitrile (Sigma Aldrich, UK). 

The samples were infiltrated within a resin based on a Quetol resin set, which was prepared 

by mixing 6 g Quetol, 7.75 g Nonenyl Succinic Anhydride (NSA), 3.3 g Methyl Acid 

Anhydride (MNA) and 0.3 g Benzyl Dimethylamine (BDMA) (Agar Scientific, UK). The 

infiltration of the sample began with 50, 70, and 100% acetonitrile, and the resin solution 

was freshly prepared each day. The pure resin of the embedded samples was incubated 

under a vacuum before being cured at 60°C for 48 hours. Using an ultramicrotome, resin 

blocks were sectioned to 100 nm thick sections using a diamond knife in a water bath and 

were collected onto 300 mesh lacey carbon copper grids. 

The morphologies and chemistry of the AgNPs and organisms were characterised by 

transmission electron microscopy (TEM: JEM-2100F, Jeol, Tokyo, Japan, operated at 200 

kV. Elemental analysis for the chemical composition of samples was identified using EDS, 

and high resolution scanning transmission electron microscopy (HR-STEM) combined 

with EELS tools were used by the JEOL Com, F200 (STEM camera length 40, 200 keV) 

to obtain detailed chemical and structural information for the sample (Dr Liam Spillane 

collected this subset of data, Gatan, Inc. USA, analysed by the author). For the data analysis 

of the pristine particles, EELS was applied with an energy dispersion of 0.5 eV/channel and 

the aperture size was 40 µm with the second condenser lens system, and the camera length 
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was 40 mm. The converging angle was 10 mrad, and the collection angle was 40 mrad. For 

the high loss (HL), EELS was collected with a time acquisition of 80 ms, while the low loss 

(LL) was 50 ms.   

6.3. Results and Discussion 

6.3.1. Characterisation of AgNPs   

The morphology of the AgNPs revealed that they had a spherical morphology (Figure 6-1,   

A) and a crystal structure corresponding to cubic metallic silver (ref- 01-087-0597) by a 

selected area electron diffraction (SAED) (Figure 6-1, B). AgNPs had lattice fringes that 

were 0.236 nm, 0.204 nm, 0.145 nm, and 0.123 nm corresponding to the (111), (200), (220), 

and (311) planes, respectively. High-resolution TEM (HR-TEM) phase contrast imaging 

confirmed the interplanar distance of the (111) lattice planes (Figure 6-1, D). EDS was 

applied to confirm the purity of the nanoparticles before the experiment (Figure 6-1, C). 

The average distribution of the particle size was 19.6 ± 2.1 nm (Figure 6-1, E), which was 

measured based on several TEM images and calculated using ImageJ software. The average 

hydrodynamic diameter and zeta potentials were 25.12 ± 0.36 nm and -37.54 mV, 

respectively, in Milli-Q water at pH 7. In contrast, the average diameter measured in TEM 

was smaller than the hydrodynamic diameter measured by DLS. The large negative zeta 

potential values of AgNPs are consistent with citrate capping and with observations that 

they form a stable suspension.  
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Figure 6-1: (A) Bright-field TEM micrograph of AgNPs, (B) SAED pattern of the AgNPs, 

(C) EDS spectrum collected from BF-TEM (y-axis of EDS spectrum is the intensity (au), 

(D) HRTEM image of the AgNPs showing the interplanar spacing between the (111) planes 

(scale bare = 10 nm), and (E) the size distribution of AgNPs measured by ImageJ software 

(n = 100). 

 

The morphology and chemistry were tested by EEL spectroscopy to show the purity and 

density of the particles during imaging after incubation. Figure 6-2 shows the morphology 

of AgNPs in STEM by annular darkfield (ADF) and the spectra of the EELS map to help 

identify the EELS of AgNPs after incubation, as well as the chemistry by EDS maps that 

show no sulfidation. Also, this test was applied to determine the high loss and low loss of 

EELS spectra for the carbon, which represent the carbon film of the grid and indicate the 

EELS and EDS of M, L1, L2, and L3 shells for AgNPs.  
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Figure 6-2: The characterisation of AgNPs pristine before incubation, (A) angular direct 

field (ADF) image, (B) EELS image of low loss, (C) for high loss (HL), (D) Carbon signal 

of EELS spectra as a background carbon, (E) Ag spectra of M shell, (F) EELS spectrum 

for AgL3 signal, J, hours are EDS maps for Ag L and the combined maps for EDS and 

EELS spectra of Ag L (scale bar = 10 nm). 

 

6.3.2. Characterisation of aged AgNPs in OECD-MOPs under light, 2% UV light, and 

dark conditions 

The physicochemical properties of AgNPs were investigated under various 

environmentally relevant conditions. These conditions included the presence and absence 

of visible light illumination in a cell culture medium, both with and without EPS. The 

AgNPs aggregated in the OECD-MOPs (as determined using DLS), and the agglomerate 

size of AgNPs in both incubation OECD-MOPs with and without EPS increased at similar 

rates, although under 2% UV light, the AgNPs had the largest agglomerated particles after 

72 hours. In contrast, the size of the agglomerates of AgNPs incubated with EPS-containing 

medium at 48 hours was less variable under all lights and dark conditions, while the aged 

particles in OECD-MOPs under visible light had a smaller size (Figure 6-3, A and B). 

Surface zeta potential is linked to suspension stabilisation 20. AgNPs without EPS medium 

aggregated over time due to change screening 260 or modification of the surface charge, 
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which was observed through the variation of zeta potential (Figure 6-3, C and D). The most 

significant factor affecting AgNPs aggregation was UV light, although this did not correlate 

entirely with the change in zeta potential.  

The dissolution of AgNPs in the presence and absence of EPS was studied for its influence 

during the incubation of AgNPs in the cell culture medium. In general, the concentration 

of ions released was higher in the medium containing EPS than without (Figure 6-3, E and 

F). The concentration of released ions varied over the tested period, but it was noticeable 

that the amount released reduced under 2% UV light. The medium with EPS showed an 

increase in concentration within 48 h and then decreased. Introduction of the EPS to the 

medium probably resulted in protein adsorption onto the AgNPs, leading to a ‘protein 

corona’ around the AgNPs. This might prevent dissolution in some cases and increase 

aggregation; conversely, it may increase dissolution through chelation effects which 

binding the released ions directly associated with cell 114. The effect of EPS on the aged 

AgNPs in the OECD-MOPs medium (Figure 6-3, E and F) was photoinduced. AgNPs 

during the incubation for 24 to 48 hours had oxidised and released ions then particles had 

formed by reduced to more stabilised particles 100. 
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Figure 6-3: The size distribution of AgNPs measured by DLS after incubation in an OECD-

MOPs medium (A) and in the same medium with 10 mg/l  EPS (B), and the average surface 

charges of AgNPs in the same media are shown in (C) and (D), respectively. (E, F) The 

concentration of dissolved Ag ions after ageing in the OECD-MOPs medium with and 

without 10 mg/l of EPS, respectively. 
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Figure 6-4: AgNPs incubated in OECD-MOPs aged under light for 24 h. (A) Dark-field-

TEM micrograph (scale bar = 50 nm). (B, C) STEM-EDX maps for Ag (Lα) and S (Kα) 

peaks. (D) Confirms the transformation of AgNPs to Ag2S by EDX spectroscopy, (E) HR-

TEM of a single nanoparticle showing its structure with an interplanar distance 

corresponding to the Ag2S monoclinic structure and showing a bright spot at the surface 

(scale bar = 10 nm). 

 

The morphology of AgNPs after incubation in OECD-MOPs medium was measured to 

elucidate their transformation under both light and dark conditions. The OECD-MOPs 

medium AgNPs induce aggregation and also caused a structural transformation (Figure 

6-4). The formation of hollow Ag2S-NPs was observed in the bright-field and dark-field 

TEM. The morphology of transformed AgNPs was near-spherical in shape (Figure 6-4, A). 

STEM-EDX mapping of the NPs showed that sulfur and silver were concentrated together, 

which confirms the transformation to Ag2S nanoparticles (Figure 6-4, B-D). The STEM-
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EDX elemental analysis confirmed the presence of a sulfur (Kα) peak at 2.31 keV (Figure 

6-4, E). HR-TEM identified a lattice spacing of 0.313 ± 0.005 nm, corresponding to the 

(021) plane of the Ag2S monoclinic structure (Ref- 01-075-1051). A bright hollow was also 

observed within the NP (Figure 6-4, F).   

 

Figure 6-5: (A) AgNPs incubated in OCED-MOPs + EPS exposed to light for 24 h, (A) 

Dark-field TEM micrograph incubated nanoparticles (scale bar = 100 nm). (B-D) STEM-

EDX elemental maps for Ag, S, and Cl, (E) confirms the presence of these elements in 

STEM-EDX spectrum of the transformed AgNPs, and (F) HR-TEM structure of a single 

transformed nanoparticle showing its structure with an interplanar corresponding to the 

Ag2S monoclinic structure (scale bar = 10 nm). 
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The same analysis was applied for spherical AgNPs in the medium containing 10 mg/l of 

EPS to show the alteration in the morphology of the aged AgNPs for 24 h (under light and 

UV-light). Figure 6-5 shows the morphology of several particles after 24 hours in OCED-

MOPs + EPS (Figure 6-5, A). STEM-EDX mapping of the particles showed the presence 

of silver, sulfur, and chlorine (Figure 6-5, A-E). Indexing of lattice fringes in an HR-TEM 

micrograph of the NPs showed that the interplanar distances were 0.242 ± 0.002 nm and 

0.205 ± 0.003 nm, corresponding to the (121) and (200) planes, respectively (Figure 6-5,   

F), which confirmed the Ag2S monoclinic structure (Ref- 00-014-0072). Figure 6-6 shows 

AgNPs incubated for the same time and within the same medium containing EPS under 

UV light. A darkfield STEM micrograph shows the morphology of aged AgNPs, and EDS 

confirmed the presence of Ag, S, and Cl (Figure 6-6, A-E). The aged particles exposed to 

UV light transformed to Ag2SPs (average size 70 nm)with a larger diameter than Ag2S NPs 

(average size about 50 nm) aged in light .  

 

Figure 6-6: (A) AgNPs incubated in OCED-MOPs + EPS and exposed to 2% UV light for 

24 h. (A) Darkfield STEM image of the aged AgNPs after 24 hours incubated in the 
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medium with EPS, (B) the EDS spectrum was acquired for the cluster in (A), (C-E) 

illustrated the elemental mapping for Ag, S, and Cl (Scale bar =100 nm). 

 

In summary, the morphology of AgNPs aged in OECD-MOPs medium was similar to pure 

AgNPs with spherical shape. EDX spectra taken from cluster and maps confirmed the 

presence of S and Cl rich species, possibly Ag sulfide and chloride. Using HRTEM 

imaging, the interplanar distance confirmed the transformation of these particles to 

Ag2SNPs.  

6.3.3. Cell morphology and ultrastructure  

6.3.3.1. Incubation with OECD-MOPs medium with aged AgNPs for 24 hours under 

visible light 

The freshwater green microalgae R. subcapitata is sickle-shaped and exists in unicellular 

form261. Electron microscopy can provide valuable information about the interaction 

between nanoparticles and algal cells. Morphology and cell structure were investigated 

after 24 h of incubation with aged AgNPs. Two conditions of aged AgNPs were studied 

under visible light for 24 hours and 2% UV light for 24, 48, and 72 hours. Most control 

cells had not been treated with aged nanoparticles. The control cells had a thin wavy cell 

wall and showed normal and healthy granules, such as the nucleus, chloroplast, phosphate 

bodies, mitochondria, pyrenoid, and starch grains (Figure 6-7, A and B). In the bright-field 

TEM micrograph, the cell wall could be discriminated between the outer and inner wall 

layers as being electron-opaque, dense, and less electron-dense.  

Algae were exposed to AgNPs (1mg/l) that had been aged for 24 hours under visible light. 

Many perturbations of cell ultrastructure organelles were observed, ranging from a diffuse 

cell membrane appearance to ruptured cell walls. Also, a slight detachment of the cell wall 

between the inner layer and outer layer membranes, creating a gap, was observed. This 

detachment between the cell layers was particularly noticeable when the algae were in 

direct contact with aggregated NPs (Figure 6-7, C). There were also indications of a fine 

hair-like structure on the cell wall that trapped the aggregated particles together, creating a 

network, but this was difficult to observe using dark-field TEM.  
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Shrinkage of the nucleus, chloroplasts, lipid body, and vacuoles was observed in Figure 

6-7, C where disorganised, thicker, and less dense cell walls could be distinguished (Figure 

6-7, C, emphasis on arrows). Figure 6-7, D shows an alga containing a large number of 

starch grains (the dark oval-shaped structures), vacuoles, and lipid bodies (LB). The 

magnified area shows detachment between the outer and inner layers of the wall (Figure 

6-7, E) and STEM-EDX maps of the aggregated particles trapped near the cell wall 

confirmed the presence of Ag and S. The EDS analysis shows no evidence of internalised 

NPs in these specific cells; instead, it shows a diffuse background of Ag inside the cell. The 

cell wall had detached slightly from the cytoplasm and showed slight shrinkage of the cell 

wall (Figure 6-7, C). A similar effect has been reported in algae exposed to ceria 

nanoparticles 262. 
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Figure 6-7: Algal cells incubated for 24 hours with OECD-MOPs medium had aged 1 mg/l 

of AgNPs for 24 hours under light exposure. (A) Bright-field TEM and (B) dark-field 

STEM micrographs of non-exposed R. subcapitata cells. The labels of the organelles of the 

cell are as follows: (CW) cell wall, (N) nucleus, (C) chloroplast, (M) mitochondrion, (P) 
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pyrenoid, (Pb) phosphate bodies, and (S) starch. (C, D) Darkfield STEM images for treated 

cells by aged AgNPs, (LB) Lipid body, (V) vacuoles; (A–D scale bar = 1µm). (E) 

Magnified area of the boxed region of the cell wall in C (scale bar = 200 nm). (F–H) STEM-

EDX mapping of the cell wall confirming the distribution of Ag and S within the aggregated 

particles, (I) EDS spectrum for the area in (E), which shows the Ag Lα= 2.98 KeV does not 

overlap, but Ag Lβ =3.15 keV overlaps with U Mα = 3.17keV. 

 

Figure 6-8, A and B show cells incubated for 24 hours in OECD-MOPs medium within 

aged particles under light. Several observations where the outer layer of the cell wall 

appears to have a “hair-like” shape (H.S.). The left arrow in (Figure 6-8), A shows that the 

cell wall has ruptured and possibly leaked intracellular content. Small particles have 

breached the cell wall and are found in the cytoplasm and periplasmic space. The indexing 

of the HRTEM micrograph in (Figure 6-8, C) shows that one particle had a lattice spacing 

of 0.206 ± 0.001 nm, which corresponds to the (200) lattice planes of Ag2SNPs (Ref-00-

014-0072). Several other responses of the algae to aged AgNPs exposure were also 

monitored, including a dramatically detached or disrupted outer layer to hair-like fibres, 

deformation, and cell swelling (Figure 6-8, D, E, emphasis on arrows). The extracellular 

filamentous structure observed in (Figure 6-8, D) could have been formed if the algal cell 

released an extracellular polymeric substance (EPS) in response to UV light and AgNPs. 

This behaviour is considered to be a defence mechanism that algae have against toxic agents 

and depends on the composition of the cell wall 263. The hair-like structure of the outer 

layer cell wall has been observed in some types of algae. For example, chlorella uses the 

same mechanism against the PBCV-1 virus 264. C.vulagris has a cell wall composition and 

can form this structure of the outer layer 265. Also, the N.oleoabundans cell has this wall 

type of hairy structure and accumulated cell wall by a high concentration of proteins in a 

growth medium 266. Therefore, the main factor inducing this structure can be related to 

similarities in the cell wall composition 267.  
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Figure 6-8: (A, B) BF-TEM for algal cells exposed to 1 mg/l of aged AgNPs for 24 hours 

under visible light, (A scale bar = 0.5 µm) (C) HRTEM of the AgNPs in the boxed region 

in B showing an interplanar distance corresponding to crystalline Ag2S (scale bar = 2 nm), 
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(D) BF-TEM micrograph where the boxed region indicates rupture of the cell wall (scale 

bar = 200 nm). (E) DF-STEM for the same condition of exposed algal cells that shows the 

detachment of the cell wall (D, E scale bar = 1µm) 

 

Figure 6-9: (A) Algae cells were incubated with OECD-MOPs medium-aged with 1 mg/l 

of AgNPs for 24 h and exposed to visible light. (B) A magnified area of vacuoles contained 

some nanoparticles. One is shown in (C), (D) another nanoparticle found in the starch 

granule; (E) a nanoparticle near to the cytoplasm and plasma membrane; (F) a nanoparticle 

in the extracellular space; (J) a nanoparticle near to cell wall (in the periplasmic space).  

Scale bars C-J = 10 nm; scale bar A = 500 nm.  
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Figure 6-10: (A) Aged AgNPs under visible light for 24 hrs from Figure 6-9, C shows the 

STEM and elemental analysis maps and the same of (B) Aged AgNPs of the same condition 

from Figure 6-9, F (scale bar= 25 nm). 

 

Figure 6-9 shows a variation in the distribution of spherical particles located in different 

compartments in the algae cell which incubated for 24 hrs with 1 mg/l AgNPs which had 

been aged for 24 hrs under visible light. Figure 6-9, A-C shows AgNPs located between 

the periplasmic space and the inner layer under the cell wall, with an average diameter of 

14.3 ± 0.5 nm, which suggests that the smaller AgNPs were internalised through the cell 

wall. Previous work has proposed that the toxicity of AgNPs to algae is associated directly 

with the ability for internalisation. The aged particles were released and then interlaced and 

precipitated AgCl or Ag2SNPs 268.  

Figure 6-10 shows some maps of Aged AgNPs within 24 hrs under light which had imaged 

in (Figure 6-9, C and F).  The average size of several particles within the cell was measured 

by TEM and was 15 ± 2 nm (Figure 6-10), which is smaller than the pristine particles 

(Figure 6-1) and transformed NPs (Figure 6-5), suggesting that there may be a maximum 

threshold size able to translocate inside the Algae. EDS data is challenging to collect and 

interpret here due to the Ag energy peak (3.15 keV) overlap with uranyl acetate (3.17 keV) 

(used in the staining process) and to isolate the background signal (Figure 6-7). STEM-

EELS can be used to discriminate the Ag and O to identify the localisation and speciation 
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(such as oxidization), of aged AgNPs within the algal cell. Therefore, a further investigation 

using STEM was combined with EELS to map the chemistry of the AgNPs within and 

outside the algae.  

6.3.3.2. Incubation with OECD-MOPs medium with aged AgNPs for 24, 48, and 72 

hours under 2% ultraviolet light 

The cellular structure of this algae was investigated under conditions where the algae were 

incubated for 24 hours in a medium that contained the AgNPs (1 mg/l) that had been aged 

for different times (24, 48, 72 h) under UV light. Figure 6–11 shows the different algal cells 

treated with aged AgNPs in OECD-MOPs medium with UV-light exposure. Figure 6-11, 

A shows the control sample no treatment with particles and incubated in OECD-MOPS 

medium for 24 h; in many samples the algae shrunk, and EPS formed around the outer cell 

wall. Algae that had been incubated with AgNPs and aged for 24 and 48 hours under UV 

light (Figure 6-11, B and C) show a detachment of the cell wall, and more EPS had been 

produced compared to cells incubated in an aged medium of 72 hours (Figure 6-11, D). As 

a general observation, they showed features indicating the same degree of cellular 

destruction and had become smaller than the cells treated with light. In the dissolution test 

of OECD-MOPs (Figure 6-3, F) incubated with EPS or XG, and the AgNPs, the 

concentration of Ag ions increased over 24 and 48 hours (Figure 6-3, B and C). Release of 

ions might explain the observation that the cells were less damaged at 72 hours compared 

to the AgNPs aged for 24 and 48 hours. The 72 hours aged particles were hard to discern, 

the algae had the hairy shape, but a less detached of cell wall compared to the non-treated 

cells. 
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Figure 6-11: HAADF-STEM micrograph of algae incubation within OECD-MOPs medium 

without and with aged 1 mg/l of AgNPs under UV light for 24 hrs.  (A) Control sample 

with no AgNPs added. The magnified image (inset on the upper left) shows the EPS 

released from the cells after incubation with OECD-MOPs medium under UV light (scale 

bar = 200 nm), (B) Algal cells had incubated for 24 hrs with 1 mg/l of aged AgNPs under 

the same UV light for 24 h, (C) 48 h, and (D) 72 h .The labels of the organelles of the cell 

are as follows: (CW) cell wall, (N) nucleus, (EPS) Extracellular polymer, (P) pyrenoid, 

(LB) Lipid body, and (S) starch. 
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6.3.3.3. EELS spectrum imaging demonstrates the speciation of aged AgNPs for 24 h 

under light. 

Figure 6-12, A shows AgNPs attached to the cell wall membrane (yellow square). A 

magnified profile annular darkfield (ADF) image illustrates well-defined spherical AgNPs 

with a size of 15 nm (Figure 6-12, B) and an EEL mapping image highlighted with a red 

square to provide the EELS spectrum image (SI) in (Figure 6-12, C). The aged AgNPs in 

the medium had reached the cell membrane and localised at periplasmatic space; therefore, 

the EEL spectra for high core loss (HL) and low core loss (LL) had acquired to identified 

Ag M-edge, oxygen O K-edge and Ag L-edge (Figure 6-12, D and E). In the spectrum of 

EEL (LL), the Ag M-edge at 395 eV can be identified in (Figure 6-12, D), but there was no 

trace of the oxygen signals in the spectrum located at 538 eV, which indicates that the 

AgNPs have not oxidised. Figure 6-12, E, indicates the EEL (HL) spectrum and provides 

the Ag L-edge in the spectrum acquired to apply further fitting for the edge by using 

multilinear least-squares (MLLS). This technique facilitates the fitting of this data to the 

data of pristine AgNPs EELS L3 for standard. This approach allows the individual EEL 

spectrum of different AgNPs to be compared regarding their location in the algal cell. The 

resulting spectrum of the signal after applying the MLLS matched the energy loss near edge 

structure (ELNES) and showed no strong residual. That had suggested silver could be in 

the Ag(O) valence or the oxidised Ag was below the detection limit in the dataset. Figure 

6-13, A, illustrates the signal of the spectrum image (SI) after selecting the EELS edge and 

subtracting the background signals. Then ELNES fingerprinting as a reference was applied 

to determine the chemical states of the selected edge, which show the MLLS fitting in 

(Figure 6-13, B).  
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Figure 6-12: (A) A large view of cell wall algae with AgNPs shown in the yellow square. 

The algae were incubated for 24 h under light conditions. (B) A magnified annular darkfield 

(ADF) image was acquired, (C) EEL spectrum image from the selected area in c (red 

square) indicating the elemental composition of the particle, (D) EELS spectrum of low 

core loss, and (E) EELS of high core-loss spectra were constructed from the EELS spectrum 

image in (C).  
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Figure 6-13: The EEL (HL) spectrum from figure 6-12 ,E for AgNPs incubated for 24 hrs 

under light. (A) The signal of EEL (HL) spectrum after removing the background signals 

and selecting the Ag L-edge; (B) the MLLS fitting in the selected range of the Ag L-edge. 

 

The study of the chemical state of AgNPs according to the position in the algal cell was 

achieved by applying the MLLS maps to the selected region (Figure 6-14, A). The analysis 

was acquired by finding the spectrum image for the high core loss of EELS, which had 

identified for the whole edge of the following elements: C, N, Ag, Ca, and U. MLLS fitting 

maps were then compared with the Ag map identified from the pristine Ag. Due to the 

complexity of the targeted area, the quantification of EELS could have contributions from 

plural scattering during the analysis that had occurred and impacted the quantification. 
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Plural scattering can be neglected if the sample thickness is too low. In this case, it should 

be removed by Fourier deconvolution, which would help to produce a signal scattering 

distribution that would assist in the interpretation of ELNES. Figure 6-14, A micrograph of 

algal cells was selected with an area in the yellow box to show the distribution of some 

AgNPs in a magnified micrograph presented in (Figure 6-14, B). The same micrograph was 

demonstrated by different colours to show the EELS of the selected edges (Figure 6-14,   

C). Some selected AgNPs in the algal cell were specified by acquiring their ELNES and 

compared in the same graph in (Figure 6-14, D). The ELNES of selected AgNPs were 

compared and shown there were delays in the Ag M-edge with maximum approximation at 

430 to 440 eV for AgNPs 1, 2, and 3. The ELNES of AgNPs 4 shows a sharp sawtooth at 

the 400 eV edge, which characterises the N K-edge. Sharp peaks were observed on the O 

K-edge at 530 eV for AgNPs 2, 3, and 4, but were not for AgNPs in 1. According to the 

location of AgNPs within the cell compartment, the speciation of oxidised AgNPs was near 

the vacuoles. In the location of AgNPs 4 had shown both N K-edge and O K-edge. 

The chemical composition of the AgNPs trapped by EPS is shown in (Figure 6-15). A 

transparent film appeared around the outer cell wall, which had detached from the 

cytoplasm. This transparent film is the EPS, which is trapped with some aggregated aged 

AgNPs in yellow square in (Figure 6-15), A and shown a magnified micrograph in (Figure 

6-15, B). The chemical composition was identified by constructing the EEL low core loss 

spectrum from the mapping image (red square) in (Figure 6-15, C). The EEL spectrum is 

indicated with Ag-M-edge and O K-edge positions where the Ag appears while O is absent. 

Therefore, the presence of aged AgNPs confirmed their entrapment within EPS. An EDS 

spectrum was acquired to identify the chemical compositions of the same aggregated 

particles in outer cell wall of algae (Figure 6-16) which EDS  identified for the selected 

area (red square). The spectrum taken from the aggregated AgNP indicated the presence of 

O and Ag suggesting that Ag aggregated after becoming oxidised and sulfided within the 

EPS. Also, some elements observed in the EDS spectrum are from the background and the 

embedding and staining chemicals. The aged AgNPs were probably oxidised and then 

precipitated as sulfided AgNPs.  
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Figure 6-14: (A) Annular darkfield (ADF) imaging taken at a low magnification to illustrate 

the morphology of algal cells which exposed to AgNPs incubated for 24 hrs under light and 

selected a yellow box to show (B) a magnified (ADF) image. (C) An EEL spectrum image 

was collected from the selected area in A. The different colours are spectral chemical maps 

of the Ag M-edge  (red), O K-edge (blue), and N K-edge (green). D shows the EELS spectra 

taken across the Ag, N and C edges taken at different locations 1-4 (D).  
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Figure 6-15: (A) an annular dark field image of a montage of images showing the outer cell 

wall of algae exposed to AgNPs (1mg/l) under light for 24 h. (B) The magnified area in the 

yellow square showing the EPS released from the outer cell wall which had trapped AgNPs. 

(C) EEL spectrum from the selected area within the red square in the inset (taken from the 

yellow square in image A). The EEL spectrum shows both the Ag M-edge and the O K-

edge and indicates presence of an Ag peak but an absence of the O peak.  
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Figure 6-16: EDS has identified the elemental composition of the aggregated Ag with EPS 

located on the outer cell wall of algae exposed to AgNPs (1mg/l) under light for 24 h. The 

EDS had taken from the area in the red square image in the right. 

 

To sum up, this work had shown the chemistry of AgNPs in OECD-MOPs medium under 

different light conditions before and after incubated within R. subcapitata algae. The 

dissolution of AgNPs in OECD-MOPS in presence and absence of EPS were studied to 

illustrate the effect of EPS which lead a protein corona around AgNPs. In contrast, ageing 

AgNPs without EPS had oxidised and ions releases then particles formed to more stabilised 

particles. The impact of aged AgNPs on the intercellular structure shows deformation and 

EPS release from the outer cell wall. Even though EPS were released around the outer cell 

wall as a protection mechanism, that could not protect the algae from AgNPs which 

breached the cell wall and found in the cytoplasm and periplasmic spaces, creating a 

filamentous structure. The observations of the cellular structure under light and UV-light 

have the same effect, but under UV-light, the hairy shape of EPS formed on both the non-

treated and treated algae following incubation with the aged AgNPs. 

Using EELS and finding ELNES techniques in a complex environment such as the cell 

compartment is unique, which first time applied in this work. These approved that 

chemistry of the aged AgNPs under light for 24 hr incubation which have reached different 

cell compartments. The speciation of aged AgNPs within the cell compartments showed a 

signal at the O K-edge confirming that the oxidised AgNPs are located near vacuoles. While 
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the presence of N K-edge and O K-edge for AgNPs showed they are located within 

subcellular organelles and bind to proteins within these structures. The chemical speciation 

of PVP-AgNPs in Chlamydomonas reinhardtii after cellular internalised has previously 

been investigated by synchrotron X-ray absorption spectroscopy. In that report, PVP-

AgNPs located inside the cytoplasm in crystalline and amorphous forms that were 

identified them as β-Ag2S and silver thiolates 269.  In different report, the speciation of Ag 

within treated bacteria was studied by XANES and showed that the Ag had mainly bound 

to sulfur, nitrogen and oxygen. This can be explained by the fact that silver strongly binds 

to enzymes which have S-containing side chains, while the Ag-N and Ag-O bonds bind to 

nucleic acids in DNA 270.    

 

In contrast, the speciation of aged AgNPs trapped by EPS had showed no O K-edge, which 

confirmed no oxidation of AgNPs. However, the EDS showed oxygen and sulfur peaks, 

indicating that AgNPs had oxidised before aggregating and sulfided within the EPS which 

contains sulfur. The interaction between EPS and AgNPs can be involved by amino and 

aromatic carboxylic groups in the EPS 271. Both AgNPs and AgNO3 were oxidised the 

aldehyde groups on the cell surface to carboxyl groups by Ag+ in the presence of EPS in 

algal cells 257.    

Regarding the impact of medium speciation, calculations applied by VISUAL MINTEQ 

software found that the majority of speciation caused by concentration of Cl , followed by 

thiosulfate; this was reported at low concentration of Ag, when chloride is a vital 

component in a medium 267. Even though 1 mg/l AgNPs is considered a high concentration 

for cell incubation, the chloride speciation effects remarkably complied with this 

concentration. Presumably, the dissolution rate might have increased during the ageing time 

and photoinduced process. As a result, more Ag ions were released and suspended in the 

medium or underwent aggregation and complexation by the formation of AgCl and AgS2O3 

speciation. However, calculations could not predict the speciation in the medium when 

considering EPS composition and the photo-transformation impact in the calculations. 

 

6.3.3.4. The effect of dose-dependency of ENPs on algal cells    

The toxicity of nanoparticles is significantly dependent on the dose of the nanoparticles 

applied to the microorganisms. The most important factor is the dose of nanoparticles, 
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which indicates the minimum dose that causes toxicity to microorganisms. The cell 

viability depends on the dose and exposure conditions. For example, C. vulgaris treated 

with ZnO NPs showed a significant reduction in cell viability concentrations of 50, 100, 

200, and 300 mg/l 140. The viability of S. aureus (Staphylococcus aureus) and K. 

pneumoniae (Klebsiella pneumoniae) after treatment with AgClNPs also responded via a 

dose-dependent effect. According to the calculated concentration, which decreased the 

viability by 50% (IC50), the treated S. aureus and K. pneumoniae with AgCl-NPs (silver 

chloride nanoparticles) had IC50 values of 156.8 µg/mL and 247.2 µg/mL, respectively 272.       

A dose-dependent effect of AgNPs on algal cells has been studied to show its influence 

their growth 255,273. In one study, the value of 50% growth inhibition, indicated as (EC50),  

was calculated following a 72 hrs dose-response of Euglena gracilis algae to AgNPs and 

Ag+ in cell culture medium. The result indicated that the EC50 of Cit-AgNPs 20 nm and 

Cit-AgNPs 60 nm were respectively 2741 ± 410 μg/L and 5030 ± 416 μg/L while for Ag+ 

ions it was 162 ± 13 μg/L. This means that silver ions demonstrated more toxicity than Cit- 

AgNPs 256. The growth inhibition values of the same tested algae exposed to AgNPs 

showed variability in some studies. For example, R. subcapitata were  treated with AgNPs 

for 72 h, and the value of EC50 was 1.63 mg/l 240 while in other reports the IC50 was 0.19 

mg/l 274. In this thesis, the concentration of the aged AgNPs (1 mg/l) was selected to 

illustrate the impact of aged particles, which caused cell death and changed the cell 

morphology compared to the control one. In literature several methods are used to measure 

how the toxicological behaviour of ENPs are linked to different effects that contribute to 

the set of environmental guidelines.  

6.3.3.5. The particle size effect on the internalisation processes  

The mechanism of the internalisation of nanoparticles is explained as the accumulation of 

the particles inside the cell compartments. This mechanism strongly depends on the size of 

nanoparticles and their ability to exhibit a further release of ions and cause toxicity to algal 

cells. In this thesis, the internalisation of AgNPs has confirmed within the cell compartment 

with an average size of 14.3 ± 0.5 nm. The release of EPS contributed to binding of the 

AgNPs and Ag ions which can inhibit the cell internalisation and nanotoxicity 252. Jiang et 

al. found that internalisation relies on the size of  Herceptin-coated gold and Herceptin-

coated silver nanoparticles, which strongly regulate the binding and activation of 
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membrane receptors and subsequent protein expression 275. The penetration of the 

nanoparticles into bacterial cells was observed within a size of less than 10 nm 276. The 

same mechanism was noticed for Ag+ ions released from AgNPs and found in the 

cytoplasm as a form of Ag2S 277. The internalisation of AgNPs coated with branched 

polyethyleneimine had confirmed within R. subcapitata algae surface 254.      

 The treatment of AgNO3 had observed more internalisation than the AgNPs (size between 

10 and 60 nm), which showed more accumulation on the surface of C. vulgaris cells 

irrespective of EPS 257. The presence and absence of EPS have indicated a different 

behaviour towards AgNPs and Ag+ ions, which had bound causing reduction in the toxicity 

and internalisation 252. In contrast, Zhang et al. reported no internalisation of AgNPs with 

different sizes (20 and 60 nm) toward E.gracilis algae 256. The volume of E.gracilis was 

doubled after exposure to AgNPs (20 nm) with no noticeable internalisation, but an 

interaction of Ag ions released from AgNPs, with thiol groups of glycoproteins 278. AgNPs 

(38–73 nm) were adsorbed on the algal cell by binding with extracellular and intracellular 

proteins 279. 

6.4. Summary and conclusions 

Different sizes of AgNPs could show a variation in cell reaction. The pore size on the cell 

wall and the size of nanoparticles can affect the pathway of the interaction between cells 

and nanoparticles; and also their aggregation state 267. It has been suggested that AgNPs 

with a 20 nm size are more soluble and induce more releases of Ag ions, which allows for 

a higher degree of intracellular Ag ion uptake and therefore has high toxicity 256. Another 

characteristic of smaller sizes is that they have larger surface areas, which facilitates direct 

contact between particles and increases the possibility of being absorbed by an organism 

280. Also, the capping agent is the stabilised coating layer on the surface of AgNPs, which 

may have a substantial influence on potential toxicity. It has been reported that Cit-AgNPs 

were more toxic than PVP-AgNPs regardless of their size and dissolution rate 281. However, 

as there was no measurement of the concentration of Ag ions after incubation in the medium 

in the study, other factors that might have direct or indirect effects on the toxicological 

outcomes should not be neglected. 

The toxicity mechanism depends on the physicochemical properties of nanoparticles, which 
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will be of greater concern when the main properties have an antibiotic effect. In principle, 

the dissolution of AgNPs is the foremost mechanism that induces toxicity for several 

reasons. This concentration (1 mg/l) was not the only reason for cell death, even though 

this is still considered the worst-case scenario for R. subcapitata algae caused by aged 

AgNPs. The observations of this investigation were that the AgNPs had shown an oxidation 

state when they reached the comportment of algae according to ELNES analysis. Also, 

some of these oxidised AgNPs were localised in the cytoplasm. Some of the aged AgNPs 

showed no oxidisation, but an N K-edge appeared in the ELNES analysis, which might 

confirm another speciation of Ag. Some AgNPs were found in an ionic state, which was 

confirmed by ICP-MS that some Ag+ ions had released during the incubation. Regardless 

of the location of Ag found within the algal cell, the average size was 13±5 nm. 

In summary, aged AgNPs can degrade intracellularly and taken up as Ag or AgO and 

trapped outside the cell as AgCl or Ag2S. The aged AgNPs may dissolve in an acidic pH in 

the lysosomes that can lead to the release of Ag+ ions and aggregated AgNPs then 

precipitated. The ageing process of AgNPs might not halt, therefore, and the transformation 

could be a source of cytotoxicity to the microorganism. 
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7. Conclusions and future work  

In this thesis, the bioavailability of engineered nanoparticles is analysed to identify their 

transformation and potential impact on environmental microorganisms. AgNPs and other 

ENPs had utilized in many personal products. Therefore, this thesis tracked the possible 

pathways through which these ENPs could be passed through several environmental 

mediums and conditions. The first chapter focused on sulfidation by H2S gas with and 

without organic matter, such as humic acid. In the second chapter, when the ENPs reached 

the WWTP, most of them would be incubated within sludge that had been anaerobically 

digested. The sewage sludge after the digestion process could mostly apply to the 

agricultural industry, which might allow ENPs to reach the environmental species. 

The transformation of Cit-AgNPs has been investigated by mimicking environmental 

conditions. The Cit-AgNPs were sulfided under in situ conditions, which were based on 

generating H2S gas and infused into colloidal solutions of Cit-AgNPs and HA-AgNPs. This 

investigation has been observed the physicochemical properties involved in size, 

crystallinity, and morphology. The sulfidation of AgNPs is a kinetic process that might be 

controlled by various environmental parameters. The direct sulfidation of the Cit-AgNPs 

within and without humic acid has shown a redox reaction could change the structure of 

Ag2SNPs. The stable structure of Ag2SNPs within humic acid represents their 

transformation in the environment. As the sulfidation process is a more favourable 

environmental interaction, therefore synthesising Ag2SNPs with different coating agents 

have achieved to study their transformation and performance on the anaerobic digestion 

process. 

In the present work, different ENMs were tested to compare their performance during 

anaerobic digestion with a focus on ZnENMs. The behaviour of selected ENMs (ZnONPs 

(80-200 nm), CeO2, TiO2, Cit-AgNPs, PVP-Ag2SNPs (100 nm), and Cit-Ag2SNPs) have 

been evaluated through studying their influence on changing pH and biogas production. 

These ENMs were set and measured to be the same concentration (10 mg/l) except the 

ZnONPs which had a concentration of 57 mg/l. In the literature, 1000 mg/l of ZnONPs 

inhibited the generation of biogas 223; additionally, 57.4 mg/l of nano ZnONPs was 

estimated to inhibit methane production 224. Therefore, in the first part, most ENMs had 
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shown the same trends of biogas production, except CeO2, which had the highest biogas 

production. 

In the second part, the performance of anaerobic digestion was analysed to demonstrate the 

effect of the ZnENMs and AgNMs on the biogas and pH of the digesters. This experiment 

was the first to study the chemical speciation of ZnONPs of two sizes and ZnSNPs. XAS 

helped to identify the speciation of ZnONPs, which has shown the majority of Zn adsorbed 

as Zn-Fe (ox) and the presence of ZnO at the end of the digestion. However, ZnSNPs had 

mostly transformed into Zn3(PO4)2 at the end of the experiment. Moreover, ZnONPs with 

size of 80-200 nm and concentration of 50 mg/l had significant effects on the biogas 

production while the same ZnONPs with concentration of 500 mg/l had no effect that had 

the same for ZnSNPs at concentration of 500 mg/l.  

At a fundamental level, the physiochemical properties of AgNPs can substantially alter 

their bioavailability in the environment. Depending on the conditions and parameters, the 

transformation of AgNPs can also be examined to  recognize and monitor their changes 

towards several environmental species. The green freshwater microalgae R. subcapitata is 

a species that is noticeably sensitive to toxins and has a fast growth rate; accordingly, these 

are considered factors for a toxicity test 144,282. Performing a biological assay investigating 

this alga was carefully planned by using a cultural medium with known composition, 

involving parameters to mimic real environments by utilizing light and dark exposure, 

ageing time, and EPS composition. In this experiment, the same methodology and 

parameters were applied for different types of AgNPs. 

Interestingly, AgNPs showed diverse outcomes. In this  investigation, the transformed 

nanoparticles impacted the cell structure. The cell wall changed to a hair-like structure by 

releasing EPS for protection. This algal cell can change its shape and size to avoid toxins 

reaching the intracellular organelles. The EPS in this investigation was represented by 

xanthan gum, which shows an impact on the AgNPs by releasing more ionic Ag. Therefore, 

released EPS did not protect the algal cell from the transformed AgNPs and the ionic form, 

which had reached the algae compartments and cytoplasm. The aged AgNPs were smaller 

and different chemistries according to the result of TEM micrographs and EELS spectra. 

Thus, the aged AgNPs had caused cell death to algae which have to be considered for 

environmental risks.      
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The toxic response of a microorganism has a direct relationship to cell density, growth 

inhibition, and reactive oxygen species (ROS). The impact of NPs on the cells is seen in 

different reactions that depend on the cell’s density. This feature is also an important factor 

for growth, biochemical and physiological response, and ROS generation 283. For example, 

according to the age of the cell when the cell undergoes division, daughters have no coat 

or a coat that is smaller than the mothers. Due to the EPS matrix arrangement, cells densities 

within biofilms are remarkably higher than for planktonic cells 284. 

The toxicity of AgNPs has been studied together with growth inhibition. It was reported 

that AgNPs are considered very toxic, even in low concentrations, and inhibit growth. 

According to published work 240, 1.63 mg/l of AgNPs reduced the growth rate of R. 

subcapitata cells by 50%. The growth inhibition proved to be positively related to toxicity. 

However, a recent study showed a reduction in growth inhibition of R. subcapitata algae, 

when exposed to AgNPs, was due to medium characterisation influencing the changes in 

speciation, time, and algae concentration 273. Moreover, for the same algal cells were found 

the impact of both AgNPs and Ag ions  (100 µg/l and 124 µg/l, respectively) had increased 

the growth inhibition by more than 100% depending on dose-response of until 50 μg/l 285.  

Likewise, it was observed that several variations and inversions between AgNPs and 

AgNO3 toxicity responses, which equally affected growth inhibition, were likely to be 

dose-response relationships. Therefore, the dissolution of Ag ions was related to the 

dynamic system of a cell culture medium that contained chloride 285. The dissolution 

kinetics of AgNPs is strongly dependent on the ratio of Ag/Cl, which can be expected 286. 

Thus, chloride in the medium would cause a reduction in the toxicity of AgNO3 towards 

this alga because of its low solubility 287. Increasing the concentration of Ag thiosulphate 

complexes with low Ag ions in the medium was observed to heighten the ability of R. 

subcapitata algae to accumulate Ag 288. Furthermore, a combination of physical and 

chemical properties are attributed to cell–nanoparticle interaction and toxicity, such as the 

aggregation rate, the size of the nanoparticles, and the capping agent. The high aggregation 

rate of high-density nanoparticles in a medium could impair cell division and therefore 

reduce growth rate, causing what has been called shading effects and photosynthesis 

inhibition 144. 
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For future work, to fully confirm the hollow sphere structure, 3D tomography would be 

advantageous. A proposal has been granted time Diamond Light Source to carry out these 

experiments in the near future. Central facility access is required since the system is 

optimised for 80 keV imaging, and the sample holder can access a wide-angle for full 

tomographic analysis (70° to -70°). Attempts were made at Imperial with 200 keV, but the 

sample was not stable because of the hydrocarbon content. Some preliminary result for 

tomography were taken in Imperial College (Figure 7-1, A and C), and the rest were taken 

in Diamond facility with Dr Emanuel Liberati (Figure 7-1, D-I). 

Further investigation to understand the impact of these transformation on next stages of 

WWTP on soils such as incubation of transformed ENMs on biomass amended to soil. 

Also, more study can be applied to show the effects in the freshwater algae within in vitro 

study and link that to real word scenario. This study will extend more understanding the 

impact of aged AgNPs on algal health and their behaviour in much more depth.   
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Figure 7-1: (A) HA-Ag2SNPs were imaging directly without washing; (B) after washing 

the particles, more stability was observed (200 keV); (C) several of combined images were 

reconstructed (Tilt angle = 0-22 degrees and to -28 degrees); (D) in diamond facility DF-

TEM have tested their stability by taking images or the same area until contamination was 

noticed; (E) 3D reconstruction for some images by ImageJ showing the hollow within a 

group of particles, (F) HR-HAADF of a particle with hollow structure, (J) Magnified image 

for the same particle (20Mx), (H) Annular darkfield image (ADF) 1.2M magnification, (I) 

EDS mapping for ADF image shows a cavity in the particle.  
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Appendix A 

Appendix A-1: chapter 5 (XAS)  

Table A1: XAS spectra for ZnENMs after anaerobic digestion in different time and table 

of each speciation ration where the total =1 with R- factor which indicated the accuracy the 

fitting data set.     
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ZnONPs (80-

200 nm) 500 

ppm in ADS 

3 hrs 

 

 

ZnONPs (80-

200 nm) 500 

ppm in ADS 

72 hrs 
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ZnONPs (80-

200 nm) 500 

ppm in ADS 

35 days 

 

Incubation 

Time (hrs) ZnONPs (80-200 nm) 500 ppm in ADS 

 

ZnO ZnS Zn-Fe(ox) Zn3(PO4)2 R-Factor 

3 0.192 0.293 0.253 0.262 0.0072 

72 0.221 0.389 0.165 0.225 0.0052 

840 (35 

days) 0.206 0.336 0.403 0.055 0.0098 
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ZnONPs (80-

200 nm) 1000 

ppm in ADS 

3 hrs 

 

ZnONPs (80-

200 nm) 1000 

ppm in ADS 

72 hrs 
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ZnONPs (80-

200 nm) 1000 

ppm in ADS 

35 days  

Incubation Time ZnONPs (80-200 nm) 1000 ppm in ADS 

  ZnO ZnS Zn-Fe(ox) Zn3(PO4)2 R-Factor 

3 hrs 0.148 0.085 0.502 0.265 0.0093 

72 hrs 0.149 0.23 0.345 0.276 0.0064 

840 (35 days) 0.164 0.036 0.538 0.262 0.0086 
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ZnONPs (30 

nm) 500 ppm in 

ADS 

3 hrs 

 

ZnONPs (30 

nm) 500 ppm in 

ADS 

72 hrs  
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ZnONPs (30 

nm) 500 ppm in 

ADS 

35 days  

Incubation 

Time ZnONPs (30 nm) 500 ppm in ADS 

  ZnO ZnS Zn-Fe(ox) Zn3(PO4)2 R-Factor 

3 hrs 0.286 0.19 0.296 0.228 0.009 

72 hrs 0.198 …............. 0.321 0.481 0.003 

840 (35 days) 0.19 0.386 0.424 …............ 0.01 
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ZnSNPs (200 

nm) 500 ppm 

in ADS 

3 hrs 

 

ZnSNPs (200 

nm) 500 ppm 

in ADS 

72 hrs 
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ZnSNPs (200 

nm) 500 ppm 

in ADS 

35 days 

Incubation 

Time ZnSNPs (200 nm) 500 ppm in ADS 

  ZnO ZnS Zn-Fe(ox) Zn3(PO4)2 R-Factor 

3 hrs 0.26 0.038 0.318 0.384 0.0053 

72 hrs 0.167 0.235 …........ 0.597 0.0082 

840 (35 days) 0.153 0.202 0.111 0.533 0.0069 
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Appendix A-1: chapter 5  

 

Figure A1: The characterisation of commercial PVP-AgNPs pristine (A) Bright-field TEM 

micrograph for AgNPs (B) Selected electron diffraction pattern (SADP) revealed the 

corresponding planes (111), (002), (022) and (113) to the interplanar distance 0.241 ± 0.01 

nm, 0.209 ± 0.005 nm, 0.145 ± 0.001 nm, and 0.125 ± 0.002 nm, respectively (camera 

length 30 cm) (C) The size distribution of AgNPs calculated for n = 140 particles using 

ImageJ software (43.91 ± 23.83 nm) (D) X-ray diffraction pattern for PVP-AgNPs has the 

pattern of the (SADP).   

 


