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Abstract
This study is focused on understanding interaction energies for Al2O3 nanoparticle suspensions at high solids loadings. Among the four

interaction energies: van der Waals interaction energy, electrostatic interaction energy, steric interaction energy, and depletion interaction energy,

the study found that the van der Waals attraction is the dominant mechanism in destabilizing the dispersion system; the steric repulsion is a more

effective stabilization mechanism than the electrostatic repulsion. The fundamental cause for an unstable suspension due to the particle–particle

close contact and thus attraction at high solids loading can be overcome by increasing the particle–particle repulsion. When a dispersant is used in a

suspension, the polymer chain length must be carefully selected so that the dispersant provides enough stabilization but does not compromise the

maximum achievable solids loading. If an appropriate dispersant is chosen, up to 45 vol% solids loading suspension can be obtained for the Al2O3

nanoparticles.

# 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Colloidal dispersion represents a state of higher free energy

than aggregated state. Coagulation/flocculation, states of lower

free energy, will occur spontaneously unless there is a

substantial energy barrier preventing this tendency. In the

presence of such a barrier, the system can remain stable for a

long time. If conditions are adjusted so that the energy barrier is

small enough, the colloid will become unstable. Generally, the

dispersion will remain stable when the particle interaction

energy barrier is several times of kT (k is Boltzmann constant

and T is absolute temperature in Kelvin). When the interaction

energy barrier is 1–2kT, the system will become unstable and

coagulate/flocculate [1]. Thus, the whole question of colloidal

stabilization is maintaining the interaction energy barriers

between the particles.

For aqueous systems, the unique ionic properties of water

allow addition of ions to overcome the problematic particle–
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particle attraction; this ion-related stabilizing mechanism is

called electrostatic stabilization. Another approach is to add an

ionic polymer dispersant to the suspension; polymer chains

adsorb onto the particle surfaces and extend into water, and

physically repel one another; this method of stabilization is

called steric stabilization [2]. More effectively, an ionic

polymer dispersant and the ionic properties of water can be

used simultaneously to obtain a well-dispersed suspension; this

method is called electrosteric stabilization [3]. A delicate

balance must be maintained for the pH and the dispersant

concentration of the suspension. Inappropriate pH will result in

particle attraction, not repulsion [4]. The adsorbed polymer

must be thick enough to prevent close particle contact and

counteract the van der Waals forces. Too little polymer will

cause bridging flocculation; too much polymer will cause

depletion flocculation [5,6].

Ogden and Lewis [7] and Li and Lewis [8] studied adsorbed

and non-adsorbed polymer effects on particle suspension and

observed improved suspension stability at very low free

polymer concentrations. Ideally, the adsorbed polymer layer

should be just thick enough to prevent the van der Waals

bonding. Since nanoparticles have much larger specific surface
d.
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Table 1

List of symbols used

Symbol Representation

a1, a2, a Particle radii

A Hamaker constant

c Molar concentration of ions

C Constant

e Electron charge

ET(h) Total interaction energy between nanoparticles

Evdw(h) van der Waals interaction energy between nanoparticles

Ees(h) Electrostatic interaction energy between nanoparticles

Ester(h) Steric interaction energy between nanoparticles

Edep(h) Depletion interaction energy between nanoparticles

Eelastic(h) Polymer chain elastic interaction energy

Emix(h) Mixing interaction energy

h Particle–particle separation distance

k Boltzmann constant

L Adsorbed polymer layer thickness

Mw Molecular weight of adsorbed polymer dispersant

Ms Molecular weight of polymer repeating unit

NA Avogadro’s number

p Degree of interpenetration between free and

adsorbed polymer chains

q Compression of grafted polymer layer

R Particle center-to-center distance

r Number of statistical segments per polymer chain

s Projected length of each repeating unit

T Absolute temperature

Vf Average volume fraction of polymer

segments in adsorbed layer

z Valence of ion

1/k Electrical double layer thickness

er Dielectric constant of suspension medium

z Zeta-potential of suspension

e0 Permittivity of free space

n Molecular volume of dispersing medium

x Flory-Huggins parameter

r Density of adsorbed polymer dispersant

feff Effective solids loading

f Particle solids loading

D Depletion layer thickness

m1 Chemical potential at a volume fraction

of free polymer fp

m0
1

Chemical potential of dispersing medium at fp = 0.0
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area than micron size particles, more polymer chains will be

adsorbed to cover the nanoparticle surface of the same mass;

this will correspondingly reduce the solids loading of the

nanoparticle suspension. At the same time, nanoparticles have

extremely large surface area and tend to aggregate instanta-

neously to reduce the surface energy, colloidal processing of

nanoparticles by tailoring the particle surface properties is often

the only viable approach. With the increasing reliance of

dispersing nanoparticles in a suspension and converting the

suspension into a monolithic shape, there is a need to examine

colloidal nanoparticle interactions. The understanding in this

area is particularly meaningful for high solid loading systems

that will be formed into bulk shapes afterwards.

This paper is focused on understanding different interaction

energies for Al2O3 nanoparticle suspensions at relatively high

solids loadings through theoretical calculation and experi-

mental result discussion. The relative importance of the

interaction energies will be discussed. The relationships

between colloidal processing conditions and the interaction

energies will be established. The observation from this effort

will be used to provide guidance for high solids loading

nanoparticle suspension preparation with the ultimate goal of

forming monolithic components.

2. Different types of interaction energy in Al2O3

nanoparticle suspensions

The theoretical analyses in this study are based on the

colloidal systems prepared as follows. Al2O3 nanoparticles with

specific surface area of 45 m2/g (Nanophase Technologies,

Romeoville, IL) were used for the dispersion study; the particle

size distribution is 20–45 nm. Poly(acrylic acid) (PAA, Mw

1800, Aldrich, St. Louis, MO) and poly(methacrylic acid)

(PMAA, Mw 15,000, Vanderbilt Co., Inc., Norwalk, CT) were

used as polymer dispersants. HCl and NH4OH solutions were

used to adjust the suspension pH. To prepare Al2O3

suspensions, the Al2O3 nanoparticles were added for a specific

solids loading in 10 g increments along with an appropriate

amount of PMAA or PAA dispersant. Since low pH promotes

dispersant adsorption onto Al2O3 nanoparticles, HCl solution

was added to lower pH to 1.5 [9]. The suspension was ball

milled for overnight with periodic adjustment of pH to 1.5. This

procedure makes suspension of approximately 20 vol% Al2O3.

NH4OH was then used to adjust the suspension pH to 9.5. High

pH induces full dissociation of the dispersants PMAA and PAA

and creates mutual repulsion among the particles, resulting in

better dispersion. Depending on the desired final solids loading,

nano-Al2O3 was again added in 10 g increments, along with an

appropriate amount of PMAA or PAA dispersant. The

suspension was then mixed for 24 h for complete homogeniza-

tion. The solids loading of the suspension was varied between

20 and 45 vol%. The isoelectric point is around pH 2–3 for both

the PMAA and PAA suspensions as measured; repulsion exists

among the nanoparticles for the studied pH range of 5.5–10.5

because of the negative zeta-potential of the nanoparticle

surface. Potentiometric titration was used to determine the

amount of the dispersant adsorbed onto the Al2O3 particles
[10,11]; the adsorbed and free dispersants are a function of the

suspension pH and the total amount of the dispersant. More

experimental details can be found in prior publications [12,13].

As well known, the van der Waals interaction is ubiquitous

and this is no exception for the studied system. Since both

dispersant and ions were used for the Al2O3 nanoparticle

colloidal stabilization, the electrostatic and steric interactions

can be expected. Also, free polymer was present in the

suspensions at all pH levels. Based on these considerations,

there are four possible interaction energies: van del Waals

interaction energy (Evdw(h)), electrostatic interaction energy

(Ees(h)), steric interaction energy (Ester(h)), and depletion

interaction energy (Edep(h)). A list of symbols used in this paper

is given in Table 1. Even though it has been noted that the steric

layer and the electric double layer are not independent [14], it is

assumed here that different interaction energies are additive in

order to estimate the stability of the suspension system. Ideally



Fig. 1. The van der Waals interaction energy change vs. particle–particle

separation distance h in the studied Al2O3 nanoparticle systems.

K. Lu / Ceramics International 34 (2008) 1353–1360 1355
the total interaction energy ET(h) between the Al2O3

nanoparticles is the sum of the van der Waals (Evdw(h)),

electrostatic (Ees(h)), steric (Ester(h)), and depletion (Edep(h))

energies:

ETðhÞ ¼ EvdwðhÞ þ EesðhÞ þ EsterðhÞ þ EdepðhÞ (1)

h is the separation distance between Al2O3 nanoparticles,

Evdw(h) and Edep(h) are attractive energies while Ees(h) and

Ester(h) are repulsive energies. The stability of the colloidal

suspensions depends on the interaction of these different ener-

gies and the resultant magnitude of the total interaction energy

ET(h).

2.1. van der Waals interaction

For the van der Waals interaction between two particles,

theoretical derivation starts with the assumption that the

particle separation distance h is much larger compared to

the two particle radii a1 and a2 [15]. For spherical particles,

the van der Waals interaction energy can be expressed

as:

EvdwðhÞ ¼ �
A

6

�
2a1a2

R2 � ða1 þ a2Þ2
þ 2a1a2

R2 � ða1 � a2Þ2

þ ln

�
R2 � ða1 þ a2Þ2

R2 � ða1 � a2Þ2
��

(2)

A is Hamaker constant, R is particle center-to-center distance.

With the recognition that the two particles do not interact

significantly until the distance of the closest approach h is

small compared to the particle size, Hamaker considered the

interaction energy per unit area of close particle–particle

approach and derived the van der Waals interaction energy

as [15]:

EvdwðhÞ ¼ �
A

12h

�
2a1a2

a1 þ a2

�
(3)

For the particles with the same radius a, Eq. (3) can be further

simplified as:

EvdwðhÞ ¼ �
Aa

12h
(4)

With the Hamaker approximation, Eqs. (3) and (4) have been

applied to many particle suspension systems within nanometer

range separation distance. However, particle–particle interac-

tion is more accurately the interaction of the molecules

comprised of the particles. Since molecular interactions occur

by electromagnetic wave propagation, there is a delay between

the wave being sent out by one molecule, its arrival at a

neighboring molecule, and the response of that molecule being

received by the first. Because the interaction between the

colloidal particles has a much larger range than those between

individual molecules, this delay has to be considered and is

known as retardation effect. Gregory considered two particle

interaction with retardation effect and expressed Evdw(h) in an
improved format [16]:

EvdwðhÞ ¼
�Aa

12h

�
1� 5:32h

100
ln

�
1þ 100

5:32h

��
(5)

The underlying assumption for this expression is that the

particle–particle interaction length scale is much smaller than

the particle size and only stands when h� a. At larger particle–

particle separation distance, the van der Waals interaction

energy approaches zero. For the studied Al2O3 nanoparticle

system, the particle–particle separation distance h is about 25%

of the particle radius a if the particles are equally separated at

45 vol% solids loading. Theoretically, high solids loading such

as 45 vol% is achievable. However, h can become much smaller

than the particle radius a when the particles are not ideally

separated due to thermal perturbation or particle collision. A

cascade of such close approach events can cause coagulation/

flocculation. To estimate the particle–particle interaction under

the van der Waals effect, the Hamaker constant A can be

obtained based on the Lifshitz theory when the dispersing

medium is water, with the value of 3.67 � 10�20 J [17]. Based

on these considerations, the van der Waals interaction energy

change as a function of the particle–particle separation distance

h can be calculated and the result is shown in Fig. 1. Since the

van der Waals interaction is attractive, Evdw(h) is negative with

infinite value as h! 0 and diminishes quickly as h increases.

Clearly, the whole process of the colloidal stabilization is to find

ways to prevent the particle–particle attraction, especially when

certain particles happen to approach each other too closely. If

individual particles can be well separated and the energy barrier

is established to counteract the attraction, there is ample

opportunity for the creation of stable and high solids loading

nanoparticle suspensions.

2.2. Electrostatic interaction

To provide a repulsion mechanism for the dispersed Al2O3

nanoparticles in preventing coagulation/flocculation, the first

approach is to use electrolyte(s) to create an electric double

layer on each particle surface. The formation and structure of

the electric double layer have been well discussed in the

literature. The core idea is that each particle surface carries the

same electric charge and repels each other when the particles



Fig. 2. The electrostatic interaction energy change vs. particle–particle separa-

tion distance h in the studied Al2O3 nanoparticle systems, 1/k is in nm.

Fig. 3. The sum of the van der Waals and electrostatic interaction energy

change vs. particle–particle separation distance h in the studied Al2O3 nano-

particle systems, 1/k is in nm.
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approach closely. A good estimation of the electric double layer

can be done using electric double layer thickness 1/k, which can

be expressed as [18]:

k ¼
�

2e2NAð1=2
P

cizi
2Þ

e0erkT

�1
2

(6)

e is electron charge, NA is Avogadro’s number, c is the molar

concentration of ions, z is the valence of each ion, e0 is the

permittivity of free space (8.854 � 10�12 F m�1), er is the

dielectric constant of the suspension medium and is approxi-

mately 78.40 for an aqueous system at 20 8C [19]. Since HCl

and NH4OH were used to adjust the suspension pH for the

studied Al2O3 nanoparticle system, z is 1 and c can be deter-

mined by the amount of HCl and NH4OH used for each

suspension. Eq. (6) can be further simplified at room tempera-

ture as [20]:

k�1 ¼ 0:1515ðCCl� þ CNHþ
4
Þ�

1
2 (7)

CCl� and CNHþ
4

are in mol/dm3 and 1/k is in nm. For the studied

systems, k has been calculated to be 1.82–2.98 nm�1 for the

studied pH 5.5–10.5 range. Accordingly, 1/k is about 0.3–

0.6 nm from pH 5.5–10.5. Compared to the 27.5 nm Al2O3

particle size (13.75 nm for the particle radius a), the electric

double layer will not substantially increase the effective solids

loading (the sum of the Al2O3 nanoparticle solids loading and

the electric double layer volume) in the suspension. Using the

same Hamaker approximation approach for the van der Waals

interaction energy, the repulsive potential energy can be cal-

culated [15]. One requirement for this energy calculation is that

the absolute particle surface potential should be <50 mV, for

which the studied system is satisfactory with zeta-potential z at

�43 mV or lower [12]. When ka > 10, the electrostatic repul-

sion energy is [2,17]:

EesðhÞ ¼ 2pere0az2 ln½1þ expð�khÞ� (8)

When the electric double layer around the particles is very

extensive such that ka < 5, the procedure begins to break down.

An approximate electrostatic repulsion energy expression can

be obtained:

EesðhÞ ¼ 2pere0az2½expð�khÞ� (9)

Since k ranges from 1.82 to 2.98 nm�1 and the Al2O3

particle radius a is �13.75 nm, ka is >10 and only Eq. (8) is

applicable when calculating the electrostatic interaction energy.

The zeta-potentials for different PAA and PMAA suspension

systems are used accordingly and the values center around

�40 mV. The result of the electrostatic interaction energy

change versus the particle–particle separation distance h is

shown in Fig. 2. Similar to the van der Waals interaction, the

electrostatic interaction energy is mostly effective when the

particle–particle separation distance is small. As the particle–

particle separation distance h increases, the electrostatic

repulsion Ees(h) quickly approaches zero. For different k, the

electrostatic interaction energy varies. As the electric double

layer thickness 1/k increases, the repulsion between the
particles increases and stays to be effective at larger

particle–particle separation distance h. However, the electro-

static repulsion becomes negligible when h is greater than 3 nm

under all studied conditions.

The effect of the electric double layer on the suspension

solids loading can also be estimated. The thickest double

layer 1/k is calculated as 0.66 nm at pH 10.5, which will

increase the particle size from 27.5 nm to 28.16 nm. As a

result, the effective solids loading will increase to �48 vol%

for the initially 45 vol% solids loading suspension. This new

solids loading level is still far below the solids loading level

achieved for micron size particles, usually �64 vol%.

According to this estimate, the double layer for the

electrostatic stabilization will not play any significant role

in hindering the increase of the Al2O3 nanoparticle solids

loading. Attentions should be focused on effectively utilizing

the electrostatic stabilization mechanism to counteract the

van der Waals attraction.

Under the general principle of achieving a stable yet simple

suspension, it is much desired if the electrostatic stabilization

mechanism alone can stabilize the Al2O3 nanoparticle system.

The feasibility of doing so can be examined by summing the

van der Waals and electrostatic interaction energies in Fig. 1

and 2 and the results are shown in Fig. 3. As it shows, the

interaction energy is attractive at all particle–particle separation

distances even though the magnitude is slightly smaller than



Fig. 4. The steric interaction energy change vs. particle–particle separation

distance h in the studied Al2O3 nanoparticle systems.
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that without the electrostatic interaction; the overall attractive

energy decreases as the electric double layer thickness 1/k

increases. This explains theoretically why it is impossible to

create a stable Al2O3 nanoparticle suspension at the 20–

45 vol% solids loading range. To create a stable Al2O3

nanoparticle suspension, the attractive energy has to be

overcome. One possible solution is to increase the effect of

the electrostatic stabilization mechanism by decreasing the

electrolyte valance (z) and the concentration c. However, z is at

the smallest value 1 with the use of HCl and NH4OH and cannot

be reduced any further. The only option is to lower the amount

of HCl or NH4OH used so that 1/k can be further increased

based on Eq. (7). However, the total electrolyte concentration

has to be reduced to only�1.6% of the current concentration in

order to increase 1/k to 3.0–5.0 nm range. This can create two

problems: one is the ability of adjusting the suspension pH

away from the pure Al2O3 isoelectric point (pH 8–9) and the

other is maintaining high enough particle surface zeta-potential

z (Eq. (8)). Otherwise, Ees(h) will not be increased. Due to these

constraints, tailoring the magnitude of the electrostatic

stabilization energy is not an effective way to overcome the

van der Waals interaction energy. Additional stabilization

mechanism has to be introduced to promote a stable suspension.

More effectively, a polymer dispersant can be introduced to

adsorb onto the Al2O3 nanoparticle surfaces to provide a

hindrance layer for attraction and also possibly electrostatic

repulsion.

2.3. Steric interaction energy

The way polymer adsorbs onto particle surfaces depends on

the chemical nature of the polymer chain, the nature of the

particle surface, and the dispersing medium. Polymers typically

adsorb at random points along their backbones; rarely do they

collapse onto the particle surface by sacrificing entropy in the

transition from three to two dimensions. Instead, the adsorbed

chain consists of a collection of trains, loops, and tails. Besides

the van der Waals and electrostatic interactions between the

particles, the steric stabilization is often present when polymers

are used to disperse the particles. Both mixing and steric

repulsion energies are involved for the polymers attached to the

particle surfaces in an aqueous suspension. If the adsorbed

polymer layer thickness is L, there is no steric interaction

between the two particles when h is >2L. For the interactions

between the adsorbed polymer layers in the region L < h < 2L,

where chain conformations from only trains and loops are taken

into consideration, the mixing interaction energy Emix(h) is

given by [21,22]:

EmixðhÞ ¼
32pkTa

5n

V2
f

L4

�
1

2
� x

��
L� h

2

�6

(10)

where Vf is the average volume fraction of the polymer seg-

ments in the adsorbed layer, n is the molecular volume of the

dispersing medium, and x is the Flory-Huggins parameter. At

small particle–particle separation (h < L), the polymer segment

density is assumed to be uniform and the contributions from the
elastic and mixing interactions are given by:

EmixðhÞ ¼
4pakTL2

n
V2

f

�
1

2
� x

��
h

2L
� 1

4
� ln

h

L

�
(11)

EelasticðhÞ ¼
2pakTL2r

Mw

V2
f

�
h

L
ln

�
h

L

�
3� h=L

2

�2�

� 6 ln

�
3� h=L

2

�
þ 3

�
1� h

L

��
(12)

Eelastic(h) is the polymer chain elastic interaction energy, r is

the density and Mw is the molecular weight of the adsorbed

polymer dispersant. For the studied system, Mw is 1800 for PAA

and 15,000 for PMAA. For the Al2O3 nanoparticle system, the

steric interaction energy can be calculated based on Emix(h) and

Eelastic(h) at different particle–particle separation distance h. Vf

and x are assumed as 0.15 and 0.485 [22]. The only factor that

substantially affects the steric interaction energy is the adsorbed

polymer layer thickness L. L can be estimated based on the

molecular weight Mw and the dynamic light scattering mea-

surements as reported in the literature [3,5,10,23]:

LðnmÞ ¼ 0:06ðMwÞ0:5 (13)

This estimation is well suited for PMAA and PAA as shown

in the above references. Thus, the polymer adsorption layer

thickness L in this study is estimated based on Eq. (13). L varies

from 1.0 to 5.0 nm when Mw is changed from 270 to 7000. High

Mw (such as 15,000) polymer effect can be easily calculated but

the calculation here based on lower Mw will provide clear

indication for the impact of higher Mw chain. The steric

interaction energies for the Al2O3 nanoparticle system are

shown in Fig. 4. Clearly, the adsorbed polymer layer thickness

plays a substantial role in creating the steric repulsion between

the particles. When the polymer layer thickness increases from

1.0 to 5.0 nm, the steric repulsion energy increases by almost 30

times. Also, the steric repulsion energy effective range

increases drastically as the adsorbed polymer layer thickness

increases. At 1.0 nm polymer adsorption thickness, the steric

repulsion approaches zero at �2.0 nm particle–particle

separation distance. As the polymer adsorption thickness

increases to 5.0 nm, the steric repulsion is effective up to

�6.0 nm.



Fig. 5. The depletion interaction energy change vs. particle–particle separation

distance h in the studied Al2O3 nanoparticle systems.
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While the adsorbed polymer is always beneficial for

increasing the steric repulsion between the particles, the

benefit can be compromised when the polymer chain is too

short as shown in Fig. 4. The repulsion energy is low when the

polymer adsorption layer thickness is 1.0 nm. An accompany-

ing issue is that not all polymer chains will adsorb onto the

particle surfaces. Some polymer chains will stay in the

suspension as free polymer and cause depletion attraction

between the particles. The shorter the polymer chain, the more

likely there will be fewer adsorption points on the polymer

backbone and thus more free polymers. Equally importantly,

the impact of the adsorbed polymer layer thickness on the

effective solids loading should be considered. This factor

becomes especially important when the adsorbed polymer layer

thickness is comparable to the particle size. Based on the

Krieger-Dougherty equation [22]:

feff ¼ f

�
1þ L

2a

�3

(14)

feff is the effective solids loading, f is the particle solids

loading. For the PAA used, the Mw is 1800 and the adsorbed

polymer layer thickness is �2.5 nm. For the PMAA used, the

Mw is 15,000 and the adsorbed polymer layer thickness is

�7.3 nm. For the 40 vol% solids loading suspension, the

effective solids loading increases to 52% at 2.5 nm polymer

adsorption layer thickness. If the polymer adsorption layer

thickness is 7.3 nm, the effective solids loading would be

81%, which is impossible to achieve for the Al2O3 nanoparticle

systems. Clearly, the polymer layer adsorption can cause drastic

effective solids loading increase and pose challenges in creating

a high solids loading suspension for bulk component forming.

The impact of the polymer adsorption layer thickness and the

choice of the dispersant for a specific suspension has actually

been clearly observed in the studied Al2O3 nanoparticle system.

Based on the rheology measurement, the predicted maximum

solid loading is 50.7 vol% for PAA and only 41.5 vol% for

PMAA [12]. This explains why we have not been able to

achieve >40 vol% solids loading experimentally when the

PMAA dispersant is used.

The relative contribution to the repulsive interaction from

the electrostatic interaction and the steric interaction can be

obtained by comparing Figs. 2 and 4. At the greatest electric

double layer thickness of 0.66 nm, the repulsive interaction

energy from the electrostatic interaction is �14kT. As the

particle–particle separation distance increases, this repulsive

energy quickly decreases to almost zero at 3.0 nm particle–

particle separation distance. For the steric interaction, the

repulsive energy can be as high as 140kT and is effective up to

6.0 nm particle–particle separation distance. So, the steric

stabilization is a much more effective approach in stabilizing

the Al2O3 nanoparticle system. One caution is that the steric

stabilization is not always independent. Because of the surface

charge of most nanoparticles in water (Al2O3 serves as an

example), the polymer chains must have appropriate functional

group (such as –COOH group of PAA and PMAA) to dissociate

into a polar polymer for adsorption onto the nanoparticles
(–COO� group of PAA and PMAA). Subsequently, polyelec-

trolyte polymers are often used in most nanoparticle suspen-

sions. The electrostatic stabilization and steric stabilization will

likely co-exist as electrosteric stabilization.

2.4. Depletion interaction energy

According to the pragmatic theory, the depletion interaction

energy Edep(h) between two soft spheres of radius a at a

separation h is given by [24]:

EdepðhÞ ¼ 2pa
m1 � m0

1

n

�
D� h

2
þ L� qþ p

�2

(15)

when D�a, h� a and where D is the depletion layer thick-

ness, p is the degree of interpenetration between the free and

adsorbed polymer chains, q is the compression of the grafted

polymer layer, m1 is the chemical potential of the dispersing

medium at a volume fraction of free polymer fp, and m0
1 is the

corresponding value at fp = 0.0. m1 � m0
1 can be calculated

from the Flory-Huggins equation [24]:

m1 � m0
1

kT
¼ lnð1� fpÞ þ fp

�
1� 1

r

�
þ xf2

p (16)

where r is the number of statistical segments per chain and can

be calculated according to:

r ¼
�

0:408s

CMs

�2

Mw (17)

s is the projected length of each repeating unit, C is a constant

based on the unperturbed radius of gyration in water and the

polymer molecular weight Mw [25,26], Ms is the molecular

weight of the repeating unit.

For the Al2O3 nanoparticle system with PAA and PMAA, p

and q are generally small and is assumed to cancel out with each

other, D can be assumed approximately as 1.0 nm, s is

approximately 2.5 Å, and fp is approximately 0.0134 based on

the potentiometric titration. The depletion interaction energy

Edep(h) can be calculated based on L and Mw and the results are

shown in Fig. 5. Interestingly, the depletion attractive energy is

very dispersant dependent. For short chain polymers, the

effective interaction energy distance is short but the magnitude



Fig. 6. The depletion interaction energy change vs. particle–particle separation

distance h in the studied Al2O3 nanoparticle systems.
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of the attractive energy is higher. As the polymer chain length

and thus the polymer adsorption layer thickness increase, the

depletion interaction energy first decreases and then increases

in the absolute value. The transition happens between 2.0 and

2.5 nm polymer layer thicknesses. This means there is an

optimal balance between the polymer adsorption layer

thickness and the depletion energy. This balance can be best

explained by the free polymer volume fraction. For the short

polymer dispersant chain (small L), there will be more free

polymers because of fewer adsorption points along the polymer

backbone. In the meantime, there is also less polymer–polymer

induced attraction when the polymer chains are depleted from

the space in-between the particles. As a result of these different

effects, there is a depletion energy minimum when polymer

chain length is considered.

From Figs. 1 and 5, it clearly shows that the van der

Waals attraction energy is much higher than the depletion

energy (several kT versus 1–2kT). The van der Waals

attraction is the dominating factor in destabilizing the system

and should be the focus in dispersing the Al2O3 nanoparticle

systems.

2.5. Total interaction energy

To evaluate the stability of a nanoparticle suspension, all

the above interaction energies need to be considered. With the

understanding that the additive rule may not always be

applicable to the system, the quantification of the total

interaction energy by summing all the interaction energies

can serve as a good guide for nanoparticle suspension

stability prediction. Based on this consideration, the total

interaction energy as a function of Al2O3 particle–particle

separation distance h has been calculated as shown in Fig. 6.

Because the effect of the electric double layer is compara-

tively small, 1/k is assumed to be 0.5 nm. As it shows, the

total interaction energy is a strong function of the polymer

adsorption layer thickness. As the polymer adsorption

thickness increases from 1.0 to 5.0 nm, the total interaction

energy changes from attraction to repulsion. Most strikingly,

the magnitude of the total interaction energy is much higher

for the suspension with 5.0 nm polymer adsorption layer

thickness. Since ET(h) should be several times of kT to resist
coagulation when the particle–particle separation distance h

is small, the Al2O3 nanoparticle suspension will not be stable

unless the polymer adsorption layer thickness is 2.5 nm or

higher. Using Eq. (13), Mw should be �1736. This value is

extremely close to our experimentally identified optimal

value of Mw 1800 [12,13]. As to the nanoparticle suspension

flocculation, it will not be an issue for the studied system

when L is greater than 2.5 nm since the depth of the secondary

minimum is less than 2kT. With the steric stabilization, the

secondary minimum may completely disappear at high L;

flocculation is unlikely to occur.

Nanoparticles need to be effectively stabilized for a

dispersed suspension. However, nanoparticles with excessive

polymer adsorption pose challenges in achieving high solids

loading suspension. From this analysis, it is clear that the

fundamental barrier still lies in maintaining the stability of

the system and thus preventing coagulation. Sole reliance on

creating electrostatic repulsion may not be sufficient. The

steric repulsion shows to be a much more effective technique

in increasing particle–particle repulsion. Even though high

Mw polymer dispersant is beneficial for creating stable Al2O3

nanoparticle suspensions, too thick a polymer adsorption

layer is not desirable. One consequence is the increase of the

effective solids loading and thus the decrease of the particle

solids loading. If an appropriate dispersant can be chosen,

high solids loading can be obtained for nanoparticles with

narrow size distribution. For the Al2O3 nanoparticle

suspension stabilized with 1800 Mw PAA, 45.0 vol% solids

loading has been achieved and the above predictions have

been observed [13]. The caution is that the polymer

adsorption onto the particle surface should be effectively

achieved by choosing proper electrolyte and polymer

dispersant. Otherwise, excessive free polymer in the

suspension can not only cause depletion flocculation, but

more significantly act as an effective barrier for suspension

flow during forming.

3. Conclusions

Based on an Al2O3 nanoparticle system, different

particle–particle interaction energies in the suspension have

been quantitatively analyzed. The study found that the

dominant attraction is the van der Waals energy in

comparison to the depletion attraction of the free polymers.

To counteract the attractive energy, the electrostatic

stabilization and/or the steric stabilization can be used.

With the proper selection of the polymer dispersant chain

length, the steric stabilization is a much more effective

approach in stabilizing the Al2O3 nanoparticle system. Under

all the dispersion conditions considered, the particle–particle

distance is not the limiting factor in achieving high solids

loading if all the particles are well separated. The system is

most likely to become unstable when individual particles

happen to approach each other too closely. Based on this, it

can be concluded that high solids loading nanoparticle

suspensions are achievable with good control of different

interaction energies.
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