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When a small amount (less than 1%) of a second immiscible liquid is added to the continuous phase of

a suspension, the rheological properties of the admixture are dramatically altered and it can change

from a fluid-like to a gel-like state. The rheological properties can be modified through changes in the

particle size, temperature induced changes to the interfacial tension, and through the addition of

surfactants. These changes are experimentally investigated in this current work, concentrating on the

capillary (non-wetting) state with additional experiments in the pendular (wetting) state. The yield

stress scales with the interfacial tension and reciprocal radius (G/r) as expected due to the capillary

nature of the attractive force leading to network formation and gelation. The addition of surfactants

leads to a drastic reduction in the yield stress and viscosity, which is attributed to a partial trapping of

the secondary fluid within surfactant micelles.
Introduction

Capillary suspensions, suspensions with a small amount of

a second immiscible liquid, have a broad spectrum of potential

applications.1,2 In these suspensions, the addition of a secondary

fluid either reinforces an existing space-spanning network

created by, e.g., the van der Waals force or can even create

a network when the particles are well stabilized.3–5 Capillary

suspensions can be used to suspend hydrophilic particles in

hydrophobic liquids (and vice versa) without the modification of

particle surface properties and can prevent the settling of parti-

cles. The phenomenon can be used to adjust the flow properties

of coatings, adhesives or other complex fluids according to the

requirements in particular processing steps and may even be used

to create low-fat food products with appropriate texture. The

capillary force usually dominates over other colloidal forces.6

The strong network found in these suspensions even persists

when the major fluid is removed and thus provides a new

pathway for the creation of microporous membranes, foams and

ceramics with unprecedented high porosity at small pore sizes.7

Depending on the wetting angle of the secondary fluid, two

distinct states are defined. In the pendular state, the secondary

fluid preferentially wets the particles and a meniscus forms

between particles. The particle–fluid admixture is in the capillary

state when the secondary fluid does not preferentially wet the

particles. In the pendular state, a sample-spanning network is

composed of particles linked by capillary bridges.1,8 In the
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capillary state, the network consists of clusters of particles

around small volumes of the secondary fluid.9 Previous investi-

gations have shown that capillary suspensions can undergo

a transition to a gel-like state at volume fractions as low as

f ¼ 0.10—well below the limit of dense packing—increasing the

yield stress and viscosity by several orders of magnitude as the

volume fraction of the second fluid is increased.1

Both the capillary state and pendular state are controlled by

the capillary force and are strongly influenced by changes in the

amount of secondary fluid and the material properties. In air,

the force between two particles depends on the particle radii, the

surface tension G of the fluid spanning the particles, and

the wetting angle q that the fluid makes with the solid surface.

The force between two equally-sized spheres of radius r

connected by a pendular bridge is given by,

Fc ¼ 2prGcosq, (1)

where it is assumed that the particles are in contact and that the

pendular bridge is small with respect to the radius of the parti-

cles. For larger droplets, the force will depend on the volume of

the secondary fluid, with various corrections given based on the

filling angle and shape of the droplet.10–13 Additional corrections

are available for particles that are not in contact or include

surface roughness.14–17 The resulting yield stress for a macro-

scopic sample of such bridged particles (wet granular media) is

sy ¼ f ðfÞg� ~V�Gcosq
r

; (2)

where f(f) is a function of the volume fraction of particles within

this sample and g( ~V ) is a function of the normalized droplet

volume ~V ¼ V/r3.18,19 This function g( ~V ) has a maximum value of

unity when the droplets are neither under nor overfilled.10,13

The particle loading, packing geometry, and the number of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 The cumulative percent volume for the glass particles used in this

study. Each size range of particles has a unimodal distribution with the

average radii ranging between 1.19 mm and 18.5 mm.
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particle–particle contacts each influence f(f), but for sparse

mixtures, f(f) ¼ f2.19

In capillary suspensions, the particles are suspended in a bulk

fluid rather than in air. The particles are connected by bridges of

the secondary fluid in the pendular state, analogous to wet

granular media, but here, the force is proportional to the inter-

facial tension GSB and the principle wetting angle is the two-fluid

contact angle qS,B that the secondary fluid makes with the solid

particles while surrounded by the bulk fluid. In a previous article,

we used a computational model to examine particles surrounding

small droplets of secondary liquid in the capillary state.9 These

particle subgroupings can arrange in tetrahedral, octahedral, or

higher order structures depending on the secondary fluid content

and the contact angle that the secondary fluid makes with the

solid particles. When the contact angle becomes high, certain

particle arrangements become inaccessible (e.g. greater than

151.2� for tetrahedral and 165.3� for octahedral structures).

These clusters form the basic building blocks of the space-

spanning network in the capillary state and the rheological

features these suspensions can be nicely rationalized on the basis

of this cluster model. For these suspensions, the cosq in eqn (2)

has to be replaced by another function of the two-fluid contact

angle, which is not yet known. The dependence on the interfacial

tension and reciprocal radius will remain in place for capillary

state suspensions. Any of the material parameters given in eqn

(2) can be used to tune not only the yield stress, but also the other

rheological properties of the capillary suspensions.

The present paper is meant to continue our previous work

describing capillary suspensions1 and the cause of gelation when

the secondary fluid does not preferentially wet the particles.9 This

paper looks at how the strength of capillary suspensions can be

adjusted through the choice of particle size, the addition of

surfactants, or changes to the interfacial tension, which is tuned

here by variations in the sample temperature. The next section

describes the sample preparation and experimental procedures.

The results and analysis are described in the following section.
Experimental methods

Sample preparation

Experiments were conducted using two different particle systems:

glass and hydrophobically modified calcium carbonate. The

calcium carbonate particles were manufactured by Solvay

Advanced Functional Minerals (Socal U1S1, Salin de Giraud,

France). The glass, obtained from Potters Europe (Spheriglass

3000 and 5000 Solid Glass Microspheres, Kirchheimbolanden,

Germany), was sieved to create the desired particle size distri-

butions. (Images of the particles used in this paper may be found

in the supplementary online information of our previous work.1)

The particle sizes were measured using LALLS (Low Angle

Laser Light Scattering, Sympatec HELOS H0309) when sus-

pended in ethanol and subjected to ultrasonic dispersion. (The

particles were suspended using a Sympatec QUIXEL unit.) The

hydrophobic calcium carbonate particles have an average radius

of 0.79 mm. The glass particles have radii ranging between

1.19 mm and 18.5 mm, as shown in Fig. 1.

The samples used throughout this paper were created using

thoroughly dried particles (dried overnight at 70 �C), which
This journal is ª The Royal Society of Chemistry 2012
were suspended in either silicone oil (AK200, Wacker Chemie

AG, Burghausen, Germany) or diisononyl phthalate (DINP,

Henkel AG, D€usseldorf, Germany) with added water.

The silicone oil and DINP have viscosities of 190 mPa s and

78 mPa s at 20 �C, respectively. The particles were mixed into

the bulk fluid using a turbulent beater blade until a uniform

suspension was created (at 500–2000 rpm for 20 min). This

mixture was again dried overnight at 70 �C to remove any water

that may have condensed during mixing and was held under

vacuum (100 mbar) to remove air bubbles. At room tempera-

ture, the secondary fluid was added to the suspension and

thoroughly mixed using a propeller stirrer (at 500–1000 rpm for

10 min). The samples were held in air-tight containers until the

measurements were completed.

The capillary suspensions are characterized using the satura-

tion of the preferentially wetting fluid S,

S ¼ Vwetting fluid

Vtotal fluid

; (3)

which is close to zero for the pendular state and approaches one

for the capillary state.20,21 The admixtures are also characterized

by the two-fluid wetting angles, which are calculated from the

wetting angles that the fluids make with respect to the particles in

air. The fluid wetting angles were determined using a modified

Washburn method for the capillary rise of a fluid through a dry

powder in air22 using a DataPhysics DCAT 21 tensiometer

(Filderstadt, Germany). For fluid–particle combinations with

contact angles greater than 90� in air, i.e., hydrophobic particles

in water, particles were attached to a Wilhelmy plate using

double-sided tape and the advancing contact angle was

measured.23 These values were adjusted to account for errors due

to surface roughness following the method of Yan et al.24–26

Using these wetting angles and the material properties, the two-

liquid wetting angle is calculated using the Young equation27,28 as

cosqS;B ¼ GSacosqS;a � GBacosqB;a
GSB

; (4)
Soft Matter, 2012, 8, 6620–6628 | 6621
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where the subscript a refers to air, B the primary (bulk) liquid,

and S the secondary liquid. The wetting angle qi,j is the angle fluid

i makes against the solid in an environment provided by fluid j.

The interfacial tension Gij is measured at an interface between

fluid i and fluid j, as was measured using a Wilhelmy plate on the

same tensiometer. The dependence of the product |GSB cosqS,B|

on temperature is shown in Fig. 2.

To investigate the influence of surfactants on capillary

suspensions, three nonionic surfactants and one ionic surfactant

were tested. These surfactants were chosen for their differing

hydrophilic–lipophilic balance (HLB), which describes the suit-

ability of the surfactants for various applications. The nonionic

surfactants were polyoxyethylene (20) sorbitan monolaurate

(Tween 20, HLB ¼ 16.7), polyoxyethylene (20) sorbitan trioleate

(Tween 85, HLB ¼ 11.0) and sorbitan monooleate (Span 80,

HLB ¼ 4.3). In addition to the nonionic surfactants, the ionic

surfactant dioctyl sulfosuccinate sodium salt (DOSS, HLB ¼
10.9) was also used. The surfactants were obtained from Sigma-

Aldrich and the nonionic surfactants were dried overnight at

70 �C to remove moisture prior to use. The ionic surfactant was

used as supplied. Samples containing these surfactants were

prepared as described above with the surfactant added at the

same time as the secondary fluid (water).29

The interfacial tension between water and silicone oil without

surfactant is 39.8 mN m�1. The addition of small amounts

(>1 mM) of nonionic surfactant significantly reduces the inter-

facial tension to 5.7 mN m�1. This behavior is typical for

concentrations well above the critical micelle concentration

(CMC z 10�2 mM for the surfactants used here).30,31 The effect

of the ionic surfactant on the interfacial tension is similar to those

of the nonionic surfactants with the interfacial tension dropping

to an average value of 3.5 mN m�1 with surfactant.

Experimental procedure

The strength of capillary suspensions is primarily measured

through the yield stress. These measurements were conducted

using a con-plate rheometer (RheoScope 1, Thermo Fisher
Fig. 2 Influence of sample temperature on interfacial energy |

GSB cosqS,B|. (Hydrophobic calcium carbonate, r ¼ 0.79 mm, in silicone

oil with added water.)

6622 | Soft Matter, 2012, 8, 6620–6628
Scientific, Karlsruhe, Germany). The yield stress is defined as

the stress at which the sample begins to deform plastically.

These measurements were conducted using a stress-ramp,

where the yield stress was found as the point at which the slope

of the logarithmic deformation (as a function of the loga-

rithmic shear stress) changes from a very low (nonzero) value

to a high value. Further confirmation of yield was provided by

a drastic reduction in the measured viscosity. These points were

evaluated using the RheoWin software and a Matlab algo-

rithm. The shear stress ramp was conducted over 20 min

starting at least two orders of magnitude below the yield stress

and ending at least an order of magnitude higher than the yield

stress, which minimized the error between the samples.32

Experiments were repeated several times to ensure that the

ramp limits were sufficient and that the experimental values

were consistent.

In addition to yield stress measurements, the sample viscosity

was measured using a shear rate step. The shear rate was

increased incrementally and held at a constant value, for at least

30 s and for a maximum of 120 s, until the stress reached a steady

state, (Ds/s)/Dt < 0.01% s�1, before recording the shear stress

and corresponding viscosity. These experimental procedures are

identical to and described in more detail in previously published

measurements of capillary suspensions.1,2,9
Results and discussion

The strength of capillary suspensions can be altered by changing

the interfacial tension, particle size or with the addition of

surfactants. These influences are discussed in the following

sections.
Interfacial tension

Interfacial tension can be tuned by the variation of the sample

temperature. The interfacial tension will decrease with

increasing temperature for the majority of fluid combinations

and temperature ranges.33–35 The influence of the interfacial

tension was investigated using samples prepared using hydro-

phobic calcium carbonate suspended in silicone oil (AK200,

f ¼ 0.11) with added water (capillary state, q ¼ 139.2�). The
typical normalized yield stress for the capillary suspensions is

shown in Fig. 3a, where the sample temperature for this

capillary state suspension was varied between 10 �C and 60 �C.
For the yield stress, normalized by the samples without added

water, all of the curves show a typical shape with very little

increase in the yield stress at low secondary fluid concentrations

(larger fractions of wetting liquid), a drastic increase in yield

stress and then a slow-growth or plateau region at larger added

secondary fluid concentrations (smaller fractions of wetting

liquid). For this particle–liquid combination, the yield stress

increases by more than two orders of magnitude with the

addition of 0.5% added water corresponding to a saturation

S ¼ 0.994.

The normalized yield stress curves (Fig. 3a) vary with the

sample temperature. There was very little deviation between the

plateau yield stress for experiments conducted at 40 �C and

60 �C, but there were significant differences at other tempera-

tures. Reducing the sample temperature resulted in
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) The yield stress at four different temperatures normalized by

the yield stress with no added water. (b) The yield stress normalized by

the predicted capillary strength (|f2Gcosq/r|)36 to eliminate the influence

of temperature on the strength of the samples. (Hydrophobic calcium

carbonate, r ¼ 0.79 mm, in silicone oil at f ¼ 0.11 with added water,

capillary state.)

Fig. 4 Flow curve without and with 0.5% added water as a function of

temperature. The lower dashed lines give the effective viscosity for a hard

sphere suspension using the relation of Batchelor.37 (Hydrophobic

calcium carbonate, r ¼ 0.79 mm, in silicone oil, f ¼ 0.11, with added

water, capillary state.)
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a corresponding increase in the measured yield stress with a slight

increase at 20 �C and an even greater increase in the yield stress at

10 �C, where the interfacial tension is the largest.

We normalized the calculated yield stress by the capillary

stress (eqn (2)), and additionally the effect of the particle size and

volume fraction is included, where f(f) is given by f2 for sparse

mixtures.19 Then, the yield stress curves begin to collapse onto

one master curve as shown in Fig. 3b. The yield stress curve for

the lowest temperature, 10 �C, is slightly higher than for the other

temperatures either due to an error in the measurement of |Gcosq|

or in the predicted dependence on these parameters. These curves

also plateau towards the value of sy ¼ |f2Gcosq/r|, the maximum

strength that a network formed by a sparse volume fraction of

particles connected by capillary bridges can obtain. While this

mixture is in the capillary state and forms clusters rather than

individual particles connected by a capillary bridge, the

maximum strength should approximately correspond to this

value.
This journal is ª The Royal Society of Chemistry 2012
Typical flow curves both with and without added secondary

liquid are shown in Fig. 4. Capillary suspensions are shear

thinning—the viscosity decreases with increasing shear rates—

and the admixtures with secondary fluid approach the same

viscosity as samples without added water at the highest shear

rates. Without added water (open symbols), the viscosity is shear

thinning and there is a slight variation with temperature. At low

shear rates, increasing temperature increases the viscosity. At

high shear rates, there is a reduction of the viscosity with

increasing temperature. The strong shear thinning of the

suspensions without added water indicates attractive vdW

interactions among particles and the formation of a sample-

spanning network structure. At high shear rates, the network

breaks up into aggregates, but the viscosity is still about three

times higher than expected for a hard sphere suspension with

f ¼ 0.11. According to Batchelor37 such a suspension is expected

to have a viscosity h ¼ 330 mPa s at 20 �C when pairwise

hydrodynamic interactions are taken into account. The signifi-

cantly higher viscosity obtained here clearly indicates the exis-

tence of flocs immobilizing part of the solvent with the floc size

seeming to be temperature dependent. Shear thickening occurs in

the investigated shear rate range at 10 �C and 20 �C. The critical
shear rate for the onset of thickening corresponds to a floc radius

of about 2 mm, which is slightly more than twice the particle

radius.38

With added water, the effect of the temperature variations on

the admixture viscosity is more dramatic. Increasing the sample

temperature decreases the measured viscosity at all shear rates.

The greatest change in the viscosity is at 60 �C with only a slight

difference in the viscosity between the 40 �C sample and the

lower temperature samples. There is no apparent difference

between the viscosity at 10 �C and 20 �C. The changes to the

admixture viscosity mirror the changes in the bulk fluid

viscosity with the exception of the highest temperature sample

at low shear rates. For this sample, the viscosity is reduced by
Soft Matter, 2012, 8, 6620–6628 | 6623
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Fig. 6 Yield stress as a function of the particle reciprocal radius in the

pendular state. (Clean glass, f ¼ 0.30, in DINP with added water,

pendular state.)
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an order of magnitude from the other samples—much greater

than the change to the bulk fluid viscosity. This temperature

data also shows a slight plateau, where the shear thinning

behavior becomes less pronounced at intermediate shear rates

(100–101 s�1).

The much higher low shear viscosity of the suspensions with

added water reflects the formation of a strong network controlled

by capillary forces. This network breaks up when exposed to

a shear field, but even at the highest applied shear rates, the

viscosity remains higher than for the samples without added

water. The strong capillary force continues to cause some

agglomeration immobilizing more of the solvent than in the case

without added water. As the shear rate increases past the

measured values, the clusters agglomerated through the capillary

force will presumably continue to break up and the viscosity

curve is expected to merge with the values without added water.

These mixtures are also completely reversible when the

secondary fluid content is evaporated. The yield stress for

f ¼ 0.11 CaCO3 in silicone oil increased from 0.5 Pa to 250 Pa

with 1% added water. Such a sample was placed in an oven at

100 �C for several days and periodically stirred or shaken to

hasten the evaporation of the water. Following this procedure,

the sample returned to its original state with a much lower yield

stress and viscosity. The yield stress of the evaporated sample

was then compared with an original sample where no secondary

fluid was added. These two samples exhibited the same yield

stresses within experimental error. This evaporation process was

repeated several times with no apparent degradation of the

sample.
Particle size

The force between two particles connected by a capillary bridge

is proportional to the particle size. The stress, however, is

proportional to the reciprocal radius due to the influence of the

area of force contact.20 The yield stress of a capillary suspension

will depend on the reciprocal radius of the particles used, such

that the strength of the suspension increases as the radius is

decreased. This was confirmed using clean glass beads sus-

pended in DINP (f ¼ 0.30) with added water (pendular state,

q ¼ 49.4�). This dependence is most easily appreciated through

the different consistencies of the materials, as displayed in the

images of Fig. 5. The shear stress associated with a sample of

particles joined by pendular bridges, as described in eqn (2),
Fig. 5 Sample images with r ¼ 1.19 mm and r ¼ 18.5 mm sized particles,

both with 0.60% added water. (Clean glass, f ¼ 0.30, in DINP with

added water, pendular state.)

6624 | Soft Matter, 2012, 8, 6620–6628
should vary linearly with the reciprocal radius of the particles.

The yield stress (Fig. 6) follows this linear dependence for

almost every fraction of the added water and every particle size

tested. The strength of a capillary space-spanning network is

greater for smaller particles than for larger particles. This

difference is readily apparent in the missing points in Fig. 6; for

these mixtures, the cohesion between particles is insufficient to

prevent phase separation.

The dependence of the capillary suspension viscosity on

particle size is slightly more complicated. The measured viscosity

curves are shown in Fig. 7a both without and with 0.6% wt.

secondary liquid. The two pure suspensions with the larger

particles are almost Newtonian fluids with viscosities close to the

value predicted using the relation of Quemada,39 where fm ¼ 0.6.

The viscosity for the pure suspensions using the smaller sized

particles is larger than the predicted viscosity at low shear rates

due to the vdW attraction, but decreases towards the theoretical

value for hard sphere suspensions at higher shear rates. For the

mixtures with added secondary fluid, the viscosity is significantly

higher at low shear rates and thins as the admixture viscosity

approaches the pure suspension viscosity at high shear rates. At

high shear rates, the curves both with and without added water

approach each other and the theoretical value for pure suspen-

sions. At these high shear rates, capillary structures cannot form

and the secondary fluid content does not influence the viscosity

of the suspensions. The shape of these curves appears to depend

on the particle size with the viscosity of larger particles

decreasing more rapidly than for smaller particles. The capillary

suspension for the smallest particles (r ¼ 1.19 mm) drops rapidly

above a shear rate of 100 s�1, likely due to slip.

The variation of the capillary suspension viscosity on the

particle radius at a single shear rate (50 s�1) is shown in Fig. 7b.

Although the effect of the capillary forces on the suspension

rheology is much less pronounced, the dependence on the

reciprocal particle radius persists even at this higher shear rate.

This suspension without added fluid is virtually independent of

the particle size (for all but the smallest particles) indicating the

disintegration of clusters formed by the weaker van der Waals
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 (a) Flow curves for various particle sizes both without and with

0.60% added water. The lower dashed line gives the effective viscosity for

a concentrated suspension using the relation of Quemada39 where

fm ¼ 0.6. (b) Viscosity at 50 s�1 as a function of the particle reciprocal

radius in the pendular state. (Clean glass, f ¼ 0.30, in DINP with added

water, pendular state.)

Fig. 8 Influence of the surfactant concentration on yield stress for all of

the nonionic surfactants tested (Tween 20: HLB ¼ 16.7, Tween 85:

HLB ¼ 11.0, Span 80: HLB ¼ 4.3). (Hydrophobic calcium carbonate,

r ¼ 0.79 mm, in silicone oil, f ¼ 0.13, with added water, capillary state.)
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attraction. For the mixtures with added water, particles

agglomerated from a capillary force will break up as the shear

rate increases, but the size and strength of these agglomerates

varies with the particle size indicating the presence of capillary

attraction even at this higher shear rate. There exists a critical

particle separation for capillary bridges having a specified

secondary fluid volume at which the bridge will break.14 The

particle size should not change this separation, but the force

exerted on the particles at the time of break up will vary

according to the particle size. There may also be some influence

on the rate of bridge formation and destruction that depends on

the particle size. The viscosity is independent of the particle

radius at high shear rates due to the complete destruction of the

capillary network.

Also shown in these diagrams (Fig. 6 and 7b) is the dependence

on the addition of a secondary fluid. The difference in both the

yield stress and viscosity between the mixtures without added

water and with 0.1% wt. added water is greater than between
This journal is ª The Royal Society of Chemistry 2012
0.1% and 0.2%. For the larger fractions of water, there appears to

be a plateau or decreasing dependence of the resultant behavior

on secondary fluid content. This rapid increase followed by

a plateau is characteristic of capillary suspensions.1,9

Surfactants

The addition of surfactants to a capillary suspension reduces the

interfacial tension between the two fluids, thereby reducing the

strength of the suspension. This affect is investigated using

admixtures of hydrophobic calcium carbonate suspended in

silicone oil (AK200, f ¼ 0.13) with added water (capillary state,

q ¼ 139.2�). The interfacial tension decreases from 39.8 mN m�1

without surfactant to 5.7 mN m�1 with small amounts of

nonionic surfactants for the silicone oil and water interface used

in this experiment. The CMC for these surfactants is very low

and all the surfactant concentrations tested below are above the

CMC, such that additional surfactant concentration results in

very little change to the interfacial tension.

In addition, the surfactants change the contact angle between

the solid particles and the two fluids. The contact angle that the

water makes against the calcium carbonate particles in a silicone

oil environment without surfactant is 139.2�. With surfactant,

this contact angle has a value near 180� and can not be calculated

from the contact angles measured in air. This change, in partic-

ular, can make the formation of a capillary network feasible or

impossible. Three different nonionic surfactants with varying

HLB were tested in capillary state suspensions. The surfactants

were added to the bulk fluid (silicone oil) at the same time as the

secondary fluid and mixed thoroughly. The surfactant will be

present at the interface between the two fluids, attached to the

solid particles, and (as we are above the CMC) form micelles

within the bulk phase.

The addition of small amounts of surfactants, as demonstrated

in Fig. 8, increases the yield stress for suspensions without added

water. The surfactant decreases agglomeration of the CaCO3

particles within the oil phase, further strengthening the van der
Soft Matter, 2012, 8, 6620–6628 | 6625
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Fig. 9 Image of a capillary suspension with added surfactant Span 80

(droplet locations, determined from the fluorescent image, are colored

yellow). The larger drop on the right is still attached to three particles

(q ¼ 130�) and the droplet grouping on the left is unattached. (Hydro-

phobically modified glass, r ¼ 18.5 mm, in silicone oil, f ¼ 0.40, with 1%

added water, capillary state. Without surfactant, q ¼ 99.3�.)
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Waals network. The exact influence of the surfactant concen-

tration on suspensions without added water varies by surfactant

type.

The yield stress for the sample with 0.5% added water

decreases towards a limiting value matching the yield stress of the

suspension without added water as the surfactant concentration

is increased. This behavior appears to be typical of nonionic

surfactants and is demonstrated in all the surfactants tested. The

concentration of surfactant necessary to reach the limit value

varies with the surfactant type and appears to show no correla-

tion with the HLB. The observed reduction in yield stress is much

greater than the change in interfacial tension, demonstrating that

with increasing surfactant concentration the number of capillary

interaction sites must also be reduced. Similar results were

obtained for suspensions with 0.2% added water, but in this case

the amount of surfactant needed to apparently destroy the

capillary force network was reduced (data not shown).

For the capillary state suspension including 0.5% water (Fig. 8)

the yield stress decreases by two orders of magnitude with added

surfactant. This reduction is much greater than the decrease of

the interfacial tension (between 39.8 mN m�1 and 5.7 mN m�1,

a reduction of less than an order magnitude). This leaves the

influence of the surfactant concentration on the contact angle as

the cause of the observed decrease in the strength. This contact

angle was calculated using the Young equation (eqn (4)) and

increases from 139.2� without added surfactant to a calculated

value of 180� with small amounts of added surfactant. Calcu-

lating the two-fluid contact angle from the contact angle

measurements in air at these high contact angles does not yield an

exact value of the actual contact angle,40 but the contact angle is

significantly higher with the added surfactant than without.

As was shown in a previous article, capillary state suspensions

are formed from networked subgroupings of particles

surrounding secondary fluid droplets.9 These particle sub-

groupings can arrange in tetrahedral, octahedral, or higher order

structures depending on the secondary fluid content and the

contact angle that the secondary fluid makes with the solid

particles. When the contact angle becomes high, certain particle

arrangements become inaccessible (e.g. greater than 151.2� for

tetrahedral and 165.3� for octahedral structures).9 Without these

structures, which would otherwise form a strong capillary

network at low water content, the weaker vdW network becomes

the sole contribution to the formation of a sample-spanning

network in these samples. The reduction in the yield stress of the

samples with added water towards the values without added

water at high surfactant concentrations implies that the presence

of the secondary fluid is no longer important—a situation that

would occur if the contact angle increases beyond the critical

contact angle making the creation of capillary suspensions

impossible. The surfactants also stabilize the water droplets

making the detachment of these droplets from the particles more

energetically favorable.

To confirm the increase in the contact angle with added

surfactant and its influence on the particle–secondary fluid

structures, a similar system using glass beads that were hydro-

phobically modified was imaged using light microscopy (Fig. 9).

The particles were suspended in silicone oil (AK200) with 1%

added water (without surfactant, q ¼ 99.3�) and 0.5% nonionic

surfactant Span 80 (10.6 mM). The admixture was created at
6626 | Soft Matter, 2012, 8, 6620–6628
f ¼ 0.40 and diluted in additional silicone oil before imaging.

The fluorescent dye (PromoFluor-488 Premium, carboxylic acid)

was added to the water to aid in locating the secondary fluid

droplets.

In Fig. 9, a water droplet can be seen on the right still attached

to three particles. This droplet makes an average contact angle of

q ¼ 130�, significantly higher than the contact angle of 99.3�

without surfactant. On the left, three droplets are visible. Obvi-

ously, the surfactant completely surrounds these droplets,

stabilizing them from coalescing into a larger droplet and

increasing the contact angle such that they detach from the

particles. These droplets will not contribute to the formation of

a strong sample-spanning network as does the droplet on the

right where the stronger capillary force is existent. As with the

imaged glass capillary suspension, the influence of the added

surfactant on the calcium carbonate admixtures should result in

the detachment of droplets from the particle subgroupings. This

reduction in the number of capillary subgroupings with

increasing surfactant concentration should significantly reduce

the strength of the sample-spanning network and, with sufficient

surfactant concentration, completely prevent the subgroupings

from being formed. At this high surfactant concentration, there

should be no discernible difference between the strength of the

admixtures with and without secondary liquid, the exact situa-

tion shown in Fig. 8.

Similar effects were achieved by adding the more hydrophilic

surfactant docusate sodium (DOSS) to the water phase. These

experiments mirror the measurements with the non-ionic

surfactants, where the addition of a surfactant results in

a reduction of the yield stress, but a higher molar concentration

of the ionic surfactant was required. The effect of two surfac-

tants, the ionic surfactant DOSS added to the water phase and

the nonionic surfactant Tween 85 added to the oil phase, on the

yield stress reduces the yield stress more than with the nonionic

surfactant alone. This reduction retains the shape of the yield
This journal is ª The Royal Society of Chemistry 2012
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stress curve, but shifts it to the left (lower Tween 85

concentrations).
Conclusions

Capillary suspensions, suspensions with the addition of small

amounts of a secondary immiscible fluid, form a new class of

materials. Capillary forces can be used to form strong particle

networks, which can be used as precursors for the manufacture

of porous solids or membranes. Moreover, the mechanical

features of these suspensions can be varied in a wide range to

meet the specific needs of a particular processing step or appli-

cation technique. This current work investigates several methods

to modify the rheological properties through the choice of

particle size, the addition of surfactants, or through the variation

of the sample temperature.

The intensity of the capillary stress is proportional to the

reciprocal particle radius implying that decreasing the particle

size would result in the strengthening of capillary suspensions.

This relationship was demonstrated for samples in the pendular

state (where the secondary fluid preferentially wets the particles)

for particles with radii between 1 and 20 mm. There was a change

in the yield stress of approximately one order of magnitude

between the stronger network formed by the smaller (1 mm)

particles and the weaker network formed using the larger (20 mm)

particles. For the larger particles, the pure suspension was

unstable and would rapidly phase separate, but with the addition

of less than 0.5% secondary fluid, these suspensions formed

sample-spanning networks and were stable for very long periods

of time (>1 week). The low shear viscosity of such admixtures

showed a similar dependence on the particle radius as well as the

strong shear thinning. At high enough shear rates, the network is

destroyed and the viscosity is independent of particle size as

expected. The larger particles were more sensitive to the applied

shear field with the viscosity decreasing more rapidly and at

lower shear rates.

Adjusting the sample temperature is also able to modify the

admixture strength by approximately one order of magnitude

over a 50 �C temperature range for the calcium carbonate

particles in the capillary state. The magnitude of the capillary

force is proportional to the interfacial tension between the two

fluids such that decreasing the interfacial tension by increasing

the sample temperature will decrease the strength of the capillary

suspension. Through the evaporation of the secondary fluid,

these capillary suspensions return to the state of the pure

suspension, decreasing the yield stress and viscosity by several

orders of magnitude. The process of adding and subsequently

removing the secondary fluid can be repeated without any sample

degradation. The ability to adjust the properties of these

suspensions through the external factor of sample temperature is

particularly advantageous to many industrial processes.

Finally, this current work investigated the use of surfactants to

adjust the strength of the capillary suspensions. Surfactants are

able to modify the interfacial tension between the two liquids as

well as the contact angle that the secondary fluid makes with the

solid particles when surrounded by the bulk fluid. Capillary state

suspensions are particularly sensitive to changing contact angles

and have a limited range where the formation of a network is

possible. With the addition of surfactants, the yield stress was
This journal is ª The Royal Society of Chemistry 2012
reduced by two orders of magnitude as the number of capillary

bridges was decreased. The rate of this reduction, as a function of

surfactant concentration, depends on the surfactant type. All of

the nonionic surfactants tested show no difference between the

pure suspensions and the suspensions with added water for

surfactant concentrations greater than 15 mM. The addition of

an ionic surfactant to the secondary fluid was also able to reduce

the yield stress alone and in cooperation with a nonionic

surfactant added to the bulk fluid.

All three methods of adjusting the strength of capillary

suspensions explored in this paper can be used separately or in

coordination to modify the strength of these suspensions to

varying degrees. One’s ability to modify these capillary suspen-

sions makes them particularly well suited for various industrial

processes and they may be an inexpensive alternative to other

fluids and suspensions that possess tunable properties. In addi-

tion to industrial processes, this work may be important in

understanding the influence of trapped air bubbles in suspen-

sions41 and how the influence of these air bubbles may be

mitigated.
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