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Effects of Macromolecular Capping on the Fate and Transport of 

Engineered Silver nanoparticles in Granular Media Filtration 

 

Tongren Zhu, Ph.D. 
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Supervisor:  Desmond F. Lawler 

 

The increasing use of silver nanoparticles (AgNPs) inevitably leads to their release 

into the environment and raises the importance of removing these emerging “pollutants” 

by the conventional drinking water treatment processes. Granular media filtration is one of 

the primary treatment processes to remove aqueous colloids and its performance is related 

to surface properties of AgNPs and aqueous chemistry. This research focused on the fate 

and transport of engineered AgNPs in granular media filtration after humic acid (HA) 

exposure and sulfidation. The Derjaguin-Landau-Verwey-Overbeek (DLVO) energy of 

interaction was updated to account for the effects of the surface capping layer. 

The DLVO energy of interaction was first updated to include the effect of “soft” 

surface capping layer. Ohshima’s soft particle theory was numerically applied to obtain the 

electric double layer (EDL) interaction. Pair-wise summation between two multi-layered 

half-spaces was employed to compute the van der Waals (vdW) attraction. The updated 

calculation revealed that, in addition to steric hindrance, stability of polymer-capped 

particles can also be enhanced by an increased EDL repulsion from mixing and 

compression of the charged polymer capping, and a reduced vdW attraction due to the 

attenuation by the polymer capping which has a lower Hamaker constant than the core 

material. 



 ix 

The effects of sulfidation of polyvinylpyrrolidone (PVP) capped AgNPs under 

different conditions of HA exposure were studied. ζ-potential of AgNPs became more 

negative upon sulfidation. AgNPs sulfidized with HA showed surface potentials closer to 

that of HA. Sulfidation resulted in the formation of silver sulfide and both core-shell 

structure and heterogeneous sulfidation patterns were observed. The S/Ag ratio was found 

to be the dominant factor in the sulfidation process while different conditions of HA 

exposure barely influenced the extent of sulfidation. 

Finally, the self-aggregation and granular media deposition of PVP-AgNPs after 

HA exposure and sulfidation were investigated. It was found that HA exposure modified 

the original PVP capping via adsorption and/or ligand exchange and sulfidation stripped 

the PVP from the particle surface as a result of the formation of silver sulfide. Sulfidation 

thereby reduced the stability of PVP-AgNPs in self-aggregation and enhanced the mobility 

of AgNPs in granular media filtration. Without unbound macromolecules in the 

background solution, polymer on the particle surface largely prevented self-aggregation 

but allowed favorable clean bed deposition due to bridging if the polymer had high affinity 

to the collector surface. 

Our study shows that though environmental transformations (e.g., HA exposure and 

sulfidation) complicate the fate and transport of AgNPs in water, as long as the AgNPs are 

effectively destabilized, they either self-aggregate or deposit on to collector surfaces. The 

“old” process of granular media filtration can still control the fate of the emerging pollutant 

of AgNPs.
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Chapter 1: Introduction 

1.1 PROBLEM STATEMENT 

Silver nanoparticles (AgNPs) are one of the most widely used engineered 

nanomaterials in the consumer marketplace: they have been commercialized into various 

consumer products (e.g., textiles, food containers, medical devices, dietary supplements, 

and many others) to exploit the antimicrobial properties.1–3 Among the current list of more 

than 1800 nano-enabled consumer products, more than 24% contain AgNPs.2 However, 

the increasing use of engineered AgNPs inevitably leads to their release into the aquatic 

environment, and one of the major routes of exposure is through the waste stream into 

natural waters.3–5 AgNPs have been found to cause ecological problems on 

microorganisms, plants, and fish.6–8 Human exposure to AgNPs might induce adverse 

effects such as liver and kidney damage, eye and skin irritation, and blood cell changes.9 

Both DNA damage and apoptosis in human cells have also been reported even at non-

cytotoxic AgNP doses.10 Therefore, it is imperative to assess the stability of engineered 

AgNPs in aqueous environments and to investigate the removal of these emerging 

“pollutants” by the conventional drinking water treatment processes, such as granular 

media filtration. 

1.2 RESEARCH CHALLENGES 

The traditional Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and extended 

DLVO (XDLVO) theory are widely employed to calculate the energy of particle-particle 

and particle-collector interactions for evaluating the stability of AgNPs.11 Many 

nanoparticles are capped with a macromolecular layer to render specific properties, or are 

exposed to polyelectrolytes such as natural organic matter (NOM) in environmentally 

relevant conditions,12 and these surface coatings impact the interactions. However, 
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traditional DLVO calculations in most studies only consider a single ζ-potential value to 

determine the electrical double layer (EDL) interaction and a single Hamaker constant for 

the van der Waals (vdW) attraction. The adsorption of the macromolecular capping layer 

on the particle surface renders the existing simplified calculation unreliable. Moreover, 

existing XDLVO calculations superpose a steric hindrance term onto the traditional DLVO 

term but fail to consider the change of EDL and vdW interaction after the overlap of the 

surface capping polymer.13–15 In addition, the widely used expressions for particle-particle 

and particle-collector interactions are based on the Derjaguin approximation (DA), which 

is limited to the case when the separation distance between the two interacting surfaces is 

much smaller than the size of the spheres.16 However, this limitation is largely overlooked 

in most calculations, despite the fact that a separation distance of several nanometers or 

several tens of nanometers does not meet this assumption. Therefore, it is necessary to 

improve the theoretical calculation of particle interactions with the help of existing models 

from colloid chemistry research to better account for the surface-capping layer. 

The effectiveness of granular media filtration on the removal of colloids is related 

to aggregation and deposition behaviors of the targeted colloids.11 While numerous studies 

on aggregation and deposition of engineered AgNPs have accounted for various 

environmental factors such as pH, ionic strength, electrolyte types, capping ligands, and 

NOM,17–22 few have investigated environmental conditions where complex environmental 

transformation (e.g., photoreduction,23 oxidation,24 and sulfidation25) could alter the 

surface properties of the AgNPs and influence their fate and transport.  

NOM is ubiquitous in the environment and has been found by various investigators 

to adsorb onto the AgNP surfaces and thereby to modify the stability and mobility of 

AgNPs by the electrosteric effect.26,27 However, the association of NOM and AgNPs is still 

poorly explained, and the different effects of bound and unbound NOM require further 
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clarification. In addition to their interaction with NOM, AgNPs also often undergo 

sulfidation upon their release into the aqueous environment through wastewater treatment 

facilities.28,29 The interaction with NOM and sulfidation affects the fate and transport of 

AgNPs in the environment, and poses uncertain challenges for AgNPs risk assessment;30 

however, previous nanoparticle transport studies have mostly concentrated on 

untransformed particles.  

Although the interaction between sulfidized AgNPs with collector surfaces in the 

presence of NOM is more environmentally relevant, the subsequent aggregation and 

deposition behavior has not yet been fully investigated. It is conceivable that 

environmentally transformed engineered AgNPs (after both sulfidation and NOM 

adsorption) will emerge in the drinking water source after traveling through wastewater 

treatment facilities or an anaerobic aquatic environment. Therefore, it is necessary to 

investigate the effect of NOM exposure and sulfidation on the change of composition, 

surface properties, as well as the fate and transport of engineered AgNPs in the 

conventional water treatment process of granular media filtration. 

1.3 RESEARCH OBJECTIVES 

The proposed study will update the DLVO calculation to include the properties of 

the capping materials. The proposed calculation can provide insightful information to 

explain the aggregation and deposition behavior of AgNPs, especially for those 

experimental results that deviate from the classical flocculation or filtration theories. The 

extent of composition change and surface modification of AgNPs upon NOM exposure 

and sulfidation will be determined, followed by an investigation of the subsequent particle-

particle and particle-collector interaction. This dissertation encompasses two major aims 

that can be summarized into three tasks: 
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Task 1. Update the classical DLVO calculation to include the properties of the 

capping material on the particle surface. The EDL repulsion will be calculated via 

Ohshima’s soft particle theory and the vdW attraction will be obtained from a pair-wise 

summation method. The updated model is expected to provide insightful information to 

explain the enhanced stability of macromolecule-capped AgNPs in addition to the steric 

hindrance. Aggregation tests of citrate-AgNPs in Suwannee River humic acid (HA)will be 

conducted to provide experimental support to assess the mechanisms suggested by the 

model.  

Task 2. Characterize the change of AgNPs after HA exposure and sulfidation. This 

task involves the use of various experimental techniques to characterize morphology, 

composition, hydrodynamic size, and surface potential of PVP-AgNPs transformed by 

sulfidation and/or HA exposure. The obtained information will be used to identify the 

effect of HA during sulfidation of AgNPs. 

Task 3. Investigate the self-aggregation and granular media filtration behavior of 

environmentally transformed (sulfidation and/or HA exposure) AgNPs. The main objective 

of this part is to assess the impact of transformation on self-aggregation and clean-bed 

deposition of AgNPs. The different aggregation and deposition behavior among 

transformed particles can highlight the important role of surface macromolecules in 

particle-particle and particle-collector interaction. 

1.4 DISSERTATION STRUCTURE 

This dissertation is organized into chapters containing the following information: 

Chapter 2 (Background) contains a literature review of the energy of interaction 

between interacting particles and current knowledge of the effects of NOM exposure and 

sulfidation on the fate and transport of AgNPs. 
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Chapter 3 (DLVO energy of interaction of macromolecule-coated AgNPs) first 

critically reviews the existing calculation of the DLVO energy of interaction for 

nanoparticles. The review presents a framework of calculating EDL repulsion via 

Ohshima’s soft particle theory, obtaining vdW attraction using the approximate expression 

between surfaces with adsorbed layers from Israelachivili, and converting plate-plate to 

sphere-sphere or sphere-plate through surface element integration (SEI). Updated 

calculation of DLVO energy is presented and experimentally verified.  

Chapter 4 (Sulfidation of AgNPs with NOM) investigates the morphology, 

composition, and surface properties of PVP-AgNPs sulfidized in the presence of HA.  

Chapter 5 (Effects of HA and sulfidation on the flocculation and filtration of 

AgNPs)1 addresses the self-aggregation and granular media deposition behaviors of PVP-

AgNPs after HA exposure and/or sulfidation. In particular, the surface composition and 

properties of transformed AgNPs are characterized to interpret the different behavior of 

transformed AgNPs in self-aggregation and clean-bed filtration. This research highlights 

the vital role of surface capping macromolecules in the fate and transport of AgNPs.  

Chapter 6 (Conclusions and recommendations) outlines major findings of this 

research, discusses environmental implications and suggests future research. 

  

                                                 
1 This chapter has been published as a peer-reviewed article: Zhu, T.; Lawler, D. F.; Chen, Y.; Lau, B. L. 

T. Effects of natural organic matter and sulfidation on the flocculation and filtration of silver nanoparticles. 

Environ. Sci. Nano 2016, 3 (6), 1436–1446. 
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Chapter 2: Background1 

This chapter includes (1) an introduction to the calculation of interparticle 

interaction that is currently used to evaluate the fate and transport of AgNPs (Section 2.1); 

(2) a review of the current state of knowledge regarding the environmental transformation 

of AgNPs with emphasis on surface composition and properties (Section 2.2); (3) a 

description of the fundamentals and existing experimental results of aggregation and 

granular media deposition of AgNPs (Section 2.3); and (4) the identification of the research 

gap in understanding the fate and transport of macromolecule-capped AgNPs in the 

presence of environmental transformation (Section 2.4). 

2.1 INTERPARTICLE INTERACTION 

This section serves as a brief introduction on the energy of interaction that is 

normally calculated to assess the aggregation and deposition behaviors of AgNPs. The 

primary focus is to discuss the existing knowledge on the Derjaguin-Landau-Verwey-

Overbeek (DLVO) interaction, namely electrical double layer (EDL) interaction and van 

der Waals (vdW) attraction, between soft surfaces. Fundamentals of colloidal interaction 

are only briefly summarized; comprehensive reviews of these fundamentals can be found 

elsewhere.1–3 

2.1.1 EDL interaction 

Particles in water are usually charged by isomorphic substitution, chemical reaction 

at the surface (deprotonation and protonation of acid/base functional groups on the 

surface), and specific adsorption of charged groups (e.g., Ca2+ or natural organic matter 

(NOM) ) on the particle surface.4 Mobile electrolyte ions form an ionic cloud around the 

                                                 
1 All variables in this chapter, other than specifically defined, are defined in the Nomenclature section in 

Appendix A. 
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particle to generate an EDL. When two like charged particles approach each other, their 

EDLs overlap to give rise to the EDL repulsion. EDL repulsion plays a significant role in 

interparticle interaction and is widely used to interpret the stability of charged AgNPs (e.g., 

citrate-capped AgNPs).5–7 

EDL repulsion between two approaching surfaces can be computed from the 

potential distribution between the surfaces, which is quantitatively described by the 

Poisson-Boltzmann (PB) theory.1 According to the PB theory, the electric potential from a 

uniformly charged hard (ion impermeable) planer surface follows 

 
𝑑2𝜓

𝑑𝑥2 = −
𝜌𝑒𝑙(𝑥)

0 𝑟
, x > δ (1) 

where the mobile charge density follows a Boltzmann distribution as  

 𝜌𝑒𝑙(𝑥) = ∑ 𝑧𝑖𝑒𝑛𝑖
∞𝑒𝑥𝑝 [−

𝑧𝑖𝑒𝜓(𝑥)

𝑘𝐵𝑇
]𝑀

𝑖=1  (2) 

In a 1:1 symmetric electrolyte (e.g., NaNO3), when the surface potential is low (i.e., 

< 25.7 mV), the so-called Debye-Hückel (DH) assumption holds and Eqs. 1 and 2 can be 

linearized to give 

 𝜓(𝑥) = 𝜓𝑑𝑒𝑥𝑝(−𝜅𝑥) (3) 

where the DH parameter 𝜅 is expressed as 

 𝜅 = √
1

0 𝑟𝑘𝐵𝑇
∑ 𝑧𝑖

2𝑒2𝑛𝑖
∞

𝑎𝑙𝑙 𝑖  (4) 

The interaction force per unit area can be calculated by integrating the excess 

osmotic pressure and the Maxwell stress of an arbitrary surface from infinity to a position 

x between the two interacting surfaces:  

 𝑃(𝐻) = 𝑛𝑘𝑇 {4 [𝑠𝑖𝑛ℎ (
𝑧𝑒𝜓

4𝑘𝐵𝑇
)]

2

−
1

𝜅2 (
𝑑𝜓

𝑑x
)

2

} (5) 

By taking the potential at the point 𝑥′ where 
𝑑𝜓

𝑑𝑥
 equals zero, one could obtain the 

repulsive pressure as 

 𝑃(𝐻) = 4𝑛𝑘𝑇 [𝑠𝑖𝑛ℎ (
𝑧𝑒𝜓(𝑥′)

2𝑘𝐵𝑇
)]

2

 (6) 
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and the corresponding interaction energy per area can be obtained via integrating 

the interaction force: 

 𝑉𝑝𝑝(𝐻) = ∫ 𝑃(𝐻)𝑑𝐻
∞

𝐻
 (7) 

The potential at a point between the two interacting surfaces can be calculated under 

several assumptions including constant surface potential, constant surface charge, 

linearized superposition approximation (LSA), and charge regulation.1 Constant potential 

and constant charge represent the two extremes of the interaction and analytical 

expressions based on these two limits and DH assumption are ready for use.8–10 Charge 

regulation considers the binding of counterions as the two surfaces get closer but requires 

numerical solution with values of dissociation constants of the adsorbing ions.11,12 The 

facile method of LSA treats the potential around the midpoint between two plates as the 

summation of the unperturbed potentials from the two plates.13 LSA yields an intermediate 

result between the two extremes, constant potential and constant charge. Because results 

from LSA are relatively accurate, this simple method is widely applied in the 

environmental engineering field.14,15 Under the DH assumption and using the LSA, the 

analytical expression for the plate-plate EDL interaction is expressed as16 

 𝑉𝑝𝑝(𝐻) = 2휀𝑟휀0𝜅𝜓𝑑1𝜓𝑑2𝑒𝑥𝑝(−𝜅𝐻) (8) 

Without involving the DH assumption, under LSA, the effective potential is given 

by 

 𝜓𝑒𝑓𝑓 =
𝑘𝐵𝑇

𝑧e
4𝑡𝑎𝑛ℎ (

𝑧𝑒𝜓𝑑

4𝑘𝐵𝑇
) (9) 

If 𝜓𝑑 in Eq. 8 is replaced with 𝜓𝑒𝑓𝑓, the widely used EDL repulsion between two 

planar surfaces is obtained:16  

 𝑉𝑝𝑝(𝐻) = 2휀𝑟휀0𝜅𝜓𝑒𝑓𝑓1𝜓𝑒𝑓𝑓2𝑒𝑥𝑝(−𝜅𝐻) (10) 

However, the classical EDL expression derived above only applies to ion 

impermeable hard surfaces. Many engineered AgNPs are designed with a macromolecular 
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capping for stabilization and functionalization.17,18 Once these particles get released into 

the environment, ubiquitous natural macromolecules such as NOM, protein, and extra-

cellular polymeric substances are likely to adsorb onto the particles’ surfaces.19 The 

macromolecular capping on the particle surface from either manufacturing or 

environmental exposure greatly affects the aggregation and deposition behavior of AgNPs. 

With the current knowledge of electrokinetics, the electrostatic behavior of such polymer-

capped particles can be treated via the Ohshima’s soft particle theory.20  

According to the Ohshima soft particle theory, a soft surface can be treated as an 

ion impermeable hard core coated with an ion-penetrable polyelectrolyte layer (Figure 

2.1).21  

 

Figure 2.1: Schematic drawing of an ion impermeable hard semi-infinite plate coated by 

an ion penetrable polyelectrolyte capping. 

Before the contact of the capping layers, the PB equations can be modified to give,21 

 
𝑑2𝜓

𝑑𝑥2
= −

𝜌𝑒𝑙(𝑥)

0 𝑟
, x > δ (11) 

 
𝑑2𝜓

𝑑𝑥2 = −
𝜌𝑒𝑙(𝑥)+𝜌𝑓𝑖𝑥(𝑥)

0 𝑟
, 0 < x < δ (12) 

The surface charge density of the polymer layer 𝜌𝑓𝑖𝑥(𝑥) is  

 𝜌𝑓𝑖𝑥(𝑥) = 𝑧𝑒𝑁𝑓(𝑥) (13) 
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where the function 𝑓(𝑥) describes the segment density distribution inside 

the soft layer. The mobile charge density 𝜌𝑒𝑙(𝑥) is identical to that in Eq. 2. 

When the hard plate is uncharged, if the thickness of the surface layer δ is 

much greater than the Debye length 𝜅−1, the potential deep inside the surface layer 

becomes the Donnan potential. For the simplified case of low surface potential, thick 

soft layer, and uniformly distributed segments, the potential inside and outside the 

polyelectrolyte layers are 

 𝜓(𝑥) =
𝑧𝑒𝑁

0 𝑟κ2 [1 −
𝑒𝜅(𝑥−𝛿)+𝑒−𝜅(𝑥+𝛿)

2
], 0 < x < δ (14) 

 𝜓(𝑥) = 𝜓(𝛿)𝑒−𝜅(𝑥−𝛿) =
𝑧𝑒𝑁

0 𝑟𝜅2 (1 − 𝑒−𝜅𝛿)𝑒−𝜅(𝑥−𝛿), x > δ (15) 

When the surface potential cannot be linearized, under the assumption of thick soft 

layer and uniform segments, the potential inside the soft layer can be expressed as 

 𝜓(𝑥) = 𝜓𝐷𝑂𝑁 + (𝜓0 − 𝜓𝐷𝑂𝑁)𝑒−𝜅𝑚(𝛿−𝑥) (16) 

where the Donnan potential is 

 𝜓𝐷𝑂𝑁 =
𝑘𝐵𝑇

𝑧𝑒
𝑠𝑖𝑛ℎ−1 (

𝑧𝑁

2𝑧𝑛
) (17) 

The potential at the outer surface of the soft capping layer is 

 𝜓0 = 𝜓𝐷𝑂𝑁 −
𝑘𝐵𝑇

𝑧𝑒
𝑡𝑎𝑛ℎ (

𝑧𝑒𝜓𝐷𝑂𝑁

2𝑘𝑇
) (18) 

And the effective DH parameter of the surface charge layer is given by 

 𝜅𝑚 = 𝜅 [1 + (
𝑧𝑁

2𝑧𝑛
)

2

]
1 4⁄

 (19) 

Ohshima’s soft particle theory was first derived for the case before the contact of 

the soft capping, and was later extended to the scenario where overlap of the polyelectrolyte 

layers is considered.22,23 The interaction of the polyelectrolyte layers after they come into 

contact has been modeled as either a two-stage process (compression only) or a three-stage 

process (interdigitation-compression) as conceptually illustrated in Figure 2.2.22,23 
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Figure 2.2: (Left) Two-stage (compression only) and (Right) three-stage 

(interdigitation-compression) process for the interaction between two 

parallel plates covered with polyelectrolyte brush layers at separation H.24 

(Adapted from Ohshima 2015) 

The PB equations that describe the potential distribution after soft layer 

overlap take the same form as Eqs. 11 and 12 with 𝜌𝑓𝑖𝑥(𝑥), which describes the fixed 

charge density of the polymer layer, modified. Though analytical expressions for the 

potential distribution and the resulting electrostatic pressure are available under the 
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assumption of thick polyelectrolyte layer and uniform segment distribution, their 

application is limited by the complex reality of the conformation of the adsorbed 

macromolecules.23 Rigorous determination of the spatial distribution of adsorbed 

polymers on a surface requires molecular dynamic simulations, but various simple 

but realistic approximated segment distribution functions (e.g., pseudo-tails, 

sigmoidal, exponential, soft step, etc.) have been proposed.25–29 Therefore, numerical 

calculation is necessary for a better description of the EDL interaction between soft 

particles especially after the polyelectrolyte layers come into contact. 

2.1.2 vdW attraction 

It is often necessary to calculate the vdW attraction as a function of separation 

distance to combine with the EDL repulsion to obtain the classical DLVO energy of 

interaction.30,31 The vdW attraction originates from the interaction between the fluctuating 

dipoles of the two interacting entities. Three types of interactions, namely Keesom 

orientation interaction, Debye induction interaction, and London dispersion interaction, 

comprise the vdW attraction.32  

The vdW attraction is usually calculated via two approaches: 1) pairwise 

summation of all the relevant interactions between molecules in the two interacting bodies 

as proposed by Hamaker,33 and 2) from the electrodynamic properties through the Lifshitz 

theory.34 The more rigorous Lifshitz method is rarely used in the environmental 

engineering field due to limited values of electrodynamic parameters and the difficulty of 

geometric arrangement of its intimidating formulation.3 The Hamaker method is still 

widely employed for many practical systems thanks to its convenience.35 

According to the Hamaker’s method of summing all the interactions between pairs 

of atoms in the two surfaces, the vdW attraction between two plates can be obtained by 
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integrating the London-vdW potential between an atom at a distance r from a flat 

surface33,36 

 𝑉𝑝𝑝(𝐻) = − ∫
𝜋𝑞𝜆

6

1

𝑟3 𝑞 𝑑𝑟 = −
𝜋𝑞2𝜆

12𝐻2 = −
𝐴

12𝜋𝐻2

∞

𝐻
 (20) 

For the interaction between two entities composed of material x and y in medium 

z, the Hamaker constant of the interacting system can be computed as14 

 𝐴𝑥𝑧𝑦 = (√𝐴𝑥𝑥 − √𝐴𝑧𝑧)(√𝐴𝑦𝑦 − √𝐴𝑧𝑧) (21) 

where 𝐴𝑥𝑥 , 𝐴𝑦𝑦 , and 𝐴𝑧𝑧  are Hamaker constants of material x, y, and z in 

vacuum.  

When the separation distance between two interacting atoms is appreciable, there 

is a finite time for the electric field of the first atom to reach the second atom and return. 

When this time becomes comparable with the period of the fluctuating dipole, the attractive 

interaction is retarded.1 Various expressions have been proposed to account for the 

retardation effect over the range of the separation distance and a simple approximation by 

Gregory is an adequate substitute for complicated expressions35 

 𝑓(𝐻𝑖𝑗) =
1

1+𝑏𝐻𝑖𝑗 𝜆⁄
 (22) 

where the fitting constant b is 5.32 for the plate-plate geometry, and the 

characteristic wavelength 𝜆 is 100 nm.  

Another limitation of the Hamaker type of expression is the exclusion of an 

adsorbed layer, which is more environmentally relevant. When the surface has an adsorbed 

layer, the pairwise addition cannot be quantified by a single Hamaker constant of either the 

plate or the adsorbed layer. The effect of an adsorbed layer on the particle surface was first 

accounted for in the calculation by Vold,37 and Vold’s approach was later improved to 

overcome weaknesses such as non-additivity, media attenuation, and non-uniformity of 

adsorbed layers.38 
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The effect of the adsorbed layer on vdW attraction has also been quantified from 

the macroscopic Lifshitz approach with two-layer and tri-layer models.34,39–41 According 

to the two-layer model by Israelachvili (Figure 2.3), the vdW attractive force between two 

surfaces with adsorbed layer is given by1 

 

Figure 2.3: Schematic drawing of two planer surfaces (1 and 1’) coated with adsorbed 

layers (2 and 2’) in medium (3). (Adapted from Israelachvili 2011)  

 F(𝐷) = −
1

6𝜋
[

𝐴
232′

(𝐻−𝛿−𝛿′)3 −
√𝐴121𝐴32′3

(𝐻−𝛿′)3 −
√𝐴1′2′1′𝐴323

(𝐻−𝛿)3 +
√𝐴1′2′1′𝐴121

𝐻3 ] (23) 

Based on Eq. 23, when the separation distance between the two adsorbed layers is 

small, Eq. 23 can be rewritten as 

 F(𝐷) = −
1

6𝜋

𝐴
232′

𝐷3  (24) 

which implies that the Hamaker constant for the vdW interaction between the two 

coated surfaces can be approximated by the Hamaker constant between the two adsorbed 

layers at small separation distance.   

2.1.3 Steric hindrance 

The steric interaction is of vital importance in maintaining the stability of colloid 

particles. The adsorbed polymers on the particle surface extend into the dispersion medium 

and hinder the mixing or compression with the polymers from other approaching surfaces. 
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In a good solvent, steric hindrance occurs when the polymers on the approaching particles’ 

surfaces come into contact: compressing the polymer chains usually results in a repulsive 

force due to the unfavorable entropy. Steric hindrance provides a very robust stabilization 

for engineered AgNPs against aggregation and deposition. For example, AgNPs can be 

synthesized using polyvinylpyroridone (PVP) or polyvinyl alcohol (PVA) as the capping 

material for stabilization;42,43 AgNPs released into the environment can interact with NOM 

to get some steric stabilization from the macromolecular NOM.6,44–47 The steric hindrance 

consists of both osmotic and elastic contributions.2 The osmotic hindrance occurs when the 

separation distance between the two core surfaces is smaller than the thickness of the 

polymer layers; in this region, interpenetration of the polymer chains in a good solvent 

would cause dehydration of the interacting domain and lead to an increase in free energy. 

On the other hand, once the separation distance between the two cores is smaller than the 

thickness of one capping layer, compression of the polymer chains would result in elastic 

repulsion in addition to osmotic hindrance. 

Therefore, including the steric hindrance along with the classical DLVO to make 

the extended DLVO (XDLVO) calculation becomes a typical semi-quantitative method of 

evaluating the interaction energy of polymer-capped nanoparticles.48,49 One type of 

expression was proposed by de Gennes for the plate-plate steric interaction which depicts 

both the brush and mushroom conformation of the adsorbed polymers (Figure 2.4)50 

 𝐹𝑝𝑝,𝑏𝑟𝑢𝑠ℎ(𝐻) =
𝑘𝐵𝑇

𝑠3 [(
2𝛿

𝐻
)

9/4

− (
𝐻

2𝛿
)

3/4

], 𝐻 < 2𝛿 (25) 

 𝐹𝑝𝑝,𝑚𝑢𝑠ℎ𝑟𝑜𝑜𝑚(𝐻) =
𝑘𝐵𝑇

2𝑠2𝛿
(

𝛿

𝐻
)

8/3

, 𝐻 < 2𝛿 (26) 
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Figure 2.4: Schematic drawing of polymer conformations: (left) brush conformation, 

(right) mushroom conformation. (Adapted from de Gennes 1987)  

Steric expression can also be derived by calculating the Gibbs free energy of mixing 

polymers based on the Flory-Krigbaum theory51  

 𝐺𝑚𝑖𝑥(𝐻) = 2𝑘𝐵𝑇 (
𝑉𝑝

2

𝑣𝑠
) (

1

2
− 𝜒) ∫ Ф1Ф2𝑑𝑉, δ < 𝐻 < 2𝛿 (27) 

𝐺𝑚𝑖𝑥(𝐻) = 2𝑘𝐵𝑇 (
𝑉𝑝

2

𝑣𝑠
) (

1

2
− 𝜒) [∫

(Ф1 + Ф2)ℎ
2𝑑𝑉

− ∫ Ф1,∞
2𝑑𝑉 − ∫ Ф2,∞

2𝑑𝑉
], 𝐻 < 𝛿 (28) 

By using different expressions for the segment distribution functions Ф1 and Ф2 

of the two interacting polymer surfaces, the steric hindrance could be obtained.26,52 

2.1.4 Other types of interactions 

The interaction energy between AgNPs can be described by the classical DLVO 

theory, and the XDLVO theory expands the applicability by including steric hindrance; 

however, there are still situations when these interactions alone cannot fully explain the 

observed aggregation and deposition behaviors. Discussions about the other types of 

interaction is therefore necessary. 
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Born repulsion. The short-range Born repulsion originates from the strong 

repulsive force due to the interpenetration of electron shells of atoms from the two 

approaching surfaces.3 Including the Born repulsion when calculating interparticle 

interaction may not be of great importance because the separation distance is rarely less 

than 0.3 nm with the presence of hydrated ions.3 However, expressions of Born repulsion 

provide a useful way to estimate the primary energy minimum of interparticle 

interactions.53,54 

Hydration interaction. Most particles in water are charged and carry surface ionic 

groups that are hydrated. When two surfaces approach each other, the “bound” water 

around the hydrated particles needs to be squeezed out of the interacting domain, leading 

to an increase of the free energy of the system and thus repulsion.3   

Hydrophobic interaction. When the two approaching surfaces are hydrophobic 

with a lack of affinity for water, water molecules will migrate from the gap to the bulk 

water to lower the free energy of the system, leading to attraction of the two interacting 

surfaces. The hydrophobic interaction is relatively long ranged and can exceed vdW 

attraction in some conditions.55,56   

2.1.5 Geometry conversion 

The interaction energy between two interacting surfaces is first derived in the 

system of two infinite parallel flat plates. To obtain the interaction energy for 

environmental application such as self-aggregation (sphere-sphere) or granular media 

deposition (sphere-plate), the interaction energy under the plate-plate geometry must be 

converted into desired geometries. With the assumption of additivity, the widely used 

Derjaguin approximation (DA) estimates the interaction between two spheres as the 
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summation of the plate-plate interaction between the corresponding ring elements 

consisting the spheres (Figure 2.5).57  

 

Figure 2.5: Derjaguin approximation of treating the interaction between two spheres as 

the summation of the plate-plate interaction between corresponding ring 

elements.  

 𝑉𝑠𝑠(ℎ) =
2𝜋𝑎1𝑎2

𝑎1+𝑎2
∫ 𝑉𝑝𝑝(𝐻)𝑑𝐻

∞

ℎ
 (29) 

By setting one of the radii to infinity, the sphere-plate interaction energy can be 

calculated as: 

 𝑉𝑠𝑝(ℎ) = 2𝜋𝑎 ∫ 𝑉𝑝𝑝(𝐻)𝑑𝐻
∞

ℎ
 (30) 

Though DA is applicable to any type of interaction energy and enjoys extensive use 

among researchers to assess colloidal interaction, it is limited to the case where the 

separation distance between the two interacting surfaces is much smaller than the size of 

the spheres.58,59 This limitation is always met in the study of micro-sized colloids.60 

However, during the interaction between nanoparticles, a separation distance of several 

nanometers or tens of nanometers is not much smaller than the size of a nanoparticle. 

Bhattacharjee and Elimelech proposed the surface element integration (SEI) 

technique to evaluate sphere-plate interaction to overcome the limitation of DA.59,61 Their 

results perfectly fit the rigorous numerical calculation via the finite element method, and 

has been used by Lin and Wiesner to derive analytical expressions for sphere-plate EDL 



 19 

interactions.62 In fact, SEI still follows the construction of DA that divides the sphere into 

differential ring elements. As shown in Figure 2.6a, the sphere-sphere interaction is 

approximated as the pairwise summation of plate-plate interaction between two 

corresponding differential ring elements of the two spheres  

 𝑉𝑠𝑠(ℎ) = ∫ 𝑉𝑝𝑝(𝐻)2𝜋𝑦𝑑𝑦
ℎ+2𝑎

ℎ
 (31) 

where 2𝜋𝑦𝑑𝑦 is the area of the differential ring element. 

 

Figure 2.6: Schematic representation of the geometry for (a) sphere-sphere interaction 

and (b) sphere-plate interaction. (Adapted from Lin and Wiesner, 2010)62  

According to the geometry in Figure 2.6a, the following relations hold: 

 𝑎 − √𝑎2 − 𝑦2 =
1

2
(𝐻 − ℎ), ℎ < 𝐻 < ℎ + 𝑎 (32) 

 𝑎 + √𝑎2 − 𝑦2 =
1

2
(𝐻 − ℎ), ℎ + 𝑎 < 𝐻 < ℎ + 2𝑎 (33) 

Taking the derivative of Eqs. 31 and 32 yields the same relation: 

 𝑦𝑑𝑦 =
1

2
𝑑𝐻√𝑎2 − 𝑦2 =

1

2
[(𝑎 + ℎ)𝑑𝐻 − 𝐻𝑑𝐻] (34) 

Substitute Eq. 34 into Eq. 33 leads to   

 𝑉𝑠𝑠(ℎ) = π [(𝑎 + ℎ) ∫ 𝑉𝑝𝑝(𝐻)𝑑𝐻 − ∫ 𝑉𝑝𝑝(𝐻)𝐻𝑑𝐻
ℎ+2𝑎

ℎ

ℎ+2𝑎

ℎ
] (35) 

For the sphere-plate interaction, following the schematic illustration of geometry 

as shown in Figure 2.6b, the interaction between a sphere and a planar surface is62 
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 𝑉𝑠𝑝(ℎ) = 2π [(𝑎 + ℎ) ∫ 𝑉𝑝𝑝(𝐻)𝑑𝐻 − ∫ 𝑉𝑝𝑝(𝐻)𝐻𝑑𝐻
ℎ+2𝑎

ℎ

ℎ+2𝑎

ℎ
] (36) 

Using Eqs. 35 and 36, the plate-plate interaction can be converted to sphere-sphere 

and sphere-plate interaction, respectively, to assess the energy of interaction in self-

aggregation and granular media filtration. 

2.2 TRANSFORMATION OF AGNPS 

Though interparticle interactions have been widely used in assessing the fate and 

transport of AgNPs, AgNPs are highly dynamic in environmental systems.63 The surface 

properties of AgNPs are modified by environmental transformations (e.g., 

photoreduction,64–66 oxidation,67 and sulfidation68,69) which affect the fate and transport of 

AgNPs and further complicate their dissolution and environmental toxicity. NOM 

exposure and sulfidation are the two most relevant environmental transformations of 

AgNPs: NOM exposure was found to modify the stability of AgNPs,70–72 where sulfidation 

was reported to inhibit the bioavailability and toxicity of AgNPs.73 Nevertheless, a general 

conclusion on the role of either NOM exposure or sulfidation on the fate and transport of 

AgNPs is yet to be determined.  

2.2.1 NOM exposure 

The ubiquitous aqueous NOM primarily consists of humified substances (humics, 

fulvics, and humins) and non-humified substances (polysaccharides, proteins, and amino 

acids).74 These materials play a crucial role in the fate and transport of AgNPs.75 During 

their interaction with AgNPs, NOM modifies the surface coating of the particle via 

adsorption and/or ligand exchange with the original capping.45,76,77 Lau et al. used Raman 

and nuclear magnetic resonance spectroscopy to demonstrate that humic acid (HA) and 

fulvic acid (FA) can replace citrate ions on the surface of AgNPs (Figure 2.7), but that only 

FA is able to interact with the surface when the latter is covered with PVP.76 They 
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suggested that the thickness of the polymer matrix probably hinders the diffusion of large 

HA molecules to the silver surface. However, enhanced stability by HA or promoted 

aggregation by higher molecular weight (MW) fraction of NOM have also been reported 

for PVP-capped AgNPs,72,78 which suggests that larger macromolecules can get onto the 

polymer-capped particle surface. 

 

Figure 2.7: A schematic representation of the adsorption and/or ligand exchange of FA 

and HA on citrate-AgNPs. (Adapted from Lau et. al., 2013)79 

Due to the complexity of surface capping, NOM properties, and solution chemistry, 

NOM exposure causes different effects on the stability of AgNPs. At environmentally 

relevant concentration (e.g., less than 10 mg/L TOC), NOM is generally found to 

electrosterically enhance the stability of AgNPs in monovalent electrolytes.6,45,79 However, 

when the NOM concentration is high, aggregation of AgNPs due to bridging has also been 

reported.70 When the divalent calcium ion is present, complexation of calcium with the 

carboxyl group of the humic substances destabilize NOM exposed AgNPs.80 The higher 

MW HA fraction is typically reported to cause more stability than the lower MW FA 

fraction, as a result of stronger steric hindrance.79 However, promoted aggregation of PVP-

AgNPs by both higher MW fraction of NOM and by the lower MW FA have been 
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reported.72,76 The overcoating or displacement of the original polymer coating by high MW 

fraction of NOM can increase the interparticle electrostatic repulsion, but possibly 

decreases the steric repulsion by screening PVP.72 Generally, if the original AgNPs are not 

capped with a macromolecular coating, NOM enhances stability; however, when the 

original AgNPs are capped with macromolecules, exposure to NOM might render the 

capping incomplete and thereby induce destabilization. 

NOM also shows different effects on dissolution of AgNPs. Generally, NOM was 

found to mitigate the toxicity of AgNPs either by altering AgNP aggregation or by binding 

to Ag+ ions; adsorbed NOM can block surface oxidation and can reduce released Ag+ back 

to Ag0.81–83 Both HA and FA inhibit dissolution of citrate-AgNPs and PVP-AgNPs,78,84 but 

organic matter produced by plants was found to stimulate the dissolution of AgNPs coated 

with gum arabic.85 The effect of different NOM on toxicity is also explained by the 

composition of the NOM: the NOM with higher reduced sulfur (e.g., thiol) fraction bind 

more favorably with the particle, which leads to further decrease in dissolution and 

toxicity.47  

2.2.2 Sulfidation 

Silver is a class B soft metal and shows high affinity to bind inorganic and organic 

sulfides.86 As a result, AgNPs can undergo sulfidation upon their release into the aqueous 

environment through wastewater treatment facilities.87–89 Various laboratory and field 

studies have reported that sulfidation of engineered AgNPs occurs in a low redox state 

environment when sulfide is present; these conditions are common in sewer systems and 

in the anaerobic stage of wastewater treatment.69,90,91 Because silver sulfide is highly 

insoluble (i.e., Ksp,Ag2S = 6.2×10−52 ),92 the sulfidation process greatly limits the 

concentration of Ag+ (the primary concern of silver toxicity) and thereby alleviates the 
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bioavailability and toxicity of AgNPs.73,93–96 The primary route for AgNP release into the 

natural environment is through the wastewater treatment system and sulfidized AgNPs are 

found to be stable and resistant to oxidation;93,97 therefore, sulfidized AgNPs are more 

environmentally relevant and have become the recent research focus on the environmental 

effects of AgNPs. 

Sulfidation of AgNPs requires the presence of an oxidant (e.g., dissolved oxygen) 

and can be classified into two mechanistic routes (Figure 2.8): at low sulfide to silver ratio, 

metallic silver first undergoes oxidative dissolution and precipitates with sulfide; at high 

sulfide to silver ratio, the sulfidation occurs via direct surface reaction with sulfide.98 Many 

morphologies of sulfidized AgNPs have been reported (Figure 2.9): at low sulfide to silver 

ratio, Ag2S nanobridging between particles dominates (Figure 2.9a); at higher sulfide to 

silver ratio, both nanobridge and core-shell structures have been observed and acanthite 

nanocrystals are also found to be present (Figures 2.9b-d).73,88,99,100 

 

Figure 2.8: Oxysulfidation pathways of silver nanoparticles. (Adapted from Liu et. al., 

2011)98  
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Figure 2.9: TEM image of sulfidized AgNPs at different conditions: a) 1-day exposure 

of 1954 mg/L PVP-AgNPs with sodium sulfide (Taken from Levard et. al., 

2011)99, b) 2-day exposure of 800 mg/L PVP-AgNPs with sodium sulfide 

(Taken from Reinsch et. al., 2012)73, c) 1-day exposure of PVP-AgNPs in 

wastewater (Taken from Kaegi et. al., 2013)88, and d) 10-day exposure of 

NSL-produced AgNPs in primary influent (Taken from Kent et. al., 

2014)100.  

The irregular microstructure at the surface of the sulfidized AgNPs reveals the 

nonuniform nature of the sulfidation process: sulfidation occurs at high energy sites to form 

an incomplete Ag2S shell and renders some metallic silver intact after sulfidation.98,100 The 

discontinuous Ag2S shell contains both amorphous and crystalline fractions, but the 

mechanism of this outcome has yet to be identified, although the interplay with organic 
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macromolecules has been suggested.99 Because engineered AgNPs are either coated with 

polymer capping or exposed to natural macromolecules, the preferential binding of silver 

to sulfide over either the pre-existing capping agents or NOM impacts the surface 

properties and reactivity of engineered AgNPs.101 Sulfidation partially destroys the original 

capping of the AgNP with the formation of Ag2S.99 Some researchers found the presence 

of HA increases the rate of sulfidation by replacing the original capping of the particle and 

bringing sulfide closer to the particle surface as a result of humic-sulfide reaction.102 

However, inhibition of Ag nanowire sulfidation by NOM has also been reported with the 

adsorption of NOM on the Ag nanowires interpreted to reduce the access of sulfide to react 

with Ag.103 The dissolution of sulfidized AgNPs is also affected by NOM: Suwannee River 

FA and Pahokee peat FA have been shown to inhibit dissolution of AgNPs probably via 

either blocking the Ag oxidation sites or reducing the released Ag+ back to Ag0; the higher 

sulfur containing Pony Lake FA increases the dissolution of sulfidized AgNPs but an 

explanation has yet to be provided.104   

NOM and sulfidation affect the fate and transport of AgNPs in the environment, 

and poses uncertain challenges for the risk assessment of AgNPs.68,102 Though much 

research has focused on this most environmentally relevant form of AgNPs, the complexity 

of NOM and the sulfidation process leaves many questions unanswered. The mechanism 

of ligand exchange during exposure of manufactured AgNPs to NOM, the change of the 

surface composition and properties upon sulfidation, and the dubious role of 

macromolecules during sulfidation still require further exploration.  
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2.3 AGGREGATION AND DEPOSITION OF AGNPS 

2.3.1 Aggregation  

Aggregation behavior greatly affects the environmental impact of AgNPs and has 

been extensively studied for different types of AgNPs (e.g., bare-AgNPs, citrate-AgNPs, 

PVP-AgNPs, etc.) in various aqueous conditions (e.g., ionic strength, pH, NOM, etc.).5–

7,105–108 Aggregation can be treated as a two-step process: particles travel to the vicinity of 

each other through long-range transport processes and collide (attach) through short-range 

transport processes to form flocs.4 The long-range transport processes are Brownian 

motion, fluid shear, and differential sedimentation; the short-range collision efficiency 

functions (α) address hydrodynamic and interparticle forces.4 Because interparticle 

interactions play a key role in the aggregation behavior of AgNPs, the classical DLVO and 

XDLVO theory are widely used to interpret observed aggregation behaviors. The stability 

of AgNPs can be experimentally examined via time resolved dynamic light scattering 

(TRDLS) and can also be mathematically calculated.109   

For the TRDLS measurement, after obtaining hydrodynamic sizes over time, a 

linear least-squares regression analysis of the initial increase in size was conducted to 

obtain (
𝑑𝑎(𝑡)

𝑑𝑡
)

𝑡→0
. The aggregation attachment efficiency, 𝛼𝑎 , is calculated by 

normalizing the aggregation rate constant obtained in the solution of interest to the rate 

constant obtained under favorable (non-repulsive) aggregation conditions.109 

 𝛼𝑎 =
𝑘𝑠𝑙𝑜𝑤

𝑘𝑓𝑎𝑣
=

1

𝑁0
(

𝑑𝑎(𝑡)

𝑑𝑡
)

𝑡→0
1

𝑁0
(

𝑑𝑎(𝑡)

𝑑𝑡
)

𝑡→0,fav

 (37) 

By plotting the attachment efficiency α over the experimental concentration range, 

the critical coagulation concentration (CCC) could be achieved as the concentration under 

which 𝛼𝑎 reaches its maximum value (favorable aggregation condition).    

Mathematically, 𝛼𝑎 is given by109 
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 𝛼𝑎 =
1

𝑊
=

∫ 𝛽(ℎ)
𝑒𝑥𝑝[𝑉𝐴(ℎ) 𝑘𝑇⁄ ]
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∞
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∞

0

 (38) 

where 𝛽(ℎ) corrects the hydrodynamic resistance between the two approaching 

particles. A comparison between CCC and 𝛼𝑎  of different AgNPs under different 

conditions provides some quantitative information on the aggregation behavior or relative 

stability of AgNPs.  

Some general conclusions can be drawn based on aggregation studies of AgNPs: 1) 

uncoated AgNPs and AgNPs coated with a small molecule such as citrate and sodium 

dodecyl sulfate are electrostatically stabilized; their stability is sensitive to an increased 

ionic strength which will compress EDL and cause destabilization;5,106 2) AgNPs with a 

macromolecular capping such as PVP, branched polyethyleneimine (BPEI) or Tween are 

also stabilized sterically by the capping polymer in addition to the electrostatic repulsion 

and show more robust stability to the increased ionic strength;7,110 and 3) exposure to NOM 

generally brings about higher electrosteric repulsion to enhance the stability of the 

AgNPs,44,79 but might undermine the stability in some cases by partially removing the 

original polymer capping layer.72 In addition to these general patterns, some particle-

specific properties also impact aggregation behavior. The presence of calcium ion greatly 

reduces the stability of AgNPs if the capping material can complex with calcium.6 The 

presence of anions such as chloride and sulfide, which have a high reactivity with silver 

also lead to formation of precipitated solids around the AgNPs to induce 

aggregation.99,111,112 

2.3.2 Deposition  

Granular media filtration is one of the primary treatment processes to remove 

aqueous colloids, and might play an important role in the removal of AgNPs from drinking 

water or wastewater.113 The effect of granular media filtration on the removal of colloids 
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is related to aggregation and deposition behaviors of the targeted colloids.14 Similar to 

aggregation, the process of deposition also consists of two stages: 1) transport of the 

nanoparticle to the vicinity of the granular media collector and 2) attachment of the 

nanoparticle to the collector surface.114 The experimental evaluation of nanoparticle 

deposition can be conducted via packed-bed column studies and quartz crystal 

microgravimetry (QCM).14 The more recent QCM approach relates the frequency shift of 

the silica collector with the change of mass on the collector surface and provides a powerful 

tool to study the in situ particle-collector interaction. 115–117 The more traditional packed-

bed column studies have been widely performed in the past several decades and are also 

extensively modeled with the colloid filtration theory (CFT).118–122 According to the CFT, 

the single collector efficiency for transport consists of interception, sedimentation, and 

Brownian motion, with Brownian motion being the dominant transport mechanism for 

nanoparticles.14 For a well-defined system, the single collector efficiency is calculated 

based on physical parameters of the filtration systems (e.g., particle size, collector size, 

filtration velocity, etc.),121 and the resulting single collector efficiency can be used to 

compute the removal rate under favorable deposition condition (deposition attachment 

efficiency 𝛼𝑑 equals 1). 

  
𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
= 𝑒𝑥𝑝 [−

3

2

(1− )𝛼𝑑𝜂

𝑑𝑐
𝐿] (39) 

Comparing the experimentally measured removal efficiency with the theoretically 

predicted removal efficiency, 𝛼𝑑  is obtained to evaluate the affinity between the 

nanoparticle and the collector media. 

The removal efficiency calculated from CFT involves several ideal assumptions, 

such as homogeneous spherical collectors and perfect mixing in the non-axial direction;123 

therefore, the calculated removal might not provide a representative result for favorable 

deposition.124 To overcome this weakness, conditions can be created to obtain the favorable 
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removal efficiency experimentally by making the collectors and colloids oppositely 

charged (e.g., coating the silica collector with a cationic polymer such as poly-L-lysine).125 

The removal efficiency measured under unfavorable conditions is then normalized with 

this experimentally obtained favorable removal efficiency to yield 𝛼𝑑.125 

To evaluate the risk of AgNPs release into the environment, deposition of 

engineered AgNPs onto the collector media has been studied with variations in several 

environmental factors such as pH, ionic strength, electrolyte types, capping ligands, NOM, 

and collector composition.76,79,126–134 Most conclusions from traditional colloid filtration 

studies apply to the deposition of AgNPs: 1) an increased ionic strength reduces EDL 

repulsion to improve deposition, 2) the presence of polymeric capping on the particle 

surface induces steric hindrance to reduce retention, and 3) exposure to the macromolecular 

NOM brings about electrosteric repulsion to enhance the mobility of the AgNPs. Studies 

on different types of AgNPs also brought about particle specific findings. Citrate-capped 

AgNPs are well retained in the presence of calcium ion as a result of complexation between 

Ca2+ and carboxylic group of citrate.135 At the initial stage of deposition, the positively 

charged BPEI-capped AgNPs are readily captured by the negatively charged granular 

collector because of the absence of the electrostatic repulsion.136 However, as more BPEI-

AgNPs accumulated on the collector surface, the already captured particles hinders the 

further capture of BPEI-AgNPs via electrosteric repulsion from the coated collector 

layers.128 A similar transition from favorable initial deposition to an enhanced mobility by 

captured particles is also observed for PVP-AgNPs: bridging between the PVP and silica 

leads to a strong initial deposition,127,131 but steric hindrance between the captured PVP-

AgNPs and incoming AgNPs inhibit further deposition.128 The presence of NOM further 

complicates the deposition of AgNPs in addition to the widely reported enhanced 

electrosteric stabilization. In sodium electrolytes, low NOM concentration was reported to 
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promote AgNPs deposition while high NOM concentration would cover the collector 

surface and led to enhanced mobility.137 Though enhanced aggregation of AgNPs by 

calcium in the presence of HA was reported,6 enhanced deposition by calcium has not been 

observed for HA-present systems, but enhanced deposition in the presence of FA has been 

reported.135,138 The presence of NOM on either the particle surface or the collector surface 

also shows great impact on deposition. Both HA and FA on the silica surface enhance 

deposition of citrate-AgNPs; FA enhances deposition of HA-exposed and FA-exposed 

citrate-AgNPs.79 However, when both bound and unbound NOM are present, deposition is 

greatly reduced.76,131  

Despite the presence of a wide range of aggregation and deposition studies in the 

literature for AgNPs, few have investigated the role of transformation on such 

environmental processes. The interaction with NOM and sulfidation affect the fate and 

transport of AgNPs in the environment, and pose uncertainties for their risk 

assessment;68,102 however, previous nanoparticle transport studies have mostly 

concentrated on untransformed particles or at most particles exposed to NOM. 

2.4 RESEARCH GAP 

The fate and transport of AgNPs in the aqueous environment is greatly affected by 

the energy of interactions between particles, and between particles and collector media. 

The classical DLVO theory provides a quantitative method to evaluate the interparticle 

energy of interactions, and the XDLVO approach includes structural forces such as steric 

hindrance to account for the effect brought by macromolecular coating on the particle 

surface. However, when the existing XDLVO calculation superposes the steric hindrance 

term onto the classical DLVO term, it fails to consider the change of either the EDL 
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repulsion or the vdW attraction as the surface macromolecular capping of the two 

approaching surfaces come into contact.  

Existing calculation of the EDL repulsion is based on a single ζ-potential value and 

only applies to ion-impermeable hard surfaces; however, engineered AgNPs are either 

designed with a polymer capping or passively coated with macromolecules in the natural 

environment. Based on Ohshima’s soft particle theory of electrokinetics, properties and 

conformation of the surface capping plays an important role in determining the effective 

surface potential and the resulting EDL repulsion during the interaction between surfaces 

coated with soft capping layers. Because the conformation of the surface capping layer 

inevitably changes in the domain where overlap of the surface layers occurs and steric 

hindrance is considered, using the ζ-potential obtained before the contact of the soft 

capping layer poorly quantifies the EDL repulsion after the overlap of the surface layers. 

On the other hand, various studies have suggested a reduction of vdW attraction in the 

presence of surface capping layers; expressions derived from both the Hamaker approach 

and the Lifshitz approach have mathematically verified the reduced vdW attraction. 

However, this possible mechanism of stabilization via reduced vdW attraction is largely 

neglected when assessing the stability of capped AgNPs.  

Calculation of EDL repulsion based on Ohshima’s soft particle theory has been 

proposed for the case both before and after contact of the surface capping layer; a 

framework for computing the vdW attraction between surfaces with adsorbed layers also 

exists. However, no work has been performed to calculate the XDLVO interaction using 

these updated methods to obtain the DLVO energy of interaction, which can be considered 

with steric hindrance to evaluate the stability of capped particles. Therefore, it is desirable 

to calculate the EDL repulsion and vdW attraction with the help of the updated approach, 

which considers the conformation change of the soft capping layers. The updated 
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calculation can provide insight into the role of enhanced EDL repulsion or reduced vdW 

attraction on the stabilization of macromolecule-capped AgNPs in addition to the steric 

hindrance. 

NOM exposure and sulfidation are the two most important transformations that 

AgNPs will encounter once released into the aqueous environment. Changes of surface 

properties of AgNPs after transformation greatly affect their fate and transport in the 

environment. A large number of aggregation and deposition studies have been conducted 

to elucidate the effects of NOM; various characterizations have been performed to 

investigate the composition and morphology change upon sulfidation. However, different 

or even contradictory results have been reported in the literature on the role of 

transformation for these key environmental processes; e.g., both enhanced stability and 

promoted aggregation have been observed with NOM exposure. Either nanobridge or core-

shell structure seems possible after sulfidation. Moreover, very few studies focused on the 

effect of NOM or macromolecular surface capping on sufidation, which is the most 

environmentally relevant condition after AgNPs are released into the environment via the 

sewer system. Therefore, it is necessary to explore the change of morphology, composition, 

and surface properties of engineered AgNPs after sulfidation with and without the presence 

of NOM. Finally, as no aggregation and deposition experiments have been conducted on 

sulfidized AgNPs, it is important to investigate the self-aggregation and granular media 

deposition behaviors of sulfidized AgNPs, with and without NOM, to complement the 

understanding of fate and transport of AgNPs.  



 33 

Chapter 3: DLVO energy of interaction of macromolecule-coated silver 

nanoparticles 

ABSTRACT 

Silver nanoparticles (AgNPs) are either manufactured with polymer capping or 

exposed to natural macromolecules after their release into the environment. The extended 

Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory, which includes a steric hindrance 

term, is widely used to quantify the energy of interaction of macromolecule-coated AgNPs. 

However, existing calculations that superpose the steric hindrance onto the classical DLVO 

model fail to include the changes of electrical double layer (EDL) repulsion and van der 

Waals (vdW) attraction after the overlap of soft capping layers from the two interacting 

surfaces. Using an interdigitation-compression model to describe the contact of the capping 

layers, an updated calculation of the DLVO energy of interaction between two 

macromolecule-coated surfaces was calculated with Ohshima’s soft particle model for 

EDL repulsion, multilayer pair-wise summation for vdW attraction, and surface element 

integration for geometry conversion to sphere-sphere (aggregation) or sphere-plate 

(deposition) interactions. The updated calculation reveals that polyelectrolyte capping 

enhances EDL repulsion especially after the contact of the soft layers; vdW attraction is 

reduced because the silver core, which has a high Hamaker constant, is masked by the 

macromolecular capping. The updated DLVO calculation provides an alternative to explain 

particle stability brought by the macromolecular soft capping in addition to the less 

quantitatively rigorous concept of steric hindrance. 

KEYWORDS 

Macromolecule, Soft particle, DLVO 



 34 

3.1 INTRODUCTION 

Development of engineered silver nanoparticles (AgNPs) is of enormous interest 

as a result of their enhanced optical, chemical, and photochemical properties, which can 

lead to promising applications such as sensing and disinfection.1,2 These AgNPs are 

typically synthesized with a soft macromolecular capping layer for stabilization and 

functionalization.3–5 Once released into the environment, AgNPs are also coated with 

adsorbed environmental organics such as the ubiquitous natural organic matter (NOM).6,7 

Interparticle interactions play key roles in determining the fate and transport of these 

AgNPs and have been widely employed to evaluate particle stability: either from the 

perspective of stabilization for the purpose of application, or in regard to destabilization to 

study environmental implication.8 The classical Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory of colloid stability is widely used to quantify the energy of interaction 

governing the aggregation and deposition of AgNPs.8,9 The classical DLVO approach 

considers the total energy of interaction between the interacting surfaces as the summation 

of electrical double layer (EDL) repulsion and van der Waals (vdW) attraction.10,11 The 

EDL repulsion is calculated based on the potential distribution between the two interacting 

charged surfaces,12 and the vdW attraction is quantified by a pairwise summation of all the 

relevant interactions between molecules in the two interacting bodies.13  

The classical DLVO theory is applicable to hard surfaces which are ion-

impenetrable; however, AgNPs under environmentally relevant conditions are soft 

particles rather than hard spheres because AgNPs are either manufactured with an original 

polymer capping or covered by environmental macromolecules.14–16 To account for the 

difference brought by the macromolecular coatings between soft particles and hard 

surfaces, non DLVO interactions such as steric hindrance is superposed onto the classical 

DLVO energy of interaction.17–20 While including the steric term considers the change of 
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the osmotic and elastic energy during mixing and compression of the soft layers on the 

interacting surfaces,21,22 the change of EDL repulsion and vdW attraction after the overlap 

between the soft capping layers on the interacting surfaces is largely ignored. The potential 

distribution from a charged-polymer-layer-coated surface is determined by both the charge 

from the rigid core and the charge distributed throughout the soft layer.23–25 The 

conformation change of the soft capping layer during the overlap between capping layers 

inevitably affects the charge distribution in the soft layer and the resultant potential 

distribution and EDL repulsion.26,27 Similarly, the vdW attraction is also affected by the 

conformation change of the surface capping layer. With the change of the polymer segment 

density between the two interacting surfaces, both the polymer segment distribution of the 

two interacting bodies and the composition of the interacting medium between the two 

surfaces change.28 To the authors’ knowledge, steric hindrance has become a convenient 

excuse to explain the stability that cannot be quantified by the classical DLVO approach, 

and no study ever tried to explain the enhanced stability from the perspective of an 

enhanced EDL repulsion and a reduced vdW attraction between soft surfaces after the 

contact of the capping layers. This research updated the classical DLVO calculation by 

computing the EDL repulsion and vdW attraction including the contact of the capping 

layers of the interacting soft particles. 

The interfacial electric phenomena of soft particles can be modeled by the 

Ohshima’s soft particle theory, which treats macromolecule capped surfaces as hard 

surfaces coated with an ion-penetrable charged layer of polyelectrolytes.29,30 The EDL 

interaction between soft particles was originally developed at separation distances before 

the contact of the polyelectrolyte surface layers;31–33 some recent studies extended the 

calculation to the post-contact region using a interdigitation-compression model.27,34 

However, analytical expressions derived in those post-contact studies are limited to surface 
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capping layers with uniform segment distribution and the linearization approximation 

which has the intrinsic limitation of low potentials.27,34 As the particles get closer, the 

potentials between the interacting surfaces become very high even when the unperturbed 

potentials of the isolated surfaces before approaching each other are low.35 The analytical 

solutions based on linearization are thus unsuitable and numerical calculation is required 

to obtain more representative results. 

In regard to the vdW attraction, when the AgNP is coated by a capping layer, the 

choice of the Hamaker constant (AH) for the pairwise addition is unclear because AH of the 

core silver (40×10-20 J) and the capping polymer (about 7-10×10-20 J) can differ greatly 

from each other.36,37 Some researchers stated that the AH of the capping polymer should be 

used because the core would be masked by the thick macromolecule capping and becomes 

irrelevant.38 However, the AH value of the silver core was also used when assessing the 

vdW attraction.39 Therefore, the vdW attraction between polymer capped metal surfaces 

cannot be quantified by a single AH of either the core metal or the capping polymer. The 

effect of an adsorbed layer on the particle surface was first accounted for in the calculation 

by Vold.40 Her approach was later improved to overcome weaknesses such as non-

additivity, media attenuation, and non-uniformity of adsorbed layers.28 Approximating 

methods to calculate the vdW attraction between surfaces with adsorbed layers have been 

derived by various researchers from the macroscopic Lifshitz theory41,42 and could be 

extended to a simple pair-wise summation approach of multi-layers.43,44 The post-contact 

interaction can be evaluated by treating the overlapped capping polymer as part of the 

interacting medium;28 the retardation can be accounted for using the approximate 

expression by Gregory.45 Therefore, the segment density distribution before and after the 

contact of surface soft layers has to be included to calculate the vdW attraction between 

two surfaces coated by non-uniform soft layers. 
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In this study, the classical DLVO energy of interaction, namely EDL repulsion and 

vdW attraction between two silver nanoparticles (AgNPs) coated with soft capping layers 

was evaluated. An outline of the multi-step process is given here, and details follow in the 

next several sections.  

A soft step function was employed to describe the segment density distribution of 

the capping polymer on the particle surface.46,47A three-stage interdigitation-compression 

process was used to model the interaction process of the approaching surfaces. Ohshima’s 

soft particle approach was employed to solve the modified Poisson-Boltzmann equation at 

different separation distances to yield the potential distribution and the resulting EDL 

repulsion between the surfaces based on linearized superposition approximation (LSA). A 

multi-layer pair-wise summation method was used to calculate the vdW attraction during 

the three stages. The plate-plate interaction was converted to sphere-sphere and sphere-

plate interaction via surface element integration (SEI) to evaluate the energy of interaction 

of particle-particle and particle-collector interactions.48,49 All the calculations were 

performed using Matlab and the scripts are provided in Appendix B. Finally, the updated 

DLVO approach was used to interpret aggregation results of macromolecule-exposed 

AgNPs without invoking the more obscure steric hindrance. 

3.2 THEORETICAL CALCULATION 

3.2.1 Segment density distribution  

Most existing calculations on the energy of interaction that consider the influence 

of adsorbed layers assume a uniform segment density distribution in the capping 

layer.28,34,40 However, though the idealized uniform distribution makes analytical solutions 

possible, it poorly describes the inhomogeneous realistic segment density distribution. 

Rigorous determination of the spatial distribution of adsorbed polymers on a surface 
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requires molecular dynamic simulations,50,51 but various simple approximate segment 

distribution functions (e.g. linear, pseudo-tails, sigmoidal, exponential, and parabolic) have 

been proposed.21,52–54 In this study, as shown in Figure 3.1, a soft step function of polymer 

segment distribution which has recently been used to model the electrokinetic behavior of 

soft particles is used throughout the calculation.46,47 

 𝑓(𝑥) = 1 − 𝑒𝑥𝑝 (
𝑥−𝛿

𝑙
), 0 < x < δ (1) 

where x is the distance from the core surface, 𝛿 is the thickness of the capping layer, and 

𝑙 characterizes “the width of the inhomogeneous distribution of polyelectrolyte segments 

near the front edge of the polyelectrolyte layer”.46    

 

Figure 3.1: Schematic representation of the surface of a plate-like particle covered by an 

ion-penetrable surface layer of polyelectrolytes (left); and the segment 

density distribution modeled as a soft step function (right). (Adapted from 

Ohshima, 2012)46 

The three-stage model proposed by Ohshima is in Figure 3.2. 27 Stage 1 refers to the 

condition before contact of the soft capping layers (the separation distance H between the 

core surfaces is larger than 2𝛿  as illustrated in Figure 3.2a). In stage 2, when the 

separation distance falls in the region 𝛿 < 𝐻 < 2𝛿 (that is, once the brush layers begin to 

overlap as illustrated in Figure 3.2b), “interdigitation proceeds until the front edge of the 
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polymer brush on either one of the interacting plates reaches the surface of the opposing 

plate core”. Finally, when the separation distance is in the region 𝐻 < 𝛿 (Figure 3.2c), 

compression of the polyelectrolyte brush starts after full interdigitation (stage 3). 

 

Figure 3.2: A three-stage model for the interaction between two parallel plates covered 

with polyelectrolyte brush layers at separation H. (Adapted from Ohshima, 

2014)27 

The segment density distribution follows Eq. 1 in stage 1 before the contact of the 

soft capping layers. In stage 2, interdigitation proceeds and the polymer segment 

distribution in this region then becomes 

 𝑓(𝑥) = 1 − 𝑒𝑥𝑝 (
𝑥−𝛿

𝑙
), 0 < 𝑥 < 𝐻 − 𝛿 (2)  

 𝑓(𝑥) = 2 − 𝑒𝑥𝑝 (
𝑥−𝛿

𝑙
) − 𝑒𝑥𝑝 (

𝐻−𝑥−𝛿

𝑙
), 𝐻 − 𝛿 < 𝑥 < 𝛿 (3)  

 𝑓(𝑥) = 1 − 𝑒𝑥𝑝 (
𝐻−𝑥−𝛿

𝑙
), 𝛿 < 𝑥 < 𝐻 (4) 

Finally, in stage 3, compression of the polyelectrolyte brush starts after full 

interdigitation. The polymer segment distribution then becomes 

 𝑓(𝑥) =
𝛿

𝐻
[2 − 𝑒𝑥𝑝 (

𝑥−𝛿

𝑙
) − 𝑒𝑥𝑝 (

−𝑥

𝑙
)], 0 < 𝑥 < 𝐻 (5)  
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3.2.2 EDL repulsion  

For a planar surface coated with a soft layer of polyelectrolytes, the Poisson-

Boltzmann equations that govern the potential distribution 𝜓(𝑥) are 30 

 
𝑑2𝜓

𝑑𝑥2 = −
𝜌𝑒𝑙(𝑥)

0 𝑟
, x > δ (6) 

 
𝑑2𝜓

𝑑𝑥2 = −
𝜌𝑒𝑙(𝑥)+𝜌𝑓𝑖𝑥(𝑥)

0 𝑟
, 0 < x < δ (7) 

where 휀0 is the permittivity of a vacuum, 휀𝑟 is the relative permittivity of the solution. 

With the polymer segment density described by Eq. 1, the surface charge density of the 

polymer layer 𝜌𝑓𝑖𝑥(𝑥) is  

 𝜌𝑓𝑖𝑥(𝑥) = 𝑧𝑒𝑁𝑓(𝑥) = 𝑧𝑒𝑁 [1 − 𝑒𝑥𝑝 (
𝑥−𝛿

𝑙
)] (8) 

where z is the valence of charged site, e is the elementary charge, and N is the density of 

charged site assuming charged sites are uniformly distributed throughout the polymer 

segments. Therefore, the term 𝑧𝑒𝑁 is the fixed charge density of the soft capping layer. 

The mobile charge density 𝜌𝑒𝑙(𝑥) is 

 𝜌𝑒𝑙(𝑥) = ∑ 𝑧𝑖𝑒𝑛𝑖
∞𝑒𝑥𝑝 [−

𝑧𝑖𝑒𝜓(𝑥)

𝑘𝐵𝑇
]𝑎𝑙𝑙 𝑖  (9) 

where 𝑧𝑖 is the valence of the 𝑖𝑡ℎ electrolyte ion, 𝑛𝑖
∞ is the bulk number concentration 

of the ith electrolyte, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the absolute temperature. 

Because the Debye- Hückel parameter 𝜅 is 

 𝜅 = √
1

0 𝑟𝑘𝑇
∑ 𝑧𝑖

2𝑒2𝑛𝑖
∞

𝑎𝑙𝑙 𝑖  (10) 

for 1:1 electrolyte solution (e.g., NaNO3), the Poisson-Boltzmann equations become 

 
𝑑2𝑦

𝑑𝑥2 = 𝜅2𝑠𝑖𝑛ℎ(𝑦), x > δ (11) 

 
𝑑2𝑦

𝑑𝑥2
= 𝜅2 {𝑠𝑖𝑛ℎ(𝑦) − 𝑠𝑖𝑛ℎ [𝑦𝐷𝑂𝑁 (1 − 𝑒

𝑥−𝛿

𝑙 )]}, 0 < x < δ  (12)  

where 𝑦  is the dimensionless potential 
𝑧𝑒𝜓

𝑘𝑇
, and 𝑦𝐷𝑂𝑁  is the dimensionless Donnan 

potential which equals arcsinh (
𝑧𝑁

2𝑒𝑛
) . The potential distribution due to the 

polyelectrolytes layer can be calculated following the methods of Ohshima using the 

following boundary conditions:  
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 𝑦|𝑥=∞ =
𝑑𝑦

𝑑𝑥
|

𝑥=∞
= 0 (13) 

 
𝑑𝑦

𝑑𝑥
|

𝑥=0+
= 0 (14) 

Eq. 13 implies that the potential diminishes far away from the charged surface, and 

Eq. 14 implies that the core surface is uncharged or the core material is metal. At the 

boundary of the metal core and the soft polymer layer, the potential distribution follows 

the boundary condition that23 

 휀0휀𝑐𝑜𝑟𝑒
𝑑𝑦

𝑑𝑥
|

𝑥=0−
= 휀0휀𝑟

𝑑𝑦

𝑑𝑥
|

𝑥=0+
 (15) 

Because the core is composed of a metal material and the relative permittivity of 

metal is infinite, Eq. 14 holds. To account for the potential from the charged metal core, a 

superposition approximation was employed to add the potential from the charged core to 

the potential from the charged soft layer.55 The potential distribution from a charged ion-

impenetrable plate can be described as 

 
𝑑2𝜓𝑓𝑟𝑜𝑚 𝑐𝑜𝑟𝑒

𝑑𝑥2 = −
𝜌𝑒𝑙(𝑥)

0 𝑟
, x > 0 (16) 

Using the method of Gouy-Chapman, in 1:1 electrolyte, the potential distribution 

from the metal core is 

 𝜓(𝑥)𝑓𝑟𝑜𝑚 𝑐𝑜𝑟𝑒 =
2𝑘𝑇

𝑧𝑒
𝑙𝑛

1+𝑡𝑎𝑛ℎ(
𝑧𝑒𝜓𝑑
4𝑘𝑇

)𝑒−𝜅𝑥

1−𝑡𝑎𝑛ℎ(
𝑧𝑒𝜓𝑑
4𝑘𝑇

)𝑒−𝜅𝑥
, x > 0 (17) 

where 𝜓𝑑 is the potential at the surface of the core. The potential distribution outside a 

charged planar core coated by a polyelectrolyte soft capping is 

 𝜓(𝑥) = 𝜓(𝑥)𝑓𝑟𝑜𝑚 𝑠𝑜𝑓𝑡 𝑐𝑎𝑝𝑝𝑖𝑛𝑔 + 𝜓(𝑥)𝑓𝑟𝑜𝑚 𝑐𝑜𝑟𝑒 (18) 

To obtain the potential distribution between two approaching surfaces, LSA is used 

to treat the potential at any point between the two surfaces as the sum of the potential from 

the two respective surfaces in the absence of interaction. It is worth mentioning that the 

potential between two surfaces can be evaluated based on different boundary conditions 

(e.g., constant potential and constant charge)35 and with more detailed information of 
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charged groups on the surface (e.g., charge regulation).56 However, constant potential and 

constant charge represents two extremes of the inter-surface interactions and are only two 

special cases despite being mathematically rigorous.57 Calculation based on charge 

regulation, though most likely to be the case in reality, is limited by the availability of 

values of regulation parameters such as equilibrium constant and capacity of the surface 

layer.58,59 Therefore, LSA, which yields intermediate results between those based on the 

constant potential and constant charge cases, is still a useful tool to acquire an inter-surface 

potential distribution that is close to the real condition.12 

During the interdigitation process, following the method of LSA, the two 

interacting system could be treated as two planar core surfaces coated with a soft capping 

with a thickness of H/2. The Poisson-Boltzmann equation for each surface then becomes  

 
𝑑2𝜓

𝑑𝑥2 = −
𝜌𝑒𝑙(𝑥)

0 𝑟
, x > 𝐻/2 (19) 

 
𝑑2𝜓

𝑑𝑥2 = −
𝜌𝑒𝑙(𝑥)+𝜌𝑓𝑖𝑥(𝑥)

0 𝑟
, 0 < x < 𝐻 2⁄  (20) 

The fixed charge in the soft polyelectrolyte layer follows Eqs. 2-3. Applying the 

same boundary conditions in Eq. 13-14 and using LSA, the potential distribution between 

the two approaching surfaces is achieved. 

Finally, the potential distribution during the compression process (stage 3) could 

be obtained via the same method. The Poisson-Boltzmann equation for each surface takes 

the same form as Eqs. 19-20 and the fixed charge density can be calculated based on the 

segment density distribution described by Eq. 5. The same boundary conditions in Eqs. 13-

14 are applied and the LSA is employed to yield the potential distribution between two 

approaching surfaces. 

After obtaining the potential distribution, the plate-plate EDL repulsion force per 

unit area in a symmetrical electrolyte can be computed as35 
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 𝑃(ℎ) = 𝑛𝑘𝑇 {4 [𝑠𝑖𝑛ℎ (
𝑦

2
)]

2

−
1

𝜅2
(

𝑑𝑦

𝑑𝑥
)

2

} (21) 

By taking the potential at the point where 
𝑑𝑦

𝑑𝑥
 equals zero, one could obtain the 

repulsion pressure as 

 𝑃(ℎ) = 4𝑛𝑘𝑇 [𝑠𝑖𝑛ℎ (
𝑧𝑒𝜓(𝑥′)

2𝑘𝑇
)]

2

 (22) 

where 𝑥′ is the location where 
𝑑𝑦

𝑑𝑥
 is zero between the two approaching surfaces. Based 

on LSA, the location where 
𝑑𝑦

𝑑𝑥
  equals zero is the place where potentials from the two 

approaching surfaces 𝜓1(𝑥′) and 𝜓2(𝑥′) equal each other. Therefore, 𝜓(𝑥′) in Eq. 22 

can be replaced by 

 𝜓(𝑥′) = 𝜓1(𝑥′) + 𝜓2(𝑥′)  (23) 

The EDL repulsion force is then converted into plate-plate repulsive interaction 

(per unit area) via 

 𝑉𝑝𝑝(𝐻) = ∫ 𝑃(𝐻)𝑑𝐻
∞

𝐻
  (24) 

3.2.3 vdW attraction 

On the basis of previous work41,43,44, the half-space coated with polyelectrolyte 

layers is modeled into n+1 plate layers: the core silver layer is the 1st layer followed by n 

layers of polymer capping. The vdW interaction between two flat half-spaces (Figure 3.3) 

could be expressed as 

 𝑈𝐴,𝑝𝑝 =
1

12𝜋
∑

𝐴𝑖𝑗

𝐻𝑖𝑗
2

𝑖=𝑛+1,𝑗=𝑛+1
𝑖=1,𝑗=1 𝑓(𝐻𝑖𝑗) (25) 

where the Hamaker constant 𝐴𝑖𝑗 and the corresponding separation distance 𝐻𝑖𝑗 can be 

calculated as 

 𝐴𝑖𝑗 = (√𝐴𝑖 − √𝐴𝑖+1)(√𝐴𝑗 − √𝐴𝑗+1) (26) 

 𝐻𝑖𝑗 = 𝐻 − (𝑖 + 𝑗 − 2)
𝛿

𝑛
 (27) 
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and H is the separation distance between the core layers. The term 𝑓(𝐻𝑖𝑗) is the correction 

factor for the retardation effect. According to the approximation proposed by Gregory, the 

retardation correction factor can be expressed as45 

 𝑓(𝐻𝑖𝑗) =
1

1+𝑏𝐻𝑖𝑗 𝜆⁄
 (28) 

where the fitting constant b is 5.32 for the plate-plate geometry, and the characteristic 

wavelength 𝜆 is 100 nm.  

 

Figure 3.3: Two flat half spaces coated with polymer in medium: core silver (layer 1) 

coated by n layers of polymer.  

For interaction that involves the n+1th layer (the outermost polymer layer), the AH 

of the interacting medium (e.g., water) will be used in place of 𝐴𝑛+2 . The Hamaker 

constant of the ith composite layer (medium and polymer) 𝐴𝑖 could be approximated by28 

 𝐴𝑖 = [𝑉𝑝,𝑖(𝐴𝑝)
0.5

+ (1 − 𝑉𝑝,𝑖)(𝐴𝑚)0.5]
2

 (29) 

where  𝑉𝑝,𝑖 is the volume fraction (identical to the local segment density) of polymer in 

that layer i, 𝐴𝑝 is the Hamaker constant of the polymer, and 𝐴𝑚 is the Hamaker constant 

of the medium. 
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Following the same soft step function model of the capping layer, the 

interdigitation-compression process was used to calculate the vdW attraction after the 

overlap of surface capping polymers. During the interdigitation stage (𝛿 < 𝐻 < 2𝛿), the 

segment distribution follows Eqs. 2-4. Due to the symmetry of the interacting systems, the 

separation distance H can be separated into n layers: each half-space with half of the 

interacting polymers will be divided into 
𝑛+1

2
 layers (the core being the first layer with 

𝑛−1

2
 layers of polymer) and the very middle layer (the 

𝑛+1

2
𝑡ℎ layer) works as the medium 

layer as illustrated in Figure 3.4a. Calculation of the vdW interaction follows the same 

framework described in Eqs. 25-29.  

During the compression stage (𝐻 < 𝛿), the polymer segment distribution follows 

Eq. 5, and as shown in Figure 3.4b, the calculation can be performed using the same 

methods as that for the interdigitation stage but with a different polymer segment 

distribution function (Eq. 5). 

 

 

Figure 3.4: Schematic representation of two flat surface coated with polymer layers 

after surface layer overlap: a) interdigitation, and b) compression. 
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3.2.4 Surface element integration 

The plate-plate DLVO energy of interaction was converted to sphere-sphere 

(particle-particle) geometry via SEI to overcome the limitation of Derjaguin 

approximation.49,60 According to the geometry in Figure 3.5, the following relations hold 

for the sphere-sphere interaction: 

 𝑎 − √𝑎2 − 𝑦2 =
1

2
(𝐻 − ℎ), ℎ < 𝐻 < ℎ + 𝑎 (30) 

 𝑎 + √𝑎2 − 𝑦2 =
1

2
(𝐻 − ℎ), ℎ + 𝑎 < 𝐻 < ℎ + 2𝑎 (31) 

 

Figure 3.5: Schematic representation of the geometry for sphere-sphere interaction. 

(Adapted from Lin and Wiesner, 2010)48 

Using the construction of Derjaguin, the sphere-sphere interaction can be 

approximated as the pairwise summation of plate-plate interaction between two 

corresponding differential ring elements of the two spheres.  

 𝑉𝑠𝑠(ℎ) = ∫ 𝑉𝑝𝑝(𝐻)2𝜋𝑦𝑑𝑦
ℎ+2𝑎

ℎ
 (32) 

In Eq. 32, 2𝜋𝑦𝑑𝑦  is the area of the differential ring elements. Taking the 

derivative of Eqs. 30 and 31 yields the same relation: 

 𝑦𝑑𝑦 =
1

2
𝑑𝐻√𝑎2 − 𝑦2 =

1

2
[(𝑎 + ℎ)𝑑𝐻 − 𝐻𝑑𝐻] (33) 

Substitute Eq. 33 into Eq. 32 leads to   

 𝑉𝑠𝑠(ℎ) = π [(𝑎 + ℎ) ∫ 𝑉𝑝𝑝(𝐻)𝑑𝐻 − ∫ 𝑉𝑝𝑝(𝐻)𝐻𝑑𝐻
ℎ+2𝑎

ℎ

ℎ+2𝑎

ℎ
] (34) 

In the case of sphere-plate interaction, the energy of interaction is 

 𝑉𝑠𝑝(ℎ) = 2π [(𝑎 + ℎ) ∫ 𝑉𝑝𝑝(𝐻)𝑑𝐻 − ∫ 𝑉𝑝𝑝(𝐻)𝐻𝑑𝐻
ℎ+2𝑎

ℎ

ℎ+2𝑎

ℎ
] (35) 
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3.3 AGGREGATION EXPERIMENT 

Time-resolved dynamic light scattering (TRDLS) was used to evaluate the 

aggregation kinetics of citrate-AgNPs (NanoComposix, CA) in Suwanee River humic acid 

(HA, International Humic Substances Soc., MN), a model charged macromolecule that 

adsorbs onto the particle surface once AgNPs release into the aqueous environment. An 

ALV/CGS-3 compact goniometer system (ALV-Laser Vertriebsgesellschaft m-b.H., 

Langen/Hessen, Germany) equipped with a 22 mW HeNe 632 nm laser (equivalent to a 

800 mW laser at 532 nm) and a high-QE APD detector with photomultipliers of 1:25 

sensitivity was employed. Prior to the aggregation test, 10 mg/L citrate-AgNPs were 

exposed to 10 mg/L HA in the dark for 24 h. This length of time is considered enough to 

reach steady state for HA adsorption and/or ligand exchange onto the particle surface based 

on literature.61,62 For each aggregation test, 1.5 mL of HA-exposed AgNPs suspension 

diluted to 0.2 mg Ag/L in 10 mg/L HA solution at different ionic strength with NaNO3 at 

pH 7 buffered by phosphate was mixed in precleaned borosilicate vials, vortexed, and 

placed inside the DLS chamber. Attenuation of the laser was kept at 100% (i.e., 100% laser 

penetration) for all the samples. The scattering intensity was monitored at 15 s intervals for 

10 minutes to 4 hours to obtain at least 30% increase of the hydrodynamic size.63–65  

The initial aggregation rates were determined by linearly regressing the measured 

HDD up to 1.3 times the initial size.63–65 Attachment efficiency is then obtained by 

normalizing the initial rate of change of HDD at each solution condition by that in the 

favorable condition as shown in Eq. 36.8  

 𝛼𝑎 =

1

𝑁0
(

𝑑𝐷ℎ(𝑡)

𝑑𝑡
)

𝑡→0
1

𝑁0,𝑓𝑎𝑣
(

𝑑𝐷ℎ(𝑡)

𝑑𝑡
)

𝑡→0,𝑓𝑎𝑣

=
(

𝑑𝐷ℎ(𝑡)

𝑑𝑡
)

𝑡→0

(
𝑑𝐷ℎ(𝑡)

𝑑𝑡
)

𝑡→0,𝑓𝑎𝑣

 (36) 
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The subscript “fav” in Eq. 36 denotes favorable conditions, which is with high ionic 

strength where aggregation proceeds very quickly. The experimentally determined 𝛼𝑎 

was fitted with 𝛼𝑎 from theoretical calculation in Eq. 37.66,67 

 𝛼𝑎 =
1

𝑊
=

∫ 𝛽(ℎ)
exp[

𝑉𝐴(ℎ)

𝑘𝐵𝑇
]

(2𝑎+ℎ)2 dℎ
∞

0

∫ 𝛽(ℎ)
exp[

𝑉𝑇(ℎ)

𝑘𝐵𝑇
]

(2𝑎+ℎ)2 dℎ
∞

0

 (37) 

In Eq. 37, 𝛼𝑎 is calculated as the reciprocal of the stability ratio 𝑊. 𝑉𝑇 is the 

total energy of interaction, 𝑉𝐴 is the vdW attraction, a is particle radius, h is the separation 

distance and β(ℎ)  is the hydrodynamic resistance correction factor, which can be 

calculated as68 

 𝛽(ℎ) =
6(

ℎ

𝑎
)

2
+13(

ℎ

𝑎
)+2

6(
ℎ

𝑎
)

2
+4(

ℎ

𝑎
)

 (38) 

Both the extended DLVO (XDLVO) method which includes steric hindrance and 

the updated DLVO approach in this study were used to quantify 𝑉𝑇  and 𝑉𝐴 to fit the 

experimental results. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Effect of soft layer on EDL repulsion 

The potential distribution outside a polyelectrolyte-coated plate is shown in Figure 

3.6. As shown in Figure 3.6a, excluding the potential from the charged core, the potential 

deep inside the soft layer approaches the Donnan potential. This agrees with reported 

studies which argued that 
d𝜓

d𝑥
 deep inside the soft layer becomes zero when the capping 

thickness δ is much greater than the inverse Debye length κ.30 On the other hand, when δ 

is small, potential inside the soft layer cannot reach the Donnan potential. When the 

potential from the charged core surface is superposed onto the potential from the soft 

polyelectrolyte layer, the potential distribution outside the plate is as shown in Figure 3.6b. 
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If the slipping plane where the “apparent” ζ-potential occurs is assumed right outside the 

polymer layer,69 Figure 3.6b reveals that, for a particle with a polyelectrolyte capping layer, 

the potential deep inside the capping is higher than the potential of a particle without 

capping. The potential deep inside the soft layer is also higher than the “apparent” ζ-

potential right outside the soft. The traditional EDL repulsion evaluated by the single ζ-

potential underestimates the repulsive effect deep inside the capping.  
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Figure 3.6:  Potential distribution from a plate covered by a polyelectrolyte soft layer of 

different thicknesses: a) potential from the soft layer, and b) potential from 

both the soft layer and the charged core. 

Figure 3.7 displays the electrical potential at the midpoint and the resultant EDL 

repulsion between two AgNPs coated with soft polyelectrolyte layers of different 

thicknesses. As shown in Figure 3.7a, using LSA for the potential between the two 

approaching plates, the potential at the midpoint increases as the separation distance 

between the two plates gets smaller. After the contact of the soft layers, though the 

“apparent” ζ-potential becomes irrelevant, the midpoint potential continues to increase 

because the surface charge density increases with the interdigitation and compression of 

the polyelectrolyte layers. Though the “apparent” ζ-potential appears to be similar for 

plates coated with polyelectrolyte layers of different thicknesses in Figure 3.6b, Figure 3.7a 

shows that the interacting potential between two approaching plates is higher for the cases 
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with thicker polyelectrolyte capping layer. As a result, EDL repulsion becomes stronger 

when the two approaching plates are capped with polyelectrolyte soft layers. Without 

considering the effect of increased charge density within the soft layer after their contact, 

results calculated from the traditional method underestimate the EDL repulsion between 

polyelectrolyte capped surfaces: the thicker the capping layer, the higher the EDL repulsion 

between two approaching particles and the more underestimation is caused by the 

traditional calculation. 
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Figure 3.7:  a) Potential at midpoint and b) EDL repulsion between two AgNPs with 

different polyelectrolyte capping layer thickness. 

To further explore the effect of the polyelectrolyte layer, in Figure 3.8, EDL 

repulsion was calculated for the same soft layer thickness with different segment density, 

different soft layer charge density, and different core charge density. As expected, a higher 

segment density leads to a higher charge density inside the capping layer and thus results 

in a stronger repulsion (Figure 3.8a). Similarly, with the increase of the charge density of 

the polyelectrolyte, charge density inside the soft layer increases and leads to an increased 

EDL repulsion (Figure 3.8b). Compared to the drastic effect of the soft capping layer on 

EDL repulsion, the effect of the core charge density becomes less dominant when the 

capping is not very thin. In Figure 3.8c, with other parameters held constant, an increase in 
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core charge density does not lead to nearly as enhanced EDL repulsion as that in Figures 

3.8a and 3.8b. 
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Figure 3.8: EDL repulsion between two polyelectrolyte capped AgNPs of a) different 

segment density, b) different polyelectrolyte charge density, and c) different 

core charge density. 

3.4.2 Effect of soft layer on vdW attraction  

Figure 3.9 displays the vdW attraction between two soft layer capped AgNPs. In 

Figure 3.9a, an increased capping layer thickness reduces vdW attraction. In Figure 3.9b, 

an increased segment density of capping polymer reduces vdW attraction. In both cases, 

vdW attraction is reduced with the presence of the capping polymer because AH of the 

capping polymer is lower than that of the core silver. However, the effect of polymer 

capping on vdW attraction is relatively small compared to its drastic effect on EDL 
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repulsion. Figure 3.9c shows the effect of AH values of the core silver which has been 

reported from 100 to 400 zJ. It is clear that vdW attraction reduces with the reduction of 

the core AH values and the difference is greater than that from varying capping layer 

thickness or polymer segment density. However, compared to the drastic effect of changing 

values of parameters on EDL repulsion, changes on vdW attraction is relatively small. This 

insensitivity is a possible reason why previous researchers are less rigorous in choosing 

values of AH to calculate the energy of interaction of AgNPs. 
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Figure 3.9: vdW attraction between two polyelectrolyte capped AgNPs of a) different 

capping layer thickness, b) different segment density, and c) different core 

AH. 
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3.4.3 Effect of soft layer on DLVO energy of interaction 

Finally, in Figure 3.10a, DLVO energy of interaction calculated from the updated 

method is compared with the old method which uses a single “apparent” ζ -potential to 

calculate EDL repulsion, and a single AH of either the metal core or soft layer to obtain 

vdW attraction. Because EDL repulsion is much stronger with the interdigitation and 

compression of the charged soft layer and vdW attraction also becomes less attractive 

(though to a minor degree), the enhanced stability brought from the polymeric capping on 

the particle surface can also be interpreted from the updated DLVO approach in this study. 

In Figure 3.10b, the XDLVO calculation, which includes steric hindrance is shown along 

with the result from the updated DLVO approach. Both methods result in an increased 

repulsive energy at short separation distance, which indicates the stability of particles with 

soft capping. Though superposing steric hindrance on to the classical DLVO energy is 

widely used, it is at best semi-quantitative with an obscure explanation. First, the location 

where steric hindrance occurs is different from the location where the “apparent” ζ -

potential is measured or where the values of different AH are taken. Second, the value of 

the Flory-Huggins parameter χ, which reflects the affinity of polymer to the solvent is 

unclear though its value greatly influences the magnitude of steric hindrance. The updated 

DLVO calculation, on the other hand, can provide an improved quantitative alternative to 

explain the enhanced stability.  
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Figure 3.10: Total energy of interaction between two polyelectrolyte capped AgNPs: a) 

comparison within DLVO approaches, and b) comparison with XDLVO 

approach. 

3.4.4 Experimental verification 

Figure 3.11 shows the experimentally obtained attachment efficiency of citrate-

AgNPs at different ionic strength. Without the presence of HA, citrate-AgNP is generally 

considered a hard particle because the capping citrate is a small molecule. With the 

presence of HA, HA adsorbs onto the surface of citrate-AgNP to form a macromolecular 

capping and enhances the stability of citrate-AgNP.70 Therefore, in Figure 3.11, HA-

exposed AgNPs (red triangle) show higher stability (lower attachment efficiency) than 

AgNPs without HA exposure (blue sphere). Citrate-AgNPs reached maximum attachment 

efficiency at 60 mM NaNO3 while citrate-AgNPs in HA solution reached maximum 

attachment efficiency at NaNO3 concentration higher than 300 mM. 
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Figure 3.11: Aggregation attachment efficiency of citrate-AgNPs with and without HA as 

a function of ionic strength in NaNO3 at pH=7. 

To interpret the enhanced stability brought from the macromolecular HA, both 

XDLVO approach that includes steric hindrance and the updated DLVO method from this 

study were used to fit the experimentally obtained attachment efficiency. Mathematical 

expressions for XDLVO interaction and values of parameters for the fitting are listed in 

Tables B1 and B2. In Figure 3.12a, fitting the experimental data with the XDLVO approach 

fails to give a good result. The fitting is quite sensitive to the value of the Flory-Huggins 

parameter χ (note this is different from χs, which describes the interaction between 

polyelectrolyte and a surface). According to Flory’s theory of polymer-solvent interaction, 

χ describes the affinity of the polymer for the solvent.71 A low χ value (<0.5) denotes a 

good solvent for the polymer, and the polymer will expand into the solvent to hinder the 

approach of other polymer chains. A high χ value (>0.5) denotes a poor solvent for the 

polymer, and the polymer coils shrink to attract themselves. The critical χ value of 0.5 

denotes the transition condition of θ solvent for the polymer where neither attractive or 

repulsive force exist. The χ value depends on both the polymer and the solvent; however, 

determination of the exact value of χ is quite obscure and values ranging from 0.1 to 0.45 

have been used without quantitative justification. 17–20 In Figure 3.12a, if χ is slightly low, 
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it cannot explain the aggregation at high ionic strength. If χ is slightly high, it fails to 

explain the stability at low ionic strength. Even the best fitting (χ =0.482) only gives a R2 

value of 0.47. A better explanation from the steric hindrance perspective might involve 

different χ values at different ionic strength.71 At low ionic strength, presence of HA in the 

solution is favorable and χ is low; at high ionic strength, HA coils and χ becomes close to 

0.5. However, justifying the choice of χ at a certain ionic strength is still obscure and 

challenging.  
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Figure 3.12: Fitting of aggregation attachment efficiency of citrate-AgNPs in HA with a) 

XDLVO approach and b) updated DLVO approach. 

 The updated DLVO approach turns out a better fitting than the XDLVO approach 

as shown in Figure 3.12b; we are assuming that the amount of NOM adsorbed on the 

surface is sufficient to apply this model. At low to moderate ionic strength, interdigitation 

and compression of the soft charged capping greatly increase EDL repulsion and maintain 

particle stability. At high ionic strength, even the high charge density inside the soft 

capping is screened by the electrolyte from the solution and particles aggregate. However, 

comparing the theoretical fitting and experimental results in Figure 3.12b shows that the 

fitting suggests a steeper increase in attachment efficiency with increased ionic strength. 

As shown in Figure B1, changing the values of different parameter revealed that, though 
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the fitted line can switch to show increased attachment efficiency at either higher ionic 

strength or lower ionic strength, the steep transition remains. This trend probably suggests 

the effect of EDL repulsion is overestimated in the updated DLVO model. Though the soft 

particle model accounts for the property of the adsorbed polymer, it simplified the 

adsorption of macromolecules onto the particle and the interaction after soft layer contact. 

HA can modify the surface of citrate-AgNPs via adsorption and/or ligand exchange.70 

However, though steady state of HA adsorption has been reached, whether HA completely 

replaced the original citrate capping on the particle surface cannot be confirmed. 

Incomplete ligand exchange will lead to heterogeneity of charge distribution both on the 

core surface and within the capping layer, both of which greatly affect the resulting EDL 

repulsion. In addition, the interdigitation-compression process in the current study divides 

the interaction of soft layers from two approaching surfaces after their contact into two 

distinguished stages. However, in reality, compression should also proceed to some degree 

during interdigitation. This compression inevitably complicates the segment density 

distribution during particle-particle interaction. Moreover, the choice of the smallest 

separation distance for aggregation to occur also greatly affects the theoretical prediction. 

While a separation distance of zero is used to represent aggregation when theoretically 

calculating attachment efficiency (Eq. 37), a strong repulsive force such as Born repulsion 

further complicates the condition at very small separation distance.72 At very small 

separation distance, the updated DLVO calculation suggests very strong compression of 

charged polymer which results in very strong EDL repulsion. With a better understanding 

of separation distance, the sensitive effect of EDL repulsion might be mediated. 

Nevertheless, unlike the somewhat arbitrary value of χ, parameters (e.g., capping thickness, 

charge density of the capping polymer, and segment density) of the updated DLVO model 

are more accessible with the advance of analytical instrumentation and electrokinetic 
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theory of polyelectrolyte. The updated DLVO model proposed by this study provides a 

more quantitatively rigorous alternative to the XDLVO method which uses steric hindrance 

to assess the interparticle interaction of macromolecule-coated AgNPs.   

3.5 CONCLUSIONS 

The DLVO energy of interaction between macromolecule-coated AgNPs was 

updated to account for the change of the soft capping layer after their contact. 

Interdigitation and compression of the charged soft capping layers increased charge density 

within the interacting soft layers and enhanced EDL repulsion. The presence of the soft 

capping layer on the particle surface masked the silver core which has a high AH value to 

reduce vdW attraction. As a result, the updated DLVO interaction can also explain the 

enhanced stability of macromolecule-coated AgNPs without invoking the obscure steric 

hindrance. Aggregation kinetics of citrate-AgNPs in HA was better interpreted using the 

updated DLVO model than using the traditional XDLVO approach which involves steric 

hindrance. The updated DLVO calculation provides a more quantitatively rigorous 

alternative to the widely used but more obscure steric hindrance. This study provides a 

straightforward approximate method to evaluate the DLVO energy of interaction of soft 

particles that could be employed in place of the existing methods after acquiring detailed 

information (segment density distribution, thickness, charge density etc.) of the soft 

capping on the particle surface. 
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Chapter 4: Sulfidation of PVP-capped silver nanoparticles with humic 

acid 

ABSTRACT 

Silver nanoparticles (AgNPs) have been found to undergo sulfidation during their 

release into the natural environment. Because sulfidation greatly affects the fate and 

transport of AgNPs, it is important to characterize the sulfidation product of AgNPs to 

deepen our understanding of environmental implication of AgNPs. This study focused on 

the sulfidation product of polyvinylpyrrolidone (PVP) capped AgNP under different 

conditions of humic acid (HA) exposure. Sulfidized AgNPs maintained the original 

spherical morphology based on scanning transmission electron microscope images, but 

surface potential of sulfidized AgNPs became more negative probably because the capping 

PVP was stripped during the sulfidation process. X-ray diffraction revealed the formation 

of Ag2S after sulfidation and energy dispersive spectroscopy of the sulfidized AgNPs 

showed both core-shell structure and heterogeneous sulfidation patterns. S/Ag ratio was 

found to be the dominant factor of the sulfidation process and different conditions of HA 

exposure barely influence the extent of sulfidation. Compared with AgNPs sulfidized 

without HA, AgNPs sulfidized with HA showed surface potentials closer to that of HA 

which suggested adsorption of HA on the surface of sulfidized AgNPs. 

KEYWORDS 

AgNP, sulfidation, humic acid 

4.1 INTRODUCTION  

Silver nanoparticles (AgNPs) have been widely used in consumer products to 

utilize their antimicrobial properties and a wide range of research has focused on these 

novel “pollutants” to assess the implication of AgNPs if they release into the 
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environment.1,2 Upon their release into the environment, AgNPs undergo various 

transformations such as aggregation, dissolution, oxidation, sulfidation, and natural 

organic matter (NOM) adsorption.3 One of the major routes of AgNPs release is through 

the wastewater treatment facilities,4 and sulfidation of AgNPs was found to occur under 

the anaerobic conditions of sewerage systems to mitigate the toxicity of AgNPs.5–7 Because 

AgNPs are normally manufactured with polymer coating on the surface for stabilization 

and sulfidation is found to be a “natural antidote” to the toxicity of AgNP by modifying 

the surface properties of AgNPs,7,8 it is of great importance to understand the sulfidation 

process of polymer-coated AgNPs in natural environment.  

Some earlier studies on sulfidation involved reacting PVP-AgNPs with Na2S at 

approximately stoichiometric S/Ag ratios or lower, and it was suggested that Ag2S 

nanobridges between AgNPs was the dominant morphology after sulfidation.9,10 However, 

later investigation at higher S/Ag ratios revealed a core-shell structure of metallic Ag core 

surrounded by Ag2S shell instead of nanobridges.11,12 When the sulfidation was performed 

in a more environmentally relevant wastewater matrix, the core-shell structure was also 

observed.13. Humic acid (HA) was found to facilitate sulfidation by bringing sulfide closer 

to citrate-capped AgNPs;14 but fulvic acid was thought to slightly inhibit sulfidation of 

citrate-AgNPs.15 Environmental organics were also hypothesized to interfere with 

crystallization of Ag2S to result in heterogenous structures; however, whether the 

amorphous structure was caused by the capping polymer or the surrounding NOM is poorly 

understood.9,14 In addition, the presence of HA was reported to cause a more symmetrical 

core-shell morphology, but sulfidation from one side of the particle is more favorable in 

the absence of HA.14 Different sulfidation outcomes were reported with different particle 

sizes and cappings: the more polycrystalline and larger AgNPs allow preferential 

sulfidation at higher energy locales and form asymmetrical products,15 while capping with 
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large-molecule agents seems to slow down sulfidation.15 Sulfidized particles with central 

cavities were also observed and explained by the Kirkendall effect, probably because Ag+ 

diffuses faster than sulfide through the formed Ag2S layer.14,16 Despite sulfidation of 

AgNPs being quite widely investigated, much confusion remains regarding the sulfidation 

process, especially in the presence of NOM. The morphology, composition, and surface 

properties of AgNPs after sulfidation require further elucidation.  

This research investigated the effect of HA, a model environmental organic on the 

sulfidation product of PVP-AgNPs. It explored the composition and surface potentials of 

AgNPs with different sulfidation conditions and aimed to clarify the effect of HA on 

sulfidation.  

4.2 MATERIALS AND METHODS 

4.2.1 Chemicals  

Spherical PVP-AgNPs capped with PVP of 40,000 Da (NanoComposix, CA) were 

purchased as model polymer-capped AgNPs. Na2S (Fisher Scientific, Co.) was dissolved 

into suspensions of AgNPs at predetermined concentrations to induce sulfidation. Suwanee 

River HA (International Humic Substances Soc. MN) was purchased and dissolved into a 

stock solution for addition in some experiments. ACS grade chemicals and ultrapure 

deionized water (DI) of 18.2 mΩ ∙ cm was used throughout the study for solution 

preparation. 

4.2.2 Sulfidation  

The sulfidation process for PVP-AgNPs was adapted from reported literature.9 

Briefly, as summarized in Table 4.1, 100 mg/L AgNPs were sulfidized in 5 mM NaNO3 at 

different S/Ag ratio with or without HA addition. For Experiments 1 to 8, after 

simultaneous addition of Na2S and/or HA, the mixture was kept in the dark at 4 ℃ for 24 
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h. After 24 h, the suspension was centrifuged at 13,200 g for 20 minutes. The supernatant 

(>95% of the original volume) was then discarded, and the settled pellets were resuspended 

with DI water addition followed by sonication. This centrifuge-resuspension process was 

repeated three times to minimize concentrations of the soluble materials (Ag+, PVP, 

sulfide, HA, etc.) in the final suspension. For Experiment 9, the AgNPs were exposed to 

HA in 5 mM NaNO3 for 24 h before Na2S was introduced for another 24 h reaction. The 

purification process of Experiment 9 after the second 24 h reaction was the same as that of 

Experiments 1 to 8. The silver concentrations of the final suspension were determined by 

inductively coupled plasma-optical emission spectrometry (ICP-OES, Varian 710-ES) 

after 6% nitric acid dissolution. 

Table 4.1: Summary of sulfidation conditions 

Experiments # S/Ag molar ratio HA Conc. (mg/L) 

1 0 0 

2 0 10 

3 0.1 0 

4 1 0 

5 10 0 

6 1 1 

7 1 10 

8 1 100 

9 1 10 mg/L HA pre-exposure 

4.2.3 Characterization  

The hydrodynamic diameter (HDD) and the ζ-potential of the final AgNPs were 

determined by dynamic light scattering (DLS) and electrophoretic light scattering (ELS), 

respectively, using a Malvern Zetasizer Nano ZS (Malvern Instruments, U.K.). For these 

measurements, samples were prepared with 1 mg/L of silver in 5 mM NaNO3 and held at 

pH=7.0±0.1 with phosphate buffer. The light scattering patterns were recorded to yield the 

diffusion coefficient to calculate HDD with the Stokes-Einstein equation; the obtained 
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electrophoretic mobility (EPM) was converted to the ζ-potential with the instrument built-

in software using the Smoluchowski equation. 

Ultraviolet (UV) absorbance scans of the AgNPs were measured with a Model 8453 

UV-visible spectrophotometer (Agilent Technologies) through a 1 cm pathway quartz 

cuvette. The primary interest was the change of the distinct absorption peak at 

approximately 435 nm wavelength as a result of the surface plasmon resonance of metallic 

AgNPs.12,17 

Particles were also characterized using a scanning transmission electron 

microscope (STEM, Hitachi S5500, Japan) equipped with energy dispersive spectroscopy 

(EDS). For each sample, 8 μL of 100 mg/L AgNPs was placed on a lacey carbon-coated 

200-mesh copper TEM grid (SPI Supplies, West Chester, PA). After 30 minutes drying in 

air, excess solvent was removed by wicking with filter paper.18,19 Bright field (BF) images 

were recorded at an accelerating voltage of 30 kV to show the morphology of AgNPs. 

Elemental analysis of particles was performed using EDS to probe the change of 

composition of the particles after sulfidation. EDS point spectrum was measured at the 

center of a particle, EDS line profile was measured along one or two particles, EDS 

mapping was performed at a selected region with several particles.  

Particle suspensions were also dried in air overnight into powder for X-ray 

diffraction (XRD, Agilent SuperNova with AtlasS2 CCD) analysis to determine the 

crystallinity and chemical composition of the particles. The X-ray was generated by a Cu-

Kα irradiator (0.154 nm wavelength) at a step width of 0.01° between 2θ values of 0° and 

60°. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Effects of S/Ag ratio  

Table 4.2 lists HDD and ζ-potential of PVP-AgNPs under different sulfidation 

conditions. At low S/Ag ratio (Experiment 3), the HDD of the sulfidized AgNPs was not 

different from that of the original PVP-AgNPs. When the S/Ag ratios were high 

(Experiments 4-9), sulfidation led to some increase in both the mean value and standard 

deviation of HDD. This HDD observation is consistent with reported literature as both 

Ag2S nanobridges between particles and aggregation between sulfidized AgNPs would 

lead to size increase.10,20 Comparing the HDD of AgNPs sulfidized at S/Ag=1 and 

S/Ag=10, the higher S/Ag ratio did not lead to a further increase in hydrodynamic size.  

Table 4.2: HDD and ζ-potential of AgNPs with 5 mM NaNO3 at pH=7±0.1. 

Experiments # Conditions HDD (nm) ζ-potential (mV) 

1 S/Ag=0, HA=0  76.9±11.6 -20.5±1.84 

2 HA=10 mg/L  87.6±5.1 -23.3±13.5 

3 S/Ag=0.1, HA=0  87.1±2.8 -19.9±0.5 

4 S/Ag=1, HA=0 100.1±32.9 -33.8±0.6 

5 S/Ag=10, HA=0  98.4±49.6 -33.2±0.2 

6 S/Ag=1, HA=1 mg/L 101.5±12.0 -25.9±1.0 

7 S/Ag=1, HA=10 mg/L 104.8±11.7 -27.8±0.2 

8 S/Ag=1, HA=100 mg/L  97.3±22.5 -24.0±0.9 

9 S/Ag=1, HA=10 mg/L pre-

exposure 

107.0±39.3 -28.8±7.4 

Similar to the trend observed for HDD, low S/Ag ratio did not cause much change 

of the ζ-potential, but sulfidation at higher S/Ag ratio (Experiments 4 and 5) resulted in a 

more negative ζ-potential. The more negative ζ-potential after sulfidation is thought to be 

caused by the stripping of the capping PVP layer during sulfidation. In the presence of the 

PVP layer, the shear plane for the ζ-potential approximation is shifted towards the outer 

edge of the polymer layer from the particle core surface.21 Because PVP is uncharged, a 

decreased potential is expected away from the silver core surface. After the PVP capping 
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layer is removed by sulfidation, the measured potential of the sulfidized AgNPs was more 

negative than that of the original PVP-AgNPs. Similar to the comparison between HDD, 

the S/Ag=10 condition did not lead to more negative ζ-potential than the S/Ag=1 case. This 

result can be explained by the similarity between surfaces of the sulfidized AgNPs at both 

S/Ag ratios. Sulfidation is suggested to happen first at the surface of the original AgNP and 

proceed further inside.14 In both conditions (Experiments 4 and 5), it is likely that the 

surfaces of AgNPs were sulfidized to a similar extent which explains the similarity between 

the observed ζ-potentials. 

BF STEM images of PVP-AgNPs before and after sulfidation (Experiments 1 and 

4) are shown in Figure 4.1. In Figure 4.1a, the original PVP-AgNPs were fairly dispersed. 

After sulfidation at S/Ag=1, as shown in Figures 4.1b, particles tended to aggregate 

(influence from the drying process cannot be excluded), but they still maintained their 

spherical morphology. A similar morphology was observed for all the other experiments 

and is summarized in the Appendix (Figure C1); the reported nanobridge phenomenon seen 

under high resolution TEM could not be observed under the STEM conditions in this 

instrument.  

 

Figure 4.1: STEM image of PVP-AgNPs before and after sulfidation without HA 

presence: a) S/Ag=0, and b) S/Ag=1. 
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A core-shell structure is supported by EDS analysis of AgNPs sulfidized at different 

S/Ag ratio as shown in Figures 4.2 and 4.3 (the profiles in Figure 4.2 were taken along the 

line shown in Figure C2). For the original PVP-AgNPs (S/Ag=0) in Figures 4.2a and 4.3, 

no sulfur intensity is observed because no Na2S was added to the mixture. When the S/Ag 

ratio was low (S/Ag=0.1, Figure 4.2b), the sulfur intensity is still difficult to observe. With 

the S/Ag ratio increased to 1, the sulfur intensity becomes more apparent in Figure 4.2c 

and a peak begins to appear in Figure 4.3. Specifically, at the edge of the particles in Figure 

4.2c, S/Ag ratio is closer to 0.5, which is the stoichiometric S/Ag ratio of Ag2S. Therefore, 

when S/Ag ratio was 1, the surface of the PVP-AgNP was sulfidized to Ag2S while the 

inside core remained the original metallic silver form. The EDS spectrum taken from the 

center of the particle and shown in Figure 4.3 further supports the core-shell structure 

because the observed sulfur intensity is weak. The X-ray was strong enough to penetrate 

the whole particle, so the detected sulfur intensity probably came from the surface and the 

inside core did not contribute sulfur.   
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Figure 4.2: EDS line profile (location and direction shown in Figure C2) of AgNPs 

sulfidized at different S/Ag ratio without HA: a) S/Ag=0, b) S/Ag=0.1, c) 

S/Ag=1, and d) S/Ag=10.  

The EDS line profile in Figure 4.2c also shows that the sulfidation process is not 

uniform. While the silver spectrum in Figure 4.2c appears symmetric, the sulfur spectrum 

shifts towards one side. Nonuniform sulfidation has also been reported by previous 

investigators who explained the heterogenous sulfidation pattern was caused by the 

polycrystallinity of AgNPs because sulfidation tends to happen at high energy surfaces.15,22 

With the further increase of S/Ag ratio during the sulfidation process, as shown in Figure 

4.2d, even deep inside the particle core shows significant sulfur intensity. The S/Ag 

intensity ratio in Figure 4.2d reveals that, at S/Ag=10, Ag2S formed deep inside the particle; 

the formation of the Ag2S shell cannot prevent further sulfidation towards the core. The 

sulfidation of the inside core is also evidenced by the EDS point spectrum in Figure 4.3: 

for the S/Ag=10 condition, both the sulfur peak and silver peak are apparent. This is 
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consistent with previous studies which also state that the so-called passivating Ag2S layer 

cannot prevent the further sulfidation of the metallic inside.23,24   
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Figure 4.3: EDS point spectra (focused at the center of a particle) of AgNPs sulfidized 

at different S/Ag ratio without HA. 

The EDS analysis is also shown in the element map mode where the intensity of 

silver (green) and sulfur (red) is represented in different colors in Figure 4.4. In Figures 

4.4a and 4.4b, because S/Ag ratio is low, very little sulfur is detected. In Figures 4.4c and 

4.4d, with the increase of S/Ag ratio and better detection of sulfur intensity, the 

heterogeneous pattern of sulfidation becomes apparent. The presence of sulfur tends to 

cluster at one side of the particle instead of being uniformly distributed throughout the 

particle surface. In addition to the polycrystallinity explanation from most researchers, the 

heterogenous pattern might also be caused by the mechanism of sulfidation. Both direct 

oxysulfidation and oxidative dissolution followed by precipitation have been proposed as 

possible sulfidation pathways.23 Without considering polycrystallinity of AgNPs, direct 

oxysulfidation is suggested to form uniform sulfidation pattern and the heterogeneous 

pattern observed in this study is better explained by the dissolution-precipitation 

mechanism. As Ag2S is formed by the precipitation between Ag+ and S2-, the formed 
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precipitates provide nucleation sites for the continuing precipitation of Ag2S, leading to 

nonuniform coverage on the AgNP. 

 

Figure 4.4: EDS map of AgNPs sulfidized at different S/Ag ratio without HA: a) 

S/Ag=0, b) S/Ag=0.1, c) S/Ag=1, and d) S/Ag=10.  

While sulfidation at low S/Ag ratio cannot be observed by EDS, UV-vis spectra in 

Figures 4.5 shows the change of AgNPs after reaction with Na2S even for S/Ag=0.1. 

Sulfidation changed the color of the AgNPs suspension from orange to black at high S/Ag 

ratio and in Figure 4.5, the distinct absorption peak gradually disappears with the increase 

of S/Ag ratio. When S/Ag=0.1, the peak is lower than that of the original PVP-AgNP. 

When S/Ag=1, as sulfidation changed most of the surface of the AgNPs, the peak is much 

a b 

c d 
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lower than the original one. However, a shape of a slight peak is still visible, which 

indicates that some fraction of the AgNPs remained metallic because sulfidation proceeded 

heterogeneously. Finally, when S/Ag=10, the peak completely disappears as a result of 

complete sulfidation.  
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Figure 4.5: UV-vis absorption spectra of PVP-AgNPs sulfidized at different S/Ag ratios 

without HA. 

XRD analysis shown in Figure 4.6a reveals that with the increase of S/Ag ratio, 

additional peaks at around 31.5° and 34.5° start to appear. The new phase can be identified 

as Ag2S acanthite.23,25 With the increase of S/Ag ratio, as shown in Figure 4.6a, the 

acanthite contribution becomes more apparent, indicating a greater fraction of acanthite at 

higher S/Ag ratios.    
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Figure 4.6: XRD pattern of AgNPs sulfidized at different S/Ag ratios without HA. 
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4.3.2 Effects of HA 

As indicated in Table 4.2, sulfidation with HA exposure increased the HDD of 

AgNPs, and the resulting HDD values are not much different from those obtained by 

sulfidation alone (Experiment 4). However, the ζ-potential of AgNPs sulfidized with HA 

exposure (Experiments 6-9) is different from the ζ-potential of AgNPs that underwent 

sulfidation alone. ζ-potentials from Experiments 6-9 fall between the ζ-potentials of 

particles that only underwent HA exposure (Experiment 2) or sulfidation (Experiment 4). 

These ζ-potential values are also close to the ζ-potential of HA, which is -28.3 mV 

measured at the same condition. This result suggests that HA can adsorb onto the surface 

of sulfidized AgNPs to play an important role in determining the ζ-potential. Because 

silver-sulfide interaction is more favorable than the silver-HA interaction, it is conceivable 

that a suldized AgNP core forms in the center and HA adsorbs onto the particle surface. 

The morphology of AgNPs that were both sulfidized and exposed to different 

concentrations of HA is shown by BF STEM images in Figure C1c-f. Particles still 

maintained their spherical shape well, and not much difference can be seen between these 

particles and those that were sulfidized without HA exposure (Figure 4.1b).  

EDS line profiles in Figure 4.7 do not show much difference from Figure 4.2b: the 

S/Ag ratio remains relatively low inside the particle, but approaches 0.5 at the edge of the 

particle, indicating the formation of Ag2S at the surface. Both core-shell structure (Figures 

4.7a and d) and heterogeneous sulfidation pattern (Figures 4.7b and c) were observed with 

HA was present during sulfidation. Similar to the fact that the capping PVP cannot prevent 

sulfidation of the inner silver core, exposure to HA cannot form a “passivating” layer to 

impede sulfidation either. From Figure 4.8, the negligible effect of HA exposure on 

sulfidation extent is also supported by the EDS spectra taken at the center of particles. 
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Under different HA conditions, a small sulfur peak is observed indicating sulfidation but 

the relative intensities between the sulfur peak and silver peak are similar.  
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Figure 4.7: EDS line profile (location and direction shown in Figure C3) of PVP-AgNPs 

sulfidized at S/Ag=1 with HA presence: a) HA=1mg/L, b) HA=10 mg/L, c) 

HA=100 mg/L, and d) HA=10 mg/L pre-exposure. 
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Figure 4.8: EDS point spectra (focused at the center of a particle) of AgNPs sulfidized 

under different HA conditions at S/Ag=1. 
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EDS maps in Figure 4.9 seem to suggest the formation of Ag2S nanobridges 

between particles, as the intensity of sulfur (red) appears abundant at the junctions where 

particles attach to each other. Comparing Figure 4.9 and Figure 4.4c where the S/Ag ratios 

are the same, the accumulation of sulfur becomes more apparent with the increase of HA. 

Because HA has been suggested to bring sulfide closer to the surface of particles,14 it might 

function as a bridging agent between two particles to cause sulfidation of the two 

contacting sides. The accumulation of Ag2S at the position where particles contact can also 

be interpreted as a result of the heterogeneous sulfidation pattern. When one side of a 

particle gets sulfidized while the other side remains relatively intact, there is no PVP-

induced steric hindrance to prevent the attachment of the two sulfidized sides. However, 

because aggregation due to the drying process is difficult to exclude when interpreting 

TEM style images, proving the aggregation of heterogeneous sulfidized sides remains 

challenging. 
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Figure 4.9: EDS map of PVP-AgNPs sulfidized at S/Ag=1 with HA presence: a) 

HA=1mg/L, b) HA=10 mg/L, c) HA=100 mg/L, and d) HA=10 mg/L pre-

exposure. 

The difference of sulfidation extent due to different conditions of HA exposure is 

not observed in this study. HA has been suggested to either facilitate sulfidation14 or 

consume sulfide via redox reactions.26 The difference between the current results and 

reported studies is probably explained by the fact that the enhanced sulfidation rate by HA 

is only apparent within the short time period (e.g. less than 1 h) in the reported study14 and 

the formation of Ag2S is far more favorable than either the reaction between HA and sulfide 

or the adsorption of HA to AgNP.20 As expected, pre-exposure of PVP-AgNPs to HA prior 

to sulfidation did not lead to much difference either. A similar conclusion can also be 

reached by analyzing the overall S intensity over Ag intensity based on the line profiles in 

Figures 4.2 and 4.7, which is summarized in Table 4.3. Increased S/Ag ratio shows 

a b 

c d 
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significant effect on increased sulfidation extent, but different conditions of HA exposure 

barely lead to any distinguishable difference.  

Table 4.3: Overall S/Ag ratio based on EDS line profile in Figures 4.2 and 4.7  

Experiments # Conditions S/Ag 

1 S/Ag=0, HA=0 0.0486 

2 HA=10 mg/L 0.0397a 

3 S/Ag=0.1, HA=0 0.0565 

4 S/Ag=1, HA=0 0.1115 

5 S/Ag=10, HA=0 0.3961 

6 S/Ag=1, HA=1 mg/L 0.1200 

7 S/Ag=1, HA=10 mg/L 0.1276 

8 S/Ag=1, HA=100 mg/L 0.1210 

9 S/Ag=1, HA=10 mg/L pre-exposure 0.1065 
a Calculated based on measured EDS line profile which is not shown in Figures 4.2 and 

4.7. 

The minor contribution of HA to the sulfidation extent is also shown in the UV-vis 

spectra in Figures 4.10 and XRD spectra in Figure 4.11. When S/Ag=1, whatever the HA 

exposure condition is, absorption peaks in Figure 4.10 shows a similar height and shape. 

XRD patterns in Figure 4.11 also display similar acanthite-related peaks as the S/Ag=1 

case in Figure 4.11. 
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Figure 4.10: UV-vis absorption spectra of PVP-AgNPs sulfidized under different HA 

conditions at S/Ag=1. 
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Figure 4.11: XRD pattern of AgNPs sulfidized under different HA conditions at S/Ag=1. 

4.4 CONCLUSIONS 

The current research characterized the morphology, composition and ζ-potential of 

PVP-AgNPs sulfidized at different conditions of S/Ag ratio and HA exposure. The S/Ag 

ratio was revealed to greatly affect the extent of sulfidation: with the increase of S/Ag ratio, 

more sulfidation is expected and the final product (at least on the surface) becomes almost 

complete Ag2S. A more negative ζ-potential than that of the original PVP-AgNPs was 

obtained after sulfidation, probably because the original PVP capping was stripped with 

the formation of Ag2S on the surface of the particle. Exposure to HA did not lead to any 

distinguishable difference in the extent of sulfidation under the studied conditions, 

indicating the dominant role of sulfide during the environmental transformation of AgNPs. 

However, HA seems to adsorb onto the surface of sulfidized AgNPs to play an important 

role in determining the ζ-potential. Both core-shell structure and heterogeneous sulfidation 

patterns were observed from EDS analysis.   

Because the surface composition and ζ-potential of PVP-AgNPs are modified by 

sulfidation, sulfidation will strongly affect the interparticle interactions of AgNPs and the 

resulting aggregation and deposition behaviors. It is imperative to study the fate and 
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transport of sulfidized AgNPs during drinking water treatment processes to better assess 

their risk of exposure. 
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Chapter 5: Effects of natural organic matter and sulfidation on the 

flocculation and filtration of silver nanoparticles1 

ABSTRACT   

Surface properties of engineered silver nanoparticles (AgNPs) are strongly affected 

by environmental transformation. The fate and transport of these transformed AgNPs is 

largely unknown and cannot be fully explained by the traditional Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory. The objective of this study was to investigate the 

changes in the composition and surface properties of polyvinylpyrrolidone (PVP) capped 

AgNPs after environmental transformation and their subsequent effects on the flocculation 

and filtration of these transformed AgNPs during water treatment processes. To study the 

aggregation and deposition behavior of the transformed particles, PVP-AgNPs exposed to 

humic acid (HA) and/or sulfidation were characterized, followed by separate flocculation, 

granular media filtration, and quartz crystal microgravimetry (QCM) experiments. X-ray 

photoelectron spectroscopy revealed that HA exposure modified the original PVP capping 

via adsorption and/or ligand exchange and that sulfidation stripped the PVP from the 

particle surface as a result of the formation of silver sulfide. Sulfidation thereby reduced 

the stability of PVP-AgNPs in self-aggregation but enhanced the mobility of AgNPs in 

granular media filtration and quartz collector deposition. Without unbound 

macromolecules in the background solution, polymers on the particle surface largely 

                                                 
1 This chapter has been published as a peer-reviewed article: Zhu, T.; Lawler, D. F.; Chen, Y.; Lau, B. L. 

T. Effects of natural organic matter and sulfidation on the flocculation and filtration of silver nanoparticles. 

Environ. Sci. Nano 2016, 3 (6), 1436–1446. Dr. Desmond Lawler supervised the project. The QCM 

experiments were conducted by Yunqi Chen under the supervision of co-principal investigator, Dr. Boris 

Lau at University of Massachusetts, Amherst. 

 

The energy of interaction between AgNPs and between AgNPs and glass bead collector was later 

calculated using the updated DLVO approach from Chapter 3. The results are shown and discussed in 

Figure D8 of Appendix D. Steric hindrance and specific interaction between surfaces still dominate the 

particle-particle and particle-collector interactions. The discussion and conclusions in the original paper 

still hold.   
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prevent self-aggregation but allow favorable clean bed deposition. This difference between 

the effects on self-aggregation and granular media filtration is in contrast to traditional 

DLVO theory. QCM yielded two types of results, the initial rate of deposition and the 

ultimate deposition, and both gave insights into expected filtration behavior. 

NANO IMPACT 

Silver nanoparticles (AgNPs) undergo natural organic matter (NOM) exposure and 

sulfidation upon their release into the environment. However, the subsequent fate and 

transport of transformed AgNPs is poorly studied. This paper demonstrated that NOM 

exposure and sulfidation modified the polyvinylpyrrolidone (PVP) capped AgNPs. 

Without unbound macromolecules in the background solution, polymers on the particle 

surface largely prevent self-aggregation but allow favorable clean bed deposition. 

Sulfidation stripped the PVP capping and reduced the stability of PVP-AgNPs in self-

aggregation, but enhanced the mobility of AgNPs in granular media filtration and quartz 

collector deposition. This study broadens our knowledge on the particle-particle and 

particle-collector interaction by focusing on the effect of surface macromolecular capping. 

5.1 INTRODUCTION  

The increasing use of engineered silver nanoparticles (AgNPs) due to their 

antimicrobial properties inevitably leads to their release into the aquatic environment, and 

much research has focused on the fate and transport of the AgNPs to evaluate their potential 

impact on the environment.1–3 While numerous studies on aggregation and deposition of 

engineered AgNPs have accounted for various environmental factors such as pH, ionic 

strength, electrolyte types, capping ligands, and natural organic matter (NOM),4–10 few 

have investigated environmental conditions where complex environmental transformation 

(e.g., photoreduction,11–13 oxidation,14 and sulfidation15,16) could alter the surface 
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properties of AgNPs and influence their fate and transport. This study investigated the 

effect of NOM (specifically, humic acid (HA)) exposure and sulfidation on the change of 

surface properties as well as the subsequent fate and transport of engineered AgNPs in the 

conventional water treatment processes of flocculation and granular media filtration.  

NOM is ubiquitous in the environment and has been found to adsorb onto the 

AgNPs’ surface and thereby to modify the stability and mobility of AgNPs by the 

electrosteric or hydrophobic effect.17–20 However, an explanation for the association of 

NOM and AgNPs is still limited, and the different effects of bound and unbound NOM 

require further clarification. In addition to their interaction with NOM, AgNPs also often 

undergo sulfidation upon their release into the aqueous environment through wastewater 

treatment facilities.21,22 Various laboratory and field studies have reported sulfidation of 

engineered AgNPs in a low redox state environment in the presence of sulfide,16,23 

conditions which are common in sewer systems and in the anaerobic stage of wastewater 

treatment. The thermodynamic preference of metallic silver to sulfide (i.e., Ksp,Ag2S =

6.2×10−52 )24 over either the original particle capping or NOM impacts the surface 

properties and reactivity of engineered AgNPs.25 The interaction with NOM and sulfidation 

affect the fate and transport of AgNPs in the environment, and pose uncertain challenges 

for their risk assessment;15,26 however, previous nanoparticle transport studies have mostly 

concentrated on untransformed particles.  

Some recent studies25–29 have reported changes in aggregation state, ζ-potential, 

and capping composition after environmental transformation, but the subsequent different 

aggregation and deposition behavior has not yet been fully investigated. As NOM enhances 

the stability and mobility of AgNPs30–32 and sulfidized AgNPs are found to be stable and 

resistant to oxidation,33,34 it is conceivable that environmentally transformed engineered 

AgNPs (after both sulfidation and NOM adsorption) will emerge in a drinking water source 
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after traveling through wastewater treatment facilities or an anaerobic aquatic environment. 

Release of engineered nanomaterials (ENMs) after conventional coagulation process is 

also possible,35,36 so investigating granular media filtration for the removal of ENMs is 

vital. The majority of previous deposition studies have been limited to the subsurface 

scenario of groundwater flow. However, the filtration velocity of granular media filters in 

drinking water treatment is much higher than the Darcy velocity of groundwater transport, 

so that particles that would be well retained at low velocities could be mobile in rapid 

filtration.37 Therefore, it is necessary to validate the extensively used colloid filtration 

theory for assessing nanoparticle removal at high filtration velocity and in the presence of 

environmental transformation. Traditionally, column tests are used to mimic porous media 

transport and to investigate particle deposition with the help of colloidal filtration theory; 

recently, quartz crystal microgravimetry (QCM) has become widely employed as a 

powerful research tool to study the in situ particle-collector interaction.38–40 However, little 

focus has been placed on the comparison between the two techniques: whether the results 

from both systems can be used to interpret deposition behavior interchangeably remains 

largely unanswered.41,42  

The objective of this study was to investigate whether environmentally transformed 

AgNPs could be effectively removed by conventional water treatment processes such as 

flocculation and rapid granular media filtration. First, the effects of sulfidation and of the 

exposure to HA on the surface properties of polyvinylpyrrolidone (PVP) coated AgNPs 

(PVP-AgNPs) were characterized. Next, to determine the impact of transformation on 

particle-particle interaction, the flocculation performance of the PVP-AgNPs after the 

environmental transformations was evaluated by measuring the particle number 

concentration and particle size distribution (PSD) over time as the AgNPs were kept in 

suspension in jar tests. Finally, filtration studies of transformed AgNPs were performed via 
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both packed column tests and QCM to explore the effects of HA and sulfidation on particle-

collector interaction and the transport of PVP-AgNPs in granular media. Results from both 

column tests and QCM were compared to validate the extension of results from one 

technique to the other.  

5.2 EXPERIMENTAL 

5.2.1 Chemicals  

Spherical PVP-AgNPs were purchased (NanoComposix, CA) with a manufacturer-

reported diameter of 54.8 nm by transmission electron microscopy (TEM). The PVP 

capping of these particles has a molecular weight of 40,000 Da. ACS grade chemicals and 

ultrapure deionized water (DI) of 18.2 mΩ∙cm was used throughout the study for solution 

preparation. All flocculation and filtration experiments were performed at pH=7.0 ± 0.2, 

buffered by either phosphate or carbonate. Predetermined ionic strengths for different 

experiments were controlled with the addition of NaNO3 or Ca(NO3)2 to explore the effects 

of both ionic strength and electrolyte types. Suwanee River HA (International Humic 

Substances Soc. MN) was purchased as the model NOM for the experiments, and Na2S 

solution was used to induce sulfidation. Laboratory glassware, stir-bars, and pipette tips 

were cleaned by soaking in 10% nitric acid overnight and kept in a particle-free room prior 

to each experiment. 

5.2.2 Transformation and characterization of AgNPs  

The sulfidation process for PVP-AgNPs was adapted from reported literature.27 For 

the sulfidation process without the presence of HA, 100 mg/L PVP-AgNPs were exposed 

to 1 mM Na2S solution to yield a S/Ag molar ratio of 1.08 in 5 mM NaNO3 electrolyte. 

This ratio is higher than the stoichiometric S/Ag ratio for Ag2S to ensure sulfidation but 

lower than the sulfide concentration that would induce Ag2S precipitation. After 24 h, the 
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suspension was centrifuged at 13,200 g for 20 minutes, the supernatant (95% of the original 

volume) discarded, and the suspension reconstituted with DI water and sonication; this 

process was repeated three times to ensure minimal concentrations of the soluble materials 

(Ag+, PVP, sulfide, etc.) in the supernatant. 

For the simultaneous NOM-sulfide exposure experiments, Na2S and HA solutions 

were added to the PVP-AgNPs suspension simultaneously to yield 10 mg/L HA 

concentration. All subsequent procedures were the same as the sulfidation only process 

described above. The same transformation procedures were also carried out in Ca(NO3)2 

electrolyte at an ionic strength of 5 mM as a comparison. The silver concentrations of the 

final transformed AgNPs were determined by inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Varian 710-ES) after 6% nitric acid dissolution. 

Characterization of PVP-AgNPs was obtained from both the manufacturer 

certificate of analysis and laboratory analysis. Both the hydrodynamic diameter (HDD) 

distribution and the ζ-potential were measured by two different instruments. The HDD 

distribution was determined via nanoparticle tacking analysis (NTA) using a Nanosight 

LM 10 (Amesbury, UK) at 0.1 mg/L of silver in 5 mM NaNO3 electrolyte at pH=7.0±0.2. 

The ζ-potential was characterized using a ZetaCompact zetameter (CAD Instruments, FR) 

by converting the measured electrophoretic mobility (EPM) into ζ-potential using the 

Smoluchowski equation built into the instrument software. Aqueous AgNPs suspensions 

with 1.0 mg/L of silver were prepared at different pH values ranging from 2 to 10 with 

NaOH and HNO3 addition in 5 mM NaNO3 electrolyte. The HDD and ζ-potential at pH 

7.0 were also determined by dynamic light scattering (DLS) and electrophoretic light 

scattering (ELS), respectively, using a Malvern Zetasizer NS (Worcestershire, U.K.). The 

light scattering patterns were recorded to yield both the diffusion coefficient (which is used 

to calculate HDD with the Stokes-Einstein equation) and the EPM (which is used to 
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calculate the ζ-potential with the Smoluchowski equation). As shown subsequently, the 

different instruments with their different measurement methodologies resulted in some 

differences in both characteristics. 

Absorbance scans of the PVP-AgNPs from 200 to 900 nm were measured with a 

8453 ultraviolet–visible spectrophotometer (Agilent Technologies) through a 1 cm 

pathway quartz cuvette; samples were measured at least three times and blank corrected. 

The primary interest was whether the distinct absorption peaks of metallic silver at 

approximately 435 nm wavelength remained after sulfidation.29,43 X-ray photoelectron 

spectroscopy (XPS) was used for surface composition analysis; samples were deposited on 

aluminum discs and dried in air before measurement with a Kratos XPS–Axis Ultra DLD 

(Kratos Analytical Ltd, UK). The XPS spectra were corrected with the C 1s line at 284.6 

eV.44 Curve fitting and analysis were performed assuming Gaussian−Lorentzian 

deconvolution following Shirley background subtraction using the Casa XPS 2.3.16 

software. 

5.2.3 Flocculation test  

The flocculation experiments were performed under varying environmental 

transformations and electrolyte types to explore the effects of NOM and sulfidation on 

particle-particle interaction. For each experiment, the original PVP-AgNPs or the 

transformed AgNPs were diluted to an initial concentration of 0.5 mg/L. NaNO3 with 

phosphate buffer or Ca(NO3)2 with NaHCO3 buffer was added to the particle suspension 

at time 0 to achieve the desired ionic strength of 10 mM and a pH value of 7.0 ± 0.2; the 

pH did not vary over the 120 minutes of the flocculation tests. After an initial rapid mixing, 

gentle mixing (with G value estimated as 10 s-1) was applied via a combined rocking and 

rolling motion in enclosed jars to avoid particle settling to simulate the flocculation 
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process.45 The device to accomplish this mixing is a rotating cylinder (6 rpm) with a 

diameter of 11.5 cm, and the jars are attached non-axially at an angle of approximately 20 

from the horizontal axis of rotation. Samples were collected at various times over 120 min 

and PSDs were measured immediately with NTA.  

5.2.4 Column filtration test 

Column filtration experiments were performed to investigate the retention 

performance of the laboratory-scale granular media filter on environmentally transformed 

AgNPs and the underlying particle-collector interaction. The filtration setup and operation 

were adapted from the previously reported conditions.45 A 3.8 cm inner diameter 

cylindrical column was packed with 325 µm diameter glass beads (MO-SCI Co., MO) to a 

depth of 10 cm. Prior to use, the beads were washed by the following cleaning process: 

rinsing with DI water 10 times, sonication in 0.01 M NaOH solution for 10 min followed 

by rinsing with DI water 10 times, sonication in 1M HNO3 solution overnight followed by 

rinsing with DI water 10 times, sonication in DI water for 10 min followed by a final rinsing 

with DI water 20 times, and complete drying in 105˚C oven.46  

The background solution and the AgNPs suspension were pumped separately at a 

ratio of 20:1 and mixed at the column top to yield an influent silver concentration of 0.1 

mg/L, an ionic strength of 5 mM (made with NaNO3), a pH of 7.0 ± 0.2 (buffered with 

phosphate), and a filtration velocity of 5 m/h, the lower filtration velocity limit of rapid 

granular media filters in water treatment plants. At the beginning of each experiment, the 

filter was preconditioned in the background solution overnight and flushed with the 

background solution without the presence of particles for 30 min (equivalent to 75 pore 

volumes (PV) of the filter) before time zero. The filtration was then conducted with a 30-

minute injection of AgNPs with the background solution followed by a 15-minute injection 



 86 

of the background solution without AgNPs. The effluent was collected every one to two 

minutes for total silver mass concentration measurement by ICP-OES after 3% nitric acid 

dissolution overnight. The effluent was also sampled at various times for pH and immediate 

particle size characterization by NTA to check that no aggregation occurred during the 

filtration period. The attachment efficiency (𝛼) was calculated by37 

 𝛼 = −
2

3

𝑑𝐶

(1−𝑓)𝐿𝜂0
𝑙𝑛 (

𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
) (1) 

where 𝑑𝐶 is the diameter of the glass collector, 𝑓 is the porosity of the porous 

media, 𝐿 is the depth of the porous media, 𝜂0 is the single collector transport efficiency 

calculated from the Tufenkji and Elimelech model,47 𝐶𝑜𝑢𝑡  is the effluent silver 

concentration, and 𝐶𝑖𝑛 is the influent silver concentration. 

5.2.5 QCM and substrate preparation  

Real-time deposition kinetics and extent for four types of AgNPs were quantitatively 

determined by QCM at 25 ± 0.02 °C. QCM resolves mass differences on the crystal surface with 

high sensitivity using the piezoelectric property of quartz.48 The mass change on the surface of the 

quartz (∆𝒎 , in ng/cm2) can be related to the change in oscillation frequency (∆𝒇) according to the 

Sauerbrey relation,49  

 ∆𝑚 = −𝐶∆𝑓/𝑛 (2) 

where 𝐶 is the sensitivity constant of the crystal (17.7 ng cm-2 / Hz), and 𝑛 is the 

number of the overtone. 

Silica-coated quartz crystals (QSX 303, Q-Sense AB, Gothenburg, Sweden) were 

used as substrates for each experiment. Silica substrates were soaked in sodium dodecyl 

sulfate solution overnight, then rinsed with Milli-Q water, dried with nitrogen gas, and 

placed in an UV/ozone cleaner for 20 min to remove any trace organics before each 

experiment. The silica substrates were equilibrated with the background solution for 30 
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min to obtain baseline conditions. All solutions/suspensions were well mixed and injected 

into the QCM flow module at a rate of 0.1 mL min-1. The AgNP concentrations of the 

influent were maintained at 10 mg/L for all the QCM experiments. All QCM experiments 

were performed at an ionic strength of 5 mM (made with NaNO3) and buffered at pH 7.0 

±0.2 with phosphate buffer. 

The observed rate of AgNP deposition (dm/dt) was calculated from the time 

interval taken to reach 50% of the ultimate deposition; in this range, the relationship 

between deposition and time was linear (R2 > 0.98). This rate was divided by the 

influent particle mass rate to yield the normalized rate of deposition. The ultimate 

deposition was determined after the sensor electrode was washed with background 

electrolyte solution to remove unbound NPs and a new stable frequency reading (± 

0.05 Hz/s) was reached. Because the third overtone exhibited the best signal-to-noise 

ratio, its ∆𝑓 values are presented in this study. 

5.2.6 Extended DLVO energy of interaction  

The extended Derjaguin–Landau–Verwey–Overbeek (XDLVO) theory is widely 

used to calculate interparticle interactions of polymer capped nanoparticles.50 According 

to this approach, the total energy of interaction of particle-particle and particle-collector 

can be approximated as the sum of the electrostatic repulsion (VR), van der Waals attraction 

(VA) and steric hindrance (VS).51 Analytical expressions and values of parameters used in 

this study for the calculation of interactions are summarized in Tables S1 and S2. It is worth 

mentioning that superposing steric hindrance over the classical DLVO energy of 

interaction is only semi-quantitative.52 Various inherent assumptions (e.g., Derjaguin 

approximation, linearized superposition, uniform polymer distribution, etc.) are used in the 

expressions listed in Table S1.52 Therefore, the calculated results of energy of interactions 
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are for semi-quantitative comparison only. Nevertheless, the XDLVO calculations can 

highlight the influence on particle stability brought by the capping polymer.  

5.3 RESULTS AND DISCUSSION 

5.3.1 Characterization of AgNPs after transformation 

The HDD and the ζ-potential under different transformation conditions are shown 

in Figures D1 and D2 and summarized in Table 5.1. All four types of particles were stable 

during the experimental time period as no aggregation was observed over 90 minutes 

(Figure D3). Exposure to HA did not lead to an apparent size increase of the PVP-AgNPs, 

either immediately or over time. This result can possibly be explained by the adsorption 

and/or ligand replacement of surface capping and the accompanying electrosteric 

hindrance as a result of the adsorbed HA.18,19,32 On the contrary, sulfidation led to a mean 

HDD increase from 87.3 nm for the pristine PVP-AgNPs to 93.6 nm after sulfidation using 

NTA and from 81.0 nm to 108.1 nm using DLS.  The difference in the size change by 

these two measurements reflects the fundamental difference in the measurement 

methodology. The NTA tracks individual particles and calculates their sizes from the 

diffusive motion; the NTA makes no assumptions about the shape of the distribution.  The 

DLS measures the light scattering from an ensemble of particles and fits a gaussian 

distribution (a mean size wih a variance) that would give a similar light scattering. Because 

the intensity of scattered light is proportional to the sixth power of particle diameter and 

because of the assumption of the shape of the size distribution, the DLS intrinsically 

weights the larger particles to a greater extent than the NTA.53 Previous studies on the 

sulfidation process of AgNPs suggest the formation of Ag2S nanobridges between particles 

and a core-shell structure of a Ag2S shell surrounding the metallic silver core, both of which 

would lead to size increases.27,54 However, though sulfidation caused both a color change 
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from the original yellow to black and the disappearance of the distinct surface plasmon 

resonance (SPR) absorption peak at 435 nm wavelength for spherical PVP-AgNPs (Figure 

S4), no significant aggregation during sulfidation as suggested by some literature27 was 

observed in this study. In preliminary experiments, pecipitates clearly formed and settled 

when the S/Ag ratio was greater than or equal to 50), but the sulfidized AgNPs remained 

in suspension at the stoichiometric S/Ag ratio of one used in this research.  

When HA was involved during sulfidation, the particle size increased after 

transformation very similarly to the increase with sulfidation alone, a finding 

consistent with other literature.28 Given the molar concentrations of sulfide and HA 

and the relative values of precipitation (Ksp,Ag2S = 6.2×10−52)24 and complexation 

constants ( logKbinding,Ag−NOM = 9 − 9.2)55,56, we can expect that AgNPs associate 

with sulfide more favorably than with HA. Therefore, during sulfidation, a Ag2S shell 

would form at the surface of the pristine AgNPs core, and some fraction of the HA 

would adsorb on the Ag2S shell surface. 

Table 5.1: The HDD and ζ-potentials of silver nanoparticles (at pH 7±0.1 in 5 mM 

NaNO3) with different environmental transformations. 

 PVP-

AgNPs 

HA-AgNPs Sulf. 

AgNPs 

Sulf. AgNPs w/ 

HA 

HDD (NTA) (nm) 84.2 ± 25.0 84.5 ± 34.2 93.6 ± 24.8 94.6 ± 25.6 

HDD (DLS) (nm) 81.0 ± 0.5 83.4 ± 1.0 108.1 ± 

16.2 

111.2 ± 14.3 

ζ-potential (zetameter) 

(mV) 

-25.3 ± 4.0 -28.13 ± 6.3 -38.9 ± 3.3 -36.4 ± 3.2 

ζ-potential (ELS) 

(mV) 

-21.4 ± 2.4 -20.1 ± 0.1 -31.1 ± 8.1 -29.2 ± 5.1 

Although the data from the zetameter in Table 5.1 suggest that HA exposure alone 

led to a small increase in the negative ζ-potential, the difference is not statistically 

significant (p>0,.06). PVP was reported to bind more strongly with the Ag surface via 
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direct bonding with oxygen or nitrogen,57 and was reportedly difficult to be displaced by 

NOM.58  

Sulfidation led to substantially more negative ζ-potentials at pH 7. The more 

negative ζ-potential of sulfidized AgNPs compared to pristine PVP-AgNPs is thought to 

be caused by the stripping of the capping PVP polymer layer during sulfidation. In the 

presence of the PVP layer, the shear plane for the ζ-potential approximation was shifted 

towards the outer edge of the polymer layer from the particle core surface.59,60 As PVP is 

uncharged, a decreased potential is expected away from the silver core surface. After the 

PVP capping layer was removed by sulfidation, the determined potential of the sulfidized 

AgNPs was higher (more negative) than that of the original PVP-AgNPs. When both HA 

and sulfide were mixed with PVP-AgNPs, the more negative ζ-potential of the transformed 

AgNPs as compared to the pristine PVP-AgNPs again suggest a stripping of the PVP 

capping layer and an adsorption of HA on the particle surface. Compared to the 

transformation case where only sulfide was present, the presence of HA during sulfidation 

resulted in a surface charge closer to that of the HA only exposure. In the presence of both 

HA and sulfide at the concentrations present in this research, the formation of Ag2S on the 

particle surface is more favorable than the association of Ag-HA. Based on these results, a 

shell of Ag2S appears to first form around the particle core, followed by the binding of HA 

to the particle surface. With this interpretation, the ζ-potential is influenced by both the 

negatively charged core and the adsorbed HA on the surface. 

The partial stripping of PVP and the adsorption of HA onto the particle surface 

during HA exposure and the complete stripping during sulfidation were confirmed by XPS 

analysis (Figures 5.1 and 5.2, and Table 5.2). In Figure 5.1a, after HA exposure, the 

intensity of the XPS nitrogen peak was greatly reduced; and after sulfidation, the nitrogen 

peak disappeared. Because the only source of nitrogen for PVP-AgNPs is the nitrogen in 
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the hetero ring of PVP, the reduction or disappearance of the nitrogen peak in the XPS 

spectrum confirmed the covering or removal of the PVP during transformation. In addition, 

the appearance of a clear sulfur peak after sulfidation in Figure 5.1b indicated the formation 

of Ag2S for the S-AgNPs and HA-S-AgNPs.  
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Figure 5.1: a) N 1s and b) S 2p XPS spectra for AgNPs with different environmental 

transformations. 

Figure 5.2 shows the fitting of the C 1s XPS spectra by several Lorentzian and 

Gaussian functions representing different carbon bonds; the interpretation of these data is 

aided by the summary statistics in Table 5.2. The spectra in Figure 5.2a for PVP-AgNPs 

match closely with what is expected for PVP; the data in Table 5.2 nearly equal the 

theoretical values for the percent of carbon in each type of bond, namely 50%, 33.3% and 

16.7% for C-C, C-N, and C=O, respectively. Considering the HA-AgNPs shown in Figure 

5.2b, there are two indications of the adsorption of HA onto the surface. First, the ratio of 

C-C to the combined C-N or C-O peak is closer to one than in the original PVP, and HA 

has been shown to have approximately that ratio.61 Second, the emergence of the peak for 

the carboxyl (O=C-O) group stems from the carboxylic group of the HA.9,62 Considering 

both the data in Figures 5.1a and 5.2b, the HA-AgNPs appear to have both PVP and HA 

on the surface. With sulfidation (Figure 5.2c), the carbon is changed while the nitrogen is 
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lost, as explained by the data in Figure 5.1a.  Finally, the spectra for the HA-S-AgNPs 

(Figure 5.2d) is similar to that of the HA-AgNPs, indicating that the outer surface of the 

sulfidized particles exhibited adsorption of HA. A similar trend of surface composition 

change was also observed when the transformations were performed in Ca(NO3)2 

electrolytes as shown in Figure D5 and Table D3. 
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Figure 5.2: C 1s XPS experimental spectrum and the contribution of the fit of different 

AgNPs transformed in NaNO3. 
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Table 5.2: Composition (Percent of total carbon measured) of the total C 1s XPS 

spectra based on Lorentzian and Gaussian curve fitting after transformation 

in NaNO3. 

Functional 

group 

Binding 

energy 

(eV) 

PVP-AgNPs HA-AgNPs S-AgNPs 
HA-S-

AgNPs 

C-C 284.5 53.45 43.76 43.61 40.97 

C-N or C-O 285.6 32.67 38.94 42.21 44.47 

C=O 287.5 13.89 14.19 5.94 10.80 

O=C-O 288.6 0 3.11 8.24 3.76 

5.3.2 Effects of transformation on AgNPs flocculation  

In this research, flocculation was studied by measuring the particle size distribution 

via NTA on samples taken over time from the reaction vessels. Examples are shown in 

Figure 5.3. The size distribution changed only slightly in 30 minutes when exposed to the 

NaNO3 solution (Figure 5.3a) but the changes were much more substantial when exposed 

to the same ionic strength of a Ca(NO3)3 solution (Figure 5.3b).  Flocculation intrinsically 

reduces the particle number concentration (calculable as the area under the curves shown 

in Figure 5.3) and shifts the distribution to larger sizes (to the right in Figure 5.3); the 

reduction in particle number concentration is visible in both parts of Figure 5.3 (albeit slight 

in Figure 5.3a), but only the more extensive flocculation induced by the Ca(NO3)2 solution 

(Figure 5.3b) leads to an obvious shift in the distribution. 
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Figure 5.3: Changes in the particle size distribution brought about by flocculation for 

the non-transformed PVP AgNPs at an ionic strength of 10 mM induced by 

(a) NaNO3 and (b) Ca(NO3)2. 

The effects of environmental transformation on the flocculation of PVP-AgNPs are 

summarized from the particle size distributions via the loss in the total number 

concentration in Figure 5.4. At I = 10 mM NaNO3 (Figure 5.4a), the pristine PVP-AgNPs 

were quite stable. Though calculation of the classical DLVO interaction revealed no energy 

barrier (Figure 5.5a), XDLVO calculation in Figure 5b clearly indicates the contribution of 

steric hindrance to stability as the PVP polymer protrudes into the bulk solution and 

prevents aggregation when particles approach each other.5,63 In the same condition, the HA 

exposed particles were also stable. Though the protective PVP capping was partially 

removed, the adsorbed HA is thought to cause electrosteric hindrance.64  
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Figure 5.4: Number fraction remaining during aggregation tests for PVP-AgNPs at pH 

7±0.2 and a) I=10 mM with NaNO3 and b) I=10 mM with Ca(NO3)2 with 

different environmental transformations. 

In the same NaNO3 solution, significant particle aggregation of both types of 

sulfidized AgNPs was observed by a decreased number fraction remaining. Loss of PVP 

reduced steric hindrance, the main stabilization mechanism for PVP-AgNPs. Although the 

sulfidized AgNPs had more negative ζ-potentials than the original PVP-AgNPs, the 

increased electrostatic repulsion was more than compensated for by the reduced steric 

hindrance: DLVO calculations reveal the lack of a repulsive energy barrier despite the 

charge due to the high Hamaker constant of silver (Figures 5.5a and 5.5b). The PVP-AgNPs 

that were sulfidized with HA present showed less aggregation than the bare sulfidized 

AgNPs; the adsorbed HA on the particle surface apparently exerted some electrosteric 

hindrance in particle-particle interaction, thus partially recovering the stability of the 

AgNPs. According to the classical DLVO theory, the most negatively charged sulfidized 

AgNPs should be the most stable as the strongest electrostatic repulsion was expected. 

However, as shown by the experimental aggregation results in Figure 5.4a and by the 

theoretical calculations in Figure 5.5b, steric hindrance plays a more critical role than 

electrostatic repulsion during particle-particle interaction of macromolecule-coated 
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particles, especially when the coating was intact (i.e., the pristine PVP-AgNPs and the HA-

AgNPs).  
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Figure 5.5: Energy of interaction for self-aggregation at pH 7±0.2 and I=10 mM NaNO3 

based on a) DLVO and b) XDLVO approaches. 

Identical flocculation experiments were conducted at I=10 mM Ca(NO3)2 to 

determine the effects of divalent cation on particle-particle interaction. As shown in Figure 

5.4b, complexation between Ca2+ and surface functional groups resulted in stronger 

aggregation for PVP-AgNPs, HA-AgNPs and HA-S-AgNPs than in the sodium electrolyte. 

The PVP-AgNPs which were stable in NaNO3 showed an obvious particle number decrease 

over the experimental time period. We interpreted the aggregation to be caused by the 

complexation between Ca2+ and the carbonyl group of the PVP on the particle surface 

because Ca2+ will coordinate with the carbonyl oxygen.65 In contrast to the stable behavior 

of HA-AgNPs in the sodium electrolyte, HA-AgNPs showed strong aggregation when 

calcium electrolyte was used. Favorable inter-particle bridging aggregation through the 

Ca2+-carboxylic group complexation66–69 has been widely reported to explain the 

destabilization of HA coated particles in the presence of Ca2+. The HA-S-AgNPs also 

underwent extensive aggregation because of Ca2+-carboxylic group complexation.66–69 

However, less aggregation was observed for HA-S-AgNPs than the HA-AgNPs, 
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suggesting that less HA adsorbed onto the surface of S-AgNPs. Aggregation behavior of 

the bare S-AgNPs was similar to that in NaNO3, as expected from DLVO theory: the same 

diffuse layer thickness (i.e., the same inverse κ value) is expected under the same ionic 

strength regardless of electrolyte types, and the aggregation behavior should remain similar 

if only DLVO forces are considered. The bare S-AgNPs have no capping macromolecules 

on their surfaces, and only DLVO forces need to be included to evaluate their stability. 

Therefore, at the same ionic strength, similar aggregation behaviors were observed in both 

sodium and calcium electrolyte for these particles.  

5.3.3 Effects of transformation on AgNPs deposition  

The deposition behavior and the underlying particle-collector interaction of AgNPs 

under different transformation conditions were studied through both column tests and 

QCM. The column tests results indicated the affinity between the approaching particle and 

the collector, whereas QCM revealed both the initial rate of particle deposition and the 

ultimate deposition amount. 

As shown in Figure 5.6a, PVP-AgNPs attached strongly to the collector surface 

(glass beads). The strong attachment of polymer coated particles has also been observed in 

previous research and was explained by “coating asymmetry”.6,43 We interpret this coating 

asymmetry to mean that hydrogen-bond bridging occurs between the amide carbonyl group 

of PVP and the silanol group on the glass surface.70 However, with the accumulation of 

PVP-AgNPs on the collectors’ surface, the captured PVP-AgNPs will hinder the 

subsequent capture of PVP-AgNPs in the suspension as PVP molecules repulse each other 

sterically.5 Therefore, during the filtration experiment with PVP-AgNPs, the normalized 

effluent concentration increased continuously during column filtration, as shown in Figure 

D7. With more of the collector surface occupied by the attached PVP-AgNPs, the situation 
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gradually changed from the favorable particle-collector interaction to the unfavorable 

particle-particle interaction. The rate of deposition from QCM exhibited the same strong 

initial attachment for PVP-AgNPs (Figure 5.6b) as a result of the bridging effect of the 

PVP capping between the particle and the bare collector. 

In the filtration experiments with HA-AgNPs, the widely reported enhanced 

particle mobility due to HA exposure was not observed as a result of the different effects 

of unbound HA (in solution) and bound HA (on the particle surface). In those high particle 

mobility cases, the unbound HA molecules will surround the collector to induce 

electrosteric hindrance when the HA coated particles attempt to contact the collector 

surface.71,72 The current study excluded (to the extent possible) the influence of the 

unbound HA so only the bound HA on the particle surface can affect particle-collector 

interaction. Though the PVP capping was partially replaced or covered by the HA, the 

remaining PVP could still behave like a bridging agent between the particle and the 

collector. Moreover, as the original PVP capping was partially removed via HA adsorption 

and/or ligand exchange of HA for PVP, the unfavorable interaction between approaching 

particles and attached particles was reduced. Therefore, no climbing breakthrough curve 

as in the PVP-AgNPs case was observed for the filtration of the HA-AgNPs Figure D7). 

The same trend was observed in the rate of deposition of QCM (Figure 5.6b). HA-AgNPs 

also showed high deposition but with a higher variance due to the complexity of HA 

adsorption and/or ligand exchange. 

Sulfidation was found to induce a different particle behavior in deposition from that 

in aggregation. Though sulfidized particles were less stable in the flocculation experiment, 

S-AgNPs showed much less attachment in column filtration (Figure 5.6a) and a slower rate 

of deposition in QCM (Figure 5.6b) than did the pristine PVP-AgNPs. The unfavorable 

particle-collector interaction can be explained from two perspectives. First, as the PVP for 
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bridging was stripped, no particle-collector bridging effect remained to induce particle 

retention. Second, as shown in Table 5.1, sulfidation leads to a more negative ζ-potential 

for the particles than their pristine counterparts. As a result, more electrostatic repulsion is 

expected between the S-AgNPs and the collector surface and a clear DLVO energy barrier 

appears during the particle-collector interaction (Figure D6a). The increased particle 

mobility due to sulfidation was further evidenced when the S/Ag ratio was increased. As 

shown in Figure D7, when the S/Ag ratio was increased to 10 (as compared to the value of 

just greater than 1 in all of the other experiments), very few particles were captured by the 

collector because about 90% of the AgNPs injected into the filter penetrated to the effluent 

(Figure D7). In the case where the S/Ag ratio was as high as 10, stripping of PVP was more 

complete than in the case where S/Ag ≈ 1. Therefore, loss of PVP on the particle surface 

greatly reduced particle-collector affinity and enhanced particle mobility.  
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Figure 5.6：a) Attachment efficiency (α) for the AgNPs transport in bare silica filter in 

column test, b) the normalized rate of AgNPs deposition during the first 

50% deposition, and c) the ultimate deposition of AgNPs on bare silica at 

pH=7.0±0.2 and I=5 mM NaNO3. 

The filtration behavior in this study is different from the classical comparison 

between colloid aggregation and deposition where favorable chemical conditions for 

aggregation in jar tests generally lead to a strong deposition during granular media 

filtration.73 This contradiction to the classical particle-particle and particle-collector 

interaction theory also explains why ripening did not happen during the strong deposition 

condition of PVP-AgNPs filtration in this study. For ripening to occur, the collected 

particles act as additional media for particle capture, and the interaction between particles 

in the suspension and the captured particles is at least as favorable as the interaction 

between particles and the collector.74 However, in this study, the favorable surface 

condition is different for particle-particle interaction and particle-collector interaction.  
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In the column test, the HA-S-AgNPs showed similar deposition to the bare S-

AgNPs, as shown in Figure 5.6a.  A similar trend in the deposition rate was observed in 

the QCM experiment with HA-S-AgNPs as the difference between S-AgNPs and HA-S-

AgNPs are barely observable in Figure 5.6b. However, it is clear that the deposition rate 

for both types of sulfidized particles (S-AgNPs and HA-S-AgNPs) is lower than the 

unsulfidized ones (PVP-AgNPs and HA-AgNPs) in both the column and QCM 

experiments. Considering the classical DLVO theory, the difference in deposition between 

the sulfidized and non-sulfidized particles could be attributed to the differences in their ζ –

potentials.  However, we believe that a stronger argument for the better deposition of the 

non-sulfidized particles is the strong affinity of PVP for the collector surfaces in both types 

of experiments.43,70  

The different deposition of PVP-AgNPs, S-AgNPs and HA-S-AgNPs can be 

explained by the difference in their ζ -potentials; however, the strong deposition of HA-

AgNPs cannot be explained from electrostatic repulsion alone. Non-DLVO forces have to 

be included to compare the interaction energies between particles and the surface in the 

presence of macromolecules. 

Although the attachment efficiency in the column (Figure 5.6a) and the rate of 

deposition in the QCM experiments (Figure 5.6b) were similar, the ultimate deposition in 

the QCM measurements, shown in Figure 5.6c, illustrated a quite different trend among 

the four types of AgNPs. The ultimate deposition of pristine PVP-AgNPs was quite low 

and far less than for the three modified AgNPs. PVP-AgNPs are sterically stabilized by the 

PVP molecules. Therefore, the PVP-AgNPs that first attached to the collector surface 

hindered the further attachment of approaching PVP-AgNPs sterically, resulting in the low 

ultimate deposition of PVP-AgNPs on substrate surfaces; this result from the QCM is also 

reflected in the time trend of the column deposition (Figure D7) in which only the PVP-



 102 

AgNPs showed a substantial increase over time in the effluent concentration. For particles 

exposed to HA, the hindrance between the attached particles and the approaching particles 

was greatly reduced. As a result, no increasing effluent concentration profile was observed 

(Figure D7) and the ultimate deposition was greatly increased (Figure 5.6c). Previous 

studies have shown that NOM can alter NP surfaces not only through adsorption but also 

by ligand exchange.75,76 The adsorption and/or ligand exchange of HA on the surface of 

AgNPs could potentially reduce steric repulsion by removing the PVP coating and/or 

altering its molecular orientation. The higher ultimate deposition of HA-AgNPs compared 

to PVP-AgNPs suggests that the adsorption and ligand-exchange of HA on the surface of 

AgNPs reduced steric repulsion and therefore enhanced the ultimate deposition of HA-

AgNPs.  

S-AgNPs also showed higher ultimate deposition than the original PVP-AgNPs 

because PVP was stripped during sulfidation. Attached particles would not exert steric 

repulsion to the approaching particles; therefore, the relative concentration curve in the 

column experiment remained stable and a higher ultimate deposition was observed. 

However, the ζ-potential of S-AgNPs was more negative than PVP-AgNPs. The QCM 

deposition and ζ-potential results indicated that the electrostatic force was less dominant 

than steric repulsion in controlling the ultimate deposition of S-AgNPs. With more particles 

deposited onto the collector surface, particle-collector interaction gradually became 

particle-particle interaction. HA-S-AgNPs showed the greatest ultimate deposition among 

the four types of AgNPs on the bare-silica substrate used in QCM. After some HA-S-

AgNPs attached onto the collector surface, hydrophobic attraction exists between HA on 

the surface of both the attached particles and the approaching particles, leading to the 

increased deposition.18 
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5.4 CONCLUSIONS 

In this study, the environmental transformations of HA adsorption and sulfidation 

were found to alter the surface composition and properties of PVP-AgNPs and thereby 

impacted the fate and transport of these particles in the water treatment processes of 

flocculation and granular media filtration. XPS revealed that HA alters the original PVP 

capping on the particle surface by adsorption and/or ligand exchange; and sulfidation 

stripped the surface PVP capping with the formation of Ag2S. 

Environmental transformations show different effects on aggregation and 

deposition of AgNPs. In experiments with NaNO3, the partial replacement of PVP by HA 

on the particle surface made little or no difference in either the stability in self-aggregation 

experiments or the mobility in clean bed deposition; as expected the presence of calcium 

led to far greater self-aggregations of the HA-AgNPs than the PVP-AgNPs.  When the 

filter media collector surface is clean, the remaining PVP on the HA-AgNPs exerts a 

bridging effect on the particle-collector interaction during filtration and allows effective 

removal to occur. Sulfidation stripped nearly all of the PVP from the surface and therefore 

rendered the AgNPs less stable during flocculation but more mobile during filtration.   

The general idea that favorable flocculation conditions lead to favorable filtration 

conditions was not observed in the current study as a result of the changing role of the 

capping macromolecule as a bridging agent or a steric hindrance inducer. In addition, the 

bridging effect cannot be fully explained by the reduced electrostatic repulsion caused by 

the capping layer. Other forces need to be considered to clarify the difference between the 

bridging effect and the steric hindrance.  

When comparing results from QCM and column tests, the initial rate of AgNPs 

deposition shows similar trend with the attachment efficiency calculated from colloidal 

filtration theory. The ultimate deposition in QCM indicates the final capacity of the 
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collector and is more comparable to the interaction between attached particles and 

approaching particles. This study reveals the importance of clean surfaces and specific 

bridging to enhance the removal of AgNPs with macromolecules present. 
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Chapter 6: Conclusions and Recommendations  

Because the increasing use of engineered silver nanoparticles (AgNPs) inevitably 

leads to their release into the environment, study on the removal of this emerging pollutant 

by conventional water treatment processes is an important research topic. This dissertation 

quantified the effect of soft capping layers on the Derjaguin-Landau-Verwey-Overbeek 

(DLVO) energy of interaction between macromolecule-coated AgNPs and investigated the 

fate and transport of environmentally transformed AgNPs in granular media filtration. The 

main findings and recommendations are summarized according to the three research tasks. 

Conclusions 

1. Update the classical DLVO calculation to include the properties of the capping 

material on the particle surface. 

The presence of a macromolecular capping layer greatly affects the DLVO energy 

of interaction of AgNPs, especially after the contact of the soft capping layers. The 

electrical double layer (EDL) repulsion between AgNPs capped with charged polymer is 

primarily determined by the charge from the capping layer. After the contact of the capping 

layers as two particles approach each other, interdigitation and compression of polymers 

result in an increased charge density within the capping layer and enhances EDL repulsion. 

The macromolecular capping layer also reduces van der Waals (vdW) attraction by 

masking the silver core, which has a much higher Hamaker constant than the polymer 

capping. As a result, the total DLVO energy of interaction between two like-charged 

AgNPs becomes more repulsive with the presence of the macromolecular capping. 

The updated calculation provides a more quantitative rigorous alternative to explain 

the stabilizing effect by macromolecular capping instead of the more obscure steric 

hindrance. It appears to provide a better semi-quantitative method than steric hindrance to 
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interpret experimentally obtained aggregation attachment efficiency of AgNPs in 

Suwannee River humic acid (HA). 

2. Characterize the change of polyvinylpyrrolidone (PVP) capped AgNPs after 

sulfidation with HA exposure. 

The S/Ag ratio was revealed to greatly affect the extent of sulfidation: with the 

increase of S/Ag ratio, more sulfidation is expected and the final product (at least on the 

surface) becomes almost completely Ag2S. Sulfidation also resulted in a more negative ζ-

potential than that of the original PVP-AgNPs probably by stripping the PVP. Exposure to 

HA did not lead to any distinguishable difference in the extent of sulfidation under the 

studied conditions, indicating the dominant role of sulfide during the environmental 

transformation of AgNPs. However, HA seems to adsorb onto the surface of sulfidized 

AgNPs to play an important role in determining the ζ-potential. Both core-shell structure 

and heterogeneous sulfidation patterns were observed after sulfidation.   

3. Investigate the self-aggregation and granular media filtration behavior of PVP-

AgNPs after HA exposure and sulfidation. 

The environmental transformations of HA adsorption and sulfidation were found 

to alter the surface composition and properties of PVP-AgNPs and thereby impacted the 

fate and transport of these particles in the water treatment processes of flocculation and 

granular media filtration. HA alters the original PVP capping on the particle surface by 

adsorption and/or ligand exchange; and sulfidation stripped the surface PVP capping with 

the formation of Ag2S. 

Environmental transformations show different effects on aggregation and 

deposition of AgNPs. In experiments with NaNO3, the partial replacement of PVP by HA 

on the particle surface made little or no difference in either the stability in self-aggregation 

experiments or the mobility in clean bed deposition. With the presence of calcium, greater 
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self-aggregation of the HA-AgNPs than the PVP-AgNPs was observed due to Ca2+-

carboxylic group complexation. When the filter media collector surface is clean, the 

remaining PVP on the HA-AgNPs exerts a bridging effect on the particle-collector 

interaction during filtration and allows effective removal to occur. Sulfidation stripped 

nearly all of the PVP from the surface and therefore rendered the AgNPs less stable during 

flocculation but more mobile during filtration.   

Non-DLVO forces largely determine the role of capping polymer. The general idea 

that favorable flocculation conditions lead to favorable filtration conditions was not 

observed in the current study as a result of the changing role of the capping macromolecule 

as a bridging agent or a steric hindrance inducer. Future experiments can be designed to 

address the effect of non-DLVO forces such as hydrogen bonding, hydrophobic attraction, 

and complexation to elucidate the effect of different capping polymers.  

The initial rate of AgNPs deposition from quartz crystal microgravimetry (QCM) 

shows a similar trend as the attachment efficiency calculated from colloidal filtration 

theory using column tests. The ultimate deposition in QCM indicates the final capacity of 

the collector and is more comparable to the interaction between attached particles and 

approaching particles. This study reveals the importance of clean surfaces and specific 

bridging to enhance the removal of AgNPs with macromolecules present.  

In conclusion, though macromolecules generally enhance the stability of AgNPs, 

environmental transformations (e.g., HA exposure and sulfidation) complicate the fate and 

transport of AgNPs in water. However, as long as the AgNPs are effectively destabilized 

either by screening the electrical charge or by introducing favorable bridging or 

complexation, AgNPs either self-aggregate or deposit on to collector surfaces. The “old” 

process of granular media filtration can still control the emerging pollutant of AgNPs. 
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Recommendations 

1. Better characterization of the capping layers and experimental conditions that 

excludes steric hindrance. 

Though the updated DLVO calculation provides a more rigorous semi-quantitative 

alternative to explain the stability of macromolecule-capped AgNPs, this method involves 

many assumptions of the conformation of capping polymers and values of related 

parameters. In this dissertation, a soft-step function of segment density distribution and 

interdigitation-compression process were assumed for particle interaction. In reality, the 

conformation of polymer is very complex and is affected by the aqueous environment.1 

Simplifying the interaction between two polymeric soft surfaces into two separate stages 

of interdigitation and compression does not completely account for the conformation 

change after soft layer contact. If detailed information about the polymer properties (e.g., 

capping layer thickness, segment density distribution, and charge density of polymer 

segments) is available with better analytical instrumentation and advances in electrokinetic 

theory, the updated DLVO calculation can achieve great improvement. 

One of the major assumption of Ohshima’s soft particle theory is treating the 

surface capping layer as a pure polyelectrolyte. While this condition is probably the case 

for manufactured polyelectrolyte-capped AgNPs, capping layer of AgNPs adsorbed with 

natural organic matter (NOM) cannot be treated as pure polyelectrolyte. Whether ligand 

exchange between the original capping ligands on the particle surface and NOM 

macromolecule is complete is greatly influenced by the natural environment and exposure 

conditions. If a hybrid soft layer model can be proposed to account for this reality, the 

applicability of the updated DLVO calculation can be greatly improved. 

One of the major challenges in promoting the updated DLVO calculation is the 

exclusion of steric hindrance. One option to minimize the potential interference from steric 
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hindrance is doing experiments in a θ solvent of the capping polymer. Flory-Krigbaum 

theory indicates that the Gibbs free energy of polymer mixing in a θ solvent is zero.2 

Therefore, conducting experiments in a θ solvent of the capping polymer can minimize the 

effect from steric hindrance, and the inter-surface interaction is primarily determined by 

DLVO forces. However, whether EDL and vdW forces are still distinguishable in the θ 

solvent of the capping polymer might bring additional challenges to experimental design. 

2. Elucidate the controlling factor of sulfidation patterns. 

Though the S/Ag ratio has been revealed as the dominant factor in determining the 

extent of sulfidation, the mechanism of formation of a core-shell structure or heterogeneous 

sulfidation remains unsolved. If AgNPs with surfaces of different energy levels can be 

synthesized, the mechanisms under asymmetrical sulfidation pattern might be explained. 

Moreover, the effect of macromolecules on the amorphous product from sulfidation 

requires further characterization. More advanced instruments such as high-resolution 

transmission electron microscope and X-ray absorption spectroscopy might serve as 

promising tools for future work.3 

3. More relevant conditions of granular media filtration. 

Though clean bed filtration is better mathematically modeled to evaluate the 

interaction between AgNPs and the collector media, filters in reality stay in service much 

longer than the clean bed filtration period.4 If it is economical to run the column test long 

enough to get the filter media fully covered by particles, more comprehensive comparison 

can be made between the column test and QCM.  

In addition, co-transport of AgNPs and other colloids in a granular media filter 

would be more environmentally relevant. Other colloids can interact with AgNPs via 

heterogeneous aggregation to form larger aggregates.5 They can also compete with AgNPs 

for attachment sites on the granular collector surface.6 
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Finally, the effect of strong oxidants such as chlorine and ozone, which are 

commonly used in water treatment, on the fate of sulfidized AgNPs opens another research 

frontier.7 Though sulfidation greatly lowers the rate of dissolution of AgNPs, a strong 

oxidant has the potential to induce oxidative dissolution of sulfidized AgNPs.7 Including 

these more environmentally relevant factors can bring broader impact to understand the 

fate and transport of AgNPs. 
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Appendices 

APPENDIX A: NOMENCLATURE OF CHAPTER 2 

Symbols  

A Hamaker constant 

a radius of the particle 

cin influent particle concentration 

cout effluent particle concentration 

dc diameter of the granular collector media 

e elementary charge 

f(x) segment density distribution function 

Fpp plate-plate force per area 

Gel elastic contribution of steric interaction energy 

Gmix osmotic contribution of steric interaction energy 

H plate-plate separation distance 

h sphere-sphere or sphere-plate separation distance 

k rate of aggregation 

kB Boltzmann constant 

L depth of the filter 

N density of charged site assuming charged sites are uniformly distributed 

throughout the polymer segments 

n number concentration of ion 

N0 initial particle number concentration 

P interaction force per unit area 

q number of atoms per volume 

r separation distance between molecule and plate 

s average distance between polymer attacment points on the surface 

T absolute temperature 

Vp molecular volume of the polymer 

Vpp plate-plate interaction energy 

vs molecular volume of the solvent 

Vsp sphere-plate interaction energy 

Vss sphere-sphere interaction energy 

W stability ratio 

x distance from the ion-impermeable surface 

z valence of charged site 
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Greek Symbols 

αa attachment efficiency for aggregation 

αd attachment efficiency for deposition 

β(h) hydrodynamic resistance correction factor 

δ thickness of the capping layer 

ε porosity of the packed media 

ε0 dielectric permittivity in vacuum 

εr relative dielectric permittivity of solution 

η0 single collector efficiency 

κ Debye-Huckel parameter 

κm effective Debye-Huckel parameter of the surface charge layer 

λ London-van der Waals constant 

ρel mobile charge density 

ρfix fixed charge density of the polymer layer 

φ segment distribution of the polymer layer 

χ Flory-Huggins parameter 

ψ electric potential 

ψ0 surface potential at the outer edge of the soft layer 

ψd potential at the surface 

ψDON Donnan potential 

ψeff effective potential 
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

This supplementary information contains the Matlab code to perform the updated 

DLVO calculation. The main script “DLVO_ss” provides values of parameters and 

calculates DLVO energy of interaction using existing analytical equations. It calls script 

“steric_ss” to calculate steric hindrance to superpose onto the DLVO part for XDLVO 

energy of interaction. It calls scripts “PB_solve” and “vdW_solve” to obtain the updated 

EDL repulsion and vdW attraction of plate-plate interaction. It calls script “surf” to 

determine the “apparent” ζ-potential of a polyelectrolyte-capped soft particle. It calls the 

script “mmintgrl” (downloaded from http://read.pudn.com/downloads107/ebook/441796-

/master_matlab/mmintgrl.m__.htm)1 to perform integration in the geometry conversion via 

surface element integration.  

The script “PB_solve” calls scripts “PB_1solve”, “PB_2solve”, and “PB_3solve” 

to obtain the electrical potential at the midplane between two soft layer capped plates at 

three different stages: prior to contact, interdigitation, and compression. It calculates plate-

plate EDL repulsion based on the potential at the midplane. 

Scripts “PB_1solve”, “PB_2solve”, and “PB_3solve” numerically solve the 

updated Poisson-Boltzmann equations (PB_1, PB_2, and PB_3) corresponding to the three 

stages using the Matlab built-in boundary value problem solver “bvp4c” and a boundary 

condition function “PB_bc”. They yield the potential at the midplane based on the 

linearized superposition approximation.  

The script “vdW_solve” calls scripts “vdW_1”, “vdW_2”, and “vdW_3” to obtain 

the vdW attraction between two soft layer capped plates at the three stages during soft layer 

interaction. Scripts “vdW_1”, “vdW_2”, and “vdW_3” separate the interacting entities into 

n slices for a pairwise summation. 

 

http://read.pudn.com/downloads107/ebook/441796-/master_matlab/mmintgrl.m__.htm
http://read.pudn.com/downloads107/ebook/441796-/master_matlab/mmintgrl.m__.htm
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Script of DLVO_ss 

 

h=0.1e-9:1e-10:30e-9; %core to core separation distance 

a=25e-9; %radius of the particle (m) 

  

%define global variables to do used for all the related 

scripts 

global delta width zeta1 zeta2 T kB kT e conc avogadro n N 

zion er e0 ew kappa A_metal A_polymer A_water A_silica r 

index1 index2 

  

delta=5e-9; % thickness of the capping (m) 

avogadro=6.02*10^23;    %1/mol 

r=0.1;%segment density at the surface of the core 

N=r*0.5*avogadro*1e+3; % # of charged site from the capping 

layer/m^3 

width=5e-10; % inhomogeneous segment distribution width (m) 

T=298.15;               % Temperature in units of Kelvin           

kB=1.3806*10^-23;% Boltzmann const in units of (m^2*kg/s^2-

K) 

kT=T*kB; % thermal energy (J) 

e=1.602*10^-19;         %in units of Coulomb 

conc=0.01;             %concentration of electrolytes in 

mole/L 

n=conc*avogadro*10^3; % # of molecules/m^3 

zion=1; % valence of ion 

er=78.5;                %relative permittivity of water                 

e0=8.85*10^-12;         %permittivity in vacuum in units of 

C^2/(J-m) 

ew=er*e0;%permittivity of water 

kappa=(n*zion^2*e^2*2/(ew*kT))^0.5; % in the unit of m^-1 

charge1=-0.01; %surface charge on the 1st core C/m2 

charge2=-0.01; %surface charge on the 2nd core C/m2 

zeta1=2*kT/zion/e*asinh(zion*e*charge1/2/ew/kappa/kT); 

%surface potential from the 1st core at the 1st core (J/C) 

zeta2=2*kT/zion/e*asinh(zion*e*charge2/2/ew/kappa/kT); 

%surface potential from the 2nd core at the 2nd core (J/C) 

  

A_metal=80; %Hamaker constant of silver (kT) 

A_polymer=20; %Hamaker constant of polymer (kT) 

A_water=9; %Hamaker constant of water (kT) 

  

index1=find(h>delta,1); %find the separation distance where 

compression starts 
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index2=find(h>2*delta,1);%find the separation distance 

where interdigitation starts  

  

%plate-plate EDL repulsion based on single zeta potential 

(kT/m2) 

potential_surf=surf; 

EDL_single=32*ew*kappa*(kT/e)^2*tanh(e*potential_surf(1)/4/

kT)*tanh(e*potential_surf(2)/4/kT)*exp(-kappa.*h)/kT; 

  

%plate-plate interaction between two planaer surface 

covered by soft 

%polyelectrolytes 

EDL_soft=PB_solve(h); 

vdW_capped=vdW_solve(h); 

DLVO_soft=EDL_soft+vdW_capped; 

 

  

%calculate sphere-sphere energy of interaction based on SEI 

integral_1=mmintgrl(h,EDL_soft);%(kT/m) first integral part 

integral_2=mmintgrl(h,vdW_capped);%(kT/m) first integral 

part 

  

  

SEI2_EDL=EDL_soft.*h; %the part in the second integral  

SEI2_vdW=vdW_capped.*h;%the part in the second integral  

  

integral_3=mmintgrl(h,SEI2_EDL);%(kT/m) 

integral_4=mmintgrl(h,SEI2_vdW);%(kT/m) 

  

% find the index of h=h+2a 

for i=1:length(h) 

    if h(i)<h(end)-2*a 

        index3(i)=find(h>=(h(i)+2*a),1); 

    else 

        index3(i)=length(h); 

    end 

end 

  

EDL_soft_SEI=pi*((a+h).*(integral_1(index3)-integral_1)-

(integral_3(index3)-integral_3)); %sphere-sphere EDL 

repulsion based on SEI(kT) 

vdW_soft_SEI=pi*((a+h).*(integral_2(index3)-integral_2)-

(integral_4(index3)-integral_4)); %sphere-sphere vdW 

attraction based on SEI(kT) 
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DLVO_soft_SEI=EDL_soft_SEI+vdW_soft_SEI; 

  

%calculate sphere-sphere energy of interaction based on 

Derjaguin 

%approximaton using bare particle parameters 

EDL_bare_DA=32*pi*a*ew*(kT/e)^2*tanh(e*zeta1/4/kT)*tanh(e*z

eta2/4/kT)*exp(-kappa.*h)/kT; %sphere-sphere EDL repulsion 

based on single zeta potential and DA(kT) 

vdW_bare_DA=-(A_metal^0.5-A_water^0.5)*(A_metal^0.5-

A_water^0.5)*a/12.*(h.^-1)./(1+14/100e-9.*h);%sphere-sphere 

vdW without capping based on DA 

DLVO_bare_DA=EDL_bare_DA+vdW_bare_DA; 

  

%calculation below treats core and capping as a whole; 

therefore, h becomes h+2*delta 

a2=a+delta; 

  

%1:using Hamaker of capping, 2:using Hamaker of core 

%A_surf=A_capping; 

A_surf=(r*A_polymer^0.5+(1-r)*A_water^0.5)^2; 

vdW_old_DA1=-(A_surf^0.5-

A_water^0.5)^2*a2/12./h./(1+14/100e-9.*h); %sphere-sphere 

vdW based on the Hamaker constant of capping  

vdW_old_DA2=-(A_metal^0.5-A_water^0.5)*(A_metal^0.5-

A_water^0.5)*a2/12./h./(1+14/100e-9.*h); %sphere-sphere vdW 

based on the Hamaker constant of core 

EDL_old_DA=32*pi*a2*ew*(kT/e)^2*tanh(e*potential_surf(1)/4/

kT).*tanh(e*potential_surf(2)/4/kT).*exp(-kappa.*h)/kT; 

%sphere-sphere EDL repulsion based on single zeta potential 

and DA(kT) 

DLVO_old_DA1=EDL_old_DA+vdW_old_DA1; %use AH of capping 

DLVO_old_DA2=EDL_old_DA+vdW_old_DA2; %use AH of metal 

  

%export to excel for plotting 

setEDL=[1e+9*h;EDL_bare_DA;EDL_soft_SEI;EDL_old_DA]'; 

setvdW=[1e+9*h;vdW_bare_DA;vdW_soft_SEI;vdW_old_DA1;vdW_old

_DA2]'; %DA1(AH of capping),DA2(AH of core) 

setDLVO=[h;DLVO_bare_DA;DLVO_soft_SEI;DLVO_old_DA1;DLVO_old

_DA2]'; %DA1(AH of capping),DA2(AH of core) 

  

%calcualte sphere-sphere steric hindrance 

for i=1:length(h) 

G_steric(i)=steric_ss(a,h(i)); 

end 
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XDLVO_old1=DLVO_old_DA1+G_steric; % using AH of capping 

XDLVO_old2=DLVO_old_DA2+G_steric; % using AH of core 

XDLVO_new=DLVO_soft_SEI+G_steric; 

  

%export value to excel to plot 

setXDLVO=[XDLVO_old1;XDLVO_old2;XDLVO_new]'; 
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Script of PB_solve 

 

function repulsionJ=PB_solve(h) 

global delta width zeta1 zeta2 T kB kT e conc avogadro n N 

zion er e0 ew kappa index1 index2 

 

%Compression stage  

for i=1:index1-1 

        potential_mid(i)=PB_3solve(h(i)); 

end 

%Interdigitation stage 

for i=index1:index2-1 

        potential_mid(i)=PB_2solve(h(i)); 

end 

%Prior to soft layer contact 

for i=index2:length(h) 

        potential_mid(i)=PB_1solve(h(i)); 

end 

  

repulsionN=4*n*kT*(sinh(e*zion*2*potential_mid/2/kT)).^2; 

%plate-plate EDL repulsion based on LSA (J/m3) 

integral_1=mmintgrl(h,repulsionN);%(J/m2) 

repulsionJ=(integral_1(end)-integral_1)/kT; %plate-plate 

EDL repulsion (kT/m2) 
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Script of PB_1solve (PB_2solve, PB_3solve, and surf are identical to PB_1solve except 

for calling different functions corresponding to different interacting stages)   
 

function P_mid=PB_1solve(h) 

global delta width zeta1 zeta2 T kB kT e conc avogadro n N 

zion er e0 ew kappa 

  

P_donnan=-(kT/e)*asinh(N/2/n); %Donnan potential deep 

inside the charged polymer 

  

xspan=linspace(0,50e-9,200); 

     

solinit = bvpinit(xspan,[P_donnan; 0]); 

sol = bvp4c(@PB_1,@PB_bc,solinit); 

x=xspan; 

y=deval(sol,x); 

  

potential_soft=y(1,:); 

  

potential_core_1=4*kT/e*atanh(tanh(e*zeta1/4/kT).*exp(-

kappa*x));%potential from core based on Gouy-Chapman method 

potential1=potential_soft+potential_core_1;%superpose 

potential from core onto potential from the capping 

  

potential_core_2=4*kT/e*atanh(tanh(e*zeta2/4/kT).*exp(-

kappa.*(50e-9-x))); 

potential2=fliplr(potential_soft)+potential_core_2; 

  

index=find(x>=h,1); 

x1=x(1:index); 

P_1=potential1(1:index); %potential from the 1st plate 

P_2=potential2(end-index+1:end); %potential from the 2nd 

plate 

  

index_mid=find(P_1>P_2,1); 

P_mid=P_1(index_mid)+P_2(index_mid); %potential at the 

midplane based on LSA 
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Script of PB_1 
 

% Poisson-Boltzmann equation before the contact of surface 

layer 

function dydx=PB_1(x,y) 

global delta kT e n ew width N 

  

if x<=delta 

%dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+e*N/ew]; 

    dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+e*N*(1-exp((x-

delta)/width))/ew]; 

else 

    dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)]; 

end 

 

 

 

Script of PB_2 
 

% Poisson-Boltzmann equation during interdigitation based 

on LSA (divide the interacting bodies into two individual 

plates covered by h/2 of polyelectrolytes) 

function dydx=PB_2(x,y,h) 

global delta kT e n ew N width 

if x<=h-delta 

%dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+e*N/ew]; 

dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+e*N*(1-exp((x-

delta)/width))/ew]; 

elseif x<=h/2 

    %dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+2*e*N/ew]; 

    dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+e*N*(2-exp((x-

delta)/width)-exp((h-x-delta)/width))/ew]; 

else 

    dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)]; 

end 

  



 121 

Script of PB_3 
 

% Poisson-Boltzmann equation during compression based on 

LSA (divide the interacting bodies into two individual 

plates covered by h/2 of polyelectrolytes) 

function dydx=PB_3(x,y,h) 

global delta kT e n ew N width 

if x<=h/2 

    %dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+2*e*N/ew]; 

    dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)+delta/h*e*N*(2-

exp((x-delta)/width)-exp(-x/width))/ew]; 

else 

    dydx=[y(2);2*e*n/ew.*sinh(e*y(1)/kT)]; 

end 

 

 

 

Script of PB_bc 
 

% ya is boundary value at the starting point (the surface 

of the core), yb is the boundary value at the ending point 

(far away from the core surface) 

function result = PB_bc(ya,yb) 

  

result = [ya(2);yb(2)]; 
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Script of vdW_solve 
 

function result=vdW_solve(h) 

  

global index1 index2 

  

%Compression stage 

for i=1:index1-1 

        vdW_capped(i)=vdW_3(h(i)); 

end 

%Interdigitation stage 

for i=index1:index2-1 

        vdW_capped(i)=vdW_2(h(i)); 

end 

%Prior to soft layer contact 

for i=index2:length(h) 

        vdW_capped(i)=vdW_1(h(i)); 

end 

  

result=vdW_capped; 
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Script of vdW_1 
 

% this file calculate the plate-plate vdW before soft layer 

overlap 

function vdW_capped=vdW_1(h) 

global delta width A_metal A_polymer A_water A_silica r 

  

n=100; %divide the surface capping into n layers 

  

x=linspace(0,delta,n); %divide the surface capping into n 

layers 

  

  

fx=1-exp((x-delta)./width); %the soft step function 

A_layer=(fx*r*(A_polymer^0.5)+(1-fx*r)*(A_water^0.5)).^2; 

%the effective Hamaker constant of each layer 

A1=[A_metal A_layer A_water]; %making a vector of n+2 

layers with the 1st layer being the metal core, and the 

n+2th layer being water  

A2=[A_metal A_layer A_water]; %making a vector of n+2 

layers with the 1st layer being the silica core, and the 

n+2th layer being water  

  

for i=1:n+1 

    for j=1:n+1 

        A_eff(i,j)=(A1(i).^0.5-A1(i+1).^0.5)*(A2(j).^0.5-

A2(j+1).^0.5); %Hamaker constant of two layers over the 

corresponding medium 

        H(i,j)=h-(j-1+i-1)*delta/n; %separation distance 

between the two layers 

        fH(i,j)=1./(1+5.32.*H(i,j)./100e-9); %corresponding 

plate-plate retardation factor 

        U(i,j)=A_eff(i,j).*H(i,j).^-2.*fH(i,j); %vdW 

interaction between two layers 

        

    end 

end 

vdW_capped=-1/(12*pi)*sum(sum(U)); %plate-plate vdW with 

capping before soft layer overlap 
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Script of vdW_2 

 
% this file calculates the plate-plate vdW during 

interdigitation 

function vdW_capped=vdW_2(h) 

  

global delta width A_metal A_polymer A_water A_silica r 

  

  

n=101; %divide the surface capping into n layers 

  

x=linspace(0,h,n); %divide the separation distance into n 

layers 

  

for i=1:length(x) 

        if x(i)<h-delta 

            fx(i)=1-exp((x(i)-delta)./width); 

        elseif x(i)<delta 

            fx(i)=2-exp((x(i)-delta)./width)-exp((h-x(i)-

delta)./width); 

        else 

            fx(i)=1-exp((h-x(i)-delta)./width); 

        end 

        A_layer(i)=(fx(i)*r*(A_polymer^0.5)+(1-

fx(i)*r)*(A_water^0.5)).^2; %the effective Hamaker constant 

of each layer 

end 

A1=[A_metal A_layer(1:ceil(n/2))]; %Hamaker cosntant of 

(n+1)/2+2 layers, metal is the 1st layer, and the middle 

layer is the last layer 

A2=[A_metal A_layer(1:ceil(n/2))]; %Hamaker cosntant of 

(n+1)/2+2 layers, silica is the 1st layer, and the middle 

layer is the last layer 

  

for i=1:ceil(n/2) 

    for j=1:ceil(n/2) 

        A_eff(i,j)=(A1(i).^0.5-A1(i+1).^0.5)*(A2(j).^0.5-

A2(j+1).^0.5); %Hamaker constant of two layers over the 

corresponding medium 

        H(i,j)=h-(i-1+j-1)*h/n; %separation distance between 

the two layers 

        fH(i,j)=1./(1+5.32.*H(i,j)./100e-9); %corresponding 

plate-plate retardation factor 
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        U(i,j)=A_eff(i,j).*H(i,j).^-2.*fH(i,j); %vdW 

interaction between two layers 

     end 

end 

     

vdW_capped=-1/(12*pi)*sum(sum(U)); %plate-plate vdW with 

capping after soft layer compression 

 

 

  



 126 

Script of vdW_3 
 

% this file calculates the plate-plate vdW during 

compression 

function vdW_capped=vdW_3(h) 

  

global delta width A_metal A_polymer A_water A_silica r 

  

n=101; %divide the surface capping into n layers 

  

x=linspace(0,h,n); %divide the surface capping into n 

layers 

  

for i=1:length(x) 

        fx(i)=(2-exp((x(i)-h)./width)-exp(-

x(i)./width))*delta./h; %the soft step function, this 

function is symmetric 

        A_layer(i)=(fx(i)*r*(A_polymer^0.5)+(1-

fx(i)*r)*(A_water^0.5)).^2; %the effective Hamaker constant 

of each layer 

end 

A1=[A_metal A_layer(1:ceil(n/2))]; %Hamaker cosntant of 

(n+1)/2+1 layers, metal is the 1st layer, and the middle 

layer is the last layer 

A2=[A_metal A_layer(1:ceil(n/2))]; %Hamaker cosntant of 

(n+1)/2+1 layers, silica is the 1st layer, and the middle 

layer is the last layer 

  

  

for i=1:ceil(n/2) 

    for j=1:ceil(n/2) 

        A_eff(i,j)=(A1(i).^0.5-A1(i+1).^0.5)*(A2(j).^0.5-

A2(j+1).^0.5); %Hamaker constant of two layers over the 

corresponding medium 

        H(i,j)=h-(i+j-2)*h/n; %separation distance between 

the two layers 

        fH(i,j)=1./(1+5.32.*H(i,j)./100e-9); %corresponding 

plate-plate retardation factor 

        U(i,j)=A_eff(i,j).*H(i,j).^-2.*fH(i,j); %vdW 

interaction between two layers 

    end 

end 

vdW_capped=-1/(12*pi)*sum(sum(U)); %plate-plate vdW with 

capping after soft layer compression 
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Script of steric_ss 
 

function result=steric_ss(a,h,kai) 

  

global delta 

  

r=0.1; %segment density 

MW=3310;%molecular weight of HA (g/mol) 

density=1e+6; %polymer density (g/m3)  

Vs=0.03e-27;% volume of solvent (water) (m^3) 

radius=a-delta; %radius of particle 

  

if h<=delta% Compression stage  

% osmotic contribution  

G_mix=4*pi*radius/Vs*r^2*(0.5-kai)*delta^2.*(h/2/delta-

0.25-log(h/delta)); 

% elastic contribution from sphere 

G_els=2*pi.*radius*delta^2*density.*r./MW.*(h./delta.*log(h

/delta.*((3-h/delta)/2).^2)-6*log((3-h/delta)/2)+3*(1-

h/delta)); 

  

result=G_mix+G_els; 

  

elseif h<=2*delta% Interdigitation stage 

% osmotic contribution during interdigitation 

(<delta<h<2delta) 

G_mix=4*pi.*radius/Vs.*r^2*(0.5-kai).*(delta-h/2).^2; 

G_el=0; 

result=G_el+G_mix; 

else 

    result=0; 

end 
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Table B1: Equations to calculate particle-particle interactions 

Types  Equation Reference 

Electro-

static 

repulsion 

 𝑉𝑅 = 32𝜋휀0휀𝑟𝑎1 (
𝑘𝐵𝑇

𝑧𝑒
)

2

[𝑡𝑎𝑛ℎ (
𝑧𝑒𝜓

4𝑘𝐵𝑇
)]

2

𝑒−𝜅ℎ 
2 

Van der 

Waals 

attraction 

 𝑉𝐴 = −
𝐴131𝑎1

12ℎ
(1 +

14ℎ

𝜆
)

−1

 
3 

Steric 

hindrance 

ℎ < 𝛿 

𝑉𝑆,𝑚𝑖𝑥 =
4𝜋𝑎1𝑘𝐵𝑇

𝑣𝑆
Ф2 (

1

2
− 𝜒) 𝛿2 [

ℎ

2𝛿
−

1

4
− 𝑙𝑛 (

ℎ

𝛿
)] 

𝑉𝑆,𝑒𝑙 =
2𝜋𝑎1𝑘𝐵𝑇𝛿2𝜌Ф

𝑀𝑊
{

ℎ

𝛿
𝑙𝑛 [

ℎ

𝛿
(

3 −
ℎ
𝛿

2
)

2

]

− 6𝑙𝑛 (
3 −

ℎ
𝛿

2
) + 3 (1 −

ℎ

𝛿
)} 

4 

𝛿 < ℎ
< 2𝛿 

𝑉𝑆,𝑚𝑖𝑥 =
4𝜋𝑎1𝑘𝐵𝑇

𝑣𝑠
Ф2 (

1

2
− 𝜒) (𝛿 −

ℎ

2
)

2
, 

𝑉𝑆,𝑒𝑙 = 0 

𝑉𝑆 = 𝑉𝑆,𝑚𝑖𝑥 + 𝑉𝑆,𝑒𝑙 
5 

Total 

XDLVO 
 𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑅 + 𝑉𝐴 + 𝑉𝑆  
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Table B2: Parameters used in the calculation of XDLVO and updated DLVO energy of 

interactions 

Parameter Values or definition 

휀0 Permittivity in vacuum, 8.854×10-12 C2/J-m 

휀𝑟 Relative permittivity of water, 78.5 

𝑎 Radius of the particle, 25 nm 

𝑘𝐵 Boltzmann constant, 1.38×10-23 J/K 

𝑇 Absolute temperature, 298 K 

𝑧 Valence of electrolytes, 1 for NaNO3 

𝑒 Elementary charge, 1.602×10-19 C 

𝜓 
Surface potential of the citrate-AgNPs from Malvern Zetasizer Nano ZS 

I (mM) 10 15 20 30 40 60 80 100 200 

𝜓 -37.1 -36.2 -35.2 -32.8 -22.5 -26.1 -23.4 -23.1 -17.8 
 

𝜅 
Inverse debye length, 𝜅 = √

1

0 𝑟𝑘𝑇
∑ 𝑧𝑖

2𝑒2𝑛𝑖
∞𝑀

𝑖=1  where ionic strength is 10 mM 

NaNO3 for self-aggregation and 5 mM NaNO3 for deposition 

𝐴131 

Hamaker constant of particle-particle interaction in water,  

𝐴131 = (√𝐴11 − √𝐴33)
2
, Hamaker constant of AgNP (A11=3.5×10-19 J)6, and 

Hamaker constant of water (A33=4×10-20 J)7 

𝜆 Characteristic wavelength, 100 nm3 

𝑣𝑆 Molecular volume of solvent, 0.03 nm 

Ф Polymer segment density, 0.1 

𝜒 Flory-Huggins parameter 

𝛿 Capping layer thickness, 5 nm 

𝜌 Density of polymer (1 g/mL) 

𝑀𝑊 Molecular weight of polymer, 3310 for HA8 

𝑉𝑃 Molecular volume of polymer 

𝑉𝑆,𝑚𝑖𝑥 Steric hindrance from osmotic contribution 

𝑉𝑆,𝑒𝑙 Steric hindrance from electric contribution 

N Charge density of polymer segments 

l Inhomogeneous width of the polymer segment distribution 
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Figure B1: Fitting of experimentally obtained attachment efficiency by changing a) 

charge density of the capping polymer, N and b) inhomogeneous width of 

the polymer segments distribution, l. 
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

 

Figure C1: STEM image of PVP-AgNPs sulfidized at a) S/Ag=0.1, b) S/Ag=10, c) 

S/Ag=1, HA=1 mg/L, d) S/Ag=1, HA=10 mg/L, e) S/Ag=1, HA=100 mg/L, 

and f) S/Ag=1, HA=10 mg/L pre-exposure. 

a b 

e 

c d 

f 
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Figure C2: Measurement location and direction of EDS line profile in Figure 4.2 of 

AgNPs sulfidized at different S/Ag ratio without HA: a) S/Ag=0, b) 

S/Ag=0.1, c) S/Ag=1, and d) S/Ag=10.  

c d 

a b 
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Figure C3: Measurement location and direction of EDS line profile in Figure 4.7 of 

AgNPs sulfidized at S/Ag=1 with HA presence: a) HA=1mg/L, b) HA=10 

mg/L, c) HA=100 mg/L, and d) HA=10 mg/L pre-exposure  

c d 

a b 
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APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

Choice of expression for the calculation of energy of interaction 

Linearized superposition approximation (LSA) could yield simple analytical 

expressions for the electrostatic repulsion without encountering the inconvenient numerical 

calculations that stem from various boundary conditions (i.e., constant surface charge or 

constant surface potential). The results based on LSA fall in between those based on 

constant surface charge and constant surface potential, the two extremes of interparticle 

interaction.9 Therefore, analytical expressions based on LSA were used to calculate 

electrostatic repulsion. 

 

Van der Waals (vdW) attraction can be calculated as a pairwise summation of all 

the relevant interactions between molecules in the two interacting bodies. The approximate 

analytical expressions from John Gregory (1981) yielded good fit to exact computations to 

account for the retardation effect.3 Thus, the approximate expressions by John Gregory 

were used to quantify the vdW attraction.  

 

The expressions for the steric hindrance are more semi-quantitative due to various 

assumptions and the limitation in getting values of parameters. Nevertheless, analytical 

expressions by Vincent et. al. (1986) for particle-particle interaction and by Lin and 

Wiesner (2012) for particle-collector interaction have been widely used.4,5 These 

expressions are conceptually rigorous and could provide insight to the effect of steric 

hindrance.  
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Table D1: Equations to calculate particle-particle and particle-collector interactions 

Types 
Geometr

y 
Equation 

Referenc

e 

Electrostati

c repulsion 

Particle-

particle 𝑉𝑅 = 32𝜋휀0휀𝑟𝑎1 (
𝑘𝐵𝑇

𝑧𝑒
)

2

[𝑡𝑎𝑛ℎ (
𝑧𝑒𝜓1

4𝑘𝐵𝑇
)]

2

𝑒−𝜅ℎ 

2 
Particle-

collector 

𝑉𝑅

= 64𝜋휀0휀𝑟𝑎1 (
𝑘𝐵𝑇

𝑧𝑒
)

2

𝑡𝑎𝑛ℎ (
𝑧𝑒𝜓1

4𝑘𝐵𝑇
) 𝑡𝑎𝑛ℎ (

𝑧𝑒𝜓2

4𝑘𝐵𝑇
) 𝑒−𝜅ℎ 

Van der 

Waals 

attraction 

Particle-

particle 𝑉𝐴 = −
𝐴131𝑎1

12ℎ
(1 +

14ℎ

𝜆
)

−1

 
3 

Particle-

collector 𝑉𝐴 = −
𝐴132𝑎1

6ℎ
(1 +

14ℎ

𝜆
)

−1

 

Steric 

hindrance 

Particle-

particle 

(ℎ < 𝛿) 

𝑉𝑆,𝑚𝑖𝑥 =
4𝜋𝑎1𝑘𝐵𝑇

𝑣𝑆
Ф2 (

1

2
− 𝜒) 𝛿2 [

ℎ

2𝛿
−

1

4
− 𝑙𝑛 (

ℎ

𝛿
)] 

𝑉𝑆,𝑒𝑙 =
2𝜋𝑎1𝑘𝐵𝑇𝛿2𝜌Ф

𝑀𝑊
{

ℎ

𝛿
𝑙𝑛 [

ℎ

𝛿
(

3 −
ℎ
𝛿

2
)

2

]

− 6𝑙𝑛 (
3 −

ℎ
𝛿

2
) + 3 (1 −

ℎ

𝛿
)} 

4 

Particle-

particle 

(𝛿 < ℎ <
2𝛿) 

𝑉𝑆,𝑚𝑖𝑥 =
4𝜋𝑎1𝑘𝐵𝑇

𝑣𝑠
Ф2 (

1

2
− 𝜒) (𝛿 −

ℎ

2
)

2
, 

𝑉𝑆,𝑒𝑙 = 0 

Particle-

collector 

(ℎ < 𝛿) 

𝑉𝑆,𝑚𝑖𝑥 = 𝑘𝐵𝑇 (
𝑉𝑃

2

𝑣𝑆
) (

1

2
− 𝜒) Ф2𝑉1,𝑆 (

𝑉1,𝑆

𝑉3
− 1) 

𝑉𝑆,𝑒𝑙 = 𝑘𝐵𝑇𝛾𝛿2𝜋(1 − ℎ̃)(2𝑎1̃ + ℎ̃

− 1)𝑙𝑛 [
3(2𝑎1̃ + ℎ̃ − 1)

ℎ̃2 + 3ℎ̃�̃� + ℎ̃ + 3�̃� − 2
] 

5 

 𝑉𝑆 = 𝑉𝑆,𝑚𝑖𝑥 + 𝑉𝑆,𝑒𝑙 

Total 

XDLVO 
 𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑅 + 𝑉𝐴 + 𝑉𝑆  
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Table D2: Parameters used in the calculation of XDLVO energy of interactions 

Parameter Values or definition 

휀0 Permittivity in vacuum, 8.854×10-12 C2/J-m 

휀𝑟 Relative permittivity of water, 78.5 

𝑎1 Radius of the particle 

𝑘𝐵 Boltzmann constant, 1.38×10-23 J/K 

𝑇 Absolute temperature, 298 K 

𝑧 Valence of electrolytes, 1 for NaNO3 

𝑒 Elementary charge, 1.602×10-19 C 

𝜓1 Surface potential of the particle from Table 1 

𝜅 
Inverse debye length, 𝜅 = √

1

0 𝑟𝑘𝑇
∑ 𝑧𝑖

2𝑒2𝑛𝑖
∞𝑀

𝑖=1  where ionic strength is 10 

mM NaNO3 for self-aggregation and 5 mM NaNO3 for deposition 

ℎ Surface-surface separation distance 

𝜓2 
Surface potential of the column granular media (-65 mV) and the QCM 

quartz sensor (-33 mV)10 

𝐴131 

Hamaker constant of particle-particle interaction in water,  

𝑨𝟏𝟑𝟏 = (√𝑨𝟏𝟏 − √𝑨𝟑𝟑)
𝟐
, Hamaker constant of AgNP (A11=1.5×10-19 J)11, 

and Hamaker constant of water (A33=4×10-20 J)7 

𝐴132 

Hamaker constant of particle-collector interaction in water, 𝐴𝟏𝟑2 =

(√𝐴𝟏𝟏 − √𝐴𝟑𝟑)(√𝐴22 − √𝐴33), Hamaker constant of silica (A22=6.5×10-20 

J)7 

𝜆 Characteristic wavelength, 100 nm 

𝑣𝑆 Molecular volume of solvent, 0.03 nm 

Ф 
Polymer segment density, 0.1 for PVP-AgNPs, 0.05 for HA-AgNPs, 0 for S-

AgNPs, and 0.01 for HA-S-AgNPs 

𝜒 Flory-Huggins parameter, 0.45 in a good solvent 

𝛿 Capping layer thickness, 5 nm 

𝜌 Density of polymer (1 g/mL) 

𝑀𝑊 Molecular weight of polymer, 40000 for PVP, 3310 for HA8 

𝑉𝑃 Molecular volume of polymer 

𝑉1,𝑆 
Dimensionless volumes of compression domain defined by Eq. 22’ in Lin 

and Wiesner (2012)5 

𝑉3 
Dimensionless volumes of compression domain defined by Eq. 24’ in Lin 

and Wiesner (2012)5 

𝛾 
Number of polymer anchoring site per area, defined by Eqs. 17 and 18 in Lin 

and Wiesner (2012)5 

ℎ̃ Dimensionless distance, ℎ/𝛿 

𝑎1̃ Dimensionless radius, 𝑎1/𝛿 

𝑉𝑆,𝑚𝑖𝑥 Steric hindrance from osmotic contribution 

𝑉𝑆,𝑒𝑙 Steric hindrance from electric contribution 
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Figure D1: Hydrodynamic diameter distribution by a) NTA, and b) DLS under different 

transformations at pH=7.0±0.2 and I=5 mM NaNO3. 
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Figure D2: ζ potential by a) EPM, and b) ELS under different transformations at I=5 

mM NaNO3. 
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Figure D3: The hydrodynamic diameter of AgNPs under different environmental 

transformations at pH=7.0±0.2 and I=5 mM NaNO3. 
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Figure D4: UV-vis absorption spectra of PVP-AgNPs under environmental 

transformation 

The distinct absorption peaks at around 435 nm wavelength were measured by a 

UV-vis spectrophotometer to visualize the change of the metallic silver before and after 

transformation. Exposure of the PVP-AgNPs to HA did not result in the oxidation of the 

metallic silver or an increased particle size. Sulfidation changed the color of the AgNPs 

suspension from orange to black with the disappearance of the absorption peak. 
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Figure D5: C 1s XPS experimental spectrum and the contribution of the fit of different 

AgNPs transformed in I=5 mM Ca(NO3)2. 

Table D3: Composition (Percent of total carbon measured) of the total C 1s XPS 

spectra based on Lorentzian and Gaussian curve fitting after transformation 

in Ca(NO3)2. 

Functional 

group 

Binding 

Energy 

(eV) 

 
PVP-

AgNPs 

HA-

AgNPs 

S-

AgNPs 

HA-S-

AgNPs 

C-C 284.5  46.68 35.36 65.83 42.93 

C-N or C-O 285.6  34.34 32.36 21.48 35.32 

C=O 287.5  18.84 25.91 12.19 17.50 

O=C-O 288.6  0 6.37 0.50 4.25 
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Table D4: HDD (nm) during aggregation tests for PVP-AgNPs at pH 7±0.2 and I=10 

mM with NaNO3 with different environmental transformations. 

Time (min) PVP-AgNPs HA-AgNPs S-AgNPs HA-S-AgNPs 

0 82.5 ± 29.5 80.0 ± 33.5 86.3 ± 28.7 89.2 ± 24.0 

10 87.1 ± 38.6 77.4 ± 30.7 88.2 ± 31.5 89.3 ± 32.0 

30 84.1 ± 37.9 79.0 ± 36.8 88.3 ± 33.8 99.0 ± 31.8 

60 81.2 ± 31.0 79.9 ± 36.8 88.7 ± 35.4 98.0 ± 59.1 

120 80.4 ± 32.8 78.4 ± 33.0 89.4 ± 32.0 93.7 ± 66.3 

 

Table D5: HDD (nm) during aggregation tests for PVP-AgNPs at pH 7±0.2 and I=10 

mM with Ca(NO3)2 with different environmental transformations. 

Time (min) PVP-AgNPs HA-AgNPs S-AgNPs HA-S-AgNPs 

0 93.1 ± 38.5 86.0 ± 37.6 115.4 ± 47.6 100.1 ± 38.5 

10 97.2 ± 43.4.6 99.2 ± 48.0 118.4 ± 53.5 126.2 ± 44.0 

30 99.3 ± 43.4 148.7 ± 58.2 118.4 ± 50.7 141.0 ± 65.0 

60 106.2 ± 43.1 177.4 ± 96.6 125.7 ± 56.0 145.3 ± 59.6 

120 109.0 ± 42.6 244.2 ± 117.6 132.9 ± 56.4 164.3 ± 71.7 
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Figure D6: XDLVO energy of interaction in a) column filtration and b) QCM test at 

pH=7.0±0.2 and I=5 mM NaNO3.The calculation was based on equations 

from Table D1 and vales of parameters from Table D2. 
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Figure D7: Breakthrough curve for the AgNPs transport in bare silica filter in column 

test at pH=7.0±0.2 and I=5 mM NaNO3. 
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Figure D8: Updated DLVO energy of interaction in a) self-aggregation at I=10 mM 

NaNO3 and b) column filtration at I=5 mM NaNO3. The core charge density 

is assumed -0.01 C/m2 for AgNPs and -0.015 C/m2 for glass beads. Density 

of charged sites is assumed 0.1 mol/L for HA. The calculation was based on 

the updated model in Chapter 3 and value of parameters in Table D2. 

In Figure D8a, the updated DLVO calculation can explain the stability of HA-

exposed AgNPs (HA-AgNPs and HA-S-AgNPs). However, it cannot explain the stability 

of PVP-AgNPs though it accounts for the reduced vdW attraction. Including the steric 

hindrance is still necessary when assessing the stability of particles coated with uncharged 

polymer (e.g., PVP-AgNPs).  In Figure D8b, though the updated DLVO calculation 

supports the retention of PVP-AgNPs, including steric hindrance will result in a repulsive 

energy of interaction and reverse the prediction. In addition, the updated DLVO calculation 

predicts very low capture of HA-AgNPs and HA-S-AgNPs, which contradicts 

experimental result. Hydrogen bonding between PVP and silanol groups on the collector 

surface is the dominant force in determining the particle-collector interaction of PVP-

AgNPs after transformations. Complexation between Ca2+ and functional groups on the 

particle surface dominates self-aggregation in the calcium electrolyte. Therefore, in the 

presence of specific interactions, behavior of AgNPs is primarily determined by specific 
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interactions instead of DLVO forces. Conclusions of the original paper in Chapter 5 still 

hold.     
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