
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공학석사학위논문

Effect of affinity on gelation in highly size 

asymmetric bimodal suspensions

친화도가 크기 비대칭성이 큰 이분산계 현탁액의

겔화에 미치는 영향

2018년 2월

서울대학교 대학원

화학생물공학부

정 윤 세



i

Abstract

Effect of affinity on gelation 

in highly size asymmetric 

bimodal suspensions

Jung, Yoonse

School of Chemical and Biological Engineering

The Graduate School

Seoul National University

We investigate the influence of inter-particle affinity on the 

microstructure and rheological behavior in the bimodal suspension 

systems. For this purpose, the model suspensions are designed by using 

two kinds of polystyrene beads (PS, size~530nm) as a large particle 

which are electrostatically stabilized and are different in surface 

properties only, while keeping unstable alumina coated silica (Al-silica, 

size~12nm) as a small particle. To change the affinity, hydrogen bonding 

is induced by modifying surface of PS as poly (vinyl pyrrolidone) (PVP). 
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We investigate the influence of affinity between large and small particles 

by observing the changes in rheological properties and microstructure. 

Even with the same, the formation of Al-silica cluster which connects 

large particles is dominant when sulfate modified PS is used and the 

affinity between the particles is not strong. On the contrary, the Al-

silica particles cover the surface of large particles rather than making 

bridges when PVP modified PS is used and the affinity is strong. The 

phase map which shows fluid-gel transition according to the composition 

of the suspension is also observed. The affinity is found to affect the 

shape of the phase map too. This research demonstrates how the 

differences in affinity between large and small particles affect the 

bimodal suspensions according to the surface properties of the particles, 

and provides an insight on the complex behavior of particulate fluids.

Key words: Bimodal suspension; Colloidal gel; Affinity; Particulate fluid; 

rheology; sol-gel phase transition

Student Number: 2016-21053
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Chapter 1.

Introduction
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Particulate fluids are widely used in industry from commodity to 

electronics, pharmaceutical product, and even to manufacturing Li-ion 

batteries. In these fluids, the particles of different size or different 

surface properties are often used to achieve desired performance of the 

final product. However, the size asymmetry and other surface properties 

may cause unexpected aggregates or change the rheological properties, 

which may downgrade the quality of the final product. Unlike the system 

that has only one species of particle, the dynamics of bimodal suspension 

is more complex. [1-5] The diameter ratio of small to large particles 

(q=d�����/d�����) is typically small, often much less than 0.1. 

The behavior of complex colloidal systems which are not composed of 

only one species of particles has been studied through various model 

systems. The researches so far have been divided into three categories 

depending on the type of electrostatic interaction between large and 

small particles. First, the particles may form aggregates due to opposite 

signs, [6, 7] or each particle may be well-stabilized by electrostatic 

repulsion with the same sign. [8, 9] Finally, even when both particles 

are stabilized, the attraction due to depletion may occur by the 

difference in size of the two particles. [10-13] However, these studies 

mainly focused on the equilibrium structure, kinetics, and the physical 

behavior of the colloid itself. 

Surfactant or polymer is physically or chemically adsorbed on the 

particle to change the surface properties. Modification of the surface 

properties may induce stabilization or provide active sites for selective 
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adsorption of other substances. According to surface properties of 

particles, there are cases where the nanoparticles are mostly unstable 

and tend to form aggregates, while large particles are easily stabilized 

and dispersed. To investigate the system in which unstable nanoparticles 

are added to the stabilized suspension of large particles, Lee et al. 

designed the bimodal system which consists of electrostatically 

stabilized polystyrene particles (sulfate modified) and alumina coated 

silica particles that are unstable at pH 7. Adding a very small amount of 

alumina coated silica to the stabilized PS suspension induced sol-gel 

phase transition and resulted in a drastic change in rheological 

properties, because unstable small particles have incorporated PS 

particles into a spanning network while cluster of silica particles form a 

bridge between large particles. Through experiments at various pH, the 

effect of surface potential of nanoparticles on the rheological properties 

and microstructure of the bimodal suspension was studied. [14-20]

However, they did not consider the affinity between large and small 

particles due to the interactions such as hydrogen bonding and covalent 

bonding in bimodal suspensions. Other studies have also explored the 

effect of binding affinity with a specific purpose. For example, studies 

have been made to alter the surface properties of silica or gold-coated 

PS beads by controlling binding affinity. Although these researches 

covered the effect of affinity, there was a limit in that they focused only 

on the modification of particle surface, not on the physical properties or 

structure of the suspension. [21, 22]
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Affinity is determined by how strongly the two particles attract each 

other, which can greatly affect the microstructure and the fluid behavior. 

Consequently, controlling the inter-particle binding affinity will 

determine the performance of the product. In this study, we compare 

two bimodal systems, made by changing the species of large particles 

which has the same size and different surface properties while keeping 

the Al-coated silica as a small particle. In this way, we elucidate the 

influence of affinity on the rheological behavior and the microstructure of 

the suspension. 

In this study, two bimodal suspensions are designed, each containing 

stabilized large particles (sulfate and PVP modified PS, d=~530nm) and 

unstable small particles (alumina-coated silica, d=~12nm) at pH 7. 

Alumina coated silica has different affinity with large particles according 

to the surface properties, sulfate modified and PVP modified PS. The 

species of small particle is fixed, and only the surface properties of the 

large particles are changed. The rheological properties of the 

suspensions are measured to probe the effect of affinity. The cryo-SEM 

images are used to compare the microstructure of the suspensions, and 

to investigate the origin of the change in rheological properties. We also 

obtain the phase diagram with respect to the compositions of large and 

small particles. By doing this, we elucidate the effect of affinity on the 

structure formation of bimodal suspensions. 
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Chapter 2.

Experimental methods
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Two kinds of large particles are used. Above pH 3, the polystyrene 

(PS) particles used in the study of Lee et al. are electrostatically 

stabilized by the sulfate group, [16] and are designated as sulfate 

modified PS (PS-sulfate) in this study. PVP modified PS (PS-PVP) is 

prepared by adding poly (vinyl pyrrolidone) to change the surface of PS. 

PVP has a strong polar amide group in the repeating unit and a nonpolar 

methane and methylene group in the hydrophobic ring and backbone.     

The negative charge on the sulfate group and the positive charge of 

amide nitrogen leads to ionic bonding. The hydrophobic parts of the 

styrene bind with the hydrophobic part of PVP. The conformation of PVP 

on PS is known to be flattened by ionic bonding and hydrophobicity. This 

flat conformation allows to exclude steric repulsion from the random coil 

conformation of the polymer. Since the thickness of the adsorption layer 

is 3-5 nm, which is smaller than the thickness of the electric double 

layer (1/κ >50nm), the particles are stabilized by electrostatic repulsion 

by amide oxygen rather than steric stabilization by PVP. [23-26]

The PS-sulfate and PS-PVP particles are synthesized as follows. 

Styrene (99.5%; Samchun, Korea) is supplied to a distillation column and 

purified at 35°C. Potassium persulfate (KPS, sigma Aldrich), poly (vinyl 

pyrrolidone) (PVP, K-40, �� = 40,000 , sigma Aldrich), and ethanol 

(99.5%; SAMCHUN, Korea) are used as received without further 

purification. Sulfate-modified polystyrene particles are synthesized by 
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emulsifier-free emulsion polymerization. 0.3676 g of KPS is 

magnetically stirred in 50 ml of distilled water for 30 minutes. Then 40 

ml of styrene, 310 ml of water, and 43.2 ml of ethanol are mixed in a 

1000 ml three-neck double jacket flask. After that, KPS aqueous 

solution is added. In the case of PS-PVP synthesis, 0.6 g of KPS, 

0.154g of PVP, 250ml of water and 23.84g of styrene are mixed in a 

500ml three-neck double jacket flask. The both solutions are 

deoxygenated through bubbling with nitrogen gas while stirring at 300 

rpm for 30 min. The reaction is carried out for 24 hours at 70°C while 

stirring at 300 rpm. After the reaction is completed, residual styrene and 

other impurities are removed by washing/ centrifugation/ re-dispersion 

process, three times each in ethanol and water. [27, 28]

The diameter of PS particle is about 530 nm. Alumina coated silica 

(Al-silica) (Ludox CL, Sigma Aldrich) is used as received. The 

diameter of Ludox CL particle is 12nm according to TEM image, but it is 

about 48nm when measured by DLS, which proves the formation of 

aggregates. [16]

Bimodal suspensions of various concentrations are prepared by mixing 

30 wt% Ludox CL stock solution and 15 wt% PS-sulfate or PS-PVP 

stock solution with distilled water. The pH of the suspension is adjusted 

to pH 7 by diluting with an aqueous solution of 37 wt% NH4OH. pH 7 is 

the isoelectric point (IEP) of alumina coated silica. All slurry samples 
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are mixed with a magnetic stirrer at 100 rpm for 30 min and sonicated 

for another 30 min to break up aggregates. As shown in Table 1, bimodal 

suspensions are coded as Si/PSS or Si/PSP with respect to composition 

and the species of PS particle.

The rheological properties are measured using a 40mm parallel plate 

fixture at 25°C using a stress-controlled type rheometer (AR-G2, TA 

Instruments). Pre-shear is applied for 1 min at 500 s-1, and we begin to 

measure after 5 min of equilibration time to get a reproducible data by 

erasing the history of the sample. The transition at which gelation takes 

place is determined by the Newtonian viscosity in liquid-like state and 

by the plateau of elastic modulus in solid-like state. [29]

The microstructure of the suspension is observed by cryogenic 

scanning electron microscopy (cryo-SEM, Tescan Mira 3 LMU FEG). 

The suspension is quenched with liquid nitrogen at -147 °C for 30 

minutes in the sample preparation system (Quorum Technologies 

PP3000T), and plated with Pt (10mA, 2min). 
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Table 1. Code and composition of the suspensions 

Suspensions
Types of

large particle
Composition, vol %

Al-silica particle PS particle
Si/PSS 0.01/2.0 PS-sulfate 0.01            2.0
Si/PSS 0.03/2.0 PS-sulfate 0.03            2.0
Si/PSS  0.1/2.0 PS-sulfate 0.1             2.0
Si/PSS 0.03/5.0 PS-sulfate 0.03            5.0
Si/PSS  0.1/5.0 PS-sulfate 0.1             5.0
Si/PSS  1.0/5.0 PS-sulfate        1.0             5.0
Si/PSS 0.03/10.0 PS-sulfate 0.03           10.0
Si/PSS  0.1/10.0 PS-sulfate 0.1            10.0
Si/PSP 0.01/2.0 PS-PVP 0.01            2.0
Si/PSP 0.03/2.0 PS-PVP 0.03            2.0
Si/PSP  0.3/2.0 PS-PVP 0.3             2.0
Si/PSP 0.03/5.0 PS-PVP 0.03            5.0
Si/PSP  0.1/5.0 PS-PVP 0.1             5.0
Si/PSP  1.0/5.0 PS-PVP        1.0             5.0
Si/PSP 0.03/10.0 PS-PVP 0.03           10.0
Si/PSP  0.1/10.0 PS-PVP 0.1            10.0
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Chapter 3.

Results and discussion
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3.1 Zeta potential

Figure 1 shows the zeta potential of PS-sulfate, PS-PVP and Al-

silica particles. At pH 7, PS-sulfate has a charge of -40 mV, PS-PVP 

has a charge of -25 mV, and the charge is lost in Al-silica. Thus, Al-

silica particles are unstable while PS-sulfate and PS-PVP particles are 

stabilized by strong negative charges. All experiments are performed at 

pH 7 to observe the changes by the addition of unstable Al-silica 

particles to the stabilized large particle suspensions.
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Figure 1. Zeta potential of PS-sulfate, PS-PVP and alumina coated silica 

particles as a function of pH. 
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3.2 Rheological properties

To investigate the effect of affinity between PS and Al-silica 

particles on the rheological properties in bimodal suspensions, we 

change the species of large particles while fixing the composition. We 

measure the steady shear viscosity of the suspensions mixed with 0.1 

vol% of Al-silica and 5.0 vol% of PS particles. In Figure 2, the 

suspensions with a single species of particle only (5.0 vol% PS-sulfate, 

5.0 vol% PS-PVP or 0.1 vol% Al-silica) show Newtonian behavior with 

a constant viscosity regardless of shear rates. For Al-Silica, the 

Newtonian behavior is observed, which implies that the spanning 

network is not formed at low volume fraction ( ∅������ < 0.003 ), and 

gelation does not occur. For the suspension of PS-sulfate or PS-PVP 

only, there is no notable change in viscosity. The interaction between 

the stabilized particles cannot induce any drastic change in viscosity. On 

the other hand, in the case of Si/PSS or Si/PSP 0.1/5.0, the viscosity 

change is drastic and the suspensions show strong yielding and thinning 

behavior. A new structure is formed when large particles participate to 

the spanning network with the bridges of Al-silica particles. [16, 17] As 

shown in Figure 2, comparing two bimodal suspensions with the same 

concentration, the viscosity changes according to the surface of large 

particles. The viscosity of Si/PSP 0.1/5.0 is lower than Si/PSS 0.1/5.0 in 

the whole shear rate range. 

To study the changes in gel strength according to the surface 
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property of PS particle, G’ of Si/PSS 0.1/5.0, 1.0/5.0 and Si/PSP 0.1/5.0, 

1.0/5.0 are measured in Figure 3a. The suspension of 0.1 vol% Al-silica 

only does not form a gel. However, when the same amount of Al-silica 

is added to 5.0 vol% of PS-sulfate or PS-PVP suspension, a spanning 

network is formed and the plateau of G’ is observed. When G’ is 

frequency-independent, it is assumed that a colloidal network is formed. 

[30] And G’ of Si/PSS or Si/PSP 1.0/5.0 is larger than that of the 

suspension with 1.0 vol% Al-silica. G’ of Si/PSP is about 1/5 of the 

Si/PSS. These results suggest that the affinity between large and small 

particles can change the rheological properties of the suspension even 

with the same composition.

The steady shear viscosity of the suspension with Al-silica 1.0 

vol%, Si/PSS and Si/PSP 1.0/5.0 are shown in Figure 3b. The viscosity 

shows no significant difference because flow causes the gel structure to 

be broken. These results are different from Figure 2, where the change 

in affinity induce different steady shear viscosity. The differences in 

viscosity depend on the amount of Al-silica added. The suspensions in 

Figure 3b do not show a significant difference in viscosity at the 

concentration of Al-silica that can cause gelation of itself (∅������ >

0.003). Consequently, the affinity affects the viscosity, when the amount 

of Al-silica smaller than the critical gel point (∅������ < 0.003) is added to 

the suspension of large particles. In other words, when the volume 

fraction of Al-silica is larger than critical gel point(∅������ > 0.003), the 

effect of affinity on rheological properties is reflected only on G’, not on 
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viscosity.

To investigate the effect of affinity according to different 

concentration of PS, experiments are conducted with a fixed amount of 

Al-silica. When the volume fraction of Al-silica is not enough to induce 

gelation and to connect large particles by bridging, bimodal suspensions 

show a Newtonian behavior and this phenomenon is independent of PS-

sulfate or PS-PVP. According to Figure 4, when the amount of Al-silica 

is sufficient to induce gelation, G’ changes based on the PS volume 

fraction and affinity. When the amount of large particle is increased from 

2.0 vol% to 10.0 vol%, G’ increases more than 100 times. As the number 

of large particles increases, more PS particles can participate in the 

spanning network. G’ of Si/PSP 0.3/2.0, 0.1/5.0 and 0.1/10.0 is much 

lower than that of Si/PSS 0.1/2.0, 0.1/5.0 and 0.1/10.0. Because Si/PSP 

0.1/2.0 does not form a gel structure and G' cannot be measured, Si/PSP 

0.3/2.0 is compared instead. Consequently, it is confirmed that the effect 

of affinity on the rheological property appears in various range of PS 

concentration.
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Figure 2. Steady shear viscosity as a function of shear rate for the 

suspensions.
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Figure 3. (a) Storage modulus G’as a function of frequency and (b) 

steady shear viscosity as a function of shear rate for the suspensions of 

various composition. 

(a)

(b)
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Figure 4. Rheological properties of the bimodal suspensions (Si/PSS and 

Si/PSP)
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3.3 Surface property 

In previous section, we showed that the rheological properties of 

bimodal gel can be changed according to the species of large particle 

even with the same concentration. This is because the interaction 

between PS and Al-silica changes due to the surface properties of PS, 

which leads to the change in gel structure. In Figure 5a and 5b, the 

microstructure of Si/PSP and Si/PSS 0.03/5.0 is compared by using 

cryo-SEM. More Al-silica particles are adsorbed on PS-PVP than on 

PS-sulfate, which shows that the affinity between Al-silica and PS-

PVP is stronger than that with PS-sulfate.

Unlike Si/PSS where Van der Waals force is dominant, different 

forces act additionally when PS-PVP and Al-silica particles are mixed. 

As pH is adjusted at 7 by ammonium hydroxide, Al-silica loses its 

charge and has aluminol (-Al-OH) on its surface. Carbonyl oxygen and 

hydroxide of aluminol form a hydrogen bond. [31-33] In addition, the 

interaction between Al-silica and PVP is proposed by acid-base 

adsorption mechanism. Al-silica is considered as a Brønsted acid due to 

its AlOH groups and PVP is considered to be a Lewis base due to its 

negatively charged carbonyl groups within the PVP ring. Therefore, the 

adsorption of Al-silica particles on the surface of PS-PVP can be 

explained in terms of both hydrogen bonding and ionic bonding in 

addition to the Van der Waals attraction. [34, 35]

In general, Van der Waals force, considered as the weakest 
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secondary bonding, is known to have a force of ~1 kcal/mol, although it 

depends on the particle size and particle shape. Hydrogen bonding has a 

higher strength of 3-7 kcal/mol and ionic bonding is known to have 5-

35 kcal/mol. [36-38] Therefore, unlike the suspension of PS-sulfate 

with Al-silica, which has an affinity due to Van der Waals interaction, 

the suspension composed of Al-silica and PS-PVP has a stronger 

affinity. The diversity in adsorption behavior due to the affinity 

difference affects the formation of different microstructure. According to 

the rheological properties, the structure of bimodal gel is weak when the 

affinity is strong, while it shows a strong network structure when the 

affinity is weak. 
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Figure 5. Cryo-SEM images of (a) Si/PSS 0.03/5.0 and (b) Si/PSP 

0.03/5.0.
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3.4 Scaling behavior

Colloidal gels are known to follow the scaling relationship between 

plateau modulus and volume fraction	(G�
� = A∅�). The scaling factor υ is 

different depending on the structure of the gel. The scaling behavior of 

the suspensions which consist of Al-silica only, Si/PSS and Si/PSP is 

shown in Figure 6. The G�
� 	of the suspension which consists of Al-silica 

only shows a power-law relationship (linear in a log-log plot) with 

volume fraction. The exponent υ is about 4.8 (±0.1). Since the colloidal 

gel is known to have a fractal structure when the scaling factor is 3~5, 

[39, 40] Al-silica gel can be expected to be a colloidal gel which has a 

fractal structure.

When the bimodal suspensions of Si/PSS and Si/PSP are compared 

while fixing PS particle volume fraction at 5.0 vol%, there exists a slight 

difference in G’, however they are coincident in that the slope changes at 

the critical gel point of Al-silica (∅� = 0.003). When the amount of Al-

silica added is smaller than	∅�	, both suspensions show a drastic change 

in G’ as the amount of Al-silica increases. On the other hand, they 

follow the same slope when the amount of Al-silica added is larger 

than	∅�	 . Lee et al. reported the scaling behavior of bimodal gels and 

different gel structures according to the exponent υ . By relating the 

scaling behavior from SAXS and cryo-SEM images of bimodal 

suspensions, they divided gel states as non-fractal and fractal gels. 

When the slope is large, Al-silica positioned between dispersed large 
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particles and the structure was not fractal-like. On the other hand, when 

the slope is 3~5, large particles formed network structure which is 

similar to the typical fractal structure of the colloidal gel. [17]

As shown in Figure 5., in the region of	∅������ < ∅� where exponent υ

is much larger than 5, bimodal gel has a non-fractal structure. And 

for	∅������ > ∅�, it has a fractal structure with a slope between υ = 3 and 

5 which is typical for colloidal gels. These results suggest that even 

though the affinity is different, bimodal gel is formed by the same 

mechanism such that unstable Al-silica particles form bridges between 

the stabilized large particles. 
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Figure 6. Plateau storage modulus vs. volume fraction of total particles. 

Lines are drawn to guide a power-law relationship (G�
� = A∅�). Circles 

and squares are reproduced from ref. 17.
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3.5 Microstructure

Figure 7 shows the cryo-SEM images of bimodal suspensions with 0.03 

and 1.0 vol% of Al-silica added to 5.0 vol% PS-sulfate and PS-PVP. 

Figure 7a shows the microstructure of Si/PSS 0.03/5.0, revealing that 

Al-silica particles bridge large particles. Figure 7b is the image of 

Si/PSS 1.0/5.0, where a lot of Al-silica particles are positioned to fill the 

space between large particles. Thick Al-silica clusters are participating 

to form the bridges.

The microstructure of Si/PSP 0.03/5.0 is shown in Figure 7c. More Al-

silica particles are adsorbed onto the surface of PS-PVP compared to 

PS-sulfate. It differs from Figure 7a in which Al-silica particles are 

mostly positioned between PS-sulfate particles. The structure of Si/PSP 

1.0/5.0 shows that Al-silica particles are adsorbed thickly on the 

surface of PS particles compared to Figure 7c.

Due to the change in affinity, the microstructures are formed differently 

even in the suspensions with the same composition. In the case of PS-

sulfate, the interaction originates from the Van der Waals force. And 

gelation occurs as Al-silica particles make bridges between large 

particles. [16, 17] When PS-PVP is used as a large particle, the 

interaction between Al-silica and PS-PVP is formed by the Van der 

Waals force, hydrogen bonding, and ionic bonding altogether. And it is 

much stronger than the interaction which is formed by the Van der Waals 

force only. The strong affinity between Al-silica and PS-PVP interferes 
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the formation of Al-silica clusters. Al-silica prefers to adsorb onto the 

surface of PS-PVP. As shown in the cryo-SEM images, the number of 

Al-silica particles participating in the bridges decreases, and 

consequently the thickness of the bridge becomes reduced. Because the 

elasticity of the gel comes from the bridges in our model system, the 

storage modulus drops when the affinity between two particles is strong. 
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Figure 7. Microstructure of bimodal gels by cryo-SEM: (a) Si/PSS 

0.03/5.0 (b) Si/PSS 1.0/5.0 (c) Si/PSP 0.03/5.0, (d) Si/PSP 1.0/5.0.
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3.6 Phase map

To investigate the influence of affinity on the fluid-gel transition in 

bimodal suspensions, we draw a phase map according to the composition 

of the suspensions. While keeping the volume fraction of PS in the range 

of 	0.02 ≤ ∅�� ≤ 0.1 , the state of the suspension is shown in Figure 8 

according to the amount of added Al-silica	(10�� ≤ ∅������ ≤ 10��).	∅�,�	is 

the critical concentration of Al-silica that induces bimodal 

gelation.		∅�,�		is the concentration at which fractal structure is formed, 

and it is the same as the critical gel point of Al-silica. Lower and upper 

dotted lines are ∅�,� and ∅�,� with respect to Al-silica and PS volume 

fraction. With these lines, the phase map is divided into three regions as 

follows. When the amount of Al-silica is not enough to connect large 

particles	(∅������ < ∅�,�), PS particles do not take part in spanning network 

and the suspension is in liquid state. In the region of	∅�,� < ∅������ < ∅�,�,

Al-silica forms a network by connecting bridges between dispersed 

large particles, and the gel forms a non-fractal structure. At		∅������ >

∅�,�, Al-silica and PS particles are enough to form fractal structure. [17]

Regardless of PS-sulfate or PS-PVP, the state of the suspension can be 

separated into three regimes in the phase map. 

Comparing lower dotted lines of Figure 8a and 8b, the pattern is 

different according to the surface property of PS particles. When the 

volume fraction of Al-silica is fixed at	∅������ = 0.0001, different phases 

are observed at ∅�� = 0.02 and 0.1 depending on the species of PS 
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particles. Therefore, the difference in affinity affects the phase 

transition too. It indicates that even the concentration of suspensions is 

same, they show different state like fluid or gel according to affinity.  
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Figure 8. The phase diagram of bimodal suspensions of (a) Si/PSS and 

(b) Si/PSP. Open circles represent a fluid state, closed triangles (red) 

represent the gel state in which Al-silica particles bridge PS-sulfate or 

PS-PVP particles. And closed circles (black) represent the gel state in 

which both Al-silica particle and large particles form fractal structures. 

(a) was reproduced from ref. 17.
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Chapter 4.

Conclusion
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This study reports the effect of affinity between large PS and small 

Al-silica particles on the structure formation in the bimodal suspensions. 

For this purpose, bimodal gels were obtained by adding unstable Al-

silica particles to the stabilized PS suspensions of different surface 

properties. Different microstructures were formed depending on affinity. 

When PS-sulfate was used as a large particle, Al-silica formed clusters 

of itself, which functioned as bridges that connect large PS particles. On 

the other hand, when PS-PVP was used, Al-silica preferentially 

adhered to the surface of PS-PVP rather than forming the clusters. The 

difference in microstructure led to different rheological properties. The 

structure of the gel was strong when Al-silica particles preferably 

formed bridges. The gel formation mechanism as studied by the scaling 

relationship was the same. This is because the network structure is 

formed by the addition of small particles regardless of the type of large 

particles. However, the phase map pattern with respect to the 

composition of small and large particles showed a difference depending 

on the type of large particles. We showed a way to change the 

microstructure and rheology of bimodal suspensions without changing 

composition considerably. We could control the microstructure and 

rheological properties dramatically by changing the affinity only. This 

concept provides a new way to design the complex fluids with desired 

microstructure and rheological properties.
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국문요약

이분산계 현탁액의 미세 구조 및 유변 물성에 입자간 친화도가 미치는 영

향에 대하여 고찰하였다. 다양한 산업 분야에서 입자가 들어간 용액이 사용됨

에 따라 최종 제품의 원하는 성능을 얻기 위해서 크기 차이가 크거나, 표면

성질이 다른 입자들을 사용하곤 한다. 하지만 입자들의 크기 비대칭성과 다른

표면 성질은 예상하지 못한 입자들의 뭉침이나 유변 물성 변화를 일으켜 제

품의 품질을 떨어뜨리게 된다. 따라서 재료의 구조에 영향을 줄 수 있는 다양

한 변수에 대한 파악이 품질과 밀접하게 관련되어 있음에도 불구하고 제한된

영역에서만 연구가 이루어져왔다. 이러한 한계를 극복하기 위하여 본 연구에

서는 불안정한 작은 입자가 안정화된 큰 입자를 가교하는 이분산계 현탁액을

대상으로 입자 간 친화도가 구조 형성에 미치는 영향을 체계적으로 살펴 보

았다.

본 연구에서는 작은 입자와 큰 입자가 포함되는 두 가지 모델 시스템을 사

용했는데, 한 시스템은 친화도가 강하고 다른 쪽은 상대적으로 약하게 설계되

었다. 작은 입자의 종류는 고정한 채, 큰 입자 표면의 개질 여부에 따라 입자

간 상호작용에 따른 친화도가 조절되었다. 점도, 저장 탄성율과 같은 유변 특

성을 통해 살펴 본 결과 입자 간의 친화도에 따라 현탁액의 구조 및 제형이

변하고, 같은 조성이라 하더라도 유체에 가까운 상태를 보이거나 또는 겔 구

조를 보이기도 했다. 이러한 현상들은 친화도에 따른 현탁액 상에서 작은 입

자의 큰 입자 표면으로의 흡착 거동에 차이 때문이라는 것을 cryo-SEM을

이용한 미세구조 분석을 통해 알게 되었다. 연구 결과를 통해 이분산계 현탁

액을 사용하는 경우 입자 간 친화도 고려의 중요성과 조성을 바꾸지 않은 채
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현탁액의 구조 및 유변 물성을 변화하게 하는 방법을 알 수 있었다.

본 연구를 통해 이분산계 현탁액의 친화도에 따른 상호작용이 미치는 미세

구조 및 거동의 변화를 이해하였다. 이를 이용해 입자를 사용하는 다양한 사

업군에서 나타나는 기술적 어려움을 해소하거나 사용 목적에 맞게 조성이 조

절된 입자계 용액을 제조할 수 있기를 기대한다. 
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