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ABSTRACT 
 

INVESTIGATIONS ON SURFACE ELECTRIC CHARGE OF SILICA 
NANOPARTICLES WITH DIFFERENT SURFACE ROUGHNESSES 

 
Silica nanoparticles have been receiving more attention from diverse research 

areas recently due to their significant physical properties such as large pore volume and 

high internal surface area, colloidal stability, high biocompatibility, and tunable pore 

sizes. These silica nanoparticles are great candidates for drug delivery applications 

because they can transport a large amount of drugs into selective organs and tissues due 

to their high surface area and large pore volume. However, there are important drug 

delivery mechanisms that need to be understood properly such as cellular uptake, 

endosomal escape, drug loading and release, and crossing physical barriers. 

Physicochemical properties of nanoparticles (size, shape, surface charge, or surface 

chemistry) are important for understanding these mechanisms in order to develop 

successful drug delivery applications. This research investigates how these surface charge 

properties change with different particle, pore diameters, roughness structure on the 

nanoparticle surface, and different temperature and solution conditions. Also, we 

investigate how the surface charging behavior of rough nanoparticles interacts with a flat 

plate. Rough nanoparticles and their interactions with surfaces theoretical assumptions 

can be wrong and ionic distribution can show variation locally. In order to calculate ionic 

distribution and surface charge properties in these systems, proper equations and 

boundary conditions were employed. The charge regulation model was used as a 

boundary condition because of the electric double layer overlap effect. Results showed 

that there was a considerable variation on surface charge properties due to the roughness 

structure with different roughness and particle sizes and temperature difference. 

 

Keywords and Phrases: Surface charge density, charge regulation, silica nanoparticles, 
surface roughness, electric double layer overlap   
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ÖZET 
 

FARKLI YÜZEY PÜRÜZLÜLÜKLERİNE SAHİP SİLİKA 
NANOPARTİKÜLLERİN YÜZEY ELEKTRİK YÜKÜ ÜZERİNE 

ARAŞTIRMALAR 
 

Silika nanopartiküller yüksek iç yüzey alanı ve geniş gözenek hacmi, yüksek biyo-

uyumluluk ve kolloidal kararlılık gibi avantajlı fiziksel özellikleri ile çeşitli biyomedikal 

uygulamalar için uygun adaylardır. Özellikle ilaç iletimi uygulamalarında yüksek ilaç 

taşıma kapasitesi sayesinde sıklıkla tercih edilirler. Silika nanopartiküllerin yüzey elektrik 

şarjı bu uygulamaların verimliliği açısından çok belirleyicidir. Çünkü ilaç iletimi 

uygulamaları sırasında görülen bazı hüçre içi mekanizmalar nanopartikülün yüzey 

elektrik şarjına bağlıdır. Örnek olarak, ilaç iletiminin başarısını fazlasıyla etkileyen 

hücresel alım mekanizması nanopartikülün yüzey elektrik şarjı ve boyutları ile doğrudan 

ilişkilidir. Ayrıca ilaç iletimi sırasında görülen en önemli sorunlardan birisi de endozomal 

kaçışın sağlanmasıdır. Nanopartikül yüzey elektrik şarjı ve boyutunun endozomal kaçışın 

sağlanmasında etkili olduğunu gösteren çalışmalar vardır. Bu nedenle yüzeyi pürüzlü 

nanoparçacıkların yüzey elektrik şarjının incelenmesi önemli bir konu oluşturmaktadır. 

Bu çalışmada yüzeyi gözenekli nanopartiküllerin farklı pürüz ve parçacık çapları, farklı 

solüsyon özellikleri, sıcaklık değişimi ve düz bir yüzey ile etkileşimi sonucunda oluşan 

yüzey elektrik şarjı davranışı incelenmiştir. Yüzeyi pürüzlü nanopartiküllerin yüzeyinde 

oluşan iyonik dağılım ve elektrik şarjı davranışının doğru olarak hesaplanabilmesi için 

uygun denklemler ve sınır şartları seçilmiştir. Elektriksel çift tabakaların çakışması 

etkisinden dolayı sınır koşulu olarak kullanılan yük regülasyon modeli nanopartikül 

yüzeyinde sınır şartı olarak seçilmiştir. Sonuçlar, farklı pürüzlülük ve parçacık ebatları ve 

sıcaklık farkına sahip pürüzlülük yapısı nedeniyle yüzey yükü özelliklerinde önemli bir 

değişiklik olduğunu göstermektedir. 

 

Anahtar Kelimeler ve Deyimler: Yüzey yükü yoğunluğu, yük regülasyonu, silika 
nanopartiküller, yüzey pürüzlülüğü,  elektriksel çift tabakaların çakışması
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CHAPTER 1 
 
 

INTRODUCTION 

In recent years, mesoporous silica nanoparticles (MSN) have become more 

popular nanomaterials because of their physical and structural properties such as high 

colloidal stability, high biocompatibility, high internal surface area, and large pore 

volume and tunable particle and pore sizes. Because of their unique properties, MSNs are 

also great candidates for diverse biomedical applications such as bio imaging for 

diagnostics1,2, bio sensing3, bio catalysis4,5, drug delivery6–8, gene delivery9, and 

anticancer therapeutic agents10. Surface charge properties of mesoporous silica 

nanoparticles play a significant role in all these applications but detailed interpretations 

about the influence of surface properties of MSN on biomedical applications does not 

exist in the literature. 

Generally, MSNs have diameters less than 500 nm and their pore sizes range 

between 2-50 nm and can be produced with desired geometrical features using different 

synthesis methods. Mesoporous structures such as pore size distribution and porosity can 

be arranged for the specific type and amount of drugs. MSNs can be synthesized using 

the sol-gel method and spray drying method. These nanoparticles are great candidates for 

drug delivery systems as they can transport a large amount of drugs due to their high 

surface area and large pore volume and they have high loading capacity. Especially, 

MSNs are suitable for targeted drug delivery applications because nanoparticles can be 

designed to deliver to specifically targeted cells and load the proper type and amount of 

drug. In targeted drug delivery medicine is only delivered to targeted and specified cells 

or tissues. This improves efficiency and reduces side effects. For instance, targeted drug 

delivery systems are very promising and groundbreaking developments for cancer 

treatment therapies. In cancer treatment, it is possible to directly deliver the medicine to 

the targeted cancer cells. MSNs need to be designed and synthesized with specific surface 

features that are suitable for a significant drug delivery system.  

The importance of electric charge of an MSN can be explained by some of the 

major mechanisms of the targeted drug delivery. First, drug loading-releasing 

mechanisms depend on surface charge, in addition to mesoporous structures and pore 
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sizes. Second, cellular uptake is determined by the surface charge. Studies reported that 

100-150 nm nanoparticles are more efficient for cellular uptake by comparison to 50-

55nm MSNs11,12. The surface charge depends on the nanoparticle size; a decrease of 

nanoparticle diameter increases the absolute charge value13. Third, endosomal escape was 

found to depend strongly on surface charge. When endosomal escape cannot be achieved 

this may cause disruption of nanoparticles and drugs with digestive enzymes. Endosomal 

escape is very important for the efficient delivery of nanoparticles14. There are some 

strategies to achieve an endosomal escape. Studies reported that MSNs with negatively 

charged surface properties achieve endosomal escape more easily15. Fourth, protein 

corona forming on nanoparticle by the coverage of biomolecules (such as proteins, sugars, 

and lipids) is directly related to the surface charge16. The protein corona has a dynamic 

structure and it defines the identity of the nanoparticle17. The presence of a protein corona 

modifies the surface properties and changes the hydrodynamic diameter and the 

electrokinetic properties of the nanoparticle. Considering all these reasons, it is important 

to analyze the mesoporous nanoparticles' surface charge, zeta potential, electric double 

layer (EDL) and electrokinetic interactions of MSNs and their dependence on structural 

MSN parameters such as size, porosity and surface condition. 

Surface charge is a natural reaction that occurs when a solid surface interacts with 

an aqueous media. Due to the protonation/deprotonation reactions on the surface and 

adsorption of ions, surface charge occurred in a solid/liquid interface. The charged surface 

attracts counter-ions and repels co-ions and Electric Double Layer will be formed on the 

surface. EDL structure changes the ionic distribution on the surface. Generally, ionic 

distribution on the surface can be explained with Boltzmann-Distribution (BD), but this 

simplification is only useful under these assumptions: zeta potential must be smaller than 

25 mV and surface must be flat and sufficiently far away from any other bodies. For 

nanoscale roughness and these nanosystems, these assumptions are wrong and using 

Boltzmann-Distribution simplification is inappropriate. Instead of the BD, Nernst-Planck 

equation can be used for defining ionic transport or the Poisson equation can be used to 

identify the electric distribution. These equations can be solved together for calculating 

electric distribution through EDL. 

Recent techniques allow the production of various forms of MSNs with easy to 

control the size, and surface condition. In Figure 1.1, particle size variation at two 

different surface conditions (Figure 1.1a-j) 18 is presented from the study of Koike et al., 

while the variation of the surface condition at a given particle size can also be obtained 
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as shown by Kang et al. (Figure 1.1k-n)19. For such nano-systems, particle size and 

surface condition determine the ionic concentration and the resulted zeta potential at the 

surface. First, a decrease in overall particle size develops curvature effects that cause ionic 

condition around the particle to diverge from a flat surface. The curvature effect is formed 

due to the decreased surface to volume ratio by the decrease in particle diameter20. 

Second, surface structures of either naturally developed or engineered surface patterns or 

roughness EDLs of opposing surfaces overlap, and ionic distribution shows local 

variations and differs from existing flat surface theory. For a nanoparticle roughness 

forming from valleys and hills, ionic layers in valleys extending from opposite surfaces 

will overlap when the spacing between is smaller than the EDL thickness. Further 

curvature effects will also develop at the hills of the surface roughness. Due to all these 

complications, assuming a constant surface zeta potential as a material property 

independent of nano-system’s conditions yields in very inaccurate results. 

 

 

 
Figure 1.1. Different size ((a&f) 12nm, (b&g) 44nm, (c&h) 60nm, (d&i) 88nm, and (e&j) 

170nm) silica nanoparticles with flat (a-e) and rough (f-j) surface conditions 
developed in Koike et al. (Source: 18) - Published by The Royal Society of 
Chemistry. (k-n) Various surface conditions of wrinkled silica nanoparticles 
obtained in Kang et al. (Source: 19) - Published by The Nature Publishing 
Group. 

 

 

In order to properly calculate the nano-particle surface charges in nano-systems, 

ionic diffusion equations must be solved as Poisson-Nernst-Planck (PNP) equations 

without Boltzmann simplification. Furthermore, the PNP solution using a constant 

surface charge or constant potential boundary conditions still cannot calculate the real 

physics of nano-systems. Electrical charging of the surface is the result of 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l)

(m) (n)



 
 

4 

protonation/deprotonation reactions at the solid/liquid interface and occurs as a function 

of ionic density that formed on the surface. In this case, the surface charge is a function 

of ionic distribution that formed as a function of the surface charge itself. According to 

this, the surface charge and EDL need to be solved together. Also, “Charge Regulation 

(CR)” represents such occurrence of EDL overlap and can model the natural behavior of 

surfaces. Ninham and Parsegian21 identified the charge regulation behavior of surface 

chemistry the first time in the literature. After that, charge regulating behavior of surfaces 

investigated by several studies through surface force measurements by colloids22,23 and 

AFM24,25 experiments. From that time, researchers started to implement the charge 

regulation model into numerical calculations with using proper charging models as a 

boundary condition. In recent years, CR models have become very popular in many 

research fields such as colloidal chemistry and atomic force measurement (AFM) 

methods26,27.  

In a previous study, surface charge distribution investigated through surfaces with 

nanopatterned roughness using CR and active charge model as a boundary condition28. 

This study found that surface charge is dependent on the size of the nanopatterned 

structure on the surface. Also, curvature and EDL overlap effect was observed as the 

roughness forms on the nanopatterned structure. This representative nanopattern is made 

of repeating circular pits and tips of identical size. In the pits of the surface pattern, surface 

charge density is decreasing due to the increasing EDL overlap effect, while surface 

charge density is increasing due to the developed curvature effect at the tips of the 

structure. There is an experimental study showing that surface charge density behavior 

varies with the curvature of the nanoparticle20. Researchers found that the surface charge 

density of particle decreases with increasing particle size. Surface charge density values 

show a rapid decrease in the size range between 4.1 and 30 nm and shows an independent 

behavior for particle size values larger than 30 nm due to the curvature effect of the 

nanoparticle. Also, these experimental values20 show similar behavior with numerical 

values13 which is calculated on the previous study that is related size and curvature 

dependency of surface charge of the nanoparticle. 

On the other hand, temperature variation is also important in electrokinetic 

phenomena occurring at micro/nanoscale applications. Physical properties of both the 

surrounding liquid medium and the particle surface are temperature-dependent on a solid-

liquid interface. Temperature difference influences the ionic transport due to the varied 

ionic mobilities and temperature variation is also effect surface properties of a 
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nanoparticle which has a significant impact on nanoparticle electrolyte interactions at the 

micro/nanoscale29–31. Ionic concentration and pH level of an electrolyte solution, type and 

charge of the ions, number of binding sites on the nanoparticle surface and equilibrium 

constants of the surface reactions are influenced by the temperature variation at the 

nanoscale interactions. 

In the literature, the relation between temperature variation and electrostatic 

properties of a silica surface has been observed and investigated in several studies. 

Temperature variation is a desirable and useful state for some studies which is like 

thermal gates. The thermal gate modulates the ionic transport with varied temperature and 

it is more effective than other gating mechanisms. However, temperature variation can be 

a problem for some other applications such as capillary electrophoresis because 

electrophoretic motion is influenced by temperature variation due to the Joule heating 

effect31,32. According to previous studies, the surface charge of a silica surface increases 

with an increased temperature. But, surface charge behavior of silica surface is affected 

by different geometrical aspects like the spherical shape of a nanoparticle or roughness 

geometries on its surface. Roughness structure on the surface which includes hills and 

valleys changes the ionic distribution and surface charge locally. Due to that temperature 

effect on particles, surface charge needs to be examined for rough spherical nanoparticles.  

In addition to that, surface charging properties of nanoparticles are very important 

when the nanoparticle is interacting with another dielectric entity such as particle or 

surface. Because the surface charge is highly affected during the interaction of two 

dielectric entities. When the distance between two charged objects is shorter than the 

electric double layer thickness, electric double layers of these charged entities will 

overlap. For this reason, ionic concentration in the interaction region between two 

interacting surfaces will be different than when there is no interaction between charged 

entities. There is a nonuniform surface charge distribution around these interacting 

objects according to different ionic concentrations. In the literature, there are additional 

studies that examined whether surface charge properties of two interacting surfaces 

remain constant. Surface charging behavior of nanoparticle when interacting with another 

object is important for colloidal stability, biomolecular transport, and drug delivery.   

The aim of this study is to investigate the surface charging behavior of a rough 

nanoparticle under different conditions such as pH, concentration, different particle, and 

roughness parameters and temperature variation. 
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The outline of this study can be summarized as follows; In Chapter 2, a 

comprehensive literature survey on mesoporous silica nanoparticle applications, 

intracellular mechanisms, and importance of investigating the charging behavior of rough 

nanoparticles under different surface conditions such as roughness, temperature, and 

interaction effects will be given. In Chapter 3, a formulation of the problem will be 

discussed. In Chapter 4, the computational domain used for numerical calculations, and 

related details will be presented. In Chapter 5, the results of surface charge variation of 

rough nanoparticle examined under pH, solution concentration, roughness, temperature, 

and interaction effects. Lastly, in Chapter 6, the study will be summarized and appropriate 

conclusions will be made. 
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CHAPTER 2 
 
 

 LITERATURE REVIEW 

MSNs were discovered about 20 years ago by researchers at Mobil33,34 and they 

have a hierarchically ordered porous system. MSNs have been used as a host material for 

therapeutics due to their high loading capacity and protection of the guest molecules with 

their porous structure since 2001. MSNs with different particle sizes and pore geometries 

can be obtained by using different synthesis techniques. Sol-gel processes and spray 

drying methods are the most commonly used synthesis techniques for producing various 

types of MSNs. For example, MCM (Mobile Crystalline Materials)-41 is one of the most 

widely used type of MSNs for drug delivery systems. MCM-41 has a hexagonal structure 

and consists of 2.5 to 6 nm pores35,36. MCM-48 has a cubic structural geometry but MCM-

50 has a lamella-like structures37. For instance, SBA-15 used for a diverse biomedical 

application due to its ordered porous structure. This nanomaterial is named Santa Barbara 

Amorphous (SBA) type nanomaterial because it was first discovered by The University 

of California, Santa Barbara. Different types of SBA materials can be synthesized as 

SBA-11 (cubic), SBA-16 (cubic-cage structured), SBA-15 (hexagonal) and SBA-12 (3D 

hexagonal), according to symmetrical geometry of the porous structure. SBA 

nanomaterials have different physical properties from MCM nanomaterials because their 

thickness of silica walls38 is denser and pore sizes are larger (4.6-30 nm). In addition to 

that, various other nanoparticles have mesoporous structures can be synthesized with 

changing reaction parameters such as solution concentrations and pH value, chemical 

nature of the surfactants and time. With fine-tuning reaction parameters, morphology, 

size and pore structure of mesoporous silica can be adjusted precisely. For instance, there 

are studies that virus-like mesoporous silica nanoparticles synthesized with bio 

mimicking of unique surface morphology of virus surfaces in the literature39,40. The 

unique mesoporous silica nanoparticles with a spiky tubular rough surface show highly 

efficient cellular internalization. Roughness structure on the virus-like mesoporous silica 

formed by nanotubular structure is similar to the rough surface on viruses consisting of 

spiky proteins39. Due to that roughness structure on the surface, great cellular 

internalization and efficient blood circulation time can be achieved. 
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Figure 2.1. (a, b) SEM and (c, d) TEM images of virus-like mesoporous silica 

nanoparticles (Source: 37) 

 

2.1. MSNs Application Areas 

Mesoporus silica nanoparticles are promising for diverse biomedical application 

(bio imaging for diagnostics1,2, bio sensing3, bio catalysis4,5, drug delivery6–8, gene 

delivery9, and anticancer therapeutic agents10) but especially, MSNs are very favorable 

for drug delivery applications due to their unique properties. This includes good 

biocompatibility, high drug loading capacity and efficient encapsulation of drug 

molecules. Also, MSNs surfaces can be easily functionalized and it is important for 

interactions with other surfaces and colloidal stability. MSN surfaces specifically 

modified to provide targeted cell-targeting or load a proper type and amount of drug. It is 

important that medicine is delivered to only specified and targeted cells during targeted 

drug delivery. Owing to that, efficiency of drug delivery applications can be increased, 

side effects on the healthy cells can be reduced and the proper type and amount of drug 

can be delivered to the targeted cells. For instance, targeted drug delivery systems are 

very promising and groundbreaking developments for cancer treatment therapies. In 

cancer treatment, it is possible to directly deliver the medicine to the targeted cancer cells. 

MSNs need to be designed to (i) enter only the targeted type of cell, (ii) carry the required 
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amount of drug, and (iii) remain inside the cell long enough to release the required drug 

without being destroyed. MSNs must be synthesized with specific surface features that 

are suitable for a significant drug delivery system.  

2.2. Intracellular Mechanisms 

During drug delivery application there are some important intracellular 

mechanisms which occur related to physicochemical properties of nanoparticles such as 

particle size, shape, surface chemistry, surface charging, and surface roughness. These 

intracellular mechanisms such as cellular uptake, endosomal escape, protein corona 

formation, crossing some physical barriers (Blood-Brain Barrier) and drug loading-

releasing mechanisms, occur during drug delivery and have an important influence on the 

efficiency of these applications. In the literature, there are studies examining the 

relationship between surface properties of nanoparticles and drug delivery mechanisms. 

For instance, cellular uptake size and surface features of nanoparticles are becoming very 

important.  

Surface modifications (hydrophobic/hydrophilic and being positive/negative 

charged) are important for loading appropriate drug type. Surface charge and zeta 

potential of nanoparticles have great importance for nanoparticle-cell interactions. 

Nanoparticles can be transported through the cells with endocytosis or exocytosis. 

Cellular uptake is a two-step process: binding and internalization. During cellular uptake 

nanoparticles will interact with the cell membrane and cell membrane is covered by 

negatively charged molecules (glycocalyx)16. Accordingly, cell membrane is generally 

considered negatively charged. Surface charge of nanoparticle and cell membrane is 

important during cellular uptake because electrostatic interactions determine the 

nanoparticle cell interactions. There are studies that positively charged nanoparticles 

more easily internalized than the negatively charged or neutral ones41. This behavior can 

be related to specific electrostatic features of nanoparticle and negatively charged nature 

of the cell membrane. Also, the size of the nanoparticle is affected by cellular 

internalization. For instance, recent studies concluded that 50 nm is an optimum size for 

an efficient cellular internalization than the larger (100-280 nm) and smaller (30-25 nm) 

ones42,43. Also, there are other studies suggesting that 100-150 nm nanoparticles are more 

efficient for cellular uptake by comparison to 50-55 nm nanoparticles44,45. Surface charge 
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variation with different particle sizes explained by the previous study and suggesting that 

the decrease of nanoparticle diameter increases the absolute charge13. Endosomal escape 

is also a significant mechanism during drug delivery because when endosomal escape 

couldn’t be achieved in a proper time, it can be caused by the degradation of nano-carriers 

and their cargo molecules in an endosome. Nanoparticles enter the cell with endocytosis 

and then reach endosomes using the endosomal pathway. However, nanoparticles and 

their cargo molecules can be entrapped in an endosome and destroyed with digestive 

enzymes. There are some strategies in nature for achieving endosomal escape easily. 

Studies showed that the ability of endosomal escape and electrostatic properties of 

nanoparticles are related to each other. For instance, they suggested that negatively 

charged MSNs achieve endosomal escape more easily46. On the other hand, efficient 

cellular uptake and endosomal escape are not enough for successful drug delivery 

implementation because the surface charge of nanoparticle also affected by protein 

corona formation. When a nanoparticle enters a biological media its surface covered by 

some biomolecules such as protein, sugar, and lipid. Protein corona formation is 

modifying the surface properties and defines the identity of the nanoparticle16,17. This 

structure on the nanoparticle surface changes the electrokinetic properties and it is 

important for nanoparticle cell interactions47. Also drug loading and releasing 

mechanisms related to surface charge and electrokinetic features of nanoparticles. Blood 

circulation time is an important factor for drug delivery because the compound needs to 

circulate in blood long enough to delivered successfully48. Some studies said that small 

particle size related with long blood circulation time11,12.   

In conclusion, understanding the underlying mechanism of these intracellular 

mechanisms and their relation with physicochemical properties (size, shape, zeta 

potential, surface charging, and surface geometry) of nanoparticles is important for 

achieving successful biomedical applications.  

2.3. Temperature Effect 

Physical properties of both the surrounding liquid medium and the particle surface 

are temperature-dependent on a solid-liquid interface. There are several studies that 

examined this relationship between temperature difference and electrostatic properties of 

micro/nanoscale devices.  
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For instance, in electrophoresis applications, there are several important factors 

which are particle properties, ionic media and applied electric field. In addition to these 

factors, temperature is also important for electrophoresis applications. The physical 

properties of the particle surface and the surrounding liquid medium are also temperature-

dependent. The electrophoretic behavior of the particle is influenced by temperature due 

to the Joule heating effect. Temperature and Joule heating effect on the electrophoretic 

behavior of a particle is investigated in many studies. For example, Evenhuis and 

Haddad49 found that the magnitude of the applied electric field and geometrical properties 

such as length and the radius of a device are effective on heat dissipation during 

electrophoresis. After that, the importance of the thickness of the electric double layer on 

the Joule heating effect was observed by Seyrek50. The temperature effect was 

investigated on capillary electrophoresis and calculated theoretically by Wang and 

Tsao51. They observed that sample velocity can be increased by the Joule heating effect 

due to the variation of mobilities of ions according to the heating effect. This behavior 

was experimentally investigated and observed by Evenhuis52. Also, the performance of 

capillary electrophoresis was simulated by Tang32 when the Joule heating effect had 

occurred, then they observed that thermal effect had an influence on sample concentration 

behavior. The importance of the Joule heating effect by Xuan and Li53 on the electric 

current and the separation efficiency was investigated. Research showed that temperature 

increases during the electrophoresis due to the Joule heating effect and the temperature 

range was dependent on the experimental conditions. Joule heating occurred during 

capillary electrophoresis when an electric field was applied through the electrolyte 

solution. Joule heating affected electroosmotic flow and sample transport and separation 

due to the formed temperature gradient. During electrophoresis, the viscosity and the 

permittivity of the liquid medium, the diffusivity of ionic species and surface reactions 

on a particle surface were temperature dependent. The temperature increased and 

temperature gradient was formed due to the Joule heating effect. Joule heating effect is 

dependent on capillary length, the strength of the applied electric field and the 

concentration of the background ionic media.  

In the literature, there are micro/nanoscale implementations that temperature 

difference is observed and used for a purpose. For instance, in thermal gates temperature 

difference applied by heating up the nanochannel surface and which is used for arranging 

the ionic transport29. Compared to other gating mechanisms thermal gate manages ionic 

transport more efficiently. The temperature difference is very important for the ionic 
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mobilities of ions that dissolved in the electrolyte solution. Therefore, ionic properties 

and electric current of the electrolyte solution are depending on the temperature 

difference. At the micro and nanoscale, when the temperature difference occurs ionic 

mobilities of dissolved ions will be increased and surface chemistry of surfaces will be 

modified. As a result, ionic transport on micro or nanoscale applications is effected by 

temperature variation29–31. When the temperature of the silica surface increases, surface 

charge behavior of silica surface shows an increasing behavior. After that, the silica 

surface starts to attract more counter-ions due to the increased surface charge. 

Accordingly, ionic mobilities of the ions that dissolved in the ionic solution started to 

increase. This increasing behavior of ionic mobilities provides efficient ionic transport in 

nanoscale devices due to the increased temperature. Also, with an increased temperature, 

equilibrium constants of the surface chemical reactions at the silica surface will be 

changed. The temperature difference will affect surface charge properties of silica surface 

according to changing surface chemistry and solution properties such as relative 

permittivity and ionic mobilities. 

The temperature effect is investigated also for salinity gradient power systems. 

Salinity gradient power is a promising renewable energy method that is used for 

producing electrical energy using the mixing process through (NRED)54 and transferring 

Gibbs free energy of this process. A salinity gradient is connecting two large reservoirs 

containing different salt concentrations by a Nanopore. Ions move through from the high 

salt concentration reservoir drive to the low salt concentration reservoir by a salt gradient. 

In the literature, the thermal sensitivity of the salinity-gradient-driven energy conversion 

process performed through reverse electrodialysis is investigated previously. Because 

ionic transport depends highly on the temperature and salinity gradient power mostly 

depends on ionic transport. When the temperature is increasing, the surface charge density 

of mesopores shows an increasing behavior due to an increased zeta potential of the pore 

walls.55 The ionic mobility also increases with increasing temperature according to a 

decrease in the liquid viscosity. According to these reasons, the thermal dependence of 

efficiency of the salinity gradient power systems is important.  

Due to that temperature effect on particles, surface charge needs to be examined 

for porous spherical nanoparticles. In our study, we model silica nanoparticles with 

roughness on its surface and investigate the temperature effect on its surface. 
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2.4. Surface Charge and EDL 

Surface charge is a natural reaction that occurs when a solid surface interacts with 

an aqueous media. Due to the protonation/deprotonation reactions on the surface and 

adsorption of ions surface charge occurred in a solid/liquid interface. Surface charge is 

dependent on electrolyte concentration, pH and ionic distribution. The charged surface 

attracts counter-ions and repels co-ions and Electric Double Layer will be formed on the 

surface by this behavior. EDL structure changes the ionic distribution on the surface. Due 

to that, there is a relation between EDL and surface charge. Generally, ionic distribution 

on the surface explained with Boltzmann-Distribution but this simplification can be 

useful under these assumptions: zeta potential must be smaller than 25 mV and surface 

must be flat and sufficiently far away from any other bodies. The electric charge of the 

surface can be calculated analytically with using these assumptions and Poison-

Boltzmann model. For nanoscale roughness and these nanosystems, these assumptions 

are wrong and using Boltzmann-Distribution simplification is inappropriate. Because by 

decreasing particle size, the surface will be rounded, and when the distance between the 

particle and other surfaces is less than the thickness of the ionic layer, ionic layers on the 

opposite surfaces will overlap. In nano-scale systems, surface charge calculations that 

depend on Poisson-Boltzmann are invalid for these reasons. Due to the fact that there is 

not an applicable model, a large scale of the literature ignores these facts and continues 

to use the PB model in nano-systems. Also, the flat surface assumption is not applicable 

to real life. In nature, there are varying topologies and roughness structures on the 

surfaces. Because of that roughness structure, an electric double layer overlap will occur 

on the surface and ionic distributions will be different from BD.  

Roughness geometries on the nanoparticle surface create two different 

geometrical forms such as valleys and hills. The ionic distribution will deviate from 

Boltzmann Distribution on these geometrical forms. For example, in valleys ionic layers 

that extending from close surfaces approaching each other will overlap because the 

spacing between is smaller than the EDL thickness. Ionic distribution on the surfaces of 

valley structures will be different due to the overlap effect. Also, in hills, curvature effect 

will occur due to the decreased surface to volume ratio and increased diameter. There are 

some studies that mentioned about curvature effect previously13. The surface charge of a 
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rough nanoparticle will show local variation as a function of roughness due to these 

geometrical differences.  

According to that, instead of BD, the Nernst-Planck equation can be used for 

defining ionic transport. The Poisson equation gives the electric distribution and these 

equations can be solved together for calculating electric distribution through EDL formed 

on a rough nanoparticle. In order to calculate the nano-particle surface charges in nano-

systems, ionic diffusion equations must be solved as Poisson-Nernst-Planck (PNP) 

equations without Boltzmann simplification. 

2.5. PNP and Charge Regulation Model 

There are analytical and numerical solutions of PNP, but boundary conditions 

applied in existing studies can not calculate the real physics of nano-systems. In general 

constant surface charge or constant potential used as boundary conditions in solutions. In 

contrast to these mathematical assumptions in real surface physics, both electric surface 

charge, and potential show variation. Basically, electrical charging of the surface is the 

result of protonation/deprotonation reactions at the solid/liquid interface and occurs as a 

function of ionic density that formed on the surface. In this case, the surface charge is a 

function of ionic distribution that formed due to this surface charge and these two physics 

needs to be solved together. For rough nanoparticles and their interactions with other 

surfaces, a Charge Regulation model needs to be used for a boundary condition on a 

nanoparticle surface. Because both constant surface charge and constant electric potential 

assumptions are insufficient in this type of system. 

The Charge Regulation model was described by Ninham and Parsegian for the 

first time in the literature21. The Charge Regulation model has been used in several studies 

using active charge models as a boundary condition of surface for numerical studies. For 

instance, the Charge Regulation model in the electric double layer is very important for 

diverse application areas such as colloidal chemistry, ion adsorption, interparticle forces 

and atomic force measurement (AFM) studies56,57. The Charge Regulation model is 

examined in several studies such as surface force measurements by colloids22,23 and 

AFM24,25. Charge regulation description is used when overlapping double layers are 

mentioned. Because surface charge density strongly varies with electrolyte solution 

conditions such as pH or ionic concentration. When EDL’s are overlapping ionic 
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properties are changing and the surface charge is regulating according to different 

solution conditions. Using force measurements with the surface forces apparatus (SFA) 

or AFM58,59 studies Charge Regulation model can be observed. Generally, in these 

studies, the flat surface is used to determine surface charge by applying force 

measurements through the known surface location. During AFM force measurements 

there is an EDL overlapping occurs between the AFM tip and the surface. In the literature, 

there are limited studies that are considered surface heterogeneity for rough surfaces, but 

there is not a proper explanation about surface charge behavior of rough surfaces. In 

nanoscale applications surface charge density of a surface calculated as a local ionic 

property. The charge regulation model used as a boundary condition of surface and 

surface charge density numerically calculated using this boundary condition.  

Charge regulation calculates the protonation/deprotonation effects of surface 

reactions on the particle surface. There are several studies that investigating surface 

charging behavior of surfaces in channels60,61. In these studies, EDL overlap occurs and 

ionic distribution changes locally on the surface. Also, there a few studies that mention 

surface geometry effects on surface charge density58,59, but proper identification cannot 

determine about surface roughness effects on surface charging. 

Since charge regulation is used when EDL’s overlapped, this behavior occurs 

between two charged colloidal and spherical particles. In such systems, interactions are 

explained with the theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO), these 

interactions affected by van der Waals and electric double layer forces. When two electric 

double layers are getting close to each other, the overlap of electric double layers modifies 

the local ionic environment. In this situation Charge regulation model used as a boundary 

condition of colloidal particle. 

2.6. Interaction with a Flat Plate 

When a nanoparticle immersed in an ionic liquid nanoparticle surface will be 

charged due to the surface chemical reactions at the solid/liquid interface. Surface 

charging behavior of silica nanoparticle in an ionic media is important for different 

research areas such as colloidal chemistry, electrokinetic transport of species at micro or 

nanoscale devices, biomedical applications, drug delivery, and surface chemistry. The 

surface charge of the silica surface will change when the nanoparticle is interacting with 
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another surface. For instance, during drug delivery applications nanoparticle will interact 

with cell surface to provide cellular uptake. Cellular uptake is an important process for 

efficient drug delivery applications. Electrostatic properties of both charged nanoparticle 

and charged cell surface are important during cellular uptake. There are several studies 

showing the effect of the charge properties of nanoparticles on cellular uptake when the 

nanoparticle is interacting with the cell surface. Also, charging behavior between 

spherical silica particles are important for colloidal stability. Electrokinetic transport of 

ions or particles influenced by surface charging behavior of particle and silica surface in 

nanoscale devices. The surface charging behavior of the surface is related to the 

electrostatic properties of particles in an ionic solution. If the charged surfaces are closer 

to each other electric double layers growing from opposite surfaces will overlap and ionic 

solution concentration will change according to that. When a silica nanoparticle is 

interacting with a flat surface in an ionic solution there is a different ionic concentration 

that occurs in the interaction region between surfaces. Ionic concentration in the 

interaction region between surfaces is very different from a non-interaction case. 

Accordingly, there is a non-uniform surface charging behavior is formed on the 

nanoparticle surface when interacting with other surfaces. In contrast, there are several 

studies considering surface charging behavior of interacting surfaces as constant. For 

instance, surface charge densities of interacting surfaces assumed constant in the well-

known Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory. Also, generally flat 

surface was used in these studies, there has not been a proper explanation regarding the 

surface charging of rough nanoparticle when interacting with surfaces. 
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CHAPTER 3 
 
 

 THEORETICAL BACKGROUND 

When a solid surface meets with an ionic liquid there is a 

protonation/deprotonation reactions occurring on the solid/liquid interface. The surface 

will be charged due to surface chemical reactions and adsorption of ions, then there is an 

ionic distribution that will be formed on the surface. Generally, ionic distribution on the 

surface can be defined with the Boltzmann distribution (BD)62–64. The Poisson equation 

gives an electric potential distribution and the electric potential distribution through the 

electric double layer can be calculated by combining the Poisson equation and Boltzmann 

Distribution. According to that, the Poisson-Boltzmann (PB) equation is obtained. 

Poisson Boltzmann equation can be solved analytically with using The Debye-Hückel 

simplification65 when the electric potential of surface lower than 25 mV. However, when 

the electric potential of surface higher than this value this simplification cannot be used 

anymore. Boltzmann Distribution is only applicable under these assumptions; the surface 

must be flat and sufficiently away from any other surfaces and there is an infinitely 

extending EDLs occurred on the surface, the electric potential of the surface must be 

lower than 25 mV. However, when opposite surfaces getting closer to each other EDLs 

growing from opposite surfaces start to overlap, ionic distribution will change locally and 

using Boltzmann distribution with Poisson equation is wrong for this type of case. In the 

EDL overlapping case, electric potential through the surface differs from the non-

overlapping case and ionic distribution through EDL deviates from Boltzmann 

distribution. For this case, instead of Boltzmann Distribution, the Nernst-Planck equation 

should be employed to calculate ionic mass transport. Therefore, Poisson-Nernst-Planck 

(PNP) equations can be applicable for calculating surface charge for EDL overlapping 

cases. Also, in the case of EDL overlap using proper boundary conditions on the surface 

is very important for calculations. In the literature,  constant surface charge66,67 or constant 

potential68 is used as a boundary condition on the surfaces when solving PNP equations. 

However, using constant surface charge or potential as a boundary condition cannot 

explain the real physics of the surface clearly. Electric potential and surface charge 
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density on the surface are affected by each other and there is an equation that shows the 

relation between them (Equation 3.1).  

 

wrn ���� 
�� .0
�

 (3.1) 

 

When constant surface charge density is assumed on the surface, the electric 

potential value at the surface shows variation due to the EDL overlap. In contrast to that, 

if a constant electric potential condition is employed on the surface, the surface charge 

density of the surface will change due to the EDL overlap. Using these boundary 

conditions cannot give the real behavior of the surface because there is a non-uniform 

ionic distribution will occur on the surface due to the surface chemistry. Surface charge 

and electric potential show variation according to local ionic distribution, both of them 

cannot remain constant. According to that charge regulation model need to be employed 

on the surface to model this charging behavior. The charge regulation model considers 

the variation of surface charge with surface chemical reactions, adsorption of ions and 

electrolyte solution conditions. In this study, the charge regulation model is employed on 

the surface because for nanoparticles and their interaction with surfaces PNP equations 

need to be solved with proper boundary conditions.  

In this model, a rough silica nanoparticle with diameter DP with roughness (DR) 

structure on its surface is considered. The liquid phase is considered as KCl (i.e. 

symmetric 1:1) aqueous electrolyte solution consists of 4 types of ionic species namely; 

H+, K+, Cl- and OH- ions with their bulk values being c10, c20, c30, and c40, respectively. 

When silica nanoparticle is in contact with an electrolyte solution its surface is charged 

due to protonation/deprotonation of ions. The surface charge is mostly dominated by the 

K+ and Cl- ions and the pH level of the solution is adjusted by the H+ and OH- ions.  

There are two fundamental dissociation/association reactions occurred at the 

solid/liquid interface as follows: 

 

� 
� HSiOSiOH  

 
(3.2) 



 �
 2SiOHHSiOH  

 
(3.3) 

The equilibrium constants can be calculated by using: 
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where -SiO� , SiOH�  and 
�
2SiOH are the surface site densities of SiO-, SiOH and 2SiOH
 , 

respectively and � �wH 
  is the hydrogen concentration at the solid/liquid interface. The 

surface charge density of the silica surface can be defined as: 
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3.1. Temperature 

In the present problem temperature difference also will be examined for silica 

nanoparticle surface with roughness. Equilibrium constants, ionic diffusivities, and 

relative permittivity values need to be considered and calculated again according to the 

varied temperature. In this case relative permittivity of an ionic liquid, equilibrium 

constants of surface reactions, ionic diffusivities and limiting conductance values of 

solvated ions are all temperature-dependent. We assume that the liquid phase is a dilute 

aqueous KCl solution. 
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Equilibrium constants of surface reactions on the particle surface will change due 

to temperature differences. The temperature dependence of equilibrium constants can be 

calculated using a given formula in (9).  Charging behavior of the particle surface is 
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mostly determined with KA constant in the pH range between 3 and 9.5 which is used pH 

range in our study. According to that, the temperature dependence of KB can be ignored. 

Proton adsorption on the surface69 is unlikely to occur in the normal pH range of titration 

due to the low log KB values. The charging behavior of the surface is mostly determined 

by the protonation of surface groups.70 The temperature dependence of equilibrium 

constant can be calculated using the Van’t Hoff equation (3.8) that contains the 

temperature and the standard enthalpy change of the reaction. The Van't Hoff equation 

calculates the variation of the equilibrium constant, Keq, of a chemical reaction when 

temperature, T, is changing. Here, ΔH  the standard enthalpy change for the process.  

 

2
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(3.8) 

 

Temperature dependence of Keq can be expressed as: 
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(3.10) 

 

 value is the standard Gibbs energy change of the reaction in Equation-1. For 

the dissociation of H+ on the silica surface   (NaCl). There are 

several studies which used  value as a standard Gibbs energy 

change of the reaction. The  for the dissociation of H+ on the particle surface is  13.4 

kcal/mol.  The liquid phase is NaCl and SiO2 particles71,72. This value is appropriate when 

the liquid phase is NaCl, but in our study liquid phase is KCl. According to that  

needs to be calculated for our specific case with using current temperature and 

equilibrium constant value for that temperature range. For T=300 K equilibrium constants 

are; pKA=7, KA= , pKB=1.9, and kB=0.01258925412. The Equilibrium Constant, 

K has a straight forward relationship to the Gibbs free energy. Using Equation 3.10 and 

KA value that we have for 300 K temperature so we can calculate  (Gibbs free energy) 

value for this temperature. 
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 (3.11) 

Using Equation 3.11 and 0.0019872041Bk 
 ( kcal
mol K	

) value 9.602569 kcalG
mol

�� 
  is 

calculated for 300T K
 . Temperature dependence of Gibbs Free Energy is significant 

with this given formula in (3.12). 
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(3.12) 

Gibbs free energy value is dependent on temperature difference but for small 

temperature ranges (298 K – 348 K)  can be considered as constant. Gibbs free energy 

value that is calculated with using Equation-11 can be used as a  value in our case. 

The permittivity of the liquid phase is also temperature-dependent parameter and 

the relative permittivity of the water can be expressed as where   and   are the relative 

permittivity and dielectric constant of a vacuum: 
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(3.13) 

The temperature dependence of relative permittivity can be expressed as73–75  

( 273.15T T� 
 � ):   
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(3.14) 

 

This expression used in different studies to calculate the temperature dependence 

of relative permittivity value. Next, the temperature dependence of ionic diffusivity can 

be calculated by Nernst-Haskell equation31,76: 
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where R and  are gas constant and the limiting ionic conductance54,77 of ionic species 

j. Limiting ionic conductance ( ) of  ions in aqueous solution shows a strong temperature 

dependence77.Temperature dependency of limiting ionic conductance: 

 
0 0 2 3

1 2 3( ) ( )j j j j jT T T� � ! ! !
 
 � 
 � 
 �  

 

   (3.16) 

where   is the limiting conductance at temperature T=298.15K. The values for a (aj1), b 

(aj2) and c (aj3).78 

 

 

Table 3.1. Limiting ionic conductance values at 25°C and values for parameters given in 
the Equation-16 

Ionic Species 
(j) 

 (25°C)     

 349.85 4.81595 -1.03125 -0.7670 
 199.2 3.52031 0.82700 0.7120 
 50.15 1.09160 0.47150 -0.1150 
 76.35 1.54037 0.46500 -0.1285 

 

 

Table 3.2. Limiting ionic conductance values for different ions at 25°C (Haynes, William 
M. CRC handbook of chemistry and physics CRC press, 2014.)79 

Cation   Anion   
 349.6  199.1 
 38.7  55.4 
 50.10  76.35 

 73.50  78.1 
 77.8  76.8 

 

 

Table 3.3. Limiting equivalent conductance of cations in water from 0 to 100°C (from 
Robinson and Stokes, 1968)80 

Ion 0°C 5°C 15°C 18°C 25°C 35°C 45°C 55°C 100°C 
 225 250.1 300.6 315 349.8 397.0 441.4 483.1 634 
 19.4 22.8 30.2 32.8 38.7 48.0 58.0 68.7 156 
 26.5 30.3 39.8 42.8 50.1 61.5 73.7 86.9 151 

 40.7 46.8 59.7 63.9 73.5 88.2 103.5 119.3 195 
 43.9 50.1 63.4 66.5 77.8 92.9 108.6 124.3 - 
 44 50.0 63.2 67 77.3 92.1 107.5 123.7 - 
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Table 3.1 shows the limiting ionic conductance values of ionic species at 25°C 

and parameters which are given in the equation that gives temperature dependency of 

limiting ionic conductance.54,78 

In the literature, there is no defined significant equation that gives temperature 

dependency of limiting ionic conductance of K+ ion. To accomplish this, we need to 

define an equation using determined limiting equivalent values experimentally from the 

literature according to elevated temperatures. Limiting ionic conductance value is 

calculated as 0
( ) 73.50j K� 
 
   for T=298 K. 

 

 

 
Figure 3.1. Variation of limiting equivalent conductance values of K+ with temperature 

 

  

The equation is defined by using experimental data which exists in the literature. 

These values show the temperature variation of limiting equivalent conductance values 

of K+. According to these values polynomial 3rd order equation added on the graph. This 

equation shows similar behavior with a general equation that gives the temperature 

variation of limiting ionic conductivity as given in the Equation-16. 

This equation gives temperature dependence of limiting ionic conductivities of K+ 

is obtained from the given data on the above: 
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CHAPTER 4 
 
 

 NUMERICAL MODEL 

4.1. Numerical Model 

In this section numerical model and geometry of the model will be introduced. In 

Figure 4.1, Figure 4.1-a shows the schematic representation of the present study and 

Figure 4.1-b shows the geometrical implementation of rough silica nanoparticle in 2-D. 

The roughness structure on the nanoparticle surface obtained by defining some equations 

that show the relation between the diameter of particle and geometrical properties of 

roughness geometry. These equations are; ( ) 360 /Theta n" �
 , tan( )R PR R"
 	 and  

360 / 2 n! �
 	  where n is a number of indentations on the particle surface, theta (Θ) is 

the angle between centers of a recess and protrusion, α is the angle between two 

protrusions, RR is the radius of roughness and RP is the radius of the particle. Using these 

equations roughness geometry on the particle surface is created. 

 

 

 
Figure 4.1. (a) Schematic representation of the numerical model. (b) Representation of 

geometrical structure of rough nanoparticle 
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Silica nanoparticle with roughness structure on its surface considered as immersed 

in an ionized liquid. The liquid phase is made of KCl with the bulk concentration of CKCl 

and the pH of the electrolyte solution is adjusted by KOH and HCl. There are four ionic 

species (i.e., N = 4, H+, OH−, K+, and Cl− dissolved in the solution.  

Ci0 is the bulk molar concentration of the ith ionic species and Ci0 of each species 

satisfies the electroneutrality condition:  

                        
3

10 10 pHC � 

    (14 ) 3
40 10 pHC � � 

                 (pH<7) 

 

        20 KClC C
        30 10 40KClC C C C
 
 �  

 

(4.1) 

20 10 40KClC C C C
 � 
   30 KClC C
                (pH>7) (4.2) 

 

The surface charge density of nanoparticle is modeled by the multi-ion charge 

regulation model.26 Poisson equation gives electric potential distribution and the Nernst-

Planck equation gives ionic mass transport. These two governing equations solved 

together using the charge regulation model as a boundary condition on a nanoparticle 

surface. The surface charge density of a nanoparticle surface is calculated by using this 

equation: 
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The hydrogen concentration in Equation 4.1 is updated in each cycle according to 

the numerically solved results and used as input for the next iteration; thereby, the ionic 

concentration and electrical potential are solved simultaneously. The surface charge 

depends on the bulk concentrations of the ions, which are based on the pH of the ionic 

solution and the salt concentration of the solution. By using this iterative procedure 

surface charge density of rough nanoparticles can be obtained. 
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4.2. Computational Details 

As stated previously, computations were carried out using boundary conditions. 

PNP equations in 2-D Cartesian coordinates solved numerically using COMSOL 

Multiphysics software and during the solution of governing equations, the Finite Element 

Method was employed.  The number, distribution, and shape of the computational 

elements are crucial when using the finite element method. Optimum mesh case was 

selected by performing mesh independency tests. Different mesh densities were selected 

and the mesh dependency of the results was compared. Finer mesh adopted a close region 

to the EDL and surface of the nanoparticle. Physical parameters used in the simulations 

are; 10
0 7.08 10 /f F m� � �
 	 , 8.31 / ( )R J mol K
 	 , 96490 /F C mol
 , 300T K
 ,

28 /totalN sites nm
 log 7A ApK K
 � 
 and log 1.9B BpK K
 � 
 . 

To validate the current model simulations were done at proper conditions (C=50 

mM, Dp=9 nm, pKA=7.2, pKB=1.9, Ntotal=4.75mol/m2 81 ) and compared with 

experimental data which exists in the literature82. As seen in Figure 4.2 experimental data 

and numerical data show an agreement. 

 

 

 
Figure 4.2. Comparison between numerical and experimental data 
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solved by COMSOL Multiphysics software using the finite element method. We assume 

that the liquid phase is NaCl as in the previous study that we choose for verification and 

pH is adjusted by NaOH and HCl. We modeled silica nanoparticle with a flat surface, at 

given dimensions (R=20 nm) immersed in an electrolyte solution (NaCl). Obtained 

numerical data compared with surface potential values which were given in the previous 

study31. 

As shown in the figure our numerical data shows good agreement with numerical 

values obtained from the previous study that we used for verification. 

 

 

 
Figure 4.3. Comparison of the surface electric potentials that calculated with our 

temperature model (markers and dotted line) and calculated numerical data 
(markers) obtained from previous study31 

 

 

 

 

 

-200

-180

-160

-140

-120

-100

-80

-60

-40

-20

0

298 300 302 304 306 308

pH=5-Comsol (K_a(T))

pH=5-Comsol (K_a=const.)

pH=5-Paper (K_a(T))

pH=5-Paper (K_a=const.)

pH=5

pH=7

pH=9

Temperature (K)

Su
rf

ac
e 

El
ec

tr
ic

 P
ot

en
tia

l (
m

V)

Ka=Ka(T) (Numerical)
Ka=Constant (Numerical)
Ka=Ka(T) 

Ka=Constant 



 
 

 
 

28 

CHAPTER 5 
 
 

 RESULTS 

5.1. Roughness Effect 

This section aims to investigate surface charge properties of rough silica 

nanoparticles and how these properties are changing with different particle and roughness 

diameters. The concentration and pH of the electrolyte solution are kept constant at 

C=1mM and pH=7. Figure 5.1 represents the electric potential contour plots of rough 

silica nanoparticles according to varying particle and roughness diameters. 

As can be seen in Figure 5.1, from bottom to top when roughness diameter is 

decreasing the gap between the roughness geometries is getting smaller than the EDL 

thickness. As a result of that formation, electric double layers extending from opposite 

surfaces will overlap and ionic distribution will change locally. In contrast, when the 

roughness diameter is increasing EDL overlap effect will be diminished and EDL 

structure will cover the surface of the rough nanoparticle along the surface.  Figure 5.1 

shows that from left to right when the particle diameter is increasing curvature effect will 

occur on a nanoparticle surface. The curvature effect is formed when the surface to 

volume ratio is decreasing. These two main effects (EDL overlap and curvature) can be 

seen on rough nanoparticle surface and their interactions with other surfaces. As a result 

of these effects, ionic distribution and surface charge properties will change locally on 

the nanoparticle surface. Ionic distribution and electric potential distribution will change 

depending on roughness and particle diameter. EDL overlap at the beginning started on 

the bottom region of roughness geometry than with a decreasing diameter EDL overlap 

will expand to the top region of the geometry.  

Next, surface charge distributions need to be measured locally and investigated 

more detailed. So, surface charge densities calculated locally on rough nanoparticle 

surface according to local ionic concentration. Figure 5.2 shows surface charge density 

distributions on the rough nanoparticle surfaces as given in Figure 5.1 which is calculated 

through along the normalized radial position (x/πDR). 
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Figure 5.1. Electric potential distributions of different particle diameters and roughness 

diameters at pH=7 and C=1mM. The particle diameter is increasing from left 
to right when roughness diameter is constant, roughness diameter is 
increasing from bottom to top when the particle diameter is constant 
(DP=40nm, 60nm, 100nm DR=2nm, 4nm, 10nm) 

 

 

Also, the average surface charge density of rough nanoparticle, flat nanoparticle, 

and flat plate added on the graph for a detailed comparison. Electrolyte solution 

concentration is constant at 1 mM and the same for each case. Also, the pH value is kept 

constant at 7. As can be seen in the figure with increasing roughness diameter (from a to 

g) average surface charge is becoming similar to the predictions of the flat surface theory 

because the EDL overlap effect shows diminishing behavior with higher DR values. In 

contrast to that, when roughness diameter is decreasing EDL overlap and curvature effect 

become more dominated and surface charge value of rough nanoparticle surface differs 

from the flat surface calculations. When the particle diameter is decreasing the average 

surface charge density is increasing due to the curvature effect. The average surface 

charge density is increasing with a decreased diameter due to the curvature effect. In 

contrast, EDL overlap decreasing the average surface charge density and the average 

surface charge density becomes lower than the surface charge value of a flat surface. For 

instance, we can see from the figure (from a to c) that with an increased particle diameter 

surface charge value of a flat particle is decreasing and getting closer to the flat surface 

theory for 100 nm nanoparticle. Because with an increasing particle diameter curvature 

effect will be decreased and surface charge density will be affected by this variation. In 

this case, roughness diameter is smaller (2nm) and due to that EDL overlap effect also 
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dominated. Also with an increasing roughness diameter (from a to g) when the particle 

diameter is constant average surface charge is becoming increasingly and getting similar 

with predictions of the flat surface theory. In this chosen case particle diameter is smaller 

(40nm) and shows there is a difference between flat particle surface charge and flat 

surface theory due to the increased curvature effect. 

 

 

        
Figure 5.2. Surface charge density distribution on rough silica nanoparticle with different 

varying particle and roughness diameters (at pH=7, C=1mM). a-d-g, b-e-h, 
and c-f-i cases have 40nm, 60nm and 100nm particle diameters, while a-b-c, 
d-e-f and g-h-I cases have 2nm, 4nm, 10nm roughness diameters. 

 

 

Figure 5.3 shows the surface charge density values measured at the top and bottom 

regions of roughness geometry. This graph represents the local variation of surface charge 

densities. Measured surface charge density values normalized with flat plate theory. This 

characterization was used because the impact of particle diameter can be clearly seen. 

The upper graph shows the variation of the normalized surface charge density values with 

respect to different roughness diameters. The flat particle line on this graph represents the 
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flat particle surface charge values of nanoparticles which has a diameter at given 

roughness diameters. Flat particle surface charge values are showing decreased behavior 

with an increasing roughness diameter because of the curvature effect. We can see that 

the surface charge densities will be getting closer to the flat particle surface charge density 

and showing similar behavior with an increasing diameter of roughness. Also, we can 

observe that from the Figure 5.3-a, surface charge density values measured on the top 

region of the roughness geometry first increased with an increasing roughness diameter, 

then reached a peak value at a certain diameter. After that with increasing diameter of 

roughness top surface charge density shows decreasing behavior and reached flat particle 

value. Figure 5.3-b shows the surface charge density distributions that are calculated in 

the bottom region of the roughness geometry according to different roughness diameters. 

Bottom surface charge values are decreasing at the beginning with an increasing 

roughness diameter than reached at a peak value at a certain diameter. When roughness 

diameter continues to increase, surface charge densities will show an increasing behavior 

and reaches a flat particle surface charge density.  

Figure 5.4 shows a comparison of flat surface charge density, average surface 

charge density on rough nanoparticle and surface charge densities which are calculated 

on the top and bottom region of roughness geometry according to different particle 

diameters. From left to right particle, the diameter is increasing (a) 40nm, b) 60nm, c) 

100nm). We can see from the graph for 100 nm when roughness diameter reaches a 

certain value, the surface charge measured at top of the roughness and the average surface 

charge will get closer to normalized flat particle value. In contrast to that surface charge 

density values calculated on the bottom of the roughness will stabilize eventually but 

can’t reach the flat surface theory. This behavior can be seen due to the overlap effect 

formed in the bottom region of roughness geometry. We can see that this overlap effect 

is more effective when the roughness diameter is smaller than the EDL thickness. Surface 

charge densities at the top of the roughness geometry are higher than flat particle surface 

charge. At the beginning surface, charge density values are increasing but then begin to 

decrease with an increased roughness diameter. Surface charge densities at the bottom 

show an opposite behavior and they are lower than the flat particle surface charge values. 

At the bottom surface charge densities show an increasing behavior with an increased 

diameter. 
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Figure 5.3. Normalized surface charge density distributions measured from top and 

bottom region of rough nanoparticles and their variation according to the 
different roughness and particle diameters (C=1 mM, pH=7) 

 

 

Surface charge variation on the top of the roughness geometry shows a similar 

behavior with a single particle. Average and top surface charge densities will be reached 

to flat particle surface charge with an increased diameter. Because, in this case on the top 

of the roughness structure curvature and EDL overlap effect has been observed. But on 

the bottom region, we can also see the EDL overlap effect. This effect can change the 

ionic distribution and surface charge variation in the bottom region. 
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Figure 5.4. Normalized surface charge densities measured from the top and bottom 

regions and comparison of them between flat particle and average surface 
charge density values (Particle diameter is increasing from left to right 
DP=40nm, 60nm, 100nm, C=1mM, pH=7) 

 

 

Since we examined surface charge variation locally and showed a comparison 

between local values and average values. As the next step in Figure 5.5, we gather and 

show all surface charge variations according to different particle and roughness in this 

graph. Figure 5.5 shows the variation of the normalized surface charge density values 

with different particle and roughness diameters. With an increasing particle and 

roughness diameters, surface charge values will reach the flat surface theory. This 

behavior occurs due to the decreased surface to volume ratios. These surface charge 

density values are average values which are measured on a rough nanoparticle surface 

and normalized with flat surface predictions. All lines on the graph show an increasing 

behavior and reached a flat surface prediction at a certain diameter. Then they will be 

fixed at flat surface values. Also, in the bottom graph below, electric potential 

distributions is plotted according to variation of roughness diameter. Electric potential 

distributions will change with varying roughness diameter. For instance, smaller 

roughness diameters EDL structure will expand through the roughness geometry and will 

overlap. But for higher diameters, EDL thickness is getting smaller than the roughness 

diameter and will cover the rough surface along the arc length path.  

In Figure 5.6, surface charge variation examined according to different particle 

and roughness diameters and pH variation also added and examined. The concentration 

of the electrolyte solution kept constant at 1mM. For each graph particle diameter is 

constant (a) 40 nm, b) 60 nm, c) 100 nm), roughness diameter and pH values are varied. 

Similar behavior as seen in the previous figures was also observed in this figure. 
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Figure 5.5. Average surface charge densities measured along the arc length line 

(normalized with flat surface theory) and their variance with varying 
roughness and particle diameter. (C=1 mM, pH=7) 

 

 

With an increased roughness diameter surface charge values getting closer to flat 

surface theory predictions. This is due to the EDL overlap on the bottom region 

diminished and curvature effect becomes dominant on the surface of the rough 

nanoparticle. With an increased pH surface charge variation decreased at the beginning 

and then reached a peak value at a certain pH value. This certain pH value is different for 

each roughness diameter. This value is getting smaller with an increasing roughness 

diameter. For instance, in Figure 5.6-a which represents the surface charge variation of a 

nanoparticle with 40 nm diameter, when roughness diameter is 10 nm that is the highest 

roughness diameter in this specific case the peak pH value seems around at 4.5. Also for 

4 nm roughness diameter, the peak value seems around at 5.5. After surface charge 

density reaches the peak value, it begins to show decreasing behavior. Thus, we expect 

that it will reach a flat surface prediction and fixed that constant value. We can see this 

expected behavior clearly with higher roughness diameters for each of the three cases. In 

contrast, it was not observed for smaller roughness diameters because for smaller 

roughness diameters EDL overlaps more dominated and affected the ionic distribution 

and surface charge density. We can observe that the pH variation also has an impact on 

the surface charge density distribution. This behavior occurs due when the pH level is 
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increasing, the bulk concentration of H+ ions decreases. For this reason, H+ concentration 

on the rough nanoparticle surface results in a lower concentration. Surface charge density 

will have higher values due to the difference in ionic concentration on the surface. 

 

 

 
Figure 5.6. Comparison of the surface charge density values of the flat particle, flat 

surface and rough nanoparticles with different roughness diameters 
according to the different pH. (Each graph has constant particle diameter and 
changing from left to right DP=40nm, 60nm, 100nm, and C=1 mM, pH=7) 

 

 

In Figure 5.7, normalized surface charge densities variation with pH is examined 

according to different roughness diameters. As shown, we observed a complex behavior 

and no clear explanation could be established about pH effect on the surface charge 

distribution. We see that some cases show similar trends and form groups among 

themselves but there is not a clear relationship between these cases. We can deduce that 

using only roughness diameter as a characterization parameter is not enough. Because 

two main effects are important for charging behavior that occurs on the rough 

nanoparticle surface. These are curvature effects which are observed due to the increased 

particle diameter and electric double layer overlap which occurs when opposite surfaces 

are closer than the electric double layer thickness. Accordingly, DP and λ (EDL thickness) 

need to be implemented with DR as a characterization parameter. 

In Figure 5.8, surface charge density that is measured on a rough nanoparticle 

surface along the arc length path normalized with flat surface values. Also, different 

characterization is used such as the diameter of roughness is divided by the diameter of 

particle (DR/DP). This type of characterization is needed for investigating the effect of 

roughness diameter. 
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Figure 5.7. Normalized surface charge densities (arc length) for different pH and 

diameters and their characterization according to the change of DR 

 

 

Each color of the marker represents different particle diameters such as 40 nm, 60 

nm, 100 nm, 200 nm, and different marker geometries represent the varying pH levels 3 

to 8. For smaller DR/DP values which means smaller roughness diameters surface charge 

densities show strong variation according to different pH levels. When roughness 

diameter is increasing this strong variation will change and surface charge densities show 

more stable behavior and will be fixed at near 1. The graph shows that pH variation is 

more effective in cases with smaller roughness diameter. This behavior can be seen due 

to the EDL overlap effect. EDL overlap is more dominant for smaller roughness diameters 

and also pH variation will change ionic distribution and surface charge property. Also for 

smaller DR/DP values these varying surface charge densities show similar behaviors and 

have similar values in some cases. For example, at lower pH levels (pH=3, 3.5, 4) the 

behavior of the variance seems stabilized and fixed at certain values for different particle 

diameters. But, when the pH level is increasing (pH=4.5, 5 ...) surface charge variation 

starts to decrease. In contrast, for higher DR/DP values, surface charge density variation is 

not very significant and only shows differences slightly for different pH levels.  

As a next step, λ (EDL thickness) is added to the characterization parameter. In 

Figure 5.9, normalized surface charge distributions are investigated with different pH 

levels according to different particle and roughness diameters. 
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Figure 5.8. Normalized surface charge densities (Arc length) for different pH and 

diameters and their variation according to the characterization of DR/DP 
 

 

Variation of normalized surface charge distributions is investigated using 

(DR/DP)×(DR/λ) as a characterization parameter. Using this characterization parameter 

effect of particle and roughness diameter and electric double layer thickness are examined 

and these are effective in the formation of nanoparticle surface charge.  

As shown in the graph, for all pH levels normalized surface charge distributions 

reached to theory with an increasing characterization parameter (DR/DP)×(DR/λ). 

However, when the characterization parameter (DR/DP)×(DR/λ) is decreasing surface 

charge variation behavior is becoming a more complicated and similar trend is observed 

with previous graphs. Three different characterization parameters are used but surface 

charge variation behavior according to pH cannot be observed clearly. There are some 

specific cases formed groups and showed similar behaviors but there is not a proper 

relationship that can be determined between them. 

In Figure 5.10, the normalized surface charge variations according to 

(DR/DP)×(DR/λ) parameter showed in different graphs for each pH level. Each graph 

shows normalized surface charge distributions for different particle and roughness 

diameters according to (DR/DP)×(DR/λ) parameter at a specific pH level. Thus, surface 

charging behavior can be seen more clearly for each pH level. 
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Figure 5.9. Normalized surface charge densities (Arc length) for different pH and 

diameters and their variation according to the characterization of 
(DR/DP)×(DR/λ) 

 

 

In Figure 5.11, the surface charge distributions calculated for all particle and 

roughness diameters and normalized with theory subtracted from 1 were summed for each 

pH level. Then, graphs were created showing the variation of surface charge distributions 

for each pH value according to (DR/DP)×(DR/λ) parameter.   

Surface charge density variation is examined in detail in previous graphs but there 

is not a proper explanation observed about pH effect. In order to do that, there is an 

equation given below :   
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Here, the values obtained by subtracting the surface charge distribution values 

normalized according to the theory from 1, and obtained values are defined by an equation 

in the form . 

Using this equation, A and B values for each pH were calculated and surface 

charge behavior was shown in the graphs. For characterization, the parameter 

(DR/DP)×(DR/λ) was used for the x-axis and placed in the equation. The reason for 

selecting this parameter is to ensure that the effect of the thickness of the EDL can be 
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examined due to the overlap of the EDL’s as well as the particle and roughness diameter 

effects. 

 

 

 
Figure 5.10. Normalized surface charge distributions for each pH level and different 

particle and roughness diameters 
 

 

After that, the trend lines showing the behavior tendency of the surface charge 

distributions relative to the pH on the data seen in the graph created for each pH value 

were defined by an exponential function and phenomenological fit was created. A and B 
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values were calculated for each pH value using the exponential function equation which 

defines trend lines.  

 

 

 
Figure 5.11. Phenomenological fit showing the variation of the surface charge 

distributions normalized with theory according to (DR/DP)×(DR/λ) 
parameter for different pH’s 

 

 

Next, graphs showing the variation of A and B values according to different pH 

levels were created. In Figure 5.12, graphs were created for the pH-related variation of A 

and B values calculated for each pH value. Trend lines showing the pH-dependent 

behavior of A and B values for each pH value of the equation defined in the form of  
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a general equation was defined which shows the distribution behavior of surface charge 

distributions normalized with theory taken from a difference of 1 for given pH value. A 

model was created in the form of 

2

1
R

P

DB
DRough Particle Ave

Flat Plate

Ae ��
�

� �
� � �� �	� � �  

�


 �     showing the 

pH-dependent surface charge distribution of a surface of a rough nanoparticle.  

 
4 3 20,0017 0,0369 0,2789 0,8132 0,7988A pH pH pH pH
 � 
 � 
  

 

(5.2) 

3 20,4089 4,5497 17,116 18,01B pH pH pH
 � 
 �  (5.3) 

 

 

 
Figure 5.12. A and B values calculated according to different pH levels. 

 

 

After that, surface charge distributions were calculated using the defined model 

and equations that show pH dependence of surface charge behavior of rough nanoparticle. 

Then, the relative error is calculated using calculated surface charge distributions with 

the empirical model and surface charge values calculated numerically for each pH level 

in Figure 5.13. 
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roughness diameter and defines the point in which tangent to roughness diameter in order 

to measure fictitious surface charge.

 

 

 
Figure 5.13. Determined relative error values of surface charge densities between that 

determined with an empirical model and numerically calculated at different 
roughness and particle diameters and pH 

 

 

In Figure 5.14b, " vs normalized roughness diameter is shown. Roughness 

diameter is normalized with a molecular thickness (0.3 nm). Roughness diameter in 

Figure 5.14b expresses the diameter of a nanoparticle that has the same surface charge on 

the arcs. Red filled circles on Figure 5.14b show phenomenological fit and the general 

trend can be expressed in the form of 90×e-ax. 

In Figure 5.15, a detailed investigation of surface charges on tangential arcs for 

three different particle diameters is shown. Normalized surface charge is expressed as a 

function of roughness diameter for varying " values. The surface charge of the rough 
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� case. As " increases divergence normalized surface 

charge increases. Polynomial functions are fitted to each " value to predict behavior at 
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interaction between roughness and the environment. Therefore, interaction boundary 

extrapolated to the case that there is no divergence for zero roughness diameter. 

 

 

 
Figure 5.14. Schematic representation of the circular tangential arcs of the particle 

interactions with its environment by varying interaction angle Theta ("��
�

�

�

 
Figure 5.15. Normalized surface charges that are measured on circular arc lengths with 

varying Theta (ϴ) angles (40 nm, 60nm, 200nm) 
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5.2. Temperature Effect 

The aim of this section is to investigate the temperature effect on the surface 

charging of rough silica nanoparticles. Figure 5.16 shows the electric potential 

distribution on a rough nanoparticle surface at different temperatures. Each column has 

the same particle diameter and temperature value and each row have the same particle 

and roughness diameter. From left to right temperature shows a variation (298, 313, 323 

K) and from top to bottom roughness diameter is increasing. For the first case, the particle 

diameter is chosen at 100 nm because the curvature effect intended to be diminished that 

is occurred due to the decreased particle diameter. In the first case, roughness and 

temperature, the effect can be observed on the surface of the nanoparticle. For the second 

case, the particle diameter is at 40 nm and the curvature effect can also be observed at 

Figure 5.16. Temperature variation will change relative permittivity, ionic mobilities and 

equilibrium constants of protonation/deprotonation reactions that are occurring on the 

surface of the nanoparticle.  

 

 

 
Figure 5.16. Electric potential contour plots according to different temperature values and 

different nanoparticle and roughness dimensions (DP=100 nm, T=298, 313, 
323 K; DR=2, 6, 10 nm; DP=40 nm, T=298, 313, 323 K, DR=2, 6, 10 nm) 

 

 

When the temperature is increasing ionic mobilities also show an increasing 

behavior31. This behavior is consistent with an experimental study from the literature31,83. 
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With increased ionic mobilities ionic distribution on the surface will change and electric 

potential distribution shows different variations according to increased temperature. 

Figure 5.16 shows that for constant particle and roughness diameter when the temperature 

is increasing electric potential on the surface shows an increasing behavior and electric 

potential contours that are covered the surface will be getting thicker.  

In Figure 5.17, surface charge density distributions are examined more detailed 

for different particle and roughness diameters. Each graph has a constant particle diameter 

and shows surface charge variation according to different roughness diameter and 

temperature values. For instance, in Figure 5.17-a particle diameter is at 20 nm and 

surface charge density values for each roughness diameter show increasing behavior with 

increasing temperature.  

 

 

 
Figure 5.17. Surface charge density variations according to different temperature values 

and different nanoparticle and roughness dimensions (DP=100 nm, T=298, 
313, 323 K; DR=2, 6, 10 nm; DP=40 nm, T=298, 313, 323 K, DR=2, 6, 10 
nm) 

 

 

Negative surface charge density increases in magnitude due to the increased 

temperature. Surface charge density variation is related to ionic distribution on the 

surface. With increasing, temperature surface concentration of H+ ions will be decreased 

and according to that increases the disassociation on the surface. In Figure 5.17-a 

curvature effect also observed besides temperature and roughness due to the smaller 

nanoparticle size. On the other hand, in Figure 5.17-c curvature effect will be diminished 

according to increased particle diameter. It is observed that when particle diameter at this 

values surface charge density of nanoparticle will reach flat surface theory.  
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In Figure 5.18 surface charge densities normalized with surface charge density 

value at 298 K for each particle diameter. The figure shows that normalized surface 

charge density values increased with increasing temperature according to different 

roughness diameters. Surface charge densities are changing due to the roughness effect 

and temperature effect. Roughness structure on the surface will change the ionic 

distribution through the surface and there is a non-equilibrium ionic region that will 

appear around the surface. When roughness diameter is increasing electric double layers 

extending from opposite surfaces will overlap and change the ionic distribution on the 

gap between roughness. According to that, surface charge density will increase with 

increasing roughness. Also, when the temperature is increasing ionic distribution on the 

surface will change. In this figure, we can observe these two main effects on surface 

charge distribution on the surface. 

 

 

 
Figure 5.18. Normalized surface charge densities according to different temperature 

values and different nanoparticle and roughness dimensions (DP=100 nm, 
T=298, 313, 323 K; DR=2,6,10 nm; DP=40 nm, T=298,313,323 K, 
DR=2,6,10 nm) 

 

 

In Figure 5.19, roughness diameter is kept constant at 6 nm and particle diameter 

and temperature show variation. Identical roughness diameter is chosen for all particle 

diameters which are investigated in this study. Owing to that, surface roughness kept the 

same for all cases and only particle diameter and temperature show variation. Figure 5.19-

a shows surface charge density variation according to different temperature and particle 

diameter. In Figure 5.19-b surface charge density values normalized with surface charge 

density at 298 K for each particle size. Figure 5.19 shows that by increasing temperature 

negative surface charge density shows increasing behavior in magnitude. In addition to 
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that surface, charge shows variation due to the particle size. When the particle diameter 

is decreasing surface charge density will increase as a magnitude.  

 

 

 
Figure 5.19. Surface charge density variations for different temperature values and 

different nanoparticle diameters at constant roughness diameter (DP=20, 40, 
60, 100 nm, T=298,313,323 K; DR=6 nm) 

 

 

Concentration change also investigated in this step. In Figure 5.20 particle 

diameter is kept constant at 100 nm and we chose three roughness diameters 2, 10, 26 nm 

to examine. Particle diameter was chosen at 100 nm because the curvature effect 

occurring at small particle diameters diminishes and ensures that other effects will be 

more significant. Because at a critical particle diameter curvature effect will be no longer 

observed and surface charge density of a particle will reach flat surface theory value.  

Also, electrolyte solution concentration was chosen as 0.1, 10 mM, and 

temperature range is between 298-323 K. When electrolyte concentration is increasing 

the surface concentration of counter-ions (K+-Na+) increases and H+ ions will be repelled 

and surface concentration of H+ decreased.  

As a result, the dissociation at the nanoparticle surface increases with increasing 

concentration. This leads to higher negative surface charge density. When a solution 

concentration is lower (0.1 mM) surface charge density variation with temperature 

difference is more significant than at the higher solution concentration (10 mM). Also, 

surface charge densities are normalized with surface charge density value at 298 K for 

each particle diameter and concentration condition. 
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Figure 5.20. Electric potential contour plots according to different temperature values and 

different nanoparticle and roughness dimensions (DP=100 nm, 
T=298,313,323 K; DR=2,6,10 nm; DP=40 nm, T=298,313,323 K, DR=2,6,10 
nm) 

 

5.3. Effect of Interaction with a Flat Plate 

In this study, surface charge variation of rough nanoparticle when a nanoparticle 

surface is approaching to a flat surface was investigated. For this purpose, pH = 7.5 and 

the distance between the particle and the surface were kept constant by selecting RP + 5 

nm from the center of the nanoparticle. Variation of electrical charging was investigated 

by selecting different particle and pore sizes and solution concentration.  

Figure 5.21 shows the variation of the electrical potential distribution on the 

surface of a rough nanoparticle according to different solution concentrations and particle 

and roughness diameters. The main reason for the variation of electrical properties of 

rough nanoparticle surface is that the ionic distribution between flat surface and 

nanoparticle changes due to the overlapping of electric double layers during an interaction 

with a flat surface. 
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Figure 5.21. Electrical potential distributions on the surface of a rough nanoparticle 

interacting with a flat plate according to different particle and roughness 
diameter and concentration values (C=0.1 mM, pH=7.5, Seperation 
Distance= RP +5 nm DP=20 nm a) DR=1 nm, b) DR=2 nm, c) DR=4nm; 
DP=40 nm d) DR=1 nm, e) DR=2 nm, f) DR=4 nm; C=1 mM, pH=7.5, DP=20 
nm g) DR=1 nm, h) DR=2 nm, i) DR=4nm; DP=40 nm j) DR=1 nm, k) DR=2 
nm, l) DR=4 nm) 

 

 

Therefore, it is observed that the ionic distribution of the rough nanoparticle 

surface which is interacting with a flat plate differs noticeably compared to the non-

interacting region of the rough nanoparticle surface. The ionic distribution between the 

rough nanoparticle and the flat surface results in the formation of an electrostatic force, 

resulting in a pressure difference between the non-interacting region of nanoparticle 

surface and interacting region of the nanoparticle surface. 

The distribution of the electric potential in the interacting region between the 

rough nanoparticle and the flat surface as a result of the electrical double layers 

overlapping with the approach of the nanoparticle to the flat surface differs according to 

the top region of the nanoparticle. 
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Figure 5.22. Normalized surface charge distributions on the surface of a rough 
nanoparticle that interact with a flat surface according to different particle 
diameter and concentration values (C=0.1 mM,1 mM, pH=7.5, Separation 
Distance= RP +5 nm DP=20 nm-DR=1 nm, DP=40 nm-DR=1 nm,) 

 

 

There is a greater electric potential occurs at the interacting bottom region of the 

rough nanoparticle surface. In addition, the roughness of the nanoparticle surface affects 

the distribution of electrical potential as it changes the ionic distribution on the surface 

locally. 

As a next step, a 180-degree angular surface was defined counterclockwise with 

reference to the bottom region of the rough nanoparticle surface in order to make a more 

detailed examination. The surface charge distribution on the rough nanoparticle surface 

from 0 ° to 180 ° is given in Figure 5.22.  

Different particle diameters (20, 40 nm) and concentrations (0.1, 1 mM) were 

selected by keeping the roughness diameter constant at 1 nm. In addition, the surface 

charge distribution on the flat surface on which is interacting with a rough nanoparticle 

is given in the following two graphs. As a result of the interaction of the rough 
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nanoparticle with a flat surface, the electrical double layers are overlapped. The 

distribution of positively charged ions increases as a result of being negatively charged 

on both surfaces in the gap between the rough nanoparticle and the flat surface. As the 

distribution of positively charged ions increases in the interaction zone, the dissociation 

from the surface decreases and the negative surface charge decreases. 

The surface charge distribution in the interaction zone is lower than the 

distribution on the non-interacting surface of the rough nanoparticle. As can be seen in 

the graph, the normalized surface charge distribution on the surface of the rough 

nanoparticle deviates from the theory as it approaches the interaction region and decreases 

as it approaches the non-interacting region of the surface. Similarly, the normalized 

surface charge distribution calculated on the flat surface deviates from the theory as it 

approaches the interaction region. However, while moving away from the interaction 

region and approaching the non-interacting region where there is no interaction of the flat 

surface, it is seen that the normalized surface charge approaches to 1. In addition, as the 

concentration of solution increases, the distribution of positive ions in the interaction 

region changes and the surface charge distribution decreases.  

A similar examination was repeated for a larger roughness diameter (DR= 4 nm). 

When normalized surface charge distributions are examined for a larger roughness 

diameter, the deviation in the interaction region is more apparent. 

As a result of this, the ionic distribution changes and the surface charge 

distribution increases with increasing roughness. Therefore, the change in surface charge 

distribution was observed more clearly as we approached the interaction region. 

Similarly, the surface charge distribution on the nanoparticle approaches the theory as it 

moves away from the interaction region. For the flat surface, the surface charge 

distribution deviates from the theory as it approaches the interaction region.  

After that, in order to observe in more detail, the variation of surface charge 

distribution between the downward region of the rough nanoparticle which interacts with 

the flat surface and the non-interacting upward region, the surface charge was examined 

by measuring locally. The surface charge distributions measured separately from the 

upward and downward regions of the rough nanoparticle were normalized with flat 

surface values. It is observed that the normalized surface charge distribution is lower in 

the downward region of the nanoparticle where it interacts with the flat surface. It is 

higher on the non-interacting region of the surface and the normalized surface charge 

distributions increase with increasing roughness in both regions. When roughness 
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diameter is increasing both of the normalized surface charge values of the top and bottom 

regions show an increasing behavior.  

 

 

 

Figure 5.23. Normalized surface charge distributions on the surface of a rough 
nanoparticle that interact with a flat surface according to different particle 
diameter and concentration values (C=0.1 mM,1 mM, pH=7.5, Separation 
Distance= RP +5 nm DP=20 nm-DR=4 nm, DP=40 nm-DR=4 nm,) 

 

 

In the next step, the surface charge distribution values measured from the top and 

bottom surfaces of the nanoparticle were normalized with the surface charge values of a 

rough nanoparticle during the non-interacting case and having an equivalent diameter 

with the particle diameter.  

The reason for this is to ensure that the surface charge variation during the 

interaction of the rough nanoparticle with a flat surface is examined without the effect of 

particle and roughness diameter (curvature and EDL overlap). 
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Figure 5.24. Normalized surface charge distributions from the top and bottom of the 
surface of a rough nanoparticle which interact with a flat surface according 
to different particle diameter and concentration values ( C=0.1 mM,1 mM, 
pH=7.5, Separation Distance= RP +5 nm DP=20 nm-DR=1 nm, 2 nm; DP=40 
nm-DR=1 nm, 2 nm, 6 nm, 8 nm, 10nm; DP=60 nm-DR=1 nm, 4 nm, 8 nm, 
12 nm, 16 nm ) 

 

 

Here, it is seen that different surface charge distribution occurs between the 

bottom surface interacting with the flat surface and the non-interacting top region of the 

surface of the nanoparticle. The normalized surface charge distribution on the top region 

of the nanoparticle surface is fixed at around 1 and stabilized with an increasing roughness 

diameter. In contrast, the normalized surface charge distribution on the bottom region of 

the nanoparticle surface shows an increasing behavior with an increasing roughness 

diameter for interaction cases. We can see that interaction with a flat surface is changing 

surface charge distribution on an interaction region of nanoparticle surface. As the 

solution concentration increases, the increase in the normalized surface charge 

distribution related to variable ionic concentration on the interaction zone is more 

significant.  

Here, surface charge distributions are examined locally for the top (non-

interaction region) and bottom (interaction region) regions of the nanoparticle surface 

because when a rough nanoparticle is interacting with a flat surface there is a pressure 

difference is occurred in the interaction region of a nanoparticle surface. This pressure 

difference is observed due to the different ionic concentrations in the interaction region 

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

0 2 4 6 8 10 12 14 16
0.78

0.83

0.88

0.93

0.98

1.03

0 2 4 6 8 10 12 14 16

C=0.1 mM C=1 mM

�Top /�Flat (DP=20 nm)

�Bottom /�Flat (DP=20 nm)

�Top /�Flat (DP=40 nm)

�Bottom /�Flat (DP=40 nm)

�
Ro

ug
h-

Pa
rt

ic
le

-In
te

ra
ct

io
n/
�

Fl
at

-P
la

te

Roughness Diameter (DR) Roughness Diameter (DR)

(a) (b)

�Top /�Flat (DP=60 nm)

�Bottom /�Flat (DP=60 nm)



 
 

 
 

54 

because when a nanoparticle is interacting with a surface electric double layers extending 

from opposite surfaces are overlapped and this formation increases the ionic distribution 

on the interaction region. 

   

 

 
Figure 5.25. Normalized surface charge distributions of a particle (with the surface charge 

of non-interacting nanoparticle having a similar roughness diameter and 
particle diameter) taken from the top and bottom regions of a rough 
nanoparticle surface interacting with a flat surface according to different 
particle and roughness diameter (C=0.1 mM,1 mM, pH=7.5, Separation 
Distance= RP +5 nm DP=20 nm-DR=1 nm, 2 nm; DP=40 nm-DR=1 nm, 2 nm, 
6 nm, 8 nm, 10nm; DP=60 nm-DR=1 nm, 4 nm, 8 nm, 12 nm, 16 nm) 

 

 

As a result, there is a pressure difference occurs and surface charge density is 

changed. According to that pressure difference, there is a force formed between the 

nanoparticle surface and flat surface. This force is formed with pressure difference and 

included electric double layer force which is formed due to the varied ionic concentration. 

So, we attempt to investigate the surface charging behavior of a rough nanoparticle during 

an interaction with a surface according to examine this force that occurred on a 

nanoparticle surface as a future study. 
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CHAPTER 6 
 
 

 DISCUSSION 

The surface charging behavior of silica nanoparticles is very important for diverse 

application areas such as colloidal science, surface science, biomedical applications, and 

electrokinetic transport. Surface charge density variation of silica nanoparticles needs to 

be investigated under different surface conditions such as pH, electrolyte concentration, 

roughness and particle diameter, the temperature of the ionic medium and interaction 

effect with other surfaces. When a nanoparticle immersed in an aqueous media there is a 

protonation/deprotonation surface reactions occur solid/liquid interface. The surface 

charge will be formed on the nanoparticle surface due to these protonation/deprotonation 

reactions and adsorption of ions. Charged nanoparticle will attract counter-ions and repel 

co-ions. As a result, an ionic distribution will be formed on the particle surface. The 

electric double layer will be formed according to this behavior. Generally, ionic 

distribution on the surface is defined with Boltzmann-Distribution. However, Boltzmann-

Distribution is not valid for our case (zeta potential must be smaller than 25 mV and 

surface must be sufficiently away from other surfaces) and instead of Boltzmann-

Distribution, the Nernst-Planck equation is implemented in the solution to define ionic 

transport. The Poisson equation gives electric potential distribution. Poisson-Nernst 

Planck equation was used to solve coupled for calculating surface charge behavior of 

nanoparticle. Also, the charge regulation model used as a boundary condition of the 

surface because constant potential or constant charge models cannot be used for this case. 

This is because both surface charge and electric potential show variation and they are 

related to each other. In this study, PNP equations solved numerically and the charge 

regulation model is implemented as a boundary condition to calculate surface charge 

densities of nanoparticles. 

The aim of this study was to investigate the surface charging behavior of 

nanoparticles under different surface conditions. First, varied particle and roughness 

diameters were chosen and thus, different geometrical structures obtained on the surface 

of the nanoparticle. Rough structures on the nanoparticle formed a geometrical structure 

including hills and pits. There was a gap formed between two roughness geometry and 
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electric double layer extending from opposite surfaces will overlap and ionic 

concentration in this gap will change locally. EDL overlapping is a very important effect 

occurred due to the roughness effect. Also, the curvature effect is another important factor 

which occurs due to the increasing roughness and particle diameters and affected surface 

charging behavior. When roughness diameter is increasing surface charge density on the 

surface shows an increasing behavior and it is becoming similar to the flat surface theory. 

Because the EDL overlap effect will decrease with increasing roughness diameter. In 

contrast, when roughness diameter decreases surface charge density differs from the flat 

surface theory. This is because with decreasing roughness diameter, protrusions on the 

particle surface becoming smaller than the EDL thickness. Accordingly, EDLs extending 

from surfaces of roughness geometries on the surface will overlap and surface charge 

differs from the flat surface. Also, there is a curvature effect occurs due to that decreasing 

particle diameter. The average surface charge density will increase with decreased 

particle diameter. Two of most important effects occur on the nanoparticle surface, 

curvature effect and EDL overlap effect. These two conditions are very important and 

effective on surface charge density formation on the nanoparticle surface. Curvature 

effect occurs due to the decreased diameter and EDL overlap occurs due to decreased 

roughness diameter. We investigated the variation of surface charge densities of rough 

nanoparticles also under different pH and electrolyte concentrations. The surface charge 

was highly dependent on electrolyte solution conditions. Also, surface charge density was 

affected by pH variation. When the pH level increases, the bulk concentration of H+ ions 

decreases. Because of that H+ concentration on the rough nanoparticle surface resulted in 

a lower concentration. Surface charge density will have higher values due to the 

difference in ionic concentration on the surface. The effect of pH variation is more 

effective in cases with smaller roughness diameter. This behavior can be seen due to the 

EDL overlap effect. EDL overlap is more dominant for smaller roughness diameters. 

Surface charge density variation with different pH levels examined using different 

characterization parameters but there is not a proper explanation that can be found about 

pH effect on surface charging behavior. In order to achieve this, there is an empirical 

model defined that is explain the surface charging behavior of rough nanoparticle 

according to different pH.  

In the second step, the temperature difference added to the model. When the 

temperature is changing relative permittivity of ionic media, ionic diffusivities of ions 

and equilibrium constants of surface chemical reactions will change. The variation of 
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these parameters according to temperature defined with proper equations found in the 

literature. Surface charge density variation is investigated under temperature difference. 

When the temperature is increasing negative surface charge density increases in 

magnitude. Surface charge density changes because of the different ionic distribution on 

the surface. Ionic distribution on the surface will change with increasing temperature 

because when the temperature increases, the surface concentration of H+ ions will be 

decreased and disassociation on the surface will increase. Also, different electrolyte 

solution was chosen for investigating temperature effect. When electrolyte concentration 

is increasing the surface concentrations of counter-ions (K+ -Na+) increases and for this 

reason, H+ ions will be repelled and concentration of H+ decreased. When the electrolyte 

solution increases, the dissociation at the nanoparticle surface will increase. Due to that, 

higher negative surface charge density will be formed on the nanoparticle surface. When 

solution concentration is lower surface charge density variation with temperature 

difference is more significant than at the higher solution concentration. 

As a next step, the surface charge of a rough nanoparticle was examined during 

rough nanoparticle interacting with a flat plate. When two dielectric objects interact with 

each other in an aqueous solution their electric double layers will overlap and in the gap 

between these objects ionic properties of the solution will change. There is a non-uniform 

ionic distribution occurring on the surface of rough nanoparticle when particle interacting 

with other surfaces. According to non-uniform ionic distribution, non-uniform surface 

charging will be formed on the surface of the particle. Surface charging of rough 

nanoparticle investigated under different roughness and particle diameters and solution 

concentrations when the separation distance between the rough nanoparticle and flat 

surface is kept constant. When a rough nanoparticle interacts with a flat surface the 

electric double layers extending from surfaces will be overlapped. The distribution of 

positively charged ions increases in the gap between the rough nanoparticle and the flat 

surface resulting in both of the surfaces being negatively charged. As the distribution of 

positively charged ions increases in the interaction zone, the dissociation from the surface 

decreases and the negative surface charge decreases. The surface charge distribution in 

the interaction zone is lower than the distribution on the non-interacting region of the 

surface of the rough nanoparticle. Surface charge distribution on the surface of the rough 

nanoparticle deviates from the theory as it approaches the interaction region and decreases 

as it approaches the non-interacting region of the surface. 
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