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The gelation of FeOOH rod particles in a glycerin-water mixture under shear flows is investigated using
rheological measurements. The average length and the average diameter of the rod particles are 1 µm and
120 nm, respectively. The van der Waals energy is much larger than the Brownian and electrostatic con-
tributions. To examine the effect of shear history on gelation, two different kinds of experimental procedures
are used: A strong, but short preshear followed by a creep test and a preshear for a long time followed by
a creep test. The rod particle suspension becomes a gel during the creep test showing the plateau in G' and
yield stress. The gelation time during the creep test is dependent on preshear time while it is not affected
by the preshear stress for a short time before the creep test. Both the plateau in G' and the yield stress are
larger when the preshear time is longer. The gelation appears to occur by two steps of the formation of flocs
by the aggregation of individual particles and then the formation of the sample spanning network by the
aggregation of the flocs. Gel strength appears to be dependent on floc size which is determined by the
imposed shear stress in the present case of shear induced gelation. 
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1. Introduction

Colloidal suspensions of rod particles may show rheo-

logical behaviors similar to those of colloidal suspensions

of spherical particles: zero shear viscosity larger than the

medium viscosity and shear thinning characteristics (Pow-

ell, 1991). Compared with colloidal suspensions of spher-

ical particles, colloidal suspensions of rod-type particles

have even larger zero shear viscosities and stronger shear

thinning characteristics at the same particle volume frac-

tion and exhibit far earlier divergence of zero shear vis-

cosity before the maximum packing fraction. A suspension

showing a yield stress at a low particle concentration can

be classified as a colloidal gel or a glass and the formation

of a colloidal gel at a low particle concentration is one of

the most distinctive characteristics of rod particle suspen-

sions. Until now the phase transition to a gel is not fully

understood yet even in the case of dispersions of spherical

particles. To become a gel, particles have to collide to

form a doublet first and then a large cluster by the con-

tinuing collisions with another particle or clusters of var-

ious sizes. This collision is possible by the Brownian

motion, but it can be enhanced under shear flows. 

The orbiting motion of a single spheroidal particle under

a simple shear flow has been reported first by Jeffery

(1922). The effects of Brownian motion, particle geometry

or particle orientation on the shear viscosity of dilute sus-

pension of anisotropic particles have been pioneered by

Onsager (1949), Kuhn and Kuhn (1945), Giesekus (1962),

Brenner (1974), Hinch and Leal (1972) and Leal and

Hinch (1971; 1973). Theoretical researches on the viscos-

ity of anisotropic particle suspension have been carried out

and the details are reviewed in Wierenga and Philipse

(1998) and Mewis and Wagner (2012). For concentrated

rod dispersions, the effects of hydrodynamic interaction

become important (Berry and Russel, 1987; Shaqfeh and

Frederickson, 1990; Doi and Edwards, 1978a; 1978b;

Edwards and Doi, 1986). The translational diffusion of a

hard rod is significantly retarded due to the neighboring

particles as volume fraction (φ) becomes to have the

relation  where r represents the aspect ratio of rod

particle (Edwards and Evans, 1982; Solomon and Spicer,

2010). The maximum packing fraction ( ) of hard rods

is obtained experimentally in terms of the average contact

number (c) by Philipse (1996) as  for 

(L: rod length; D: rod diameter) and the value of c/2 is

determined to be 5.4 (Philipse, 1996; Nardin et al., 1985).

This means that glass transition occurs at a lower particle

volume fraction as the particle aspect ratio becomes larger.

As particles become attractive, the rod particles begin to

coagulate. The coagulation of particles depends on the par-

ticle-particle interaction, aggregation kinetics and shear-

history, and induces a space-filling network or a colloidal

gel showing an apparent yield stress at a lower particle

volume fraction than that of the glass transition (Wierenga

and Philipse, 1998; Wierenga et al., 1998). The phase

transition from a rod particle network to bundles due to

the interparticle attraction has been studied with anisotro-

pic, self-assembled polyamide colloids in aqueous surfac-

tant solutions by using dynamic light scattering, confocal

φ r
1–

≈

φmax

φmaxr = c/2 r = L/D>> 1
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laser scanning microscopy, and rheological measurements

(Wilkins et al., 2009). They found that the arrested dynam-

ics of the particles is observed at a low particle volume

fraction of 0.0025 and the elastic modulus of the rod sus-

pension with the bundles decreases due to the increase of

the void volumes between the particle aggregates. Mohraz

and Solomon (2006) studied the gelation and internal

dynamics of colloidal rod clusters with varying particle

aspect ratio and observed a transition to the brittle struc-

ture at the particle volume fraction as low as 0.0001. In

addition to the Brownian motion, shear flows can also

induce the flocculation of colloidal particles (Smoluchowski,

1917; Russel et al., 1992). Mueller (1928) showed theo-

retically that non-spherical particles have a higher initial

rate of coagulation than spherical particles with the same

volume. Booth (1954) developed a quantitative theory for

the doublet formation of two kinds of particles, either or

both of which are spheroidal, based on the collision rate

equation of two spheres introduced by Smoluchowski

(1917). Philipse and Wierenga (1998) deduced the rate

constant of doublet formation of Brownian rod particles.

The collision rate of two rods with varying particle ori-

entations was computed using the Monte Carlo simulation

by Singh et al. (2011) when there are no hydrodynamic

and colloidal interactions. They found that the particle col-

lision rate is dominated by the collisions between the flip-

ping and flow-aligned particles and the side-edge type of

collision is most frequently occurs for the particles with a

high aspect ratio. Until now, as far as the authors are

aware of, quantitative theories or experiments have been

reported scarcely on the gelation of rod particles and the

theories on rod suspension gels have been limited mostly

to the steady or thermodynamic phase behavior. So a sys-

tematic study on the gelation of suspensions of rod par-

ticles is required. The phase behavior depending on the

particle interaction and rod geometry and the rheological

behaviors of the solid-like viscoelastic gels and glasses

were reviewed by Solomon and Spicer (2010).

Rod particle colloidal dispersions can have various

microstructures depending on particle geometry, volume

fraction, particle-particle interaction and shear history.

Many researchers have studied the rheological behavior of

the colloidal suspension of rod particles to understand its

microstructure. Solomon and Boger (1998) studied the

rheological properties of concentrated spindle-type colloi-

dal hematite rod suspensions in ionic aqueous solutions

and reported poor reproducibility in linear viscoelastic

properties due to the dependence on shear history. Tsu-

jimoto et al. (2013) observed a hysteresis loop in a shear

stress-shear rate plot of a structured imogolite (fibrous

nanotubes) suspension and a shift of the hysteresis loop as

shear rate sweep cycles are repeated due to the successive

destruction and rebuilding of the microstructure. This is

another example of shear history dependence of colloidal

suspensions of non-spherical particles. Reddy et al. (2012)

investigated the structural strength of a rod-like fd-PNI-

PAM virus particle suspension in an aqueous buffer solu-

tion by using dynamic light scattering, static light scatter-

ing, and rheological measurements. The critical strain and

stress required to transform the virus suspension from a

colloidal gel into a liquid were measured to probe the lin-

ear to nonlinear transition around the apparent yield stress.

As virus concentration is increased, a colloidal gel with a

bigger elastic modulus is formed while the critical strain is

decreased due to the formation of a more brittle structure.

They argued that rheology is more effective than the scat-

tering techniques to probe the structural changes of the

colloidal gel. Another advantage of the rheological method

is that the shear history can be controlled to some extent

by preshear. The shear history dependency is difficult to

characterize because a strong shear flow cannot be avoided

practically during sample loading in any experimental

apparatus. To start at the same initial arrangement of par-

ticles, one may use a strong preshear before the measure-

ment in the case of the rheological method. But we should

be cautious because it can also cause particle alignment or

even coagulation depending the strength and period of the

preshear.

In this study, rod-shaped FeOOH particles are synthe-

sized and dispersed in a Newtonian fluid (a mixture of

glycerin and water) and the rheological properties are

measured specifically to understand the effect of the shear

history on the gelation and the microstructure of the gel

from the kinetic point of view. Shear stress sweep tests,

creep tests following varying preshear conditions, linear

viscoelastic measurements and oscillatory stress sweep

tests are used to probe the microstructure of the suspen-

sion or the gel. This article begins with the description on

the FeOOH particle synthesis, characterization of the par-

ticles and the model fluids. Then rheological measure-

ments performed in this work are described. In the next

section, some unexpected observations on the rheological

characteristics for dilute rod particle suspensions depend-

ing on shear history are described. The effects of preshear

on the gel formation kinetics and the microstructure of the

rod particle suspensions are discussed in the last section.

2. Experiment

2.1. Materials
The goethite rod particles were synthesized by following

the method described in Burleson and Penn (2006), Penn

et al. (2006), and Vu et al. (2014) with a doubled up batch

scale. First, ferric sulfate (Fe2(SO4)3·xH2O, 22% Fe; Sigma-

Aldrich) was dissolved in 400 ml of deionized water to

form 0.1 M of Fe3+ aqueous solution. Then the ferric sul-

fate solution was mixed with 40 ml of 5 M KOH solution

under magnetic stirring for five minutes. The ferric sulfate
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mixture was kept at 70°C for the growth of rod particles.

All the fluids were handled in plastic bottles during the

synthesis procedure. During mixing, the nucleation of fer-

rihydrite occurs while forming nanogoethite embryos

which grow into the rod-shaped FeOOH crystals by ori-

ented attachments. At the last step, nanorod aggregates,

rod-shaped sub-micron scale particles, are formed by side-

by-side attachment. The size of ferrihydrite particles and

nanorod FeOOH crystals can be controlled by changing

the mixing temperature (Penn et al., 2006) and the final

size of nanorod aggregates depends on nanorod crystal

size and aging time. The rod particles with the aspect ratio

of 8.7 (D = 0.12 ± 0.025 µm, L = 1.0 ± 0.18 µm) were pre-

pared by adjusting the mixing temperature to 29°C and

keeping the nanogoethite solution in a dry oven set at

70°C for 16 hours. The aging temperature is chosen high

enough for the fast growth (Vu et al., 2014) and the aging

time is determined to obtain the most homogeneous par-

ticle size distribution by trial and error. Six batches of

goethite particles were synthesized and then mixed together

before the washing process to minimize the effect of size

variations among the batches. The mixed particles were

washed by a centrifuge with deionized water for five times

and stored at a wet condition to prevent the irreversible

aggregation as water evaporates. The size and shape of the

FeOOH particles were determined by averaging the diam-

eter and the length of about 100 particles from the SEM

images of the washed particles as shown in Fig. 1.

The synthesized rod particles were dispersed in a mix-

ture of 98% glycerin (Junsei Chem. Co.) and 2% deion-

ized water, a Newtonian fluid, prepared in a bulk scale so

the dispersing medium of all the suspensions were the

same. Water was added to reduce the sensitivity of hygro-

scopic glycerin to moisture absorption because the viscos-

ity of pure glycerin can be changed drastically by the

absorption of moisture from the air during handling and

rheological measurements. The added water can buffer the

sensitivity while keeping the viscosity at the desired level.

Only the required amount of the rod particles were dried

in the air (at room temperature) before the dispersion pro-

cess and dispersed by using an ultrasonic bath and the

Thinky mixer (Model AR-100, Thinky Co.). The homo-

geneity of the dispersions was confirmed by the optical

microscopy with a ×100 objective lens (Olympus IX-71).

In this work, the rod particle suspensions with the particle

volume concentrations ranging from 0.01 to 2 vol.% are

tested. The rod particle suspension with the particle con-

centration of 1 vol.% is mainly studied for a systematic

understanding of the effects of shear history on dilute rod

particle suspension rheology. Considering that the average

nanocrystal size was determined as about 15 nm in Vu et

al. (2014), the roughness of the FeOOH rod particle sur-

face is assumed to be in the order of 10 nm. The Hamaker

constant, A, of a FeOOH particle in the glycerin-water

mixture is determined to be approximately 1.5×10−19 J

using the Lifschitz theory (Israelachvili, 2011). For two

representative geometries of two parallel rods and two

crossed rods, the van der Waals energies are found to be

dominant over the Brownian energy kBT as listed in Table

1. Here the minimum distance between rods is assumed to

be the same as the surface roughness. 

2.2. Rheological measurement
The rheological measurements were conducted on a

rotational rheometer (DHR-3, TA Instruments) and a

stainless steel, 60 mm cone and plate geometry with a

nominal cone angle of 1°. Four types of measurements

were performed mainly to understand the rheological

properties of the dilute rod suspensions in a Newtonian

fluid, i.e. shear stress sweep test, pre-shear and creep test,

oscillatory frequency sweep test, and oscillatory stress

sweep test. The stress control mode was used rather than

the strain control mode because a rod particle suspension

may become to have a yield stress. Temperature was set at

25°C and a solvent trap sealed with petroleum jelly was

used to minimize the hygroscopic effect of the dispersing

medium. For the shear stress sweep test, the preshear con-

dition was set at 10 s−1 of shear rate for 600 s followed by

3 hr of rest. Some suspensions showed yield stresses and,

Table 1. Van der Waals energy between two rod particles in the

glycerin-water mixture (scaled by kBT).

Minimum distance (nm) Parallel Crossed

10 -23,402 -17,035

20 -12,830 -4,380

50 -2,998 -697

100 -549 -149

200 -63 -24

Fig. 1. SEM images of the rod-shaped FeOOH particles after

washing. The scale bar indicates 1 µm.
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for some cases, the viscosities measured while increasing

shear stress were smaller than the viscosities measured

while decreasing shear stress in some shear stress loop

tests. Considering that those suspensions are dilute, the

yield stresses are induced due to the formation of gel

structures. The gelation of rod particles and the gel struc-

ture will be discussed in detail in the next section. To

examine the effects of preshear history on gelation of the

rod suspensions, various sets of preshear condition were

imposed followed by a creep test from which viscosity

evolution was monitored below the yield stress for a long

enough time up to 9 hours. The oscillatory frequency

sweep tests were carried out in the linear viscoelastic

region following the long time creep test to investigate the

microstructures of the rod suspension gels. The oscillatory

stress sweep tests were also performed after the long time

creep tests at a fixed angular frequency from which the G'

plateau was observed.

3. Results

Prior to the rheological measurements, the sedimenta-

tion stability of the rod particle suspension was examined

by using the Turbiscan LAB (Formulaction, L'Union,

France) for 24 hr, which is a long enough time considering

the time scale of each rheological measurement. Fig. 2 is

a typical back scattering pattern of a rod particle suspen-

sion of 0.01 vol.% which is dilute enough for particles to

move freely without being interfered with nearby parti-

cles. Fig. 2 shows that the suspension is stable against sed-

imentation. This means that more concentrated suspensions

will be also stable. When the same suspension was stored

on a shelf for 3 months, no sedimentation occurred. The

stability of the dilute suspension implies that the suspen-

sion may become a gel. The gel behavior can be expected

from the fact that a rod particle suspension is known to

become a gel at a lower particle concentration than spher-

ical particle suspensions due to particle anisotropy and

even a suspension of 0.02 vol.% has been reported to

become a gel (Solomon and Spicer, 2010). In the follow-

ing, rheological properties will be examined for more con-

centrated suspensions focusing on gelation.

3.1. Shear stress sweep test 
Shear stress sweep tests are performed while increasing

the shear stress for suspensions of different particle vol-

ume fractions as shown in Fig. 3. Apparently, the rod par-

ticle suspensions with the particle concentrations under

0.5 vol.% are fluids with shear thinning characteristics at

high shear stresses. The first inset shows the high shear

viscosities of the suspensions. It is noted that the high

shear viscosity decreases with increasing particle volume

fraction and the high shear viscosities of concentrated sus-

pensions become even smaller than the viscosity of the

pure fluid without particles. Because the shear stress sweep

test takes up to 3 to 6 hours depending on fluids, one may

suspect that the hygroscopic nature of the dispersing

medium can be responsible for the viscosity decrease.

However, the facts that the glycerin mixture (NF) shows

practically the same viscosity before and after the 3 hours

of the rest period and the high shear viscosity of the rod

particle suspension systematically decreases with particle

volume fraction despite the difference in the overall mea-

surement time imply that the decrease of viscosity does

not occur by the hygroscopic nature of glycerin. Regard-

ing this issue, one may note that the destruction of the

hydrogen bonds between glycerin molecules in a liquid

state (Lishchuk and Malomuzh, 1999; Blazhnov et al.,

2004; Magazu et al., 2007) while forming weaker bonds

between glycerin molecules and the particle surface.

Fig. 2. (Color online) Back scattered light intensity of 0.01 vol.%

of rod particle suspension in the Newtonian fluid.

Fig. 3. (Color online) Shear stress sweep test of goethite rod sus-

pensions with varying particle volume fractions. 600 s of 10 s
−1

of preshear is applied followed by 3 hr of equilibrium before

starting the measurement. The first inset shows the decrease of

the infinite shear viscosity as the particle volume fraction

increases (NF: Newtonian fluid). The second inset shows the

path dependent viscosities for a 0.5% suspension.
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Therefore the decrease of the high shear viscosity with

increasing particle concentration might be caused by the

destruction of the hydrogen bonds between glycerin mol-

ecules by the particles while forming new weak bonds

between glycerin and FeOOH.

As particle concentration increases, the shear stress

sweep test shows some qualitatively different results for

different concentrations. When the volume fraction is 0.5%,

the viscosity increases first while increasing shear stress

until 0.46 Pa and the viscosity reaches even a higher value

than that of more concentrated suspension of 1 vol.%

around at 0.46 Pa followed by a decrease. For the 0.5

vol.% suspension, as shown in the second inset, the vis-

cosity does not follow the same curve when shear stress

sweeps from low to high and from high to low values

between 0.05 and 100 Pa. No such maximum is observed

for the suspensions of 1 or 2 vol.%, and both suspensions

of 1 and 2 vol.% show yield stresses. In other words the

low shear viscosity does not exist. Particle volume frac-

tions studied here are in the dilute regime (number density

< 1/L3: Larson, 1999). However, the shear viscosities show

qualitatively different and some unexpected behavior

depending on volume fraction. It appears that different

microstructures develop within the suspension depending

on the shear history and a systematic approach is required

to explain such behavior. Actually such complex behavior

of the rod particle colloidal suspensions studied in the

present research is similar to that of colloidal suspensions

with yield stresses in that the rheological properties are

sensitive to the shear history and have poor reproducibility

(Coussot et al., 2002; Coussot, 2014). In the next, it will

be shown that the different viscosity change for different

volume fraction is closely related with the concentration

dependent gelation time in addition to the shear depen-

dency and reproducibility problem.

3.2. Effects of preshear time

3.2.1. Preshear and creep test

To understand the microstructure development in the

suspension under shear stress, suspensions of 1 vol.%

were subjected to preshears of different periods and dif-

ferent stress levels, and the viscosity changes were mon-

itored using creep tests as shown in Fig. 4. During the

creep test, the viscosity remains almost the same for a

long time at first except for the case of preshear time of

10000 s. After the incubation period, the viscosity increases

significantly and eventually becomes unmeasurably large.

It is certain that the microstructure has been changed

during the creep test. Fig. 4a shows the viscosity profiles

during the creep test with the stress level of 0.05 Pa with

time for different preshear times i.e. 30 s, 1000 s, 2000 s,

and 10000 s, at a constant preshear stress level of 50 Pa.

The incubation time tends to decrease progressively when

the preshear time increases. For the case of preshear time

of 10000 s, the viscosity curve shows an instant peak fol-

lowed by decrease and then the viscosity increases again.

The first peak may be due to the structure formed by the

small flocs formed during the high shear condition. As the

strong preshear stress is removed, the flocs get aggregated

almost instantaneously. However this structure does not

appear to be the equilibrium structure at the creep condi-

tion. At the different stress levels the floc shapes and sizes

should be different. For example, at a high stress level, the

particles in the flocs are aligned and the floc shape is not

spherical. At a low stress condition, the gel structure made

from non-spherical flocs becomes to be destroyed or

restructured as particles in the flocs lose the orientation at

least partially and the floc shape becomes more spherical.

Then the viscosity decreases. The second viscosity rise

appears to represent the rebuild of the space filling net-

work of the newly formed or shape-changed flocs under

the creep condition. Fig. 4b shows the viscosity profiles

Fig. 4. (Color online) Viscosity profiles of the rod particle sus-

pension of 1 vol.% during the creep tests after applying 50 Pa of

preshear varying preshear time. (a) Varying the preshear time

with the constant preshear stress of 50 Pa. (b) Varying preshear

stress (1, 5, 10, 30, and 50 Pa) with the constant preshear time of

30 s for different batches from (a).
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measured while imposing 0.1 Pa of shear stress during the

creep test after 30 s of different levels of preshear stress.

In this case, the preshear is expected to act only for fading

out the memory of shear flow imposed during sample

loading. This result shows that the microstructure devel-

opment is not strongly dependent on preshear stress level

when 30 s of preshear is applied. This point will be dis-

cussed later.

3.2.2. Oscillatory tests 

In Fig. 5, the oscillatory frequency test performed after

a significant viscosity increase following the preshear of

30 s is shown. Here, the oscillatory frequency sweep test

is conducted at a low enough oscillatory stress to ensure

the linear viscoelastic regime. In Fig. 5, G' is larger than

G'' and a plateau in G' is observed when angular fre-

quency is larger than 0.4 rad/s, which implies that the sus-

pension has become a gel. It may be argued that the

gelation progresses in the suspension during the abrupt

increase in the viscosity. It may also be argued that the dif-

ferent time scale of the abrupt increase in the viscosity

implies different gel formation dynamics. Oscillatory

stress sweep tests are performed after observing the abrupt

viscosity increase to study systematically the relation

between gel formation dynamics and the gel properties.

Fig. 6a and b show the G' and G'' behavior after gelation,

respectively. Here, the preshear time is varied to study the

microstructure depending on shear history. In Fig. 6a, as

the preshear time increases, the plateau value of G'

becomes higher and G' breaks down at a higher oscillatory

stress, indicating the formation of a stronger gel. It is

noted that, however, the stronger gel is more brittle

because G' curve shows more abrupt decrease with oscil-

lation stress. In Fig. 6b, as preshear time increases, G''

breaks down at a higher oscillatory stress and a higher

peak value in G'' appears. An abrupt break-down of the

microstructure is a characteristic of a colloidal gel (Cous-

sot, 2014) and G' and G'' in the present study show the

same characteristics. A more detailed analysis on the

microstructure will be given later in this article.

3.2.3. Gelation time and the gel strength

Because the gelation continues to occur even during the

linear viscoelastic measurement, it was not possible to use

the well-established criterion for gelation time such as the

Winter-Chambon criterion (Chambon and Winter, 1985;

Winter and Chambon, 1986). In the present research the

gelation time is defined as the time when the strain curve

begins to asymptote to a constant value and it was found

from the cross-over time in the curve. When the viscosity

curve shows a peak and then increases again, for example,

the viscosity for the 2000 s or 10000 s of preshear time

shown in Fig. 4a, the gelation point was chosen from the

first peak in the viscosity curve. The gelation time defined

here may not be the true time for the completion of the

gelation. But it can be a characteristic time for the struc-

Fig. 5. Oscillatory frequency sweep tests of the rod particle sus-

pension of 1 vol.% after the abrupt viscosity increase following

30 s of preshear.

Fig. 6. (Color online) Oscillatory stress sweep measurements of

the rod particle suspension of 1 vol.% after preshear and creep

test applying preshear with different time with a constant stress.

(a) G', (b) G''.
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tural evolution and this concept is similar to the relaxation

time of polymer which represents the time when a poly-

mer molecule is relaxed from the stress by 1/e portion

rather than fully relaxed. Investigating the rheological

properties of the shear history dependent fluids is difficult

due to poor reproducibility. Even though a well-designed

shear history is applied, we cannot eliminate the problems

that occur during sample preparation. In the present research

the reproducibility of the rheological properties is inves-

tigated by performing the same tests for different batches

of the fluid. Fig. 7a shows that the gelation time tends to

decrease with increasing preshear time. Although the abso-

lute value of the gelation time differs from batch to batch,

the overall tendency remains the same as shown in Fig. 7.

Fig. 7b shows the change of the yield stress with the

change in preshear time. Here, the yield stress of the gel

is obtained from the cross over value in the G' vs. oscil-

lation stress curve of Fig. 6a. For gels and suspensions,

wall slip may affect the linear viscoelastic properties. But

it may not be a serious problem in the present study

because the linear viscoelasticity is observed only when

shear stress is very small. At this small stress, wall slip

should be very weak and hence it may not change the vis-

coelastic properties appreciably if any.

4. Discussion

It has been shown that the rod particle suspensions

become gels when sheared. The formation of gel is con-

firmed from the presence of the plateau in G' and yield

stress. The gelation time is found to be dependent on

preshear time while preshear stress for a short time does

not appear to affect the gelation time. Both the plateau in

G' and the yield stress are larger when the preshear time

is longer. It is natural for the FeOOH rod suspension to

become a gel because the van der Waals energy between

two rods is much larger than the kinetic energy of the

Brownian motion as described in Table 1. In this section,

we will consider the gelation process and the microstruc-

ture developed within the gel. 

It is well known that a shear flow induces coagulation of

spherical particles when the attractive force is larger than

the repulsive force between two particles. Smoluchowski

(1917) established the coagulation mechanism by consid-

ering that one test particle and another particle approach-

ing the test particle under a shear flow. When the projected

areas of the two particles onto the plane perpendicular to

the flow direction are overlapped, they eventually become

a doublet. By considering the approaching velocity to each

other, Smoluchowski obtained second-order rate equation

with the kinetic constant k of primary particles becoming

a doublet, 

.  (1)

In the above equation n is the number concentration of

particles. In actual case, doublets are formed through a

combination of two routes, i.e. Brownian motion and shear

flow. Philipse and Wierenga (1998) considered the doublet

formation of rod particles under the Brownian motion

only and under the shear flow only. They found that, for

the case of Brownian motion induced doublet formation,

the kinetic constant of doublet formation kBr is given as

follows:

 for (2)

where η is viscosity. They obtained the ratio of shear

induced (ks) and Brownian collision rates in dilute disper-

sion is of order

. (3)

dn

dt
------ = −kn

2

kBr

8kBT ln r

3η
----------------------≈ r >> 1

ks

kBr

------ = 
ηL

3
γ·

2kBT ln r
----------------------

Fig. 7. (Color online) The lines are drawn to guide each data set.

0.1 Pa of shear stress is applied during the creep period for the

cases of Batch 1 and Batch 2 while 0.05 Pa of shear stress is

applied for Batch 3. Batch 3 corresponds to the data shown in

Fig. 4a. (a) Gelation time comparison of different batches of the

rod particle suspension of 1 vol.%. (b) Yield stress estimated

from the oscillatory stress where the G' decreases abruptly.
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This ratio may be too much underestimated in that the

basic assumption in obtaining kBr is that collisions may

occur as soon as the rotation volumes of two rods overlap.

However this assumption may not be valid considering that

rod particles can dodge the collision because the rotation

volume is almost void for a large aspect ratio particle. Mori

et al. (1982) found experimentally that the dilute limit of

rod suspension occurs 30 times the theoretical estimate of

1/L3, which can explain the dodge between rods. For the

goethite rods with length L = 1 µm and aspect ratio r = 8.7

in the glycerin-water mixture at the room temperature, the

ratio between the collision rates is 2.8 when  = 0.1 s−1, a

typical shear rate given during the creep test before gela-

tion. This value is quite underestimated as pointed out

already. Therefore the doublet formation in the suspension

should be mainly by the shear flow. Also, we may argue

that the subsequent floc formation such as triplet and qua-

druplet is also induced by the shear flow. It is surmised that

large flocs of rod particles are formed in the weak shear

flow by the addition of small flocs or individual particles

as in the case of shear induced coagulation of spherical

particles. Under a shear flow condition, the flocs can be

destroyed by the shear stress and hence an equilibrium dis-

tribution in floc size should be established after a sufficient

time. If the shear stress is not large enough to overcome the

attractive force, the flocs will grow further and further or

the flocs will result in the sample spanning network, in

other words, a gel. Depending on the microstructure devel-

oped by the shear flow, the attachment geometry between

two rods can be different. Because the doublets are the

seed for the nucleation of a larger floc and eventually a gel,

the microstructure of the suspension before the formation

of doublets is an important characteristic which determines

the microstructure of the gel. 

In this study, the gelation process is monitored applying

a weak shear stress during the creep test. The rotary dif-

fusion coefficient of rod particles in a dilute suspension,

Dr, is (Tirado and de la Torre, 1979; 1980; de la Torre and

Bloomfield, 1981)

, (4)

. (5)

The rotary diffusion coefficient of FeOOH particles with

the aspect ratio of 8.7 in the glycerin-water mixture (vis-

cosity of 0.57 Pa.s) is 9.9×10−3 s−1. The shear rate imposed

during the creep test of 0.05 Pa is approximately 0.1 s−1.

Hence Peclet number Pe =  which means that

convective motion is dominant over the Brownian diffu-

sion. Because the shear stress imposed during the preshear

is much larger than the shear stress during the creep test, Pe

during the preshear is even much larger than 10. This

means that the initial microstructure is a random structure

because the suspensions are dilute and hence the particle-

particle interaction is not expected to be significant. There-

fore the particles translate in the shear flow following the

Jefferey orbit before they form doublets with negligible

Brownian motion. Fig. 8 shows that the increase rate of

viscosity at the early stage of creep experiment (far from

being gelled) is roughly proportional to the imposed stress

which is proportional to shear rate when the viscosity

remains at about 0.5 Pa.s. This means that the floc con-

centration is proportional to the number of collisions by the

shear flow and the Brownian effect is not strong reflecting

the Pe much larger than 1 at this stage.

Considering that the van der Waals energy between two

rod particles is dominant over the kinetic energy of the

Brownian motion as noted in Table 1, instant attachments

of the particles with the collision of rods can be expected.

The Monte Carlo simulation study by Singh et al. (2011)

showed that the most favorable collision is the side to

edge collision between the flipping and flow-aligned rod

particles under shear when there is no hydrodynamic or

colloidal interaction and the rotational motion of a cylin-

drical particle follows Jeffrey's orbit. The collision prob-

ability of the side-to-edge collision is calculated as 0.6

approximately. During the early stage of the preshear and/

or the creep test, particles continue to flip under the shear

flow and they will experience more chances to collide

with other particles followed by the side-edge attachment

due to the particle attraction. The collision of the particles

will induce the large flocs of the rod particle. The flocs of

rod particles become the building blocks for the space fill-

ing gel as the applied shear stress is decreased during the

creep tests. Here the applied shear stress should be smaller

than the yield stress of the gel. If it is larger than the yield

stress, no gel is formed and the suspension remains as a

suspension of flocs without becoming the sample span-

ning network. This is the reason why a gel is formed only

during the creep test with the applying stress below the

yield stress.

γ·

Dr = 3kBT
ln L/D( ) δ–

πηL
3

-----------------------------

δ = −0.662 + 0.917/ L/D( ) − 0.050/ L/D( )
2

γ· /Dr 10≈

Fig. 8. (Color online) Amplified view of the viscosity change at

the early stage of creep of the rod particle suspension of 1 vol.%.
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It may be argued that the gelation occurs by two steps:

the formation of flocs by the aggregation of individual

particles and then the formation of the sample spanning

network by the aggregation of the flocs. In Fig. 7a, when

preshear time is short, it takes longer time to form a gel.

It is noted that most of the flocs for forming the gel in the

experiment of a short preshear and then a long creep test

should be formed during the creep test at a much smaller

shear stress than the shear stress imposed during the

preshear time considering the whole gelation time. It is

also noted that, when a gel is formed after a long preshear

time, most of the flocs are formed during the preshear

time. Under a low shear stress condition the average floc

size will be larger than the average floc size under the high

shear stress because large flocs can be destroyed by a

large shear stress. This means that the average floc size in

the gel formed after a short preshear time and then a creep

test at a low shear stress is larger than that in the gel

formed after a long preshear time under the high shear

stress. Since the particle interactions are kept under the

same condition, the particle density of each floc formed

after short or long preshear time may be the same unlike

the particle flocs studied by Wilkins et al. (2009). Given

that the particle volume fraction or the number of particles

is the same, the colloidal suspensions with smaller flocs

contain more number of flocs in the fluid having shorter

distance between the flocs. Also the flocs may have aniso-

tropic shapes due to the high shear. This can act as a high

effective floc concentration as an anisotropic particle has

a higher effective volume than a spherical particle. Then

the space filling network can be formed faster as the

applied shear stress is decreased inducing more homoge-

neous structure resulting in a stronger gel. Fig. 7b shows

that the yield stress of the gel formed under a low shear

condition after a short period of preshear is smaller than

that of the gel formed from the flocs generated under a lon-

ger preshear. This means that the strength of a gel formed

of small flocs is larger than that of a gel formed of large

flocs and the adhesion between two flocs is weaker than

the adhesion between particles in the floc.

Even though the main focus of the present paper is on

the kinetic aspect of gelation, it may be worth considering

the microstructure of the gel because the microstructure

itself is also dependent on the kinetics. Fig. 6 shows that

G' decreases monotonically from the linear viscoelastic

limit while G'' shows an overshoot when the gel strength

is strong. This is a typical behavior of a colloidal gel

(Reddy et al., 2012; Kim et al., 2014). Hyun et al. (2011)

reported that the overshoot may be arising from the bal-

ance between the formation and the destruction of net-

work junctions. From the observation that such an over-

shoot does not occur when the gel strength is weak, the

weak gel appears to be destroyed readily upon the imposed

stress. This is conceivable because the number of junc-

tions per unit volume becomes smaller as the floc size

becomes larger.

From the previous observation on gelation, we may

explain why the viscosity of 0.5% sample increases first

and then decreases during the shear stress sweep test in

Fig. 3. During the initial stage of the measurement under

a low shear stress with increasing shear stress, the parti-

cles did not form flocs of large size because the shear

stress is too small and hence not enough number of col-

lisions has occurred. As the measurement continues, many

flocs are formed, but the suspension of flocs cannot become

a gel because the applied shear stress exceeds the yield

stress of the gel. In this case, once a gel is formed, the gel

become collapsed and flow. Even though the gel structure

collapses at a high shear stress, the shear stress appears to

be not strong enough to break down all the particle flocs

which easily rebuild the space filling structure when the

shear stress sweep test is reversed. Therefore the irrevers-

ibility problem is due to both time and stress level. 

5. Conclusions

In this study, the gelation of FeOOH rod particles in a

glycerin-water mixture under shear flows is investigated

experimentally. The average length and the average diam-

eter of the homemade rod particles are 1 µm and 120 nm,

respectively. The van der Waals energy is much larger

than the kinetic energy of the Brownian motion. The elec-

trostatic and other potential are assumed to be negligibly

small. The rod particles can become a gel without an

imposed shear by the Brownian motion. The role of shear

flow in the present study is that the frequency of collisions

is greatly enhanced by the shear flow. The enhancement is

especially important when the dispersing medium is very

viscous. In the present case, the Brownian effect is

expected to be negligible because Peclet number is much

larger than 1.

The formation of gel is confirmed from the presence of

the plateau in G' and yield stress. The gelation time is

found to be dependent on preshear time while preshear

stress for a short time does not appear to affect the gela-

tion time. Both the plateau in G' and the yield stress are

larger when the preshear time is longer.

Gel strength appears to be dependent on floc size which

is solely determined by the imposed shear stress in the

present case of shear induced gelation with the dominating

van der Waals energy over Brownian and electrostatic

contributions. To understand more on the gelation of rod

particles, particle-particle interaction has to be considered

by using more concentrated suspensions and/or increasing

aspect ratio at the same volume fraction.

During the analysis on gelation time and gel strength, it

is assumed that floc size is dependent on shear stress. It is

plausible when we consider the well-known behavior of
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dispersion of spherical particles. Also, it is conjectured

that floc shape may be anisotropic at a high shear stress.

This is also plausible considering that particles will be

aligned and the floc itself can be deformed under the high

shear stress condition. To confirm these assumptions, one

should perform scattering experiments under shear stresses.

Rheo-SANS (small angle neutron scattering) would give

quantitative information on the size and shape of flocs and

the microstructure of gel.

Acknowledgements

This work was partially supported by Mid-career

Researcher Program through NRF grant funded by the

MEST (Ministry of Education, Science and Technology),

Korea (No. 2010-0015186).

References

Berry, D.H. and W.B. Russel, 1987, The rheology of dilute sus-

pensions of slender rods in weak flows, J. Fluid Mech. 180,

475-494.

Blazhnov, I.V., N.P. Malomuzh, and S.V. Lishchuk, 2004, Tem-

perature dependence of density, thermal expansion coefficient

and shear viscosity of supercooled glycerol as a reflection of its

structure, J. Chem. Phys. 121, 6435-6441. 

Booth, F., 1954, The coagulation of non-spherical particles, Dis-

cuss. Faraday Soc. 18, 104-112.

Brenner, H., 1974, Rheology of a dilute suspension of axisym-

metric Brownian particles, Int. J. Multiphase Flow 1, 195-341. 

Burleson, D.J. and R.L. Penn, 2006, Two-step growth of goethige

from ferrihydrite, Langmuir 22, 402-409.

Chambon, F. and H.H. Winter, 1985, Stopping of crosslinking

reaction in a PDMS polymer at the gel point, Polym. Bull. 13,

499-503.

Coussot, P., 2014, Yield stress fluid flows: A review of experi-

mental data, J. Non-Newt. Fluid Mech. 211, 41-49.

Coussot, P., Q.D. Nguyen, H.T. Huynh, and D. Bonn, 2002, Vis-

cosity bifurcation in thixotropic, yielding fluids, J. Rheol. 46,

573-589.

de la Torre, J.G and V.A. Bloomfield, 1981, Hydrodynamic prop-

erties of complex, rigid, biological macromolecules: theory and

applications, Q. Rev. Biophys. 14, 81-139.

Doi, M. and S.F. Edwards, 1978a, Dynamics of concentrated

polymer systems, Part1-Brownian motion in the equilibrium

state, J. Chem. Soc., Faraday Trans. 2 74, 1789-1801.

Doi, M. and S.F. Edwards, 1978b, Dynamics of concentrated

polymer systems, Part2-Molecular motion under flow, J.

Chem. Soc., Faraday Trans. 2 74, 1802-1817.

Edwards, S.F. and M. Doi, 1986, The Theory of Polymer Dynam-

ics, Oxford Press, Clarendon.

Edwards, S.F. and K.E. Evans, 1982, Dynamics of highly entan-

gled rod-like molecules, J. Chem. Soc., Faraday Trans. 2 78,

113-121.

Giesekus, H., 1962, Elasto-viskose Flussigkeiten, fur die in sta-

tionaren Schichstromungen samtliche Normalspanmungskom-

ponenten verschieden grosz sind, Rheol. Acta 2, 50-62.

Hinch, E.J. and L.G. Leal, 1972, The effect of Brownian motion

on the rheological properties of a suspension of non-spherical

particles, J. Fluid Mech. 52, 683-712.

Hyun, K., M. Wilhelm, C.O. Klein, K.S. Cho, J.G. Nam, K.H.

Ahn, S.J. Lee, R.H. Ewoldt, and G.H. McKinley, 2011, A

review of nonlinear oscillatory shear tests: Analysis and appli-

cation of large amplitude oscillatory shear (LAOS), Prog.

Polym. Sci. 36, 1697-1753.

Israelachvili, J.N., 2011, Intermolecular and Surface Forces, 3rd

ed., Academic Press, Amsterdam.

Jeffery, G.B., 1922, The motion of ellipsoidal particles immersed

in a viscous fluid, Proc. R. Soc. A 102, 161-79.

Kim, J.M., A.P.R. Eberle, K. Gurnon, L. Porcar, and N.J. Wagner,

2014, The microstructure and rheology of a model, thixotropic

nanoparticle gel under steady shear and large amplitude oscil-

latory shear (LAOS). J. Rheol. 58, 1301-1328.

Kuhn, W. and H. Kuhn, 1945, Die abhängigkeit der viskosität

vom strömungsgefälle bei hochverdünnten suspensionen und

lösungen, Helv. Chim. Acta 28, 97-127.

Larson, R.G., 1999, The Structure and Rheology of Complex Flu-

ids, Oxford University Press, New York.

Leal, L.G. and E.J. Hinch, 1973, Theoretical studies of a suspen-

sion of rigid particles affected by Brownian couples, Rheol.

Acta 12, 127-132.

Leal. L.G. and E.J. Hinch, 1971, The effect of weak Brownian

rotations on particles in shear flow, J. Fluid Mech. 46, 685-703.

Lishchuk, S.V. and N.P. Malomuzh, 1999, Cluster approach to

the problems of diffusion and viscosity in supercooled states of

glycerol-like liquids, Chem. Phys. Lett. 309, 307-313.

Magazù, S., F. Migliardo, N.P. Malomuzh, and I.V. Blazhnov,

2007, Theoretical and experimental models on viscosity: I.

Glycerol. J. Phys. Chem. B 111, 9563-9570.

Mewis, J. and N.J. Wagner, 2012, Colloidal suspension rheology,

Cambridge University Press, Cambridge.

Mohraz, A. and M.J. Solomon, 2006, Gelation and internal

dynamics of colloidal rod aggregates, J. Colloid Interface Sci.

300, 155-162.

Mori, M., S.C. Moss, Y.M. Jan, and H. Zabel, 1982, Mass-and

charge-density modulation of graphite in potassium-graphite

intercalates. Phys. Rev. B 25, 1287.

Mueller, H., 1928, Zur allgemeinen theorie ser raschen koagula-

tion, Fortschr. Kolloide u. Polymere 27, 223-250.

Nardin, M., E. Papirer, and J. Schultz, 1985, Contributional'etude

des empilements au hasard de fibres et/ou de particules sphe´

riques. Powder Technol. 44, 131-140.

Onsager, L., 1949, The effects of shape on the interaction of col-

loidal particles, Ann. N. Y. Acad. Sci. 51, 627-59.

Penn, R.L., E.J. Jasmine, and D.M. Gulliver, 2006, Controlled

growth of alpha-FeOOH nanorods by exploiting-oriented

aggregation, J. Cryst. Growth 293, 1-4.

Philipse, A.P., 1996, The random contact equation and its impli-

cations for (colloidal) rods in packing suspensions and aniso-

tropic powders, Langmuir 12, 1127-1133.

Philipse, A.P. and A.M. Wierenga, 1998, On the density and

structure formation in gels and clusters of colloidal rods and

fibers, Langmuir 14, 49-54.



Gelation of rod particle suspension in Newtonian fluid

Korea-Australia Rheology J., 27(2), 2015 135

Powell, R.L., 1991, Rheology of suspensions of rodlike particles,

J. Stat. Phys. 62, 1073-1094.

Reddy, N.K., Z. Zhang, M.P. Lettinga, J.K.G. Dhont, and J. Ver-

mant, 2012, Probing structure in colloidal gels of thermorev-

ersible rodlike virus particles: Rheology and scattering, J.

Rheol. 56, 1153-1174.

Russel, W.B., D.A. Saville, and W.R. Schowalter, 1992, Colloi-

dal Dispersions, Cambridge University Press.

Shaqfeh, E.S. and G.H. Fredrickson, 1990, The hydrodynamic

stress in a suspension of rods, Phys. Fluids A 2, 7-24.

Singh, V., D.L. Koch, and A.D. Stroock, 2011, Ideal rate of col-

lision of cylinders in simple shear flow, Langmuir 27, 11813-

11823.

Smoluchowski, M.V., 1917, Versuch einer mathematischen The-

orie der Koagulationskinetik kolloider Lösungen. Z. Phys.

Chem. 92, 129-168.

Solomon, M.J. and D.V. Boger, 1998, The rheology of aqueous

dispersions of spindle-type colloidal hematite rods, J. Rheol.

42, 929-949.

Solomon, M.J. and P.T. Spicer, 2010, Microstructural regimes of

colloidal rod suspensions, gels, and glasses, Soft Matter 6,

1391-1400.

Tirado, M.M. and J.G. de La Torre, 1979, Translational friction

coefficients of rigid, symmetric top macromolecules. Applica-

tion to circular cylinders, J. Chem. Phys. 71, 2581-2587.

Tirado, M.M. and J.G. de La Torre, 1980, Rotational dynamics of

rigid, symmetric top macromolecules. Application to circular

cylinders, J. Chem. Phys. 73, 1986-1993.

Tsujimoto, Y., A. Yoshida, M. Kobayashi, and Y. Adachi, 2013,

Rheological behavior of dilute imogolite suspensions, Colloid

Surface A 435, 109-114.

Vu, T.A., M.M. Reagan, B. Legg, J.J. de Yoreo, J.F. Banfield, and

H. Zhang, 2014, Kinetics of crystal growth of nanogoethite in

aqueous solutions containing nitrate and sulfate anions, Cryst.

Eng. Comm. 16, 1466-1471.

Wierenga, A., A.P. Philipse, H.N. Lekkerkerker, and D.V. Boger,

1998, Aqueous dispersions of colloidal boehmite: Structure,

dynamics, and yield stress of rod gels, Langmuir 14, 55-65.

Wierenga, A.M. and A.P. Philipse, 1998, Low-shear viscosity of

isotropic dispersions of (Brownian) rods and fibres; a review of

theory and experiments, Colloid Surface A 137, 355-372.

Wilkins, G.M.H., P.T. Spicer, and M.J. Solomon, 2009, Colloidal

system to explore structural and dynamical transitions in rod

networks, gels, and glasses, Langmuir 25, 8951-8959.

Winter, H.H. and F. Chambon, 1986, Analysis of linear visco-

elasticity of a crosslinking polymer at the gel point, J. Rheol.

30, 367-382.


